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Abstract

Therapeutic hypothermia confers significant benefit in term neonates with hypoxic-
ischaemic encephalopathy (HIE). However, despite the treatment nearly half of the
infants develop an unfavourable outcome. Intensive bench-based and early phase
clinical research is focused on identifying treatments that augment hypothermic
neuroprotection. Qualified biomarkers are required to test these promising therapies
efficiently.

This thesis aims to assess advanced magnetic resonance imaging (MRI) techniques,
including diffusion tensor imaging (DTI) and resting state functional MRI (fMRI) as
imaging biomarkers of outcome in infants with HIE who underwent hypothermic
neuroprotection.

FA values in the white matter (WM), obtained in the neonatal period and assessed by
tract-based spatial statistics (TBSS), correlated with subsequent developmental
quotient (DQ). However, TBSS is not suitable to study grey matter (GM), which is
the primary site of injury following an acute hypoxic-ischaemic event. Therefore, a
neonatal atlas-based automated tissue labelling approach was applied to segment
central and cortical grey and whole brain WM. Mean diffusivity (MD) in GM
structures, obtained in the neonatal period correlated with subsequent DQ. Although
the central GM is the primary site of injury on conventional MRI following HIE; FA
within WM tissue labels also correlated to neurodevelopmental performance scores.
As DTI does not provide information on functional consequences of brain injury
functional sequel of HIE was studied with resting state fMRI. Diminished functional
connectivity was demonstrated in infants who suffered HIE, which associated with an
unfavourable outcome.

The results of this thesis suggest that MD in GM tissue labels and FA either
determined within WM tissue labels or analysed with TBSS correlate to subsequent
neurodevelopmental performance scores in infants who suffered HIE treated with
hypothermia and may be applied as imaging biomarkers of outcome in this
population. Although functional connectivity was diminished in infants with HIE,
resting state fMRI needs further study to assess its utility as an imaging biomarker

following a hypoxic-ischaemic brain injury.
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Chapter 1

Introduction

1.1 Motivation
Hypoxic-ischaemic encephalopathy (HIE) is a significant cause of brain injury in term
infants. The outcome may be devastating and permanent, making this condition a

major burden for the infant, family and society.

Although brain injury occurs during a sufficiently severe period of hypoxia and
ischaemia, neuronal loss continues to evolve for hours after resuscitation offering the
potential for providing treatment to reduce brain injury (Gunn and Bennet 2008;
Bennet et al. 2009). Trials of hypothermia have proved the concept that
neuroprotection following delivery is possible (Jacobs et al. 2007; Edwards et al.
2010; Jacobs et al. 2013). Therapeutic hypothermia reduces the rate of unfavourable
outcome in infants who suffered HIE. However, hypothermic neuroprotection is
partial as despite the treatment nearly half of the subjects have an unfavourable
outcome (Edwards et al. 2010). Approximately 20% of the affected infants die in the
neonatal period. Survivors are at a higher risk of developing epilepsy, feeding,
cognitive, behavioural, fine and gross motor problems. Even subjects, who develop
appropriately initially, may have cognitive difficulties at school age (Gonzalez and

Miller 2006).

Intensive bench-based and early phase clinical research is focused on developing
novel therapies to provide additional neuroprotection in combination with

hypothermia. Biomarkers are needed to accelerate translation of potential treatments
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and assess their efficacy in rapid early phase clinical trials (Azzopardi and Edwards
2010; Bennet et al. 2010). Although candidate therapies must be shown to improve
long-term outcome in adequately sized randomised clinical studies, surrogate
endpoints are important to select interventions that are likely to succeed and study

only those further in larger clinical trials.

Neuroimaging studies are increasingly employed in the development of biomarkers
(Ment et al. 2009; Azzopardi and Edwards 2010; Thayyil et al. 2010). Conventional
magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) are
suitable surrogate endpoints in studies of novel neuroprotective therapies for HIE.
However, these techniques are relatively inefficient for early evaluation of treatment
effect as a substantial number of subjects is needed to detect significant differences
between treatment groups. Statistically robust voxelwise comparison of imaging data
in small groups of infants would enable more efficient preliminary assessment of

putative neuroprotective therapies.

Tract-based spatial statistics (TBSS) is an observer-independent research tool to
evaluate whole-brain white matter (WM) across multi-subject diffusion tensor
imaging (DTT) data (Smith et al. 2006). The TBSS pipeline has been optimised for the
neonatal brain (Ball et al. 2010). DTI data analysed using this approach proved to be a
biomarker of brain injury following HIE and a biomarker of therapy after
hypothermia (Porter et al. 2010). It is possible therefore that TBSS could be used to
accelerate translation of potential additional neuroprotective therapies. Further

studies, correlating TBSS findings in the early neonatal period with subsequent
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neurodevelopmental performance are required to qualify this tool as an imaging

biomarker following HIE.

However, a disadvantage of TBSS is that it assesses diffusion measures within the
centre of the WM tracts, therefore it is not suitable for studying grey matter (Smith et
al. 2006), which is the primary site of injury following a hypoxic-ischaemic insult
(Black et al. 1996). Determining diffusion parameters within grey matter is a feasible
approach to study structural changes in the cortex and basal ganglia and thalami
(BGT). Although manual placement of regions of interest (ROI) is time consuming
and prone to observer bias, many of these limitations are circumvented when ROIs
are defined by mapping tissue label information from a neonatal atlas to the individual
subject’s brain (Xue et al. 2007; Kuklisova-Murgasova et al. 2011; Serag et al. 2012;

Makropoulos et al. 2012).

Diffusion MRI does not provide information on functional consequences of a
hypoxic-ischaemic insult. In absence of a task or stimulation coherent spontaneous
fluctuations of the blood oxygen dependent (BOLD) signal between distinct brain
regions form resting state networks (RSN) (Beckmann et al. 2005; Fox et al. 2005;
Fransson et al. 2005; Damoiseaux et al. 2008). Functional connectivity refers to the
strength of coherence of the BOLD signal between distinct brain regions (Greicius et
al. 2003). Estimating functional connectivity within RSNs is a suitable approach to
assess brain function and dysfunction. Resting state fMRI has been used to study
functional changes related to neuropathology in adult and paediatric populations (Fox
et al. 2010; Smyser et al. 2013). Although structural and metabolic changes associated

with a hypoxic-ischaemic brain injury have been studied extensively, alterations in
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functional connectivity associated with a hypoxic-ischaemic event have not been

explored.

1.2 Aims and hypothesises

The aim of this thesis was to assess advanced magnetic resonance imaging techniques
as imaging biomarkers of outcome following hypoxic-ischaemic encephalopathy in

infants who underwent therapeutic hypothermia.

The following hypotheses were tested:

Structural and functional changes associated with a hypoxic-ischaemic event, as
assessed with diffusion tensor imaging and resting state functional magnetic
resonance imaging, correlate to early neurodevelopmental outcome in infants with

hypoxic-ischaemic encephalopathy who received therapeutic hypothermia.

Functional connectivity as assessed by resting state functional magnetic resonance

imaging is altered in infants with hypoxic-ischaemic encephalopathy who received

therapeutic hypothermia.
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This is conducted with the following aims:

Apply tract-based spatial statistics on multi-subject diffusion tensor imaging data to
assess the correlation between fractional anisotropy in the white matter obtained in
the neonatal period and early neurodevelopmental performance scores in infants with

hypoxic-ischaemic encephalopathy treated with hypothermia.

Apply neonatal atlas-based automated tissue segmentation to define grey matter tissue
labels within which diffusion parameters are determined and correlate these measures
to early neurodevelopmental performance scores in infants with hypoxic-ischaemic

encephalopathy treated with hypothermia.

Apply hypothesis-free and hypothesis-driven methods to explore the effect a perinatal

hypoxic-ischaemic insult on resting state connectivity compared to healthy controls.

Apply voxelwise and region of interest approaches to investigate the correlation
between changes in functional connectivity and early neurodevelopmental
performance in infants who suffered hypoxic-ischaemic encephalopathy treated with

hypothermia.
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Chapter 2

Background

2.1 Magnetic Resonance Imaging

MRI is a non-invasive, non-ionising technique, primarily used in medical settings to
visualise internal structures of the body using nuclear magnetic resonance (NMR)
(Bloch 1946; Purcell et al. 1946). The image is generated by placing a subject into a
powerful magnet, applying energy to the system and observing how the energy is
released. MRI provides good contrast between different soft tissue types of the body.
Two and 3 dimensional anatomical as well as functional images can be obtained.
These advantages have made MRI an important clinical and research tool. This
chapter provides a brief summary of MRI and the NMR phenomenon. The references

used for this chapter are McRobbie et al. 2007 and Westbrook et al. 2008.

2.1.1 Nuclear magnetic resonance

The NMR phenomenon relies on the interaction of the nuclei of NMR active atomic
isotopes with a static magnetic field. NMR active atomic isotopes have nuclei with a
nonzero spin number, and are characterised by their tendency to align their axis of
rotation to an applied external magnetic field. The magnetic field makes the possible
spin states of the nucleus differ in energy, and using NMR techniques the spins can be

made to create observable transitions between the spin states.

Hydrogen nucleus is the NMR active nucleus used in clinical MRI as it is abundant in

the human body. It contains a single proton, which gives it a relatively large magnetic
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moment. In absence of a magnetic field the magnetic moments of the hydrogen nuclei
are randomly oriented. When placed in a strong static external magnetic field, the By,
the magnetic moments of the hydrogen nuclei align longitudinally with this magnetic
field. Hydrogen nuclei exist in two energy states low and high. Low energy hydrogen
nuclei do not possess enough energy to oppose the magnetic field hence align parallel
with it (spin up); whereas a smaller number of the nuclei with high energy state do
possess enough energy to oppose the magnetic field and are able to align anti-parallel
to it (spin down). The vector sum of all the magnetic moments in a sample is its net
magnetisation vector (NMV) (Figure 2.1.1). The NMV is created by two components

90° to each other, magnetisation in the longitudinal and in the transverse planes.
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Figure 2.1.1: The effect of an external magnetic field on hydrogen nuclei. A: In
absence of an external magnetic field (By=0) the nuclear magnetic moments are
arranged randomly. B: In presence of an external magnetic field (By) the nuclear

moments align either parallel or antiparallel to it; and net magnetisation vector

(NMYV) develops parallel to the By.
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2.1.2 The magnetic resonance signal

When a patient is placed in the bore of a magnet, the hydrogen nuclei within the
patient align parallel and antiparallel to the By, A small excess of hydrogen nuclei line
up parallel to the By and constitute to the magnetic moment of the hydrogen. The
difference between the two populations of nuclei increases as By increases resulting in

improved signal.

The influence of By results in each hydrogen nucleus that makes up the NMV
spinning on its axis around the By This secondary spin is called precession and causes
the magnetic moments to follow a circular path, called precessional path around the
Bo. The speed at which the NMV spins around By is called the precessional frequency
(o). Its value is determined by the Larmor equation [2.1.1]:
o=y By [2.1.1]

where v is the gyro-magnetic ratio, a constant expressing the relationship between the
angular momentum and the magnetic moment of each NMR active nucleus. It is
expressed as precessional frequency of a given NMR active nucleus at 1 Tesla. As v is

a constant of proportionality, By is proportional to .

Resonance is a phenomenon that occurs when an object is exposed to an oscillating
perturbation that has a frequency close to its own natural frequency of oscillation. In
such case the nucleus gains energy from the external force. Energy at the precessional
frequency of hydrogen at all field strength in clinical MRI corresponds to the radio
frequency (RF) band of the electromagnetic spectrum. The application of an RF pulse
that causes resonance is called excitation. It results in absorption of energy and an

increase in the number of high energy (spin down) hydrogen nuclei population.
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Before resonance there is a full longitudinal magnetisation parallel to the By
Resonance results in two phenomena. First, the NMV moves out of alignment away
from the By The angle to which the NMV moves out of alignment is called the flip
angle. Its magnitude depends on the amplitude and duration of the RF pulse. Second,
the magnetic moments of the hydrogen nuclei within the transverse NMV move into
phase with each other, and will be in the same place on the precessional path around

the Bo.

Faraday’s law of electromagnetic induction states that if a receiver coil is placed in
the area of a moving magnetic field, a voltage is induced in the receiver coil. Signal is
produced when coherent, in phase magnetisation cuts across the coil. Therefore the
moving NMV produces magnetic field fluctuations inside the coil. As the NMV
precesses at the Larmor frequency in the transverse plane, a voltage is induced in the

coil. This voltage constitutes the magnetic resonance (MR) signal.

2.1.3 Relaxation

After the RF pulse is switched off, the NMYV is again influenced by the By and tries to
realign with it. To do so, a process called relaxation happens by which the NMV loses
its energy given to it by the RF pulse. At the same time, but independently, the
magnetic moments of the NMV lose transverse magnetisation due to dephasing.
Relaxation results in recovery of magnetisation in the longitudinal phase (T1
recovery) by the nuclei giving up their energy to the surrounding lattice (spin-lattice
relaxation). A decay of transverse magnetisation (T2 decay) is caused by the magnetic
field of each nucleus interacting and exchanging energy with its neighbour (spin-spin

relaxation). Both relaxation processes are well modelled by exponential curves. If 90°
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RF pulse has been applied, T1 is the time (t) taken for the magnetisation in the
longitudinal plane (M,) to return to approximately sixty-three percent of its value
prior to the RF pulse (My,) [2.1.2]; and T2 is the time taken for the magnetisation in
the transverse plane (Mr) to fall to approximately thirty-seven percent of its original

(maximum) value (Myr) after the RF pulse has been applied [2.1.3] (Figure 2.1.2).

M, = My, (1 - exp (-t/T1)) [2.1.2]
MT = M()T eXp (-t/T2) [213]
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Figure 2.1.2: T1 relaxation and T2 decay. A: T relaxation. The longitudinal
magnetisation recovers towards equilibrium with a tissue dependent recovery
constant T1. B: T2 decay. The transverse magnetisation decays towards zero with a

tissue dependent decay constant T2.

The magnitude and timing of the RF pulses form part of the pulse sequences, the basis
of contrast generation in MRI. A simplified pulse sequence is a combination of RF
pulses, signals and intervening periods of recovery. Repetition time (TR) is the time
between application of one RF pulse to the next, that determines the amount of T1
relaxation to occur between two RF pulses. Echo time (TE) is the time from the
application of the RF pulse to the peak of the signal induced in the coil, which

controls the amount of T2 decay to occur before the signal is read.
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2.1.4 Image contrast

Image contrast in medical imaging depends on extrinsic contrast parameters, which
can be set by the operator, such as TE, TR and flip angle; and intrinsic contrast
parameters which are inherent to the tissue, such as T1 recovery, T2 decay, and

proton density.

A tissue has high signal if it has a large transverse component of coherent
magnetisation at time TE, when the amplitude of the signal received by the coil is
large, resulting in a bright area on the image. A tissue returns low signal if it has a
small component of transverse coherent magnetisation, the amplitude of the signal
received by the coil is small, resulting in a dark area on the image. Images obtain
contrast mainly through T1 recovery, T2 decay and proton density, which is the

number of protons per unit volume of that tissue.

Fat molecules consist of closely packed lipid molecules, whose molecular tumbling
rate is relatively slow and matches the Larmor frequency, which allows the recovery
process to be relatively rapid and an efficient energy exchange from hydrogen nuclei
to the surrounding molecular lattice is possible. The NMV of fat realigns rapidly with
By so the T1 time of fat is short. Spins dephase quickly and the loss of transverse

magnetisation is rapid. The T2 time of fat is short.

Water molecules are spaced apart; they only contain one oxygen and two hydrogen
molecules and their molecular tumbling rate is relatively fast. Due to the high
molecular mobility in water, the T1 recovery is less efficient because the molecular

tumbling rate does not match the Larmor frequency. The NMV of water takes longer
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to relax, regain the longitudinal magnetisation and realign with By. The T1 time of the
water is long. Spins dephase slowly and the loss of transverse magnetisation is

gradual. T2 time of water is therefore long (Figure 2.1.3).

Figure 2.1.3: Image contrast. 7/ (4) and T2 (B) weighted images of a healthy term
infant. A: Lipid has high (black arrow) and water has low (white arrow) signal on a
T1 weighted image. B: Lipid has low (black arrow) and water has high (white arrow)

signal on a T2 weighted image.

The proton density of a tissue is the number of protons per unit volume of that tissue.
The higher the proton density of a given tissue the more signal is available. To
produce contrast due to the differences in the proton densities, the transverse
component of magnetisation must reflect these differences. Tissues with a high proton
density have a large transverse component of magnetisation and therefore high signal;
tissues with low proton density have a small transverse component of magnetisation

and therefore a low signal on a proton density contrast image.
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In any image, the contrast due to the inherent proton density together with T1 and T2
mechanisms occur simultaneously and contribute to the image contrast. Image
contrast needs to be weighted towards one of the parameters and away from the others
using specific values of TR and TE for a given pulse sequence. To achieve TI
weighting the TR must be short enough so that tissues have no sufficient time to fully
recover to the By before the next RF pulse is applied. As TE controls the amount of T2
decay that is allowed to occur before the signal is received; to achieve T2 decay, the
TE must be long enough. Proton density weighting is always present for some extent.
To achieve proton density weighting, the effects of T1 and T2 contrast must be

diminished, so that proton density weighting can dominate.

The relaxation and decay processes occur immediately, once RF pulse is removed.
T2* decay is the decay of the free induction decay following the RF excitation pulse,
which is faster than the T2 decay and is a combination of two effects: (i) the T2 decay
itself and (ii) dephasing due to magnetic field inhomogeneities, which are areas within
the magnetic field that do not exactly match the external magnetic field strength.
Dephasing due to inhomogeneities is an exponential process, which produces a rapid
loss of coherent magnetisation and therefore signal. There are two ways of
compensating for T2* dephasing by using (i) gradients (gradient echo sequence) or

(ii) an additional 180° RF pulse (spin echo sequence).

The gradient echo sequence is the simplest MRI sequence. It consists of a series of
excitation pulses; each separated by a given TR. Data is acquired at characteristic
time points after the application of the excitation pulses. A gradient echo pulse

sequence uses an RF excitation pulse that is variable and therefore flips the NMV
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through any angle. A transverse component of magnetisation is created, the
magnitude of which is less than that in a spin echo sequence. A gradient causes a
change in the magnetic field strength within the magnet, which rephases the magnetic
moments so that a signal is received by the coil. The signal is called gradient echo.
Although gradient echo sequences are fast, they are sensitive to susceptibility

artefacts and B, inhomogeneities.

The spin echo pulse sequence uses a 90° RF pulse to flip the NMV into the transverse
plane. The NMV precesses in the transverse plane inducing a voltage in the receiver
coil. When the 90° RF pulse is removed free induction decay is produced. T2*
dephasing occurs immediately, and the signal decays. An 180° RF pulse that has
sufficient energy to move the NMV through 180°is then applied to compensate for
dephasing. As a consequence the magnetic moments are momentarily in transverse
phase again because they are at the same place of the precessional path, and so
maximum signal is induced in the coil. This signal is called spin echo that contains T1
and T2 information as T2* dephasing has been reduced. Spin echo sequences result in
high signal to noise ratio and are able to generate true T2 contrast, however they

require relatively long scanning time.

2.1.5 Image formation

The created signal has a frequency equal to the Larmor frequency of the hydrogen
regardless of the origin of the signal in the subject. To obtain an image from the NMR
signal, it is necessary to locate the signal spatially in three dimensions. It is

accomplished by applying spatially varying magnetic field gradients.
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When a gradient coil is switched on, the magnetic field strength and therefore the
precessional frequency of a spin along its axis is altered in a linear fashion. To give
each slice a thickness, a ‘band’ of nuclei must be excited by the excitation pulse.
Selective excitation of a single slice (slice select) is achieved by applying a linear
field gradient perpendicularly to the plane of the desired slice at the same time as a
narrow band RF pulse. In this way, only the spins with resonance frequencies centred
around the transmitting frequency and within the bandwidth (range of frequencies) of
the RF pulse will be excited. If a gradient is applied along the z axis, the excited spins

will be located within a transverse slice, perpendicular to this axis.

The differences in phase acquired after the application of a gradient can also be used
to spatially encode the signal. In 2 dimensional imaging, frequency encoding is used
along one direction (x) and phase encoding along the other (y). Slice selection is
usually used along the z direction. Three-dimensional volumetric images are

generated by applying phase encoding along a third (z) direction.

The application of all the gradients selects individual slices and produces a frequency
shift along one axis of the slice and a phase shift along the other. Individual signal can
be located within the image by measuring the number of times the magnetic moments
cross the receiver (frequency) and their position around their precessional path
(phase). When data of each signal position are collected, the information is stored as
data points in K-space. In MR physics, the K-space is the 2 or 3 dimensional Fourier
transform of the MR image measured. It is rectangular in shape and has two axes
perpendicular to each other (frequency axis - horizontal; phase axis - vertical). K-

space is a temporary image matrix, where information of frequencies in space or
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distance is stored during data acquisition. Frequency is defined as phase change over
distance or over time. K-space has the same number of rows and columns as the final
image and is filled with raw data during the scan, usually one line per TR. When it is

full at the end of the scan, the data is processed to produce the final image.

The Fourier transform decomposes a complicated signal into frequencies and relative
amplitudes of its simple component waves and so allows studying the frequency
content of a variety of complicated signals. An approximation of a complicated wave
is achieved by adding together very simple sine and cosine waves with varying

combinations of frequencies and amplitudes (Gallagher et al. 2008).

An MR image consists of a matrix of pixels, the number of which is determined by
the number of lines filled in K-space (phase matrix) and the number of data points in
each line (frequency matrix). As a result of Fourier transform, each pixel is allocated
a colour on a grey scale corresponding to the amplitude of specific frequencies

coming from the same spatial location as represented by that pixel.

2.1.6 Echo planar imaging

Echo planar imaging (EPI) requires specific MR scanner hardware that is able to
produce fast gradient oscillations to capture whole brain images in less than 100
milliseconds (ms) through switching off the gradients. Each oscillation fills a row of
the K-space. A single-shot EPI is commonly of poorer contrast and lower resolution
than other forms of EPI. However, it captures the rapidly changing dynamic processes
of neuronal firing in fMRI, and diffusion of water molecules in diffusion MRI

(Mansfield 1977; Ordidge et al. 1981; Jezzard et al. 1998).

39



2.2 Diffusion Magnetic Resonance Imaging

2.2.1 Diffusion

Diffusion, a mass transport process, was described by Robert Brown when observing
pollen grains suspended in water constantly moving about. This observation led to the
description of the constant random thermal motion that all molecules above zero
degrees kelvin undergo. The physical law that explains this phenomenon is called the
Fick’s law [2.2.1]:

J=-DAC [2.2.1]

where J is the net particle flux, D is the diffusion coefficient and C is the particle
concentration. Fick’s law embodies the idea of particles diffusing from regions of
high concentration to low concentration. Diffusion is proportional to the concentration
gradient (AC) and to the D. The D is an intrinsic property of the medium. Its value
depends on factors, such as the size of the molecules, viscosity, temperature and
microstructural features of the environment. According to the Stokes-Einstein
equation [2.2.2], for spherical particles of radius (r), D increases with temperature (T),
due to the increased thermal energy of molecules, and decreases with viscosity (1) as

the resistance to motion becomes greater:

kT
Gmyr [2.2.2]

where kg is the Boltzmann constant.
The sensitivity of D on the local microstructure enables its use as a probe of physical

properties of biological tissues.
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The diffusion process can be described statistically as a Gaussian process. The
displacement distribution quantifies the fraction of particles that will traverse a certain
distance within a particular timeframe. The Einstein equation for 3 dimensional

isotropic diffusion is [2.2.3]:

A = vebt [2.2.3]

where A is root mean square distance travelled by a molecule in time t (Jones 2009 in

Johansen-Berg et al. 2009).

2.2.2 Pulsed field gradient diffusion weighted spin echo sequence

MRI provides the opportunity to quantify the diffusional characteristics of biological
specimens. The diffusional processes of a molecule are influenced by the structure of
the environment, therefore MRI can be used to probe the microstructure of the

environment non-invasively.

To sensitise the MR signal to the magnitude of diffusion within the brain, a pulsed
field gradient diffusion weighted spin echo sequence (PGSE) is commonly used
(Stejskal and Tanner 1965). PGSE induces diffusion weighting through two pulsed
gradients applied either side of an 180° RF pulse (Figure 2.2.1). During the first
diffusion gradient, spins accumulate a position dependent phase shift, the RF pulse
inverts the spins before the second diffusion gradient, equal in amplitude and duration
to the first, rephases the spins to bring them into coherence and produce the MR
signal. Spins those remain stationary between the applications of the two gradients
refocus completely. The two phase shifts cancel each other out with no loss of signal.

Conversely, the random motion of spins induced by water diffusion results in the
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application of unequal phase shifts, intravoxel spin dephasing and a loss in signal

amplitude.
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Figure 2.2.1: Pulse diagram for the pulse gradient diffusion weighted spin echo
sequence. Abbreviations: G = amplitude of diffusion gradients, 6 = duration of the
pulsed gradient; A = time interval between the leading edges of the two pulsed

gradients.

The b value characterises the level of the induced sensitivity on diffusion and is
proportional to the square of the gradient strength [2.2.4]:

b=v>G*8*(A-5/3) [2.2.4]
where G is the amplitude of diffusion gradients, 6 is the duration of the pulsed

gradient; A is the time interval between the leading edges of the two pulsed gradients.

2.2.3 Diffusion weighted imaging

With diffusion MRI the D is not measured directly, rather it is inferred from
observations of molecular displacement over a given time [2.2.2]. If diffusing water
molecules encounter any hindrances along their random walk, the mean square
displacement per unit time will be lower than that observed in free water. The
diffusion obtained in tissue depends on the local microstructure of the environment
and the choice of diffusion weighting; hence D acquired in a tissue is termed the
apparent diffusion coefficient (ADC). ADC is a scalar representation of total net
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diffusion in a voxel. A minimum of two signal measurements needed to quantify
diffusion: one with diffusion weighting and one without. ADC then can be calculated

from (Le Bihan et al. 1986) [2.2.5]:

S
— =expl(=b- ADC
So bl ) [2.2.5]

where and S and S are the signals measured with and without diffusion weighting

respectively and b reflects the degree of diffusion weighting applied [2.2.4].

In certain brain regions, where diffusion is isotropic, the diffusion weighted signal
intensity, and so ADC is the same in all directions. However, diffusion of water
molecules in a tissue with ordered microstructure is directional dependent; it is termed
anisotropic diffusion (Moseley et al. 1990). ADC is dependent on the direction of the
underlying alignment of axons relative to the applied diffusion gradients. ADC is
therefore a rotationally variant measurement; it is maximally sensitive to diffusion

occurring in the direction of the applied gradient (Pierapoli and Basser 1996).

2.2.4 Diffusion tensor imaging

Diffusion tensor is a mathematical model that can be used to characterise diffusion in
which the displacements per unit time are not equal in all directions. DTI provides a
measurement of diffusion in tissues, which is independent of the direction of the
applied diffusion gradients and the choice of laboratory frame of reference. To
examine diffusivity in a tissue with ordered microstructure, a minimum of six non-
collinear directions of diffusion sensitisation are obtained, and one without any
diffusion weighting. However, to construct the diffusion tensor usually 15 or more

directions are acquired.
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The diffusion tensor is a 3x3 matrix of numbers that characterises displacements in 3

dimensions in a given voxel [2.2.6]:

D.TJI:' Du'-t' ¥ D XE
D= |Dy, Dy, Dy
'Du'-t' = D_}"E DZ- =

[2.2.6]
The diagonal elements of this matrix correspond to diffusivities along three
orthogonal axes, while the off-diagonal elements correspond to the correlation

between molecular displacements along those orthogonal axes.

In an isotropic medium the diffusion is isotropic, and the diffusion profile resembles a
sphere. However in an anisotropic medium, molecules diffuse further along the
principal axis of the medium than in perpendicular orientation. The displacement
profile can be described with an ellipsoid with the long axis parallel to the long axis

of the anisotropic medium.

The diffusion tensor system provides an internal reference frame, the eigen-system.
The orientation of the principal axes of the ellipsoid is given by the eigenvectors (g,
€ €3), which are mutually orthogonal. The three eigenvalues (A, A2, A3) correspond to
the diffusivities along the principal axes of the diffusion tensor. The orientation of the
tensor is taken to be parallel to the principal eigenvector, which is the eigenvector
associated with the largest eigenvalue and is assumed to be collinear with the

dominant fibre orientation within the voxel (Figure 2.2.2).
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Figure 2.2.2: The diffusion ellipsoids. 4: In an isotropic medium diffusion is equal
in all directions, the surface is spherical. The tensor is diagonal with all diffusivities
equal to the scalar diffusion coefficient (D); B and C: In an anisotropic medium

diffusion along one direction (1 ]) is preferred over others (/12, A 3) The surface is an

ellipsoid. B: If the laboratory frame coincides with the principal directions of the

ellipsoid, the tensor will be diagonal with diffusivities /1], /12 and 13 along each of the

three axes. C: In general the principal axis of the ellipsoid will not coincide with the

laboratory frame and all elements will be necessary to characterise the tensor.

2.2.5 Preprocessing of diffusion data

Preprocessing of diffusion MR data refers to manipulation of the raw images
performed prior to fitting the model. Preprocessing aims to minimise the effects of
motion, susceptibility artefacts and eddy currents (Smith et al. 2004; Gavrilescu et al.
2008; Weissenbacher et al. 2009; Dijk et al. 2010; Jones et al. 2010; Pannek et al.

2012).
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Distortions due to susceptibility inhomogeneities caused by susceptibility at air-tissue
boundaries are potentially less severe in neonates compared with children or adults

due to the smaller size of air-filled cavities and a lower degree of bone calcification.

However, eddy currents, which are due to the relatively low bandwidth in the phase-
encoding direction and the large changes in diffusion gradients, induce stretches and
shears that cause distortions and blur the boundaries between grey and WM in.
Distortions due to eddy currents lead to misregistration between individual images
and miscalculation of diffusion tensors. Implementing post-acquisition algorithms
distortions are estimated by cross-correlating the diffusion weighted images with an
undistorted baseline image in terms of scaling, shear, and translation along the phase-
encoding direction. The estimated distortion parameters are then applied to correct the
distorted images (Haselgrove et al. 1996; Horsfield et al. 1999; Bastin et al. 2000;
Bodammer et al. 2004). In Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library (FSL) the diffusion weighted images are registered to the
image acquired without diffusion weighting to minimise the effect of eddy currents

(Smith et al. 2004; Jenkinson et al. 2012).

2.2.6 Fitting the tensor
After preprocessing of diffusion data the tensor in each voxel is estimated. Most

software packages estimate the diffusion tensor by using ordinary least squares.

2.2.7 Parameters derived from the diffusion tensor
Although the assumption of Gaussianity is not always valid throughout the brain, it is

possible to extract parameters to estimate diffusion properties from the tensor. The

46



advantage of invariant scalar parameters is that they do not depend on the reference

frame used.

Independent of the direction of the underlying tracts A; represents the estimated
magnitude of diffusion parallel to fibre direction, described as axial diffusivity. A, and
A3 represent the magnitude of diffusion perpendicular to A; Radial diffusivity, the
average of A, and A3, provides an estimate of diffusion across the direction of the

fibres.

A measurement of the average diffusivity may be obtained by using the trace of the
tensor [2.2.7]:

Trace=A + A + 3 [2.2.7].
The trace/3 is equal to the averaged mean diffusivity (MD) [2.2.8], which represents

the directionally averaged diffusivity in each voxel:

- Ay +A;+ A4
MD= 1 = %
[2.2.8].
In the b value range used in clinical studies MD is uniform throughout the
parenchyma. Although it makes distinguishing anatomical details difficult, it has the

advantage that the effects of anisotropy do not confound detection of diffusion

abnormalities.

Besides describing the amount of diffusion, it is often important to describe the
relative degree of anisotropy in a voxel. The simplest measure is the ratio of the
longest (A;) and the shortest axes of the ellipsoid (A;). However, sorting the

eigenvalues according to their magnitude introduces bias at low signal to noise ratio
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(Pierpaoli et al. 1996). To overcome this problem, rotationally invariant, scale- and
sorting-independent indices have been proposed. Fractional anisotropy (FA) is the
square root of sum of squares (SRSS) of the diffusivity differences, divided by the

SRSS of the diffusivities [2.2.9]:

3 (=D + (=2 + (2 -2
FA= |= _ .
2 VD2 + ()7 + (3,2

[2.2.9].
FA measures the fraction of the tensor that is assigned to anisotropic diffusion. FA
normalises the variance by the magnitude of the tensor as a whole, hence it takes
values from 0 to 1. An FA close to 0 suggests an isotropic spherical tensor ellipsoid.

An FA close to 1 corresponds to diffusion constrained along one axis.

Relative anisotropy (RA) is a normalised standard deviation, which represents the
ratio of the anisotropic part of the diffusion tensor to its isotropic part [2.2.10] (Jones

2009 in Johansen-Berg et al. 2009).

RA =

f\/ul A (A 1)+ (2 — A
3 x
[2.2.10].

2.2.8 Microstructural basis of anisotropy in white matter

Biological tissues are highly heterogeneous media that consist of various
compartments and barriers of different diffusivities. In biological tissues, the
movement of water molecules during diffusion driven random displacement is
impeded by compartmental boundaries in such a way that the actual diffusion distance

is reduced compared with unrestricted diffusion.
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The WM of the central nervous system contains tightly packed and coherently aligned
axons, their myelin sheath and glial cells. Axons are the core nerve fibres extending
from neuronal cell body. They carry signal from one neurone to another. Within a
tract, the majority of axons lie parallel (optic nerve); however distant populations of
axons may traverse the tract in different directions (corpus callosum). The majority of
the axons in a healthy adult are surrounded by a lipid-rich myelin sheath that renders
the tracts white. Myelin sheath acts to insulate the fibres and promote efficient
electrical conduction. Glial cells can be divided into two broad classes: (i) macroglia
and (ii) microglia. Of the macroglia populations, oligodendrocytes produce the lipid-
rich myelin sheath, while astrocytes play supporting roles including regulating
extracellular ion concentration, maintaining blood-brain barrier and providing
structural and trophic support for neurons and oligodendrocytes. The third macroglia
population consists of precursor cells of oligodendrocytes and astrocytes. Microglia
cells are small phagocytic immune cells engulfing waste products and dying cells.
Unlike other cell types of the central nervous system microglia are of mesodermal

origin (Johansen-Berg et al. 2009).

As a result of the ordered arrangement of neural fibres in the WM, the movement of
water molecules are hindered to a greater extent in the direction perpendicular to the
axonal orientation than parallel to it. Consequently molecular displacement parallel to
the fibre is greater than perpendicular to it, it is anisotropic. As discussed before, in
such case the displacement distribution is not Gaussian, but cigar shaped or even
more complicated if the underlying tissue contains fibres with various orientations
(Hagmann et al. 2006). Anisotropy is influenced by many non-axonal and axonal

membrane factors. The axonal membrane, the myelin sheath around axons and the
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neurofibrils (microtubules, neurofilaments) are the three longitudinally oriented

axonal structures that impart non-random barriers to diffusion (Figure 2.2.3).

axonal membrane myelin

neurofilament

Figure 2.2.3: Longitudinal view of a myelinated axon. The longitudinally oriented
structures (microtubules, neurofilaments, axonal membrane, myelin sheath) hinder
diffusion perpendicular to the axon and cause the perpendicular diffusion coefficient

(D) to be smaller than the parallel diffusion coefficient (D//) (From Beaulieu 2002)

The hypothesis of myelin being the main structure hindering water diffusion
perpendicular to the axons was disproved when anisotropic water diffusion was
demonstrated in an intact, non-myelinated olfactory nerve of a garfish. A similar
degree of anisotropy was observed in the non-myelinated olfactory nerve as in the
myelinated trigeminal and optic nerves of the garfish (Beaulieu et al. 1994a, 1994b;
1996; 1998). Subsequently, anisotropic water diffusion was observed in several
animal models of normally non-myelinated WM tracts, including the walking leg
nerve of the lobster, vagus nerve of the rat and the spinal cord of the lamprey (Seo et

al. 1999; Beaulieu et al. 2002; Takahashi et al. 2002).
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Besides animal studies, in vivo measurements in the developing brain of human
infants have shown anisotropic diffusion in fibres not yet myelinated (corpus
callosum, anterior limb of the internal capsule (ALIC), optic radiation) (Toft et al.
1996; Huppi et al. 1998; Neil et al. 1998). The degree of anisotropy in non-myelinated
tracts in preterm and term infants has been shown to be sufficient to permit DTI
tractography (Partridge et al. 2005; Counsell et al. 2007; Bassi et al. 2012). The
aforementioned studies of non-myelinated WM proved that the axonal membranes
themselves are sufficient barriers alone to hinder water diffusion perpendicular to the
WM fibres relative to diffusion along the fibres. A single plasma membrane of an
axon is permeable to water via processes such as simple diffusion, ion co-transport
and water channels, yet hinders the distances travelled by diffusing water molecules

(Beaulieu 2009 in Johansen-Berg et al. 2009).

However, genetically modified animal models of dysmyelination (Ono et al. 1995;
Gulani et al. 2001; Song et al. 2002; Nair et al. 2005; Tyszka et al. 2006; Harsan et al.
2007) and DTT histology correlation studies (DeBoy et al. 2007; Mi et al. 2007 Wu et
al. 2007) have shown that myelin modulates the degree of anisotropy, albeit in a
smaller degree, than the axonal membranes. In the developing brain a gradual
increase in anisotropy, which may take place over years, can be observed as myelin

matures.

Alternatively, it has been proposed that diffusion parallel to the axons could be
accentuated by axonal transport. The 3 dimensional cytoskeleton of axons is posed of
microtubules and neurofilaments, which are interconnected by small microfilaments.

Studies performed to determine the importance of neurofilaments; microtubules and
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fast axonal transport in anisotropy have concluded that these factors do not have a

significant role in producing anisotropy in the WM (Beaulieu et al. 1994).

2.2.9 Diffusion weighted imaging of the neonatal brain
Diffusion weighted imaging (DWI) techniques have been used to study brain
development in healthy infants (Tanner et al. 2000; Miller et al. 2003; Boichot et al.

2006; Bartha et al. 2007).

The diffusion of water is less restricted in all tissues of the neonatal brain than it is in
the adult brain. ADC values in both grey and WM are higher in term infants than
those found in adults. Unlike in the adult brain (Pierpaoli et al. 1996), ADCs are
higher in the WM than in grey matter. The foetal and neonatal brain contains more
water than that of older children and adults (Dobbing and Sands 1973). The water
content reduces rapidly towards full term gestational age and in early infancy. It is
reflected in rapid reduction in ADC. However, localised restriction to diffusion due to
increasing oligodendrocytes, more tightly packed axons, thickening myelin sheath and
its reduced permeability to water contribute to the reduction in ADC. ADC values of
grey and hemispheric WM decrease and become closer to each other towards term
age despite fibres in these regions are not myelinated yet (Nomura et al. 1994;
Oatridge et al. 1995; Huppi et al. 1998). These developmental changes are greater
frontally than occipitally and are most marked when measured perpendicular to tracts

(Oatridge et al. 1995; Takeda et al. 1997).

ADC maps of the normal neonatal brain show the corpus callosum, the optic radiation

and the posterior limb of the internal capsule (PLIC) to be of low signal intensity
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before they are seen to be myelinated on conventional imaging at term age. At term
age a lower ADC in the PLIC compared to the ALIC reflects more advanced
myelination. ADC values within non-myelinated WM show a rapid decrease over the
first 6 months post-term (Toft et al. 1996; Morris et al. 1999). On T2 weighted images
the PLIC is fully myelinated by 6 months, optic radiations by 7 months and corpus
callosum by 8 months (Van der Knaap et al. 1991). ADC values are close to mature
adult values by about 2 years, although further decreases may still be observed until

early adulthood.

2.2.10 Diffusion tensor imaging of the neonatal brain

Anisotropy values also differ between the adult and the neonatal brain (Hermoye et al.
2006). In the WM, anisotropy values are relatively low in infants and increase with
increasing age (Klinberg et al. 1999). The increase in WM FA during development
takes place in two steps. The first increase happens before the histological appearance
of myelin (Huppi et al. 1998; Neil et al. 1998). It is attributed to changes in WM
structure, which accompany the premyelinating state (Wimberger et al. 1995) and is
characterised by a number of histological changes, including an increase in
microtubule-associated proteins in axons, a change in axon calibre, and a significant
increase in the number of oligodendrocytes. It is also associated with changes in the
axonal membrane, such as an increase in conduction velocity and changes in
sodium/potassium adenosine triphosphatase (ATPase) activity. The second increase in
FA is associated with the histological appearance of myelin and its maturation.
Similar to brain maturation, the two-stage increase in WM anisotropy takes place at

different rates for different brain regions (Brody et al. 1987).
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Although they are largely non-myelinated in the newborn period, the commissural
fibres in the splenium and the genu of corpus callosum have the highest FA values in
neonates. Their high anisotropy is in part due to a high degree of parallel organisation
of the fibres. The earliest signs of the second stage changes in FA are observed in the

projection fibres of the PLIC in the newborn period (Kinney et al. 1988).

2.2.11 Approaches to analyse diffusion magnetic resonance imaging data

2.2.11.1 Region of interest analysis

The most frequently employed technique in neonatal diffusion imaging studies is the
manual delineation of ROIs (Mukherjee et al. 2002; Partridge et al. 2004; Deipolyi et
al. 2005; Bartha et al. 2007; Rose et al. 2008; Thompson et al. 2011). ROI analysis,
however, requires expert knowledge for accurate placement of ROIs. Colour coded
FA maps can improve identification of WM structures. The technique is time
consuming when a large number of regions and/or subjects are assessed. As the
approach is operator dependent, ideally ROIs are drawn several times by the same
operator, as well as by different operators to assess intra- and inter-rater
reproducibility of results. FA might change with pathology; and this approach is
prone to operator-dependent bias when extracting FA values from ROIs affected by

pathology (Pannek et al. 2012).

2.2.11.2 Voxel-based whole brain analysis
Although the ROI approach is still the standard method to study diffusion metrics
across neonatal subjects, a voxel-based technique, TBSS has several advantages.

TBSS aims to improve the sensitivity, objectivity and interpretability of analysis of
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multi-subject diffusion imaging studies (Smith et al. 2006). TBSS is an automated,

observer independent method for assessing FA in major WM tracts.

The method will be discussed in details in Chapter 3. Briefly, to perform TBSS a WM
skeleton, representing the centre of the WM tracts of all subjects, is derived from the
group FA image, and values of individual FA maps are projected onto this skeleton.
Then multivariate voxel-wise statistics across subjects is carried out on the voxels
within the skeleton. While voxel-based techniques are fully automated, thus removing
operator dependence, and are therefore more objective and less time consuming than
ROI approaches, they rely on the alignment of all participants’ images to a common
space using nonlinear registration, which is challenging particularly when brain
anatomy 1is distorted due to pathology. Because of the large number of voxels
assessed, it is essential to apply methods to correct for multiple comparisons, such as
threshold free cluster enhancement, to distinguish statistically significant clusters

from chance events (Smith et al. 2009).

The TBSS protocol has been optimised for use in the neonatal brain (Ball et al. 2010).
TBSS has been used in neonatal populations to investigate the effect of prematurity
(Anjari et al. 2007), and preterm birth associated pathologies on WM microstructure
(Anjari et al. 2008; Ball et al. 2010; Bassi et al. 2011; Lepomaki et al. 2013). Using
TBSS specific changes of WM structure have also been correlated with outcome
scores in ex preterm infants (Bassi et al. 2008; Counsell et al. 2008; Van Kooij et al.

2012).
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2.2.11.3 Region of interest versus voxel-wise analysis

The decision on which method to use depends on several factors. Studies that require
quantitative assessment of tensor metrics in a clinically relevant timeframe are best
done using the ROI approach to avoid the extensive computer-based manipulation of
DTI data required by TBSS. Longitudinal studies of large number of subjects are best
performed using TBSS, because manual ROI analysis is time consuming and subject
to intra- and inter-observer variability. However, TBSS presents problems of
registration of images when the age range of the subjects is broad, or when the brain
is affected by pathology. ROI analysis is ideal to study of a particular region of WM
while TBSS is better suited to whole brain analysis. Furthermore, diffusion tensor
metrics derived from manual ROI analysis were found not to be consistently

comparable to those derived using TBSS (Seo et al. 2013).
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2.3 Functional Magnetic Resonance Imaging

2.3.1 Functional magnetic resonance imaging
To infer information about brain activity MRI signals can be sensitised to cerebral
oxygenation using deoxyhaemoglobin as an endogenous susceptibility contrast agent

(Ogawa et al. 1990).

Neural activity is closely related to cerebral blood flow (CBF). CBF is the rate of
delivery of arterial blood to the capillary beds of a particular mass of tissue. CBF is
determined by two factors (i) the cerebrovascular resistance (CVR) and (ii) the
cerebral perfusion pressure (CPP) (Pryds et al. 1996). These are related such that
[2.3.1]:

CPP
CBF=———

CVR [2.3.1].
Relatively low neuronal activity in the newborn brain means that metabolism can be
maintained by a global CBF of 10-20 millilitre/100milligram tissue per minute (Pryds
et al. 1996). Cerebral blood volume (CBV), the fraction of the tissue volume occupied
by blood vessels, was estimated as 2 millilitre/100gram tissue in term infants (Wyatt

et al. 1990).

2.3.2 Brain metabolism
Energy metabolism in the brain maintains basic processes of cellular work
(biosynthesis of nucleic acids, proteins, lipids, axonal transport) and high energy

demand processes of neuronal signalling.
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The development of the '*C deoxyglucose method made it possible to measure local
rates of glucose utilisation during neuronal activation (Sokoloff et al. 1977). It was
shown that increased functional activity stimulates and decreased functional activity
diminishes local cerebral metabolic rate of glucose in activated neural pathways
(Sokoloff et al. 1981). The increases in glucose consumption evoked by functional
activation are confined to synapse-rich regions (Kadekaro et al. 1985; Sokoloff et al.
1999) and the magnitude of these increases is directly and linearly related to the
frequency of action potentials in the afferent pathways (Yarowsky et al. 1983;
Kadekaro et al. 1985; Sokoloff et al. 1999). The local cerebral metabolic rate of
glucose of regions rich in neuronal cell bodies is unaffected by functional activation

as glucose metabolised in cell bodies is mainly to support cellular processes.

Studies with "*C deoxyglucose in neural tissue slices showed that the activation of
energy metabolism by neuronal firing is mainly due to sodium/potassium ATPase
activity (Mata et al. 1980). Action potentials reflect the depolarisation of the cells by
the uptake of sodium into and the extrusion of potassium from the cells. The ion shift
stimulates sodium/potassium ATPase that pumps the sodium back out and the
potassium back into the cells. This process depends on the energy derived from
breakdown of adenosine triphosphate (ATP). The breakdown of ATP stimulates

glucose metabolism to restore the ATP that had been consumed (Sokoloff 2008).

The main sources of energy for the brain are high-energy phosphates, predominantly
ATP. Brain energy metabolism normally maintains a constant concentration of ATP,
as the processes that restore this metabolite are sensitive to increased ATP utilisation

(Gjedde et al. 2001). Even rapid variations in cellular work are sustained with
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minimal changes in ATP concentration via short- and longer-term regulatory
mechanisms (Wyss et al. 1992). ATP is produced almost entirely through oxidative
metabolism, which results in high ATP yield (38 molecules of ATP per 1 molecule of
glucose) and carbon dioxide, an end product easily eliminated through the blood-brain
barrier. In a non-steady state, ATP is produced by hydrolysis of phosphocreatine.
More sustained increases in rates of ATP utilisation are balanced by increases in rates
of non-oxidative glycolysis. Although, in the latter cases the yield of ATP is small (2
molecules of ATP per 1 molecule of glucose), the rate of production is fast. However,
lactate, the end product of anaerobic glycolysis, is toxic to neurons, hence needs to be
eliminated by export from the cells or via conversion into pyruvate in the

mitochondria and subsequent oxidative catabolism (Gjedde et al. 2001).

2.3.3 Neurovascular coupling

Cerebral metabolism depends on a constant supply of both glucose and oxygen, which
is maintained by the CBF. The close spatial and temporal relationship between neural
activity and CBF is termed neurovascular coupling. However, the mechanisms linking
increased metabolic demand of neural activity with correlated changes in CBF are
still a matter of debate. It is likely that multiple mechanisms, both feedback and feed
forward, function to mediate neurovascular coupling (Attwell et al. 2002; Uludag et

al. 2004; Lauritzen 2005).

Local CBF is controlled by feed forward mechanisms involving neuronal signalling
via neurotransmitters (Attwell et al. 2002; Lauritzen 2005). Evidence for this suggests
that astrocytes play an important role in linking neurotransmitter activity to vascular

responses (Harder et al. 1998; Pellerin et al. 2004). Glutamate, released by neural
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activity, activates glutamate receptors in cortical astrocytes, leading to an increase in
intracellular calcium, which then activates cyclooxygenase that produces local
vasodilation through prostaglandins (Zonta et al. 2003). In addition, arterioles at rest
exhibit periodic contractions and relaxations, called vasomotion resulting from
calcium oscillations in smooth muscle cells. Calcium waves induced by electric
stimulation in astrocytes propagate to arterioles and inhibit vasomotion, which
eventually allow arterioles to be more relaxed and increase flow. Furthermore,
neurovascular coupling might be mediated by diffusion of products of neuronal

activity without the involvement of glial cells (Attwell et al. 2002).

Regional CBF is also controlled by feedback mechanisms that are sensitive to
variations in concentration of vasoactive ions, metabolic by-products and other
vasoactive factors produced by neural activity. Potassium and hydrogen are generated
by extracellular ionic currents induced by action potentials and synaptic transmission.
High concentrations of extracellular potassium and hydrogen and activity-induced
reduction of extracellular calcium result in vasodilation (Kuschinsky et al. 1972;
Faraci et al. 1998; Nguyen et al. 2000). Vasoactive factors increase the intracellular
calcium concentration, which activates calcium dependent enzymes that produce
potent vasodilators. Neuronal isoform of nitric oxide synthase (nNOS) activated by
increased calcium concentration leads to production of vasodilator nitric oxide (NO)
(Yang et al. 1996; 1997; 2003). Elevation of intracellular calcium also activates
phospholipase A2, leading to production of arachnoid acid, which is then metabolised
by the cyclooxygenase pathway producing vasodilator prostaglandins (Garavito et al.

2003).
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Adenosine, generated during ATP catabolism (Ko et al. 1990; Li et al. 1994), lactate,
produced through glycolysis, dopamine, gamma aminobutyric acid (GABA),
acetylcholine and vasoactive intestinal peptide, released during neural activity,

contribute to vasodilation (Atwell et al. 2002).

Finally, there is evidence that direct neuronal innervation of smooth muscle cells

controls blood flow (Hamel 2004; Iadecola 2004).

Neurovascular coupling must provide energy for continuous brain function, which
requires metabolic nutrients and the elimination of waste products. The fact that this
process occurs on a fine spatiotemporal scale provides the basis for many powerful

neuroimaging techniques.

2.3.4 Blood oxygen level dependent signal
Functional MRI relies on two basic assumptions. First, neuronal activation induces an
increase in glucose metabolism, and second, this increased demand is met by an

increase in local CBF.

Functional MRI measures neural activity by detecting associated changes in CBF,
cerebral metabolic rate of oxygen (CMRO,) and CBV using the BOLD signal. The
BOLD arises due to two distinct phenomena. When diamagnetic oxyhaemoglobin
loses oxygen to become deoxyhaemoglobin, its magnetic properties change in a subtle
way. MR signal increases when the blood becomes more oxygenated. When an area
of the brain is activated, the blood flow increases more than the CMRO;. It leads to a

reduction of the oxygen extraction fraction, a seemingly paradoxical scenario in that
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the venous blood is more oxygenated despite the increase in CMRO,;, because the
blood flow has increased more. The two phenomena together produce the BOLD
signal, a local increase of the MR signal due to relative reduced oxygen extraction

fraction during increased neural activity (Figure 2.3.1).
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Figure 2.3.1: The blood oxygen level dependent (BOLD) signal. A: Cerebral blood
flow (CBF) in a non-activated brain region. B: Due to increased neural activity CBF
increases more than the cerebral metabolic rate of oxygen, which results in more
diamagnetic oxyhaemoglobin (HbO), which is the basis of the BOLD signal

HbO;=0xyhemoglobin; Hbr=deoxyhemoglobin (Source: http://fsl.fmrib.ox.ac.uk)

However, BOLD signal does not measure the neuronal activity directly. Neuronal
activity is a complex process of action potential and synaptic activity. BOLD is
sensitive to changes in CBF, CBV and CMRO,, a set of physiological responses that
are referred to as the haemodynamic response to activation. Instead of a simple chain
of events, where neuronal activity triggers energy metabolism and eventually the
change in CBF, CBV and CMRO,, they are driven in parallel by neural activity. The
change in CBF responds specifically to synaptic signalling, while the CMRO, is

increased by the overall energy cost of neural activity. BOLD response is primarily
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reflecting the change in CBF, however it is strongly affected by two other factors: (i)
the ratio of the fractional change in CBF to the fractional change in CMRO; (the
mismatch of CBF and CMRO; changes) and (ii) a local scaling factor that depends on
the amount of deoxyhaemoglobin present in the baseline state, that characterises the

maximum BOLD response that could occur in a brain region (Buxton et al. 2009).

Given that much of the BOLD signal comes from the draining veins, away from the
site of neuronal activity, and the CBF changes are more widespread than the
underlying neuronal activity, the spatial resolution of fMRI is limited to within few
millimetres (mm) of the neural activity. Temporal resolution of fMRI is determined
by the scanning parameters and intrinsic temporal resolution of the CBF response and
is in the range of ms. A single voxel's response signal over time is called its

timeseries.

2.3.5 Functional magnetic resonance imaging of the neonatal brain

Functional MRI provides powerful means to identify and trace the evolution and
development of cognitive neural networks, as well as neural network alterations due
to disease and other adverse factors from the neonatal period through childhood and

beyond.

Beyond the general issues of brain MRI of this population, such as smaller brain size,
shorter neck, more difficulties in controlling motion artefacts; there are factors
specifically influencing fMRI in neonates and children (Gaillard et al. 2000).

Paediatric subjects have higher heart and respiratory rates and more dynamic
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cardiorespiratory cycle resulting in greater pulsatility transmitted to the cortex

(Poncelet et al. 1992).

The BOLD signal is directly affected by the oxygen carrying capacity of blood, hence
it is important to note that the oxygen binding capacity of foetal haemoglobin is
greater. However, the amount of foetal haemoglobin gradually declines to less than
2% by 12 months (Garby et al. 1962). Similar to myelination that occurs at different
rates in different brain regions (Yakovlev et al. 1967), glucose utilisation of the brain
shows regional differences during maturation reflecting changes in synaptic density in
the grey matter. First primary sensory cortex, then motor cortex and finally the
association areas reach the adult levels of glucose consumption and CBF (Chugani et

al. 1987; Chiron et al. 1992; Bentourkia et al. 1998; Van Bogaert et al. 1998).

Furthermore, synaptic connections may be less well formed, less efficient, and more
diffusely spread in cortical regions as neural networks and cortical areas may not be
completely consolidated resulting in a more widespread and lower signal. Although
the relationship between structural immaturity and the physiology of the BOLD is not
precisely known, it likely diminishes its magnitude and limits detection (Gaillard et
al. 2000). As a result, neonates may exhibit different vascular responses than older
children or adults (Yamanda et al. 1997; Born et al. 1998; Martin et al. 1999) hence it
is essential to apply age-appropriate haemodynamic response function models when

analysing fMRI data of the neonatal population (Arichi et al. 2012).
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2.3.6 Task-driven and resting state functional magnetic resonance imaging
2.3.6.1 Task-driven functional magnetic resonance imaging

In task-driven fMRI acquisition is carried out continuously while the subject performs
tasks or is stimulated in the scanner. Tasks or stimulations are arranged in a block
design where periods of activity are interspersed with periods of rest that gives an
epoch. Some brain events, such as hallucinations, are transient and unpredictable in
nature. In such cases event related fMRI scanning is carried out continuously at high
image acquisition rate and when that event occurs the corresponding changes in the

signal are detected (McRobbie at al 2010).

Task-driven fMRI studies with a passive task are feasible in neonates. For the first
time in 1996 Born et al. showed brain activation in healthy newborns using visual
stimulation (Born et al. 1996). Since then, several task-driven fMRI studies have been
performed to investigate the development and organisation of different cortical
functions in preterm and term infants. These studies were carried out using visual,
somatosensory and auditory stimulations (Yamada et al. 1997; 2000; Born et al. 1998;
2000; 2002; Martin et al. 1999; Souweidane et al. 1999; Morita et al. 2000; Altman et
al. 2001; Anderson et al. 2001; Dehaene-Lambertz et al. 2002; Konishi et al. 2002;
Muramoto et al. 2002; Erberich et al. 2003; 2006; Marcar et al. 2004; Arichi et al.

2010).

Functional MRI has also been used to study brain function in infants with
neuropathology. Abnormal activation might be used as a marker of altered brain
function, including absence of activity in the injured cortex or abnormal functional

laterality (Born et al. 2000; Sie et al. 2001). Also, the nature of the response might be
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different from the response detected in healthy subjects. However, using altered
BOLD signal as a marker of altered brain function should be considered with caution,
given that both positive and negative responses have been observed in healthy infants.
Functional MRI provides the opportunity to perform longitudinal studies for
monitoring plasticity and evolution of functional response (Seghier et al. 2004, 2005,

2010; Heep et al. 2009).

2.3.6.2 Resting state functional magnetic resonance imaging

The importance of intrinsic brain activity in absence of an external task or stimulation
can be evaluated by examining its cost in terms of energy consumption of the brain.
In an average adult, the brain represents about 2% of the total body weight, however it
receives 15% of the cardiac output and accounts for 20% of all the energy consumed
(Clarke et al. 1999). The energy used by the brain is ten times larger than expected
from its weight alone in adults. Relative to the high rate of basal energy utilisation,
the additional energy consumption associated with evoked changes in brain activity
required to respond to changes in the environment is small, often less than 5%
(Raichle et al. 2006). These observations led to the conclusion that much of the
energy consumed by the brain is unaccounted for by its responses to external stimuli.
It implies that intrinsic activity may be more important than evoked activity in terms
of whole brain function (Sokoloff et al. 1955; Raichle 2006). However, the full
accounting of the components of the cost of intrinsic activity, the ‘dark energy’ of the
brain, awaits further exploration (Raichle 2006). Nevertheless, these findings
stimulated the extensive research of intrinsic functional connectivity (Biswal et al.

1995).
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The idea of resting state functional connectivity suggests that the brain is
spontaneously active even in absence of a goal-driven task, showing rich intrinsic
dynamics, which can be modulated by external stimuli. Intrinsic neuronal activity can
be detected as low frequency, spontaneous fluctuations of the BOLD signal. RSNs
replicate a set of functional networks exhibited by the brain over its range of possible
tasks (Smith et al. 2009), encompassing spatially distinct neural systems, including
medial, lateral and dorsal visual, auditory, somatomotor, executive control and default

mode networks (DMN) (Beckmann et al. 2005, Fox et al. 2007) (Figure 2.3.2).

Figure 2.3.2: Functional resting state networks in healthy adults. A: Medial

visual;, B: Lateral visual; C: Auditory; D: Sensory-motor; E: Default mode; F:
Executive control; G: Right dorsal visual, H: Left dorsal visual networks (From

Beckmann et al. 2005)

Although the research of intrinsic activity is still a work in progress, several general

observations have been made about patterns of RSNs. They transcend levels of
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consciousness, are detected under anaesthesia both in humans (Greicius et al. 2008),
and animals (Lu et al. 2007; Vincent et al. 2007), and during early stages of sleep in
humans (Fukunaga et al. 2006; Larson-Prior et al. 2009). Although RSNs respect
patterns of structural connectivity, they are not constrained by these anatomical
connections. Therefore absence of anatomical connections between brain regions does
not preclude the existence of functional connectivity (Vincent et al. 2007; Zhang et al.

2008; Raichle 2009, 2011).

Functional connectivity describes the correlation between patterns of neuronal
activation in anatomically separated brain regions, reflecting the level of functional
communication between regions (van den Heuvel et al. 2010). Thus, relationship
exists not only within systems, but also among systems even in the resting state (Fox

et al. 2005, 2009).

2.3.6.2.1 Development of resting state networks

Simplicity of resting state fMRI and the possibility of powerful segregation of several
networks in the same acquisition provide a unique opportunity to study functional
organisation of the brain in infants with and without brain injury (Tau and Peterson

2010).

The strength of coherence between nodes within systems shows a developmental
trend in infants and increases with age (Fair et al. 2007; 2008). Experience and
spontaneous activity itself may play a role in developing increasing strength of

coherence (Jiang et al. 2004; Bartels et al. 2005; Sun et al. 2007; Lewis et al. 2009).
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The full repertoire of RSNs was identified in healthy full term infants within two
weeks of birth. RSNs were localised in the occipital, sensorimotor, temporal, parietal,
and prefrontal cortices and the basal ganglia (Fransson et al. 2009; Uddin et al. 2010).
In term infants cortical hubs were found within or adjacent to the primary
sensorimotor and sensory systems, including the auditory and visual systems. In the
developing brain higher-level association cortices, such as the insula, precuneus, and
ventromedial prefrontal cortex were found to be of less importance as cortical hubs

(Fransson et al. 2011).

RSNs are present in infants born preterm (Fransson et al. 2007). Bilateral networks
were identified with strong inter-hemispheric connections, localised in the occipital,
somatomotor, temporal, parietal and anterior prefrontal cortices. In a longitudinal
analysis of RSNs in a cohort of preterm infants, functional connections between
spatially more distant regions did not to appear until later in development. The
connections gradually become more focused with advanced age (Smyser et al. 2010).
RSNs demonstrate a network-specific rate of development, exhibiting increasingly
coherent inter-hemispheric activity with advancing postmenstrual age (PMA).
Functional connectivity in preterm infants at term equivalent age is similar to that
seen in term infants (Figure 2.3.3) (Doria et al. 2010). Comparing healthy term and
preterm infants at term age, the spatial properties between preterm and term infants
were comparable, however discrepancies in power spectrum and connection strength

of RSNs were identified (Damaraju et al. 2010).
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Figure 2.3.3: Functional resting state networks in healthy term infants. 4: Medial

visual; B: Lateral visual; C: Auditory; D: Sensory-motor; E: Default mode; F:
Executive control; G: Right dorsal visual, H: Left dorsal visual networks (From

Doria et al. 2010)

Longitudinal development of resting state functional connectivity during infancy and
early childhood was investigated within the sensorimotor (Lin et al. 2008; Liu et al.
2008), visual (Lin et al. 2008) and default mode networks (Gao et al. 2009) in preterm
and term infants as well as in healthy one and two year old children. RSNs were
identified in each age category. Functional correlation within homotopic counterparts
of the brain demonstrated increasing size and strength with increasing age. The
number of regions connected and the strength of connection between regions
increased by one year to become similar to that identified in adults by 2 years of age

(Gao et al. 2009).
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2.3.6.2.2 Resting state networks in brain injury

Although functional connectivity has been initially used as a research tool to
investigate the functional architecture of the brain in healthy subjects potential clinical
applications emerged (Seeley et al. 2009; Fox et al. 2010; Zhang et al. 2010). Resting
state functional connectivity is now applied to study various neurological and
psychiatric disorders (Lowe et al. 2002; Greicius et al. 2008; Mohammadi et al. 2009;
Tedeschi et al. 2012; Rocca et al. 2010; Bonavita et al. 2011; Sharp et al. 2011; Carter
et al. 2012; Dijkhuizen et al. 2012; Hunter et al. 2012; Karbasforoushan et al. 2012;
Smits et al. 2012; Vemuri et al. 2012; Zhou et al. 2012; Yamasaki et al. 2012; Yu et

al. 2012; Marchetti et al. 2012; Sheline et al. 2013).

There are both theoretical and practical considerations for using resting state fMRI for
clinical applications (Fox et al. 2010). As discussed earlier, task related increases in
neuronal metabolism are usually small compared to the large baseline energy
consumption (Raichle et al. 2006). Therefore studying task-related changes allows
studying a small fraction of the brain’s overall activity. In addition, with resting state
fMRI it is possible to study multiple cortical systems at the same time. Imaging
functional connectivity also allows a broader sampling of patient populations,
including non-cooperative infants, and impaired patients who may not be capable of

performing tasks accurately in the scanner.

There are many clinical areas where resting state fMRI could be valuable. By far the
largest application is comparing patterns of resting state connectivity between patients
and healthy controls (Sharp et al. 2011; Hunter et al. 2012; Karbasforoushan et al.

2012; Vemuri et al. 2012; Yamasaki et al. 2012; Yu et al. 2012, Zhou et al. 2012;
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Sheline et al. 2013). Through identification of differences, functional abnormalities of
different disease states can ultimately be interpreted at a single subject level, which in
turn could lead to identification of new treatments or drug targets. Functional
connectivity analysis may segregate patients within a disease category by applying an
algorithm that clusters patients into groups with similar resting state abnormalities.
Differences seen between two groups of subjects can also be related to relevant
clinical variables, such as severity of the disease (Greicius et al. 2007; Bluhm et al.
2007) or cognitive outcome (Bonnelle et al. 2011). Resting state fMRI is suited to
perform longitudinal studies to follow disease progression or the effect of an
intervention. Normalisation of resting state abnormalities with therapy may prove to
be a suitable surrogate outcome in clinical trials (Anand et al. 2005; He et al. 2007).
Preoperative planning, especially in patients who lack the ability to perform tasks, is
another promising clinical area to utilize resting state fMRI (Liu et al. 2009; Shimony

et al. 2009; Zhang et al. 2009).

However, several hundreds of papers have been published across different diseases
with inconsistent results. To improve translation of resting state fMRI, it is essential
to improve the ability to replicate and compare results from different resting state

studies (Fox and Greicius 2010).

Resting state fMRI has been also used to investigate changes in functional
connectivity in several cerebral disorders in paediatric populations (Church et al.

2009; Fair et al. 2010; Jones et al. 2010).
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2.3.6.2.3 The effect of sedation on resting state networks

MRI of preterm and term infants provides a new insight into brain development and
pathology. However, to achieve good quality images for diagnostic or research
purposes infants are required to be still during scanning. To avoid movement artefact

sedative medications are commonly used in the neonatal population.

Studying different stages of wakefulness in humans without medication, persistent
DMN activity was demonstrated during early stages of sleep (Horovitz et al. 2008),
meanwhile increased BOLD signal oscillations were found in the sensory networks of
those subjects who reported to fall asleep during the scan compared to those who

stayed awake throughout (Fukunaga et al. 2006).

Although the effect of sedation on functional connectivity has been widely
investigated in both animal (Vincent et al. 2007; Pawela et al. 2009) and human
studies using different drugs, the results are controversial. RSNs were present in
anaesthetised macaques (Vincent et al. 2007). In humans midazolam induced
conscious sedation caused an increase in functional connectivity in the somatomotor
network (Grecious et al. 2008), the auditory and visual cortices (Kiviniemi et al.
2006), and a significant focal decrease in connectivity of the posterior cingulate
cortex (Grecious et al. 2008) using independent component analysis (ICA) (Grecious
et al. 2008) and seed-based correlation analysis (SBCA) (Kiviniemi et al. 2005).
Decreasing levels of consciousness induced by propofol resulted in decreasing
cortico-cortical connectivity in the default mode and executive control networks
(Boveroux et al. 2010). However, propofol sedation increased functional connectivity

in several other cortical and subcortical areas (Stamatakis 2010). Sevoflurane induced
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anaesthesia altered functional connectivity in the motor cortex (Peltier et al. 2005) and

in high order cognitive regions of pain and memory (Martuzzi et al. 2010).

Meanwhile neonatal resting state fMRI studies were mainly performed during natural
sleep (Lin et al. 2008; Liu et al. 2008; Gao et al. 2009; Fransson et al. 2009; Smyser et
al. 2010; Fransson et al. 2010) few studies involved infants who were sedated with
oral (Damaraju et al. 2010; Doria et al. 2010) or rectal (Fransson et al. 2007) chloral
hydrate. Although no dedicated study was conducted to investigate the effect of
sedation on RSNs in infants, there are few studies that included both naturally
sleeping and sedated subjects (Damaraju et al. 2010; Doria et al. 2010). No significant
difference was found in correlation coefficients of any networks between the two

sedated and unsedated groups (Doria et al. 2010).

Electrophysiological studies have shown that the amplitude and character of neural
responses are not affected by mild or moderate sedation (Sisson et al. 1989; Avlonitou
et al. 2011). Although some studies also suggested that sedative medication may alter
baseline CBF (Lindauer et al. 1993; Rivkin et al. 2004; Seghier et al. 2006), CBF was

unaffected by sedation with chloral hydrate in infants (Arichi et al. 2012).

2.3.7 Acquisition of functional magnetic resonance imaging data

During an fMRI experiment a series of dynamic images is collected using an EPI
pulse sequence (Howseman et al. 1999; Jezzard et al. 1999), which gives excellent
T2* contrast, making it sensitive to the BOLD effect. Rapidly acquired image slices
make the resulting single image robust against motion artefact, and motion between

images can be corrected with post-acquisition algorithms to some extent. However,
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EPI is also vulnerable to image artefacts, such as geometrical distortion and Nyquist
ghosts that need to be adequately corrected before statistical analysis is performed

(Jezzard et al. 1999; Schapiro et al. 2002; Wilke et al. 2003).

2.3.8 Preprocessing of functional magnetic resonance imaging data

2.3.8.1 Temporal filtering

If signal and noise are present in the data at separable frequencies by using filtering in
time and/or space, the noise can be attenuated and thus the signal to noise ratio

increased.

By using ‘high pass filtering’, frequencies that are lower than the expected frequency
of the data are filtered out. When ‘low pass filter’ is applied the frequencies that are
too high to correspond to the signal are filtered out. In this way high frequencies are
removed and low frequencies are passed through. A combination of high and low pass
filtering, so called ‘band pass filtering’, constricts the detected signal to a specific
band of frequencies, preserving only oscillations faster and slower than a certain

speed to minimise the effects of low-frequency drifts and high-frequency noise.

2.3.8.2 Slice-timing correction

In multi-shot EPI image, slices are acquired throughout the TR, therefore the BOLD
signal is sampled at different locations in the brain at different time points. Slice-
timing correction corrects for differences in acquisition time within the TR. With
slice-timing correction the timeseries is shifted by a small amount, interpolating
between points that were actually sampled to provide a timeseries that would have

been created in case all voxels had been sampled at the same time point. By this, the
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assumption is made that every point in a given functional image is the actual signal

from the same point in time.

2.3.8.3 Motion correction

Analysis of fMRI data assumes that the location of a given voxel does not change
during acquisition. As typical fMRI sequences are several minutes long, and infants
may move during acquisition, it is common to have some degree of changes of head
position between volume acquisitions. Head motion in the scanner can generate
artefacts that are estimated and corrected for. It is a multiple image registration task.
A motion correction target is chosen, which can be either one original volume, mean
of several or a standard space image. Then each fMRI volume is registered to the

target, usually using six degrees of freedom (DOF) rigid body registration.

2.3.8.4 Spatial normalisation

Individual brains vary in size and shape. Spatial normalisation is the process of
transforming an individual subject’s image to match a standard brain to ensure that
the same brain regions are compared across subjects. It allows generalisation of
results to a larger population, comparison with other studies and enables averaging
across subjects. However, it also reduces spatial resolution and it may reduce

activation strength.

2.3.8.5 Spatial smoothing
In spatial smoothing data points are averaged with their neighbours. It has the effect
of a low pass filter as high frequencies of the signal are removed from the data while

enhancing low frequencies. Spatial smoothing results in blurring of sharp edges and a
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more pronounced spatial correlation within the data. Convolving the fMRI signal with
a Gaussian function of a specific width is a standard procedure of spatial. This is a
Gaussian kernel with the shape of a normal distribution curve. The size of the
Gaussian kernel defines the width of the curve, which in turn determines how much
the data is smoothed. The width is expressed with the Full Width at Half Maximum
(FWHM). There are several benefits from applying spatial smoothing, such as
improved signal to noise ratio, improved validity of the statistical tests by making the
error distribution more normal and increased overlap of activated brain regions across
subjects in multi-subject studies. However, there are also drawbacks, including
reduction of spatial resolution, edge artefacts, and attenuation of meaningful

activations and mislocalisation of activation peaks.

2.3.8.6 Intensity normalisation

The process of global normalisation is designed to remove whole-brain signal changes
that act as confounds in studies designed to evaluate regional signal changes. It results
in the timeseries from different runs or subjects being centred around the same mean.
However, intensity normalisation is controversial and is not performed in most studies
as it may create spurious artefacts (Laurinetti 2004), such as signal changes in the
WM and cerebrospinal fluid (CSF), where little or no BOLD signal changes should
occur. It might be because many normalisation procedures assume that the global
signal change is distributed across all regions with no spatial variation in magnitude

(Macey et al. 2004).
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2.3.9 Statistical analysis of functional magnetic resonance imaging data

A number of statistical approaches are available for resting state data and each has
advantages and pitfalls. The methods used in this thesis for resting state fMRI
analysis are discussed in the next paragraph (Smith 2004a; Cole et al. 2010;

Marguiles et al. 2010).

2.3.9.1 Data-driven method

Assuming the brain is organised into a number of functionally discrete networks, an
optimal analytic technique determines the signals unique to each network from the
data alone. Single-session probabilistic ICA finds independent components (IC) by
maximising the statistical independence of the estimated components (Beckmann et
al. 2005). However, estimation of maximum spatial independence does not preclude
spatial overlap between components. In the model, data variables are assumed to be
linear mixtures of some unknown latent variables. The latent variables are assumed to
be non-Gaussian and mutually independent, they are called ICs of the observed data
(Hyvarinen et al. 2001). Probabilistic ICA decomposes 4 dimensional data into a
linear mixture of spatially ICs plus non-neural origin of noise, such as physiologic
noises of cardiac and respiratory cycles, motion artefacts and corresponding variance
normalised timeseries. A set of spatial maps and associated timeseries jointly describe
the spatial and temporal characteristics of the underlying components. ICA has
several advantages as it requires no a priori assumptions of spatial localisation of
RSN, detects interacting networks by taking account of multiple simultaneous voxel-
voxel relationships and it automatically denoises the dataset (Zuo et al. 2010). Using

ICA, RSNs comparable to sensory and cognitive processing systems were identified.
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However, the true number of components present in the data is not known. The
process of dimensionality reduction and model order selection are empirically chosen
or automatically estimated. Although approaches exist to optimally select the number
of ICs for a given dataset according to statistical criteria, there is no single best
solution for model order or dimensionality of multiple distributed systems (Kiviniemi
et al. 2009; Smith et al. 2009). Furthermore, ICA may ‘split’ an IC into a number of
sub-networks. The reproducibility of ICA is another challenge as it may produce
results that are variable across analyses (Marguiles et al. 2010). Although ICA does
not require initial assumptions about spatial localization of the networks, it does

require a posteriori selection of valid ICs (Beckmann et al. 2005).

2.3.9.2 Hypothesis-driven method
SBCA has a historical relevance, as Biswal and colleagues first identified low-
frequency, coherent, spontaneous activation in the somatomotor cortex to derive

timeseries models of functional connectivity using this technique (Biswal et al. 1995).

SBCA involves two steps: (i) extraction of a model timeseries from a specified area
(seed) and (ii) quantification the similarity between the model timeseries with the
timeseries from other voxels. A priori selection of the ROI (a voxel, cluster or atlas
region) from where the timeseries is extracted is usually based on previous studies.
Timeseries is then used as a regressor in a linear correlation analysis to calculate
whole-brain, voxel-wise functional connectivity maps of covariance with the seed
region. The major advantage of the technique is its straightforward interpretability. It

shows the network of regions most strongly functionally connected with the ROI.
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Functional connectivity can be identified by SBCA with moderate to high reliability

(Shehzad et al. 2009).

One of the potential weaknesses of SBCA is the influence of structured spatial
confounds, such as other RSNs and structured noise. Although some of these effects
are removed by preprocessing steps, the presence of residual confounds in reference
timeseries can negatively influence correlation maps if the estimated networks also
include voxels which describe the spatial extent of an artefact. The univariate
approach disregards the richness of information available within the statistical
relationships of multiple data points. A priori selection of the timeseries of one seed
region imposes anatomical restrictions on the measurement of network connectivity.
Fundamentally there are as many possible networks as there are possible seeds.
Consequently discussing and interpreting one resulting spatial map as a distinct and
meaningful neurobiological system is an under-representation of the data.
Biologically, the choice of seed may bias connectivity findings towards specific,
smaller overlapping sub-systems, rather than larger, distinct networks. SBCA is also
biased by investigator (location and size of the seed) and subject specific factors
(spatial normalisation, functional localisation). Biases inherent in the seed selection
process can result in a large amount of variability in the results and subsequent

interpretations (Cole et al. 2010; Marguiles et al. 2010).

2.3.9.3. Group analysis
Methodologies discussed above are also used for group analysis. The advantages and
disadvantages of the techniques still apply on a group level, along with additional

caveats common to all attempts to combine functional imaging datasets this way.
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Gross variability in cortical thickness, folding and functional localisation between

individuals may cause problems for group inferences.

2.3.9.3.1 Group independent component analysis

Recently coherent methods have been proposed and validated for comparing activity
patterns across subjects and/or sessions within an ICA-based framework. Group-level
ICA supports a higher dimensional, and therefore more finely detailed, decomposition
than single-session ICA. On the other hand, single subject ICA has a greater power to

model session-level structured noise than group-level ICA approaches.

In group-level ICA first data from all subjects are spatially normalised and the
dimensionality is reduced via principal component analysis for each subject. These
reduced datasets are then assumed to contain the most important source of signals that
have been ‘mixed’ into the measurements. All reduced datasets are temporally
concatenated before application of group ICA that identifies voxels with common
temporal patterns within and between subjects. By means of temporal concatenation
of multiple datasets (Calhoun et al. 2001), group-ICA can thereby estimate group-

level ICs (Beckmann et al. 2005).

A more recent approach (Beckmann et al. 2009; Filippini et al. 2009) estimates
subject-specific RSNs from information within the original functional data by dual
regression. This approach uses regression of the group ICA spatial maps onto the
original, individual fMRI datasets. The spatial maps from group ICA decomposition
are first used as a set of spatial regressors in the general linear model (GLM) in a

multiple regression analysis. It generates individualised, session-specific timeseries
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for each IC for each subject. The subject-specific timeseries are then normalised and
used as temporal regressors in a multiple linear regression resulting in subject-specific
spatial maps for each group-level component. The analysis is carried out in the
standard space to perform cross-subject voxel-wise nonparametric permutation
testing. Estimated timeseries and spatial maps form unbiased least squares
approximations to the original ICA maps at the individual subject level. Dual
regression has been validated to estimate session-level RSNs from group ICA spatial
maps consistently and more reliably than single-session template matching

approaches (Zuo et al. 2010).

2.3.9.3.2 Group seed-based correlation analysis

In most group SBCA, correlation coefficients are identified from an initial, whole-
brain analysis of functional connectivity with the timeseries extracted from a given
seed region. At higher level, these values are then converted into Z scores and

averaged across subjects in a GLM, followed by standard hypothesis testing.
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2.4 Image registration in medical imaging

Computational post-acquisition MR analysis tools provide the means to quantify
differences between MR images objectively, automatically with reproducible
measurements. Image registration is the process of determining a spatial
transformation or mapping that relates the coordinates in the source image to the
corresponding coordinates in a target image to achieve precise spatial correspondence
(Hajnal et al. 2001). Correspondence may mean structural, functional or structural-
functional similarity. In broad terms registration includes transformation estimation
and/or applying the transformation, thus creating a new, modified image. A common
way of formulating the registration process as a mathematical problem is to construct
a cost function, which quantifies the dissimilarity between the two images, and then

search for a transformation which gives the minimum cost.

In medical imaging, registration has been developed for almost all anatomical parts or
organs of the human body. In terms of neuroimaging, commonly used applications of
image registration include combining images across individuals in order to quantify
structural changes associated with development (Anjari et al. 2007), aging (Barrick et
al. 2010; Burzynska et al. 2010) or pathology (Porter et al. 2010), characterising shape
and size variations amongst subjects or groups (Aljabar et al. 2008, Hughes et al.

2012) and correcting for motion (Liao et al. 2006).

There are a number of image registration methodologies and several criteria have

been proposed to classify them (Elsen et al. 1993; Maintz and Viergever 1998;
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Hawkes 2001). Registration methods can be classified based on data dimensionality:
(1) spatial dimensions only or (ii) time series with spatial dimensions. Registration
allows different brain images from either the same subject (intra-subject), or from
different subjects (inter-subject) to be aligned into a common space. An image
acquired from a single subject that is aligned to an image constructed from a database
obtained using imaging from many subjects is called atlas registration (Serag et al.
2012). Registration can be carried out using different (inter-modality registration; e.g.
structural-functional) or same imaging modalities (intra-modality registration; e.g.
diffusion-diffusion). Considering the amount of image information used in the
registration process, registration is classified as (i) global, if all the voxels presented
in the ROI are used; or (ii) local if only a part of the voxels in a ROI is used.
Concerning image registration methodologies three levels of interaction are
recognised depending on the input of the user in the registration process: (i)
interactive, where the user does the registration assisted by a software; (ii)
semiautomatic, where the user has to initiate the algorithm or (iii) automatic, where
the user only supplies the algorithm with the image data. The two main groups of
image registration algorithms based on the nature of registration basis are (i) voxel-
based/intensity-based, which aims to estimate and improve anatomical
correspondence between images based on intensity values in both images; and (ii)
feature-based or geometrical-based, whereby the same features are extracted in each
image and the registration is driven by attempting to bring these into spatial
correspondence. In neuroimaging, voxel-based methods were proved to be more

reliable than feature-based approaches (Maintz and Viergever 1998).
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Transformation models can be divided into linear (rigid and affine) and nonlinear,
based on the number and types of deformation models applied (Figure 2.4.1).

Any non-rigid transformation can be described by three components. A
transformation, which relates the target and the source images by finding the best
geometric alignment to maximise the similarity between the two images; a similarity
measurement, which describes the similarity between the target and the source
images; and an optimisation, which varies the parameters of the transformation model

to maximise the matching criterion as a function of the similarity measure.

2.4.1 Transformation models
2.4.1.1 Linear transformation
Rigid transformation is defined by 6 DOF in 3 dimensions, 3 translational and 3
rotational parameters. Rigid transformations preserve size and shape of the image. It
is commonly used for within subject registrations, where anatomy is the same but
positional differences may exist due to movement during image acquisition, or for a

starting point for subsequent non-rigid alignment.

Affine transformation is defined by 12 DOF, 3 translational, 3 rotational and 3 scaling
(shear and skew) parameters over 3 dimensions (Figure 2.4.1). It compensates for
additional global size changes and shears. Linear registration is usually used to correct
for scanner-induced geometric distortions, most commonly due to eddy current effects
in EPI data, to account for the scale and size differences in inter-subject brain
registration, to provide an approximate alignment of images from different subjects

before more precise registration.
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2.4.1.2 Nonlinear registration

Nonlinear transformation includes local transforms along with global affine
transform; hence always more than 12 DOF are used. Two types of nonlinear
registrations have been used in medical imaging: (i) guided deformations, in which
the deformation is controlled by a physical model that has taken into account the
material properties, such as tissue elasticity or fluid flow (Bajcsy et al. 1989;
Christensen et al. 1996), and (ii) freeform deformation (FFD), in which any
deformation is allowed. Such registration techniques are based on the assumption that
a set of corresponding points of landmarks can be identified in the source and the
target images. In FFD models, a grid of control points is defined to determine the

deformation involved (Figure 2.4.1).

A B
T .
11 12 Qi3 dapg
M.
(3] a2 a3 (24 SRR S
A= . . LN e h s
131 @32 a3z (d34 x:;‘x:frlly::rff
0 0 0 1 ISR R

Figure 2.4.1: Transformation matrix for affine (A) and nonlinear (B)
registration. A: Affine transformation is represented by 12 parameters. B: A
nonlinear transformation is represented by a deformation field. (Source:

http://www.fmrib.ox.ac.uk)

The points of such a grid are moved individually in the direction that optimises the
similarity measure, defining local translations. The translation required to bring one

image into the space of another is described by a vector. Vectors at each control point
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are blended using a B-spline kernel to produce a smooth deformation field.
Transformation between control points is propagated by interpolation. The most
popular interpolator used for FFD is B-spline (Rueckert et al. 1999; Rohlfing et al.
2003). Spline-based registration algorithms use corresponding points, in the source
and target images and a spline function to define correspondences away from these
points. Anatomical or geometrical landmarks are identified in both images to
determine the control points (Bookstein 1991). The location of control points can be
updated by optimisation of a voxel similarity measure, such as mutual information
(MI) (Meyer et al. 1997). Alternatively, control points can be arranged with
equidistant spacing across the image forming a regular mesh (Davis et al. 1997). In
this case the control points are only used as a parameterisation of the transformation
and do not correspond to anatomical or geometrical landmarks. Therefore they are

often referred to as pseudo- or quasi-landmarks (Hajnal et al. 2001).

2.4.3 Similarity measure

A similarity measure describes the similarity between the target and the source
images. It is composed of at least two terms, one related to the voxel intensity or
structure/feature similarity and the other to the deformation field (Rueckert et al.

1999; Rohlfing et al. 2006; Lu et al. 2004).

Intensity approaches match intensity patterns in each image using mathematical or
statistical criteria. They define a measure of intensity similarity between the source
and the target and adjust the transformation until the similarity measure is maximised
(Crum et al. 2004). The most commonly used similarity measures are based on

intensity difference, intensity cross correlation and information theory. The measures
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based on the intensity difference assume that the corresponding structures in both
images have identical intensities. Cross correlation and its derived measures are based
on the assumption that there is a linear relationship between the signal intensities of
the corresponding structures on both images. These similarity measures are
appropriate for mono-modal image registration. When performing registrations
between different image modalities, or between images with different contrasts,
entropy-based metrics are more suitable (Pluim et al. 2003). Information theory
similarity measures are based on mutual information (MI) or derived measures. MI
measures how well one image explains the other based on the assumption that there is

a functional between the variables involved (Wells et al. 1996, Maes et al. 1997).

Geometric approaches build explicit models of identifiable anatomical elements in
each image. These elements typically include functionally important surfaces, curves
and points of landmarks that can be matched with their counterparts in the second
image (Bookstein 1989, Rohr et al. 2001, Johnson and Christensen 2002). The use of
structural information ensures that the mapping has biological validity and allows the
transformation to be interpreted for the underlying anatomy or physiology. Similarity
measure used in feature-based registration is often computed as the sum of the
‘distances’ associated to each correspondence established. These distances can be
related to the spatial position of the corresponding structures (Oliveira et al. 2012).
Other approaches use anatomical surfaces, such as the ventricular borders or cortical
surfaces (Thompson and Toga 1996, Yeo et al. 2010) or features such as sulcal and

gyral ridges (Subsol et al. 1997, Joshi et al. 2010).
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2.4.4 Optimisation

Optimisation refers to the method in which the transformation is adjusted to improve
the image similarity. The similarity measure is an #» dimensional function, where n is
the number of DOF of the transformation involved. Once a cost function has been
chosen it is necessary to search for the transformation, which yields the minimum cost
value. To do this, an optimisation method is implemented to search through the
parameter space of allowable transformations (Jenkinson et al. 2002). Parameters that
make up the registration can be computed directly, or can be searched for. Of the
optimisation methods the iterative algorithms use a coarse-to-fine approach. The
process starts by identifying a pair of image pyramids that are used to down-sample
the images. Then the registration starts by registering the images from the lower to the
higher resolution. In each step, the transformation found in the previous step is used
as the new initial registration. The transformation is updated according to the
parameter change that results in the largest increase in similarity and the process
continues stepping along the direction of maximum increase until no more increases
are achieved, or a convergence criterion is reached. By altering the step size to
become progressively smaller and sub-sampling the data onto lower resolution voxel
grids, it is possible to perform registration through several resolution levels,
optimising the alignment first according to gross image features and progressing to
finer anatomical details. An advantage of this approach is that the initial
transformations at low resolution is calculated relatively quickly and used to inform

higher resolution transformations (Hajnal et al. 2001).

&9



2.4.5 Interpolation

In the registration process, when a point is mapped from one space into another by
transformation, it is generally allocated a non-grid position. Due to the discrete nature
of MR images, data are sampled in a grid of voxels and it is unlikely that the
corresponding points lie on the same voxel grid after transformation. To compare the
images it is necessary to interpolate between points, resampling the transformed
source image onto the same grid as the intended target (Lehmann et al. 1999, Hill et
al. 2001). The goal of interpolation is to evaluate the image intensity in that new
position. The interpolation solution can affect the accuracy and speed of registration.
To increase the speed, a simple interpolation algorithm is usually used in the
optimisation step, such as ones that are based on the nearest neighbour or trilinear
interpolations, and then higher quality interpolation is used to obtain the final
registered image, as the ones based on cubic B-spline or sinc interpolation (Hill et al.

2001).

2.4.6 Validation

Validation usually means showing that a registration algorithm applied to a typical
dataset in a given application consistently succeeds (Crum et al. 2004). A number of
possible solutions exist for any given registration problem, and often the decision to
use a particular transformation is a qualitative one based on visual inspection (Good et
al. 2002). For geometric approaches an error can be computed, which for landmark
methods expresses the distance between corresponding landmarks post-registration
(Collins et al. 1997; Woods et al. 1998). For intensity-based approaches it is common
to identify corresponding landmarks or regions independently of the registration

process and establish how well the registration brings them into alignment. Another
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solution is to establish whether the registration of source to target produces the same

alignment as from target to source (Christensen et al. 2003).

2.4.7 Registration software
In this thesis image registration has been carried using tools implemented in FSL
(Smith et al. 2004b; Jenkinson et al. 2004) and Image Registration Toolkit (IRTK)

(Rueckert et al. 1999; Studholme et al. 1999; Schnabel et al. 2001).

2.4.7.1 Functional Magnetic Resonance Imaging of the Brain Software Library

FSL has been developed by the FMRIB Analysis Group. It is freely available as a
single integrated software package, including tools for analysis of functional,
structural and diffusion brain MRI data. FMRIB’s Linear Image Registration Tool
(FLIRT) is a fully automated tool for linear intra- and inter-modal image registration.
FLIRT performs translation, rotation, zoom and shear to match the source image to
the target. For inter-subject registration purposes FMRIB’s Nonlinear Image
Registration Tool (FNIRT) is more suitable. FNIRT allows a more fine
transformation by permitting local deformations to perform inter-subject alignment

(Jenkinson and Smith 2001; Jenkinson et al. 2002).

2.4.7.2 Image Registration Toolkit

IRTK is a comprehensive library of tools for medical image registration. It
implements a variety of algorithms for 2 and 3 dimensional image registration
including rigid, affine and nonlinear. The software also includes tools for
transforming and resampling images using a variety of geometric transformations and

interpolation methods (Denton et al. 1999; Rueckert et al. 1999; Schnabel et al. 2001).
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2.5 Human brain development

2.5.1 Neurulation

Neurulation refers to the inductive events that occur on the dorsal aspect of the
embryo and results in formation of the brain and the spinal cord. Primary neurulation
refers to formation of the brain and spinal cord excluding segments caudal to the
lumbar region. Secondary neurulation or caudal neural tube formation is related to the

formation of the lower sacral segments of the spinal cord.

Primary neurulation (Figure 2.5.1) occurs during third and fourth weeks of gestation.
The nervous system begins to form on the dorsal aspect of the embryo as a plate of
tissue differentiating in the middle of the ectoderm. The underlying notochord and
mesoderm induce formation of the neural plate at approximately 18 days (Lemire et
al. 1975; Monsoro-Burq et al. 1995). Under the continuing inductive influence of the
dorsal mesoderm, the neural plate invaginates along its central axis to form the neural
groove, with neural folds on each side. The neural folds gradually approach each
other in the midline and fuse there, converting the neural groove into a neural tube. As
the neural tube separates from the surface ectoderm, the neural crest cells migrate to
the sides of the neural tube. The neural crest separates into the right and left part and
migrates to dorsolateral aspects of the neural tube, giving rise to the sensory ganglia
of the spinal and cranial nerves. The first fusion of neural folds occurs in the region of
the lower medulla around 22 days and it proceeds caudally and rostrally (Golden et al.
1995; Seller et al. 1995; Manning et al. 2000; Copp et al. 2003). The anterior end
closes at 24 and the posterior end closes at 26 days at the upper sacral level.

Deformation of the developing neural plate required to form the neural folds, and
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subsequently the neural tube depend on cellular and molecular mechanisms (Manning
et al. 2000; Copp et al. 2003; Detrait et al. 2005). Under the influence of vertically
oriented microtubules, cells of the developing neural plate elongate, and their basal
portions widen. Under the influence of microfilaments oriented parallel to the apical
surface, the apical surface of the cells constricts. These deformations produce the
stresses that lead to the formation of the neural folds and then the neural tube. Cell-
cell recognition and adhesive interactions with extracellular matrix are led by cell

adhesion glycoproteins (Volpe 2008).
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Figure 2.5.1: Scheme of the embryo’s transverse sections during primary
neurulation process. A: Neural plate formation, B: Neural groove stage, C: Neural

tube formation. (From Alfarra et al. 2011)

2.5.2 Development of prosencephalon
Prosencephalic development occurs by inductive interactions under the primary

influence of the prechordal mesoderm during the second and third months of gestation
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(Yakovlev 1959; Lemire et al. 1975; Leech 1986). The interaction of the prechordal
mesoderm and the forebrain that occurs ventrally at the rostral end of the embryo
results in formation of the face and the forebrain. Prosencephalic formation begins at
the rostral end of the neural tube at the end of the first month. Prosencephalic
cleavage occurs most actively during the fifth and sixth weeks of gestation and
includes three basic cleavages: (1) horizontally to form the paired optic vesicles,
olfactory bulbs and tracts; (2) transversely to separate the telencephalon from
diencephalon; (3) sagittally to form, from the telencephalon, the paired cerebral
hemispheres, lateral ventricles, and basal ganglia. The midline prosencephalic
development occurs from 6 weeks to the third month, when three crucial plates of
tissue become apparent. From dorsally to ventrally these are the commissural,
chiasmatic and hypothalamic plates. These structures are important in the formation
of the corpus callosum and the septum pellucidum, the optic chiasm, and the
hypothalamic structures respectively. The most important molecular pathways in
prosencephalic development are the sonic hedgehog signalling pathways (Muenke et

al. 2000; Nanni et al. 2000; Roessler et al. 2003; Sarnat et al. 2005).

2.5.3 Neuronal proliferation

All neuron and glia are derived from the ventricular and subventricular zones, present
in the subependymal region of the developing nervous system (Samuelsen et al.
2003). Quantitative information on cellular proliferation is derived from studies of
deposition of brain deoxyribonucleic acid (DNA), the chemical correlate of cell
number. Proliferation occurs in two phases. The first, occurring 2 to 4 months, is

associated primarily with radial glia and neuronal proliferation; the second, occurring
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from approximately 5 months of gestation until 1 year of birth, is associated with glial

multiplication (Figure 2.5.2) (Dobbing and Sands 1973).
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Figure 2.5.2: The two phases of prenatal neuronal proliferation. Y axis: total
forebrain deoxyribonucleic acid, equivalent to total cell number. X axis: gestational
age in weeks until birth, then in months until fourth postnatal month (From Dobbing

and Sands)

At least two types of neuronal progenitors are present in the ventricular zone (i) short
neural precursors that have a ventricular end-foot and a leading process of variable
length; and (ii) radial glial cells which are progenitors for cortical neurons, astrocytes
and oligodendrocytes and guide neuronal migration. When the radial glial cell
functions as a neuronal progenitor, the clonally related neurons migrate along the

parent radial glial fibre (Ever et al. 2003; Mo et al. 2007; Noctor et al. 2007).

Cells in the periphery of the ventricular zone replicate their DNA, migrate toward the
luminal surface and divide. The two daughter cells then migrate back to the periphery

of the ventricular zone. This to-and-fro migration or inter-kinetic nuclear migration is
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repeated each time DNA replication and mitosis occur in the ventricular zone. In
some regions of the forebrain a subventricular zone of proliferation can also be
identified. In the monkey cerebrum, the ventricular zone gives birth to most neurons,
and the subventricular zone is the point of origin of some late appearing neurons, such
as upper layers of cerebral cortex and later subplate neurons, and most glia (Rakic

1975, 1988, 1995, 2005).

In the earliest days of proliferation progenitor cells divide symmetrically into two
cells. Around the second half of the second month the progenitor cells begin to divide
asymmetrically, when each division results in a stem cell and a post-mitotic neuronal
cell. As the proliferative phase progresses, proportionately more neuronal cells and
less stem cells are produced (Rakic 1975, 1988, 2005). When cells withdraw from the
mitotic cycle and cease proliferative activity, they migrate into the intermediate zone

on their way to forming the cortical plate (Caviness et al. 2000, 2003).

The signalling pathways that modulate neuronal proliferation include the Notch, ErbB
and fibroblast growth factor receptor, connexin channels and beta-catenin (Ever et al.

2005; Lasky et al. 2005).

2.5.4 Neuronal migration

Neuronal migration refers to the series of events whereby millions of neurons move
from their sites of origin in the ventricular and subventricular zones to the loci within
the central nervous system, where they will reside for life. The peak period for this is

between the third and fifth months of gestation.

96



The earliest mode of migration to the cerebral cortex is movement by translocation of
the cell body that results in formation of the preplate. This layer of neurons is split
later by the arrival of the cortical plate neurons into a superficial layer nearest the pial
surface, which produces the Cajal-Retzius and related neurons of the marginal zone,
and a deeper layer, which forms the subplate neurons (Nadarajah et al. 2001; Bielas et

al. 2004).

Radial migration is the primary mechanism of formation of the cortical projection
neurons and deep nuclear structures. Projection neurons, generated by radial glial
progenitors, proceed primarily from the dorsal subependymal germinative zones. The
clonally related neurons migrate along the parental radial glia, which extends to the
pial surface (Volpe 2008). Cells migrate first take the deepest positions, meanwhile

those migrate later take more superficial positions (Rakic 1975, 1988).

Tangential migration of the neurons from the ventral aspect of the subependymal
germinative zones results in GABA expressing interneurons of the cortex. These
neuronal precursors migrate parallel to the surface of the cortex and proceed in one of
three streams through the subventricular, intermediate zone or marginal zones arriving
in the cortical plate (Komuro et al. 1998; Pearlman et al. 1998; Walsh et al. 2000;

Bielas et al. 2004; Kriegstein et al. 2004; McManus et al. 2005).

By 20-24 weeks of gestation, the human cerebral cortex has its full complement of
neurons. The cerebral cortex consists of six parallel layers (Figure 2.5.3). However,
some areas of the cortex differ from this six layer configuration, for example the

Limbic-system has only three layers and the insular cortex and cingulate gyri have six

97



indistinct layers. Layer I contains intracortical fibres and some small cells. Layer II
contains small, mainly stellate cells, which are connected in local circuits. Layer III
contains mainly pyramidal cells, which give rise to commissural and projections
fibres. Layer IV contains granular cells and receives projection fibres from thalamic
nuclei. Layer V contains granular cells and receives projection fibres to the basal
ganglia, brain stem and spinal cord. Layer VI contains cells that send fibres to the

thalamus.

« | Molecular layer

Il External granular layer

111 External pyramidal layer

IV Intermal granular layer

W Internal pyramidal layer

V1 Multiform layer

White matter

Figure 2.5.3: Layers of the cerebral cortex. (From Bentivoglio et al. 2003)

Molecular determinants of migration of radial glia include three signalling pathways,
ErbB4 and Notch receptors and brain lipid-binding proteins (Anton et al. 1997; Rio et
al. 1997; Pearlman et al. 1998; Hatten et al. 1999; Walsh et al. 2000). Several other
proteins are involved in regulating migration of the preplate, such as fibronectin,
integrins, laminin, reelin, and the migrating neurons, such as neuregulin, astrotactin,

doublecortin, filamin-1 (Volpe 2008).
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2.5.5 Neuronal organisation

Neuronal organisation continues from fifth months of gestation to several years after
birth. There are six major developmental features including the (1) establishment and
differentiation of the subplate, (2) attainment of proper alignment, orientation and
layering of the cortical neurons, (3) elaboration of dendritic and axonal ramifications,
(4) establishment of synaptic contacts, (5) cell death and selective elimination of
neuronal processes and synapses, (6) proliferation and differentiation of glia (Volpe

2008).

Subplate neurons are generated from the preplate. They differentiate rapidly and
express a variety of receptors for neurotransmitters, neuropeptides and growth factors.
The subplate neurons elaborate a dendritic arbor with spines. They receive synaptic
inputs from ascending afferents and provide a site for synaptic contact for ‘waiting’
axons from thalamus and other cortical sites. Subplate neurons extend axonal
collaterals to overlying cortical and subcortical sites and establish a functional
synaptic link between waiting afferents and cortical targets. They provide axonal
guidance to the cerebral cortex for ascending afferents, and to subcortical targets for
descending axonal collaterals from the cortex (Volpe et al. 1996; Bystron et al. 2005;

Kostovic et al. 2006; Ohshiro et al. 2006; Volpe 2008).

Attainment of proper alignment, orientation and layering of the cortical neurons
occurs as neuronal migration ceases. The first steps in cortical organisation
accompanying the axonal ramification are the appearance of synaptic elements, the
development of neurofibrils, and an increase in size of the endoplasmatic reticulum

within the cytoplasm (Evrard et al. 1992; Marina-Pallida 1998). The biochemical
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correlates of these changes are increasing cerebral content of ribonucleic acid and
protein relative to DNA. The maturational changes happen relatively rapidly in the
hippocampus compared to supra-limbic areas. Dendritic development occurs earlier in
the thalamus and brainstem than in cerebral cortical regions (Takashima et al. 1990;

Mojsilovic et al. 1991).

Strikingly active axonal development in the cerebrum over the last trimester and early
postnatal period was demonstrated by immunostaining with GAP-43, a protein
expressed on growing axons. Exuberant expression of GAP-43 was demonstrated in
the cerebral WM to the subplate region at 20 weeks reflecting the growth of axons
from the thalamus to the subplate; to the cortex at 27 weeks showing axons growing
from the subplate to the cerebral cortex. GAP-43 positive staining in the cortex from
37 weeks until the end of the first year of birth may reflect the increase in cortical
penetration of thalamo-cortical afferents, cortico-cortical fibres and descending

cortical fibres, initially pioneered in the subplate axons (Haynes et al. 2005).

The progress of dendritic differentiation depends on the establishment of afferent
inputs and synaptic activity. Initial axonal growth is facilitated by neural cell adhesion
molecule and neuronal cadherin, which are glycoproteins located on the cell surface
(Takeichi et al. 1988). An extracellular matrix protein, laminin, stimulates axonal
extension and guidance. Laminin interacts with axonal surface glycoproteins,
integrins, which guide axons through the developing brain to specific sites (Dodd and
Jessell 1988). Neuronal activity initiates its effects on dendritic development by
inducing calcium influx that will result in a direct effect on the actin, microtubular

components of the cytoskeleton and adhesion molecules, and in an indirect effect of
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activating multiple signalling pathways (Volpe 2008). These developmental changes
are accompanied by a fourfold increase in cerebral cortical volume between 28 and 40

weeks gestation as shown by quantitative MRI measurements (Kapellou et al. 2006).

Synaptic formation differs among regions in the human brain. From fifth month of
gestation dendrites appear as thick processes with only a few fine spicules. As
development progresses a great number and variety of dendritic spines appear.
Synapse elimination then begins and approximately 40% of the synapses will be lost.
The synaptic formation is stimulated by activity-independent factors, such as
molecular mechanisms involved in targeting, followed by activity-dependent events
occurring after the development of receptors on target neurons and the generation of
electrical activity (Goodman et al. 1993; Johnston et al. 1995; Flint et al. 1998; Ethell

et al. 2005).

After formation of synapses by ‘progressive processes’ of proliferation and migration,
a programmed cell death occurs (Huttenlocher et al. 1982; Narayanan 1997; Rakic
and Zecevic 2000; Kinney et al. 2002) initiated by caspases (Bergeron et al. 1998).
Although variable in degree among regions, typically about half of the neurons in a
given area die before final maturation. This loss of neurons happens to quantitatively
match the interconnecting populations of neurons and eliminate the aberrant or
otherwise incorrect populations (Cowan et al. 1984; Oppenheim 1991; Ferrer et al.
1992; Allsopp et al. 1993). Neural organisation is refined further by a second
regressive event, the selective elimination of neuronal processes and synapses to
remove terminal axons and their synapses; however larger-scale elimination of total

pathways also occurs (Volpe 2008). Apoptosis and selective synaptic elimination are
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determined by activation of the N-methyl-D-aspartate (NMDA) type glutamate

receptors (Rabacchi et al. 1992).

Astrocyte and oligodendroglia progenitors are principally subventricular cells and
radial glial progenitors. Their proliferation occurs at their sites of origin and locally
during and after migration. Astrocytes are generated before oligodendrocytes. The
progression of oligodendroglia lineage proceeds through four stages: oligodendroglia
progenitor, preoligodendrocyte, immature and mature oligodendrocyte (Back et al.
1997, 2001, 2002; Porter et al. 2000; Nguyen 2006; Yue et al. 2006). The
preoligodendrocyte is the predominant oligodendroglia before term age and it
accounts for ninety percent of total oligodendroglia population until twenty-eighth
week of gestation. The preoligodendrocyte differentiates into post-mitotic immature
oligodendrocyte. The ratio of immature oligodendrocytes gradually increases to about
50% at term age. In the third trimester the immature cells develop linear extensions as
they wrap around axons in preparation for myelination. This process is followed by
differentiation to the mature oligodendrocyte, which becomes the predominant
oligodendroglia stage in months following term and gives rise to myelination (Volpe

2008).

Microglia originates from bone marrow-derived monocytes (Kinney et al. 2002).
Microglial cells entry from the circulation to the ventricular and subventricular zones.
Migration of microglia progenitors proceeds through the cerebral WM during middle
to late gestation and then to cortex near term. The cerebral WM is heavily populated
with activated microglia during a period when developmental events are active and a

variety of insults can lead to WM injury (Gould et al. 1991; Rezaie et al. 2002, 2005).
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2.5.6 Myelination

Myelin is a specialisation of the plasma membrane of glial cells (Volpe 2008). Myelin
is organised as multiple spiral and compacted layers. It is composed of 40% water,
40% lipid bilayer, primarily galactocerebrozid, as well as cholesterol and
phospholipids, and 20% of proteins, including myelin basic protein, myelin
oligodendrocyte glycoprotein, and proteolipid protein. Sphingomyelin chain serves to
strengthen the myelin sheath (Arroyo 2000). Myelin is essential for normal brain
function. It increases the nerve pulse transmission rate, promotes saltatory action
potential conduction and protects axons from damage. Fast signal propagation
requires the restriction of action potentials to short axonal segments, termed the nodes

of Ranvier.

Myelination is characterised by the acquisition of highly specialised myelin
membrane around the axons. This process begins during the second trimester and

continues into adulthood (Bunge 1968; Gilles et al. 1983; Kinney et al. 1988, 2002).

Myelination is considered as a two-phase process. First oligodendroglia proliferation
and differentiation; then myelin deposition occur around axons. Myelination begins in
the peripheral nervous system, where motor roots myelinate before the sensory roots.
From around term age myelination of the central nervous system begins in the
brainstem and cerebellum. Myelination in central sensory systems precedes that in
central motor systems. Myelination within the cerebral hemispheres, particularly
those regions involved in higher-level associative and sensory functions, occurs well
after birth and progresses over decades. Generally, proximal pathways myelinate

before distal, projection pathways before associative, central cerebral sites before
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cerebral poles and occipital areas before fronto-temporal regions (Yakovlev et al.
1967; Brody et al. 1987; Kinney et al. 1988, 2002). As myelination progresses the
amount of water in the brain reduces, which might be due to the development of the

hydrophobic inner lipid layer of the myelin sheath (Dobbing and Sands1973).

The central fibres of the vestibular and cochlear systems myelinate first. At 20 weeks
myelin is evident in the medial longitudinal fasciculus, the tectospinal tract, the
trapezoid body, the lateral lemniscus and the inferior colliculi. The medial lemniscus
myelinates at 22 weeks. Myelination of the vestibulocochlear portion of the inferior
cerebellar peduncles takes place between 20 and 26 weeks. The spino-, olivo-, and
reticulo-cerebellar fibres begin to myelinate at 28 weeks and complete the
myelination cycle by around 3 months post-term. In the superior cerebellar peduncles
the cerebello-reticular and bulbar fibres myelinate first followed by fibres of the
mesencephalon and red nuclei from 26 to 28 weeks. Myelination of these fibres
continues until about 8 months. The middle cerebellar peduncles myelinate between
term and 4 years of age. Of the sensory fibres the medial geniculate nuclei begin to
myelinate around 24 to 28 weeks and complete myelination about 4 months post-
term. The optic nerve and tracts of the superior colliculi and lateral geniculate nuclei
begins at 36 weeks and is complete by 3 months. The inner segment of the globus
pallidus starts myelinating before the outer segment at 28 weeks. The PLIC does not
begin to myelinate until 32 to 36 weeks, followed by the ALIC. Myelination is
evident in the corticospinal tracts (CST) of the pre- and post-central gyri between 36
and 40 weeks. The corpus callosum and optic radiations start myelinating at 6 and 8
weeks post-term respectively (Yakovlev et al. 1967; Gilles 1976; Brody et al. 1987;

Kinney et al. 1988, 2002).
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2.6. Hypoxic-Ischaemic Encephalopathy

2.6.1 Neonatal encephalopathy

Neonatal encephalopathy (NE) is a heterogeneous syndrome characterised by signs of
central nervous system dysfunction, affecting mainly term infants. The terminology
does not imply a specific underlying aetiology, rather it is a clinically defined
syndrome manifested by difficulty with initiating and maintaining respiration,
abnormal tone, reflexes and level of consciousness, feeding difficulties and often
seizures (Nelson et al. 1991; Badawi et al. 1998). NE occurs in approximately 3-6
infants in every 1000 live births. Earlier, NE was automatically attributed to a
hypoxic-ischaemic insult (Ferriero 2004). However, it is not always possible to
document significant perinatal hypoxia and it is now known that hypoxia-ischaemia is
only one of the many possible contributors to NE. Therefore, it is important to
exclude intracranial and intracerebral haemorrhage, focal cerebral infarction, vascular
abnormality, metabolic disorder, hyperbilirubinaemia, cerebral tumor, drug exposure,

central nervous system infection and malformation as other possible causes of NE.

In a large cohort of infants with a history of NE, pre-labour maternal conditions that
might have contributed to the risk of NE were identified in one-third of the cases. Pre-
labour foetal conditions, such as small for gestational age or congenital
malformations, were present in 25% of the infants. Two-thirds of the subjects with
NE were delivered by surgical delivery, which was associated with over a twofold
increased risk of NE, whereas there was an inverse relation with elective caesarecan
section. The foetal heart rate monitoring was described as abnormal in two-thirds of

the infants with NE compared with one-third of the control neonates. In about 25% of
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the cases both ante- and intrapartum risk factors could be identified. Postnatal
complications, such as respiratory distress, sepsis or shock were present in less than
10% of the infants with NE (Badawi et al. 1998; Nelson et al. 2012; Pfister et al.

2012).

2.6.2 Hypoxic-ischaemic encephalopathy of the newborn

Only a small proportion of infants with a history of NE have documented exposure to
an acute intrapartum hypoxic-ischaemic sentinel event (Higgins et al. 2006; Volpe
2008; Pfister et al. 2012). In a study of infants with HIE documented sentinel events
included uterine rupture, placental abruption, prolapsed cord and ante-partum

haemorrhage due to placenta praevia (Okereafor et al. 2008).

HIE occurs in 1 of every 1000 live full-term births in the developed countries (Pierrat
et al. 2005; Vanucci et al. 1997), however the incidence is much higher in the
developing world. It is estimated by the World Health Organisation that about 4
million newborns suffer moderate or severe asphyxia each year in the developing
countries (Lawn et al. 2005). There is a trend towards a higher prevalence of asphyxia

in Africa than in Asia (Ellis and Manandhar 1999).

2.6.3 Pathophysiology of perinatal asphyxia

Hypoxia refers to reduction of oxygen supply of a tissue below physiological levels,
despite adequate perfusion of that tissue. Ischaemia refers to insufficient blood supply
to the tissue which compromises both oxygen and substrate delivery. The term
asphyxia describes the pathological changes of compromised or ceased placental or

pulmonary gas exchange resulting in both hypoxia and hypercarbia with metabolic
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acidosis. HIE is the abnormal neurological behaviour of the neonate arising as a result

of a perinatal hypoxic-ischaemic event.

The primary pathophysiological causes of HIE are brain hypoxia and ischaemia. With
prolonged systemic hypoxia cardiac hypoxia occurs, leading to diminished cardiac
output and, ultimately to reduced CBF and brain ischaemia (Grow and Barks 2002;
Ferriero 2004; Perlman 2004). Thus, brain injury resulting from asphyxia is the
consequence of ischaemia superimposed on hypoxia. A hypoxic-ischaemic event
initially causes an increase in blood flow to certain organs, such as the brain, heart
and adrenal glands. This is accompanied by redistribution of the cardiac output and an

increase in the blood pressure due to increased release of adrenaline.

In adults, cerebral autoregulation ensures that CBF is maintained at a constant level
despite wide range of changes in blood pressure. Limited data in the human foetus
and newborn suggest that CBF is stable over a much narrower range of blood pressure
(Papile et al. 1985; Rosenkrantz et al. 1988). In the perinatal period once the early
compensatory mechanism fails, the CBF becomes pressure-passive and brain
perfusion will be dependent on the systemic blood pressure. As the blood pressure
falls, the CBF falls below a critical level, and brain injury secondary to diminished
blood supply and lack of sufficient oxygen occurs. Depletion of oxygen leads to a
switch to anaerobic metabolism resulting in depletion of high energy phosphate
reserves, accumulation of lactic acid and the inability to maintain cellular functions
(Perlman et al. 2004). This leads to intracellular energy failure (Figure 2.6.1). The
magnitude of the final neuronal damage depends on the duration and the severity of

the initial insult combined with the effects of reperfusion and cell death.
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Hypoxic-ischemic insult

‘ Primary energy failure ‘ ::> | Early cell death
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Figure 2.6.1: Schematic representation of sequence of events following a

hypoxic-ischaemic insult.

2.6.3.1 The primary phase

At the biochemical level cerebral hypoxia-ischaemia leads to an impaired uptake of
the major excitatory neurotransmitter, glutamate. It results in high synaptic levels of
glutamate and eventually excitatory amino acid (EAA) receptor, such as NMDA,
amino-3-hydroxy-5-methyl-4 isoxazole propionate (AMPA) and kainate, over-
activation. NMDA receptors are permeable to calcium and sodium, while AMPA and
kainate receptors are permeable to sodium. Accumulation of sodium and failure of
energy dependent enzymes, such as sodium/potassium ATPase, lead to cytotoxic
oedema and necrotic cell death. Activation of NMDA receptors, along with release of
calcium from the intracellular stores and failure of the calcium efflux mechanisms
lead to intracellular calcium accumulation and contribute to the escalating pace and
extent of programmed cell death through secondary calcium intake into the cells.

Consequences of increased intracellular calcium concentration include activation of
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phospholipases, endonucleases, proteases and nitric oxide synthase (NOS). Activation
of phospholipase A2 leads to release of calcium from the endoplasmatic reticulum
through activation of phospholipase C. Activation of proteases and endonucleases
results in cytoskeletal and DNA damage. During reperfusion enzymes, such as
cyclooxygenase, xanthine oxidase, and lipoxygenase are activated resulting in free
radical production. Immature antioxidant defences of the neonate exacerbate free
radical damage. Free radicals cause lipid peroxidation, DNA and protein damage and
trigger apoptosis. They also combine with NO to form a highly toxic oxidant,

peroxynitrite (Fellman and Raivio 1997).

Inflammatory mediators have been implicated in the pathogenesis of HIE and may
represent a final common pathway of brain injury. Inflammatory cytokines are
significantly elevated in term infants who later develop cerebral palsy (Damman et al.
2008). High levels of interleukin (IL) 6 and IL-8 in the CSF of term neonates have
been correlated with a more severe encephalopathy and adverse neurodevelopmental

outcome (Savman et al. 1998).

2.6.3.2 The delayed phase

Experimental and clinical observations suggest that perinatal asphyxia is not a single
event, but rather an evolving process. Although neurons may die during the actual
hypoxic-ischaemic event (primary cell death), many neurons initially recover at least
partially from the primary insult, only to die later secondary to delayed cell death
(Gunn and Thoresen 2006). The longer and more severe the insult, generally the
greater proportion of neurons dies due to primary cell death. Following reperfusion

the initial hypoxia-induced cytotoxic oedema and accumulation of EAAs typically
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resolve over 30 to 60 minutes, with at least partial recovery of cerebral oxidative

metabolism, in the latent phase (Vanucci et al. 1997) (Figure 2.6.2).
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Figure 2.6.2: Schematic diagram of energy failure associated with a transient
hypoxic—ischaemic insult visualised using *'Phosphorus MR spectroscopy. Y axis:
nucleotide triphosphate (NTP)/exchangeable phosphate pool (EPP) (EPP =
Inorganic Phosphate + Phosphocreatine + NTP); X axis: time. The change in

NTP/EPP during transient hypoxia—ischaemia (HI), resuscitation, the latent phase

and secondary energy failure are shown (From Kelen and Robertson 2010).

Despite adequate oxygenation and circulation, a secondary phase of impaired cerebral
energy generation ensued 8 to 24 hours after the hypoxic-ischaemic event,
characterised by progressive decline in phosphocreatine and nucleotide triphosphate
and increased inorganic phosphate levels (Hope et al. 1984). This sequence of events
was modelled experimentally and termed ‘secondary energy failure’ (Lorek et al.
1994) (Figure 2.6.2). This phase is marked by secondary cytotoxic oedema,
accumulation of cytokines, mitochondrial failure and the onset of seizures.

Mitochondrial failure is a key step leading to delayed cell death. Microglia was
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suggested to contribute to the secondary neuronal injury through the production of
pro-inflammatory cytokines, proteases, reactive oxygen species, NO and complement

factors.

It was demonstrated in a piglet model of perinatal asphyxia that more severe cerebral
energy depletion during transient hypoxic-ischaemia leads to shorter latent phase,
worse secondary energy failure and more extensive neuronal death. Latent phase
duration showed significant correlation with secondary energy failure severity and the
eventual extent of neuronal injury. Latent phase duration was proved to be shorter for
more severe insults (Iwata et al. 2007). Latent phase provides a window of

opportunity to initiate neuroprotective treatments to reduce brain injury.

Two morphologic patterns of delayed cell death have been described: necrosis and
apoptosis. Necrosis is defined by the loss of plasma membrane integrity associated
with a random pattern of DNA degradation accompanied by swelling of the
cytoplasm and organelles. Apoptosis is the form of active cell death, involving a
cascade of ‘suicide’ processes. It is defined by shrinkage of the cell, ‘karyohexis’,
associated with DNA degradation. Eventually the shrunken cell breaks into small
fragments. Both types of neuronal death were identified in infants with perinatal

asphyxia (Edwards et al. 1997; Scott and Hegyi 1997).

2.6.4 Investigations
The diagnosis of HIE depends principally on information gained from a careful
history and a thorough neurological examination. Certain metabolic parameters and

evaluations, such as EEG and imaging studies help the diagnosis (Volpe 2008).
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2.6.4.1 Perinatal history

Recognition of HIE requires awareness of those perinatal risk factors that may lead to
perinatal asphyxia (Okereafor et al. 2008). Certain maternal disorders, foetal factors,
and disturbances of labour and/or delivery that could potentially lead to utero-

placental insufficiency, impair placental respiratory gas exchange or blood flow

should be sought for (Nelson et al. 2012).

2.6.4.2 Biochemical markers

A cascade of biochemical reactions occurs during and after a hypoxic-ischaemic
event. Changes in biochemical markers are useful methods for monitoring the
progress of HIE. However, the majority of these markers assess the total body effects
of asphyxia rather than just those affecting the brain. Biochemical markers reported in
the literature focus on changes in energy states (foetal scalp or cord blood pH, lactate,
base excess), hormonal responses (vasopressine, erythropoietin, insulin) or brain-

based proteins (neuron specific enolase, myelin basic protein) (Volpe 2008).

2.6.4.3 Clinical symptoms

Recognition of clinical signs provides critical information regarding the presence,
site, and extent of a hypoxic-ischaemic brain injury. Term infants exposed to a
perinatal hypoxic-ischaemic event usually show a definite and often predictable
sequence of neurological symptoms and signs. HIE was originally described by
Amiel-Tison (Amiel-Tison 1969) and numerous scoring systems have been developed
since, such as the post-asphyxia score (Lipper et al. 1986) and the neonatal
behavioural neurological assessment (Bao et al. 1993). Sarnat and Sarnat devised a

method for detailed description of progression of symptoms combined with EEG
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(Sarnat and Sarnat 1976). However, administration of the Sarnat and Sarnat scoring
system takes time and requires training, therefore a simplified version, the Thompson
Score was developed, which correlates well with the Sarnat and Sarnat score, but is

easier to administer (Thompson et al. 1997).

2.6.4.4 Electroencephalography

Amplitude-integrated electroencephalography (aEEG) is a method for continuous
monitoring of brain function. The method is based on filtered and compressed EEG
that enables evaluation of long-term changes and trends in electro-cortical
background activity by relatively simple pattern recognition. Cerebral function
monitor is a portable electronic device that records bipolar cortical electrical signals
derived from two parietal scalp electrodes. During the first few hours of birth,
continuous aEEG monitoring recorded bedside is a suitable method to assess the
severity of HIE in newborns (van Rooij et al. 2005; de Vries et al. 2006 a; Hellstrom-

Westas et al. 2006).

Two classification systems have been developed to interpret aEEG. The semi-
quantitative method defines three categories of normal, moderately and severely
abnormal patterns in term infants (Al Naqgeeb et al. 1999). The classification is based
on the amplitude assessed by measuring the upper and lower margins of the trace (Al
Nageeb et al. 1999). The other classification system is based on pattern recognition
relative to normative data for different gestational ages (Viniker et al. 1984; Verma et
al. 1984; Thornberg et al. 1990; Burdjalov et al. 2003; Tekgul et al. 2005). It
describes the dominating type of background activity, the presence or absence of

sleep-wake cycling as well as the presence of seizures (Hellstrom-Westas et al. 2006).
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In many centres aEEG is part of the clinical evaluation to assess eligibility of infants
for hypothermic neuroprotection (Shankaran et al. 2005; Azzopardi et al. 2010), as
well as eligibility for clinical studies of additional neuroprotective therapies after a

hypoxic-ischaemic insult.

Amplitude-integrated EEG has a high specificity, sensitivity, positive (PPV) and
negative predictive value (NPV) for predicting outcome in infants with HIE (Leijster
et al. 2007b; El-Ayonty et al. 2008; Thoresen et al. 2010; Vasiljevic et al. 2012).
However, the predictive value of an abnormal aEEG background is reduced in infants
who received therapeutic hypothermia (Thoresen et al. 2010). Amplitude-integrated
EEG background activity correlates with conventional MRI findings (Leijster et al.

2007b; El-Aytony et al. 2008).

Multichannel EEG is part of the clinical evaluation of infants with HIE. In some cases
serial EEGs are obtained to assess seizure control and evolution of background
abnormalities. Multichannel EEG and aEEG correlate well, especially for normal and
severely abnormal traces (Murray et al. 2010). Although prediction of outcome with

aEEG is reliable, it is less accurate than multichannel EEG (Murray et al. 2010).

2.6.4.5 Neuroimaging

2.6.4.5.1 Cranial ultrasound

Cranial ultrasound scan has several advantages in evaluating infants with HIE. It is a
bedside tool that can be performed even on clinically unstable neonates. A cranial

ultrasound scan performed on admission is useful to document that there are no other
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changes that may account for the symptoms (de Vries et al. 2006 b; Leijser et al.

2007a).

Cerebral oedema, intraparenchymal, intraventricular haemorrhage and cystic lesions
may be identified with cranial ultrasound scan. Using appropriate transducers, echo
densities within the basal ganglia and thalami (BGT), cortical highlighting and
infarction in the subcortical WM may be visualised (Eken et al. 1994; 1995; Leijser
and Cowan 2007). Lesions identified with ultrasound scan in the thalamus, cortex and

periventricular WM correlate to histological findings (Eken et al. 1994).

Doppler ultrasonography is a non-invasive method, which allows repeated and safe
assessment of neonatal cerebral hemodynamics by measuring the Pourcelot’s
resistance index (Archer et al. 1986). The resistance index is usually measured in the
anterior cerebral artery and is calculated from the measurement of peak systolic and
end-diastolic velocity. A resistance index of < 0.55 has a high PPV and NPV for
death or disability (Archer et al. 1986). An abnormally low resistance index in infants
with severe HIE reflects cerebral vasodilatation and is suggested to be due to

vasoparalysis or release of vasodilators (Pryds et al. 1990; Meek et al. 1999).

2.6.4.5.2 Magnetic resonance imaging

2.6.4.5.2.1 Conventional magnetic resonance imaging

Conventional MRI provides excellent details of the lesions characteristic of a perinatal
hypoxic-ischaemic brain injury. The abnormalities identified on conventional MR

images vary with sequence parameters used, postnatal age of the infant and the type
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and severity of the insult (Rutherford et al. 1991, 1994, 1995; 2010, Mercuri et al.

2002, Cowan et al. 2003, Miller et al. 2005, de Vries et al. 2009).

A global hypoxic-ischaemic insult does not affect brain structures uniformly. The
concept ‘selective vulnerability’ describes the phenomenon that certain cerebral
tissues are more likely to be injured and injure earlier than others. Gestational age is
important in terms of susceptibility of different cerebral structures. Below 20 weeks a
hypoxic-ischaemic insult leads to neuronal heterotopia or polymicrogyria. An injury
occurring between 26 and 36 weeks primarily affects the WM, leading to
periventricular leukomalacia as the oligodendroglia, developing during this period, is
uniquely susceptible to excitatory and free radical damage which lead to WM
involvement. In term infants a hypoxic-ischaemic even most often results in grey
matter damage, however the pattern of injury depends on the duration and severity of
the insult. The deep grey matter has the highest concentrations of EAA receptors and
is more susceptible to excitotoxic injury. Furthermore, the thalamo- and cortico-
cortical excitatory circuitries are developing (Huang and Castillo 2008), and WM
tracts are myelinating at this age, which explain the regional susceptibility of such
brain areas. Because of the fundamental differences in the definition and
neuropathological consequences of a hypoxic-ischaemic insult between preterm and

term infants, this thesis discusses HIE concerning term infants.

2.6.4.5.2.1.1 Acute hypoxic-ischaemic insult
A short intense hypoxic-ischaemic episode, typically occurring during labour and/or
delivery, results in a primarily central pattern of injury involving the deep grey matter.

This pattern of injury can be explained by developmental aspects (active myelination
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and developing thalamo-cortical, cortico-cortical circuitries), and by biochemical
aspects (high concentration of EAA receptors). Central grey matter injury is usually
accompanied by abnormalities in the PLIC. In severe cases there may also be
brainstem involvement. In term born neonates with history of an acute hypoxic-
ischaemic insult specific cortical regions may also be affected accompanied by
involvement of the adjacent subcortical WM. This has been termed as central cortico-
subcortical involvement (Roland et al. 1988; Barkovich et al. 1992; Rademaker et al.

1995; Mercuri et al. 2002; Cowan et al. 2003; Miller et al. 2005; de Vries et al. 2009).

Basal ganglia and thalami
Neuropathological consequence of an acute hypoxic-ischaemic insult is diffuse
necrosis in the BGT. When the thalamus is selectively affected, the injury is usually

frank infarction with or without haemorrhage (Pasternak and Gorey 1998).

The severity of BGT lesions as assessed on conventional MRI can be graded. Mild
lesions are focal, typically in posterior position with normal signal intensity of the
PLIC. Moderate lesions are focal involving the posterior and lateral lentiform nucleus
and lateral thalamus with an equivocal or abnormal PLIC. In severe injury the
involvement is diffuse, extending into the midbrain and the mesencephalon. In such
cases the signal intensity in the PLIC is always abnormal. On conventional MRI
abnormal signal intensity within the BGT is the most obvious by 2 weeks. In cases of
severe injury, a focal or diffuse atrophy with or without cyst formation can be
observed. Infants with multifocal or diffuse lesions within the BGT also have
progressive WM atrophy (Rutherford 2002). However, in mild to moderate cases

signal intensity in the BGT normalises by 3 to 9 months.
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The BGT are key areas of cognition, behaviour, locomotion, motor and postural
control. Bilateral BGT lesions are associated with motor impairment and the extent of
lesions is closely related to the severity of that impairment (Rutherford et al. 1996).
Severe BGT injury is predictive of severe motor impairment at 2 years (Martinez-
Biarge et al. 2011). In addition to motor problems, difficulties with feeding, speech,
vision and cognition also occur in children with BGT lesions, as well as seizures

(Martinez-Biarge et al. 2010).

Posterior limb of the internal capsule
The PLIC is often affected by an acute hypoxic-ischaemic insult. In those infants who
died the PLIC was infarcted or oedematous on histological examination (Rutherford

2002).

On conventional MR images the signal intensity of the PLIC may apparently be
normal if the scan is done early, as it takes few days to evolve following an acute
insult. The signal may be abnormally high on T1 and abnormally low on T2 weighted
images. The signal intensity may be equivocal (diminished or asymmetrical) before
its loss. In association with the loss of normal signal intensity, abnormality in the
lentiform nucleus is often observed. However, the normal signal intensity from
myelin may return after few weeks depending on the severity of the injury. In
presence of atrophy of the BGT, the tracts appear to be irreversibly damaged; the

myelin looks irregular and discontinuous (Rutherford 2002).
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Whilst lesions in the BGT are predictive of cerebral palsy, appearance of the PLIC
predicts the ability of walking independently by 2 years (Rutherford et al. 1994;

Martinez-Biarge et al. 2010; Martinez-Biarge et al. 2011).

Brainstem

Injuries to the brainstem are usually associated with concomitant lesions to the BGT.
Brainstem involvement is more frequent with more severe BGT lesions. The most
vulnerable structure is the inferior colliculus, due to its high metabolic rate. The
reticular formation, lateral geniculate bodies, and pontine nuclei may also be involved

(Levene 2002; Rutherford 2002).

Lesions in the brainstem, consistent with infarction are of low signal intensity on T1,
and high signal intensity on T2 weighted images. Diffuse changes appear as abnormal
widespread high signal on T1 and low on T2 weighted images with marked
asymmetries and/or atrophy on later scans. Moderate changes are sometimes
transient; including loss of anatomical details, excessive differentiation between the
anterior and posterior pons, focal areas of abnormality and mild asymmetries
(Rutherford 2002; Martinez-Biarge et al. 2010). The presence and severity of the
brainstem injury is a good predictor of death in the neonatal period and later

(Martinez-Biarge et al. 2010).

Cortex
In acute stages of HIE, the cerebral cortex may appear normal, however within a
week it may show grey-brown discoloration, gyral sclerosis with widening of the

sulci. Due to differences in metabolic rate (Farkas-Bargeton and Diebler 1978),
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microscopically layers Il and V are preferentially involved; with II being relatively
preserved (Larroche 1984). The pyramid cells of the hippocampus are particularly
vulnerable (Larroche 1977). Other areas, such as somatomotor and visual cortices are

also often involved (Larroche 1984).

Following a perinatal hypoxic-ischaemic insult, the cortex around the central sulci,
the interhemispheric fissure and the insula may show abnormal highlighting as
abnormal high signal on T1, and abnormal low signal on T2 weighted images. The
depth of the sulci is more often affected. Cortical highlighting may take several days
to develop, with maximum intensity during the second week after the insult, when
abnormal signal intensity in the adjacent subcortical WM may also appear consistent
with ischaemic damage, which then proceeds to break down and atrophy (Rutherford

et al. 2010).

Cortical highlighting is usually associated with other cerebral lesions in the brain and
therefore it is difficult to identify specific neurodevelopmental sequel. Widespread
highlighting has been associated with the development of a spastic diplegia,
microcephaly and intellectual deficit, partly due to the associated WM involvement

(Rutherford 2002).

Cerebral oedema

Brain oedema has been classified into two types: cytotoxic and vasogenic. Cytotoxic
oedema is due to the failure of cellular membrane pumps allowing entry of sodium
into the cells resulting in swelling. In the case of vasogenic oedema the blood-brain

barrier is leaking, allowing entry of serum proteins into the cerebral parenchyma.
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Osmotic pressure results in accumulation of fluid within the extracellular
compartment of the brain. Cytotoxic oedema occurs earlier and may affect the grey
matter in preference to the WM (Klatzo 1985). Later, the blood-brain barrier opens to
proteins and vasogenic oedema develops. Although, brain swelling does not reach its
maximum until about 48 hours following the sentinel event (Anderson and Belton

1974), even if severe, usually disappears by the second week (Rutherford 2002).

The signs of brain swelling are best identified on T1 weighted images. Loss of extra-
cerebral space and sulcal markings, closure of the Sylvian fissures, narrow
interhemispheric fissure and slit-like anterior horns of the lateral ventricles suggest
brain swelling. It may be accompanied by loss of anatomical details, especially loss of
grey WM differentiation. Swelling is likely to represent oedema, however it is not
easy to differentiate between the two types, vasogenic and cytotoxic on conventional
images. Areas of cytotoxic oedema with impending tissue breakdown appear on

diffusion weighted images during the first week of birth.

Although cerebral oedema makes assessment of the brain more difficult, if the brain is
otherwise normal in appearance once the swelling disappeared, the outcome is good

(Rutherford 2002).

2.6.4.5.2.1.2 Partial hypoxic-ischaemic insult

Episodes of prolonged foetal hypoxia result in shunting of the blood to vital brain
structures, such as the brainstem, BGT, hippocampus and cerebellum, meanwhile
metabolically less active structures, such as the cerebral cortex and WM, are more

likely to be affected. Prolonged, partial asphyxia with repetitive insults causes injury
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to the inter-vascular boundary resulting in ‘watershed-predominant’ pattern,
sometimes with parasagittal distribution. If the hypoxic-ischaemic insult is more
severe the overlying cortex in the vascular watershed zones is also affected (Levene
2002; Leijser et al. 2007b; Huang and Castillo 2008). The lesions can be uni- or
bilateral, predominantly posteriorly or anteriorly located with loss of grey WM
differentiation on conventional images (Leijser et al. 2007b). Follow-up scans often
reveal cystic evolution, atrophy or gliosis (Rutherford et al. 1994). WM injury is often
triggered by other risk factors, such as cardiovascular instability, hypoglycaemia or
infection (Barkovich 1998; Traill et al. 1998; Yokochi et al. 1998; Kinnala et al. 1999;
Murakam et al. 1999; Back et al. 2006; Li et al. 2009). Neonates with HIE and history
of decreased foetal movements tend to sustain WM injury either in isolation or in
combination with BGT lesions (Martinez-Biarge et al. 2012). The injured WM may
subsequently atrophy leading to microcephaly. WM injury due to a hypoxic-
ischaemic insult also affects thalamo-cortical connectivity and leads to atrophy of

grey matter (Govaert et al. 2008).

Moderate WM abnormalities are associated with relatively good outcome. However,
severe WM infarction leads to cognitive delay communication, behavioural problems,
visual impairment and seizures (Mercuri et al. 2000; Cowan et al. 2003; Martinez-
Biarge et al. 2012). However, cognitive and memory problems may not be apparent

until school age (Gonzalez et al. 2006; de Vries and Jongmans 2010).

2.6.4.5.2.2 Diffusion magnetic resonance imaging
Diffusion MRI is an excellent tool to study brain injury early following a hypoxic-

ischaemic event. Visual assessment of diffusion MRI may be inconclusive (Forbes et
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al. 2000); however, early detection of brain injury is improved by calculating

objective measures to verify diminished diffusion.

Compared to healthy term controls significantly lower ADC values were found in the
PLIC, corona radiata, posterior-frontal and parietal WM within 12 days of birth in
subjects with HIE (Wolf et al. 2001). ADC values in the PLIC and putamen, regions
often affected by a perinatal hypoxic-ischaemic event, correlated with perinatal

clinical data as assessed by the Apgar score at 5 minutes (Brissaud et al. 2010).

Several studies investigated the predictive value of DWI for subsequent outcome
following HIE. The presence of normal findings on both DWI and conventional MRI
was predictive of a normal neuromotor outcome (Khong et al. 2004). Visual
appearances of the BGT (Liauw et al. 2009; Twomey et al. 2010), WM (Twomey et
al. 2010) and brainstem (Liauw et al. 2009) on diffusion weighted images associated
with outcome at 2 years (Twomey et al. 2010) and at school age (Liauw et al. 2009).
Furthermore ADC values measured in the PLIC and BGT correlated to
neurodevelopmental performance scores at 1 and 2 years of age (Hunt et al. 2004;

Vermulen et al. 2008; Twomey et al. 2010).

However, ADC may underestimate the eventual lesion load within the BGT as
visualized on later conventional imaging (Rutherford et al. 2004). Furthermore the
utility of ADC measurements in HIE is limited due to pseudonormalisation.
Pseudonormalisation was first described in adult patients with stroke (Sotak et al.
2002) and it was also observed in infants with perinatal stroke (Rutherford et al. 2004)

and HIE. ADC is typically reduced during the first week of the injury, then returns to
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normal and increases further after about 2 weeks; hence postnatal age at scanning
must be taken into account when evaluating ADC values (Wolf et al. 2001;
McKinstry et al. 2002; Hunt et al. 2004; Rutherford et al. 2004; Winter et al. 2007;
Liauw et al. 2009). In infants with HIE pseudonormalisation occurs around 8-10 days
(McKinstry et al. 2002; Rutherford et al. 2004; Boichot et al. 2006; Winter et al.
2007). Therefore abnormally decreased ADC values may be evident to almost 7 days,
however abnormally elevated values may not be apparent until late in the second
week of birth. Pseudonormalisation limits the absolute sensitivity of ADC; however
by the time it occurs, lesions are usually more obvious on conventional images (Ward

et al. 2000).

Unlike ADC, FA values do not pseudonormalise. In infants with moderate and severe
BGT and WM lesions as assessed by visual inspection of conventional MRI, FA
values decreased throughout the first and continued to decrease during the second
week of birth (Ward et al. 2006). On serial diffusion tensor images at 1 and 12 weeks
of age, a significant difference was demonstrated in age-related FA increase and MD
decrease in WM and subcortical grey matter between infants with HIE and healthy
term controls (Malik et al. 2006). Such alterations in WM structure as assessed with

FA persist into adolescence (Nagy et al. 2005).

FA is also predictive of outcome. FA in the PLIC and cerebral peduncles correlated to
early neurological function as assessed by the Amiel-Tison scores (Amiel-Tison
1986; Brissaud et al. 2010), meanwhile FA values measured in the CST correlated to
motor scores as assessed by the Bayley Scales of Infant Development test (Bayley

1966) at 3 months (Malik et al. 2006).
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As therapeutic hypothermia is now the standard care for infants with HIE, it is
important to evaluate how hypothermia affects diffusion parameters. As it was
discussed in 2.2.1 the diffusion coefficient of a medium depends on several factors
including the temperature of the environment. As per the Stokes-Einstein equation
[2.2.2] the diffusion coefficient increases with temperature, due to the increased
thermal energy of the molecules. Diffusion measurements during the cooling period
are expected to be lower, than those obtained at normal body temperature (Le Bihan
et al. 1989). However, in most of the studies as well as in clinical settings infants are

imaged following rewarming, under normothermic conditions.

Therapeutic cooling does not influence the predictive value of diffusion MRI for
subsequent outcome. FA in infants who underwent hypothermia was predictive of
conventional MRI findings (Lee et al. 2012). Visual appearance of the PLIC and BGT
on diffusion MRI, and MD in the putamen following hypothermia correlated with
outcome at 2 years (Artzi et al. 2011; Cheong et al. 2012). In neonates, who received
selective brain cooling as part of the Coolcap trial (Gluckmann et al. 2005), the
volume of acute injury in the corpus callosum on diffusion weighted images was

associated with developing epilepsy (Mulkey et al. 2012).

However, therapeutic hypothermia alters diffusion parameters. Infants who received
therapeutic hypothermia were less likely to have abnormal diffusion parameters in
cerebral regions that are often affected by a hypoxic-ischaemic insult (Artzi et al.
2011; Cheong et al. 2012). Furthermore, hypothermia delays the timecourse of

evolution of MD. Pseudonormalisation takes place at approximately 12 days in
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infants who underwent cooling compared 8 to 10 days in infants treated with

normothermia (Figure 2.6.3) (Bednarek et al. 2012).

MD 1.2 Py
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Days
Figure 2.6.3: Pseudonormalisation of mean diffusivity (MD) values following a
perinatal hypoxic-ischaemic event in infants treated with normothermia (red)
and hypothermia (black). X-axis: time after birth in days,; Y-axis: MD ratio. (From

Bednarek et al. 2012)

2.6.4.5.2.3 Magnetic resonance spectroscopy

MRS enables in vivo quantitative analysis of cerebral metabolites. MRS extracts
information about chemicals that reside on the frequency scale between water and fat,
in both qualitative and quantitative manner, using principles of MRI. However,
instead of generating an image, a plot representing chemical composition of a region
is produced. Chemical information is displayed as the ‘position’ of the peaks on the x
axis in parts per million (ppm). The ppm is calculated by dividing the difference of

two peaks in frequency by the operating frequency of the scanner.
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Following perinatal asphyxia *'Phosphorus and proton MRS have been used to study
cerebral metabolism, including the biphasic pattern of impaired cerebral energy
metabolism (Figure 2.6.2) (Hope et al. 1984; Hamilton et al. 1986; Azzopardi et al.
1989). A close relationship was observed between the severity of cerebral energy
impairment assessed by °'Phosphorus MRS during the first week of birth and brain
growth and short-term neurological outcome in infants (Azzopardi et al. 1989; Roth et

al. 1992; 1997).

Most MRS studies use proton MRS, as the greater sensitivity of the hydrogen nucleus
allows more accurate regional measurements (Azzopardi and Edwards 2010). Within
the proton MR spectrum, peaks can be assigned using appropriate scanning
parameters to N-acetyl aspartate, choline-containing compounds, creatine plus
phosphocreatine, lactate, myoinositol, alanine, glutamine and glutamate. N-acetyl
aspartate is a marker of neuronal integrity. Its level decreases with loss or damage to
neuronal tissue. Choline is associated with membrane turnover. Its level increases in
both cell division and membrane breakdown. Creatine and phosphocreatine are
markers of brain energy metabolism that decrease with major neuronal cell death. The
presence of lactate as a doublet indicates anaerobic glycolysis that might be due to
hypoxic-ischaemia, mitochondrial disorder or tumor. Myoinositol, a glia cell marker,
is a product of myelin breakdown. Glutamine and glutamate are excitatory

neurotransmitters.

Characteristic changes in peaks of proton spectra observed in infants with HIE are
consistent with cerebral metabolic changes that occur in perinatal asphyxia. Elevation

of lactate indicates tissue ischaemia and hypoxia. A fall in N-acetyl aspartate reflects
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neuronal injury (Hanrahan et al. 1996, 1998; Penrice et al. 1996; Barkovich et al.
1999; Robertson et al. 1999, 2002; Khong et al. 2004; L’ Abbe et al. 2005; Cheong et
al. 2006). A rise in myoinositol and glutamate may also be observed with scanning
parameters optimised to demonstrate these peaks (Groenendaal et al. 2001; Robertson

et al. 2001).

Metabolites detected by proton MRS correlated to the clinical condition of infants at
risk of perinatal asphyxia as assessed by the Apgar score (Pavlakis et al. 1999).
Significant correlation was also demonstrated between certain metabolite ratios and
neurological outcome following HIE. A meta-analysis found the lactate/N-acetyl
aspartate and lactate/creatine ratios to be the most accurate predictors of outcome in
infants with HIE (Thayyil et al. 2010). Unlike diffusion MRI, MRS results are not

influenced by the age at scanning during the first 30 days after birth.

Furthermore, MRS is a bridging biomarker of treatment effect (Robertson and Iwata
2007; Cady et al. 2008; Azzopardi and Edwards 2010; Faulkner et al. 2011;
Robertson et al. 2013 a, b). Lactate/N-acetyl aspartate ratio is a suitable surrogate
endpoint in the neonatal period for use in early phase neuroprotective studies in
infants with HIE (Azzopardi and Edwards 2010; Thayyil et al. 2010). Hypothermia
treatment results in reduced lactate levels in cortical and subcortical brain regions

(Corbo et al. 2012).

2.6.4.5.4 Near-infrared spectroscopy
Cerebral near-infrared spectroscopy (NIRS) uses light in the near-infrared region of

the spectrum. The relatively low absorption of near-infrared light in biological tissues
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allows the light to penetrate the skin and skull layers to sample brain tissue. Near-
infrared light is absorbed by oxygenated and deoxygenated haemoglobin and
cytochrome oxidase (CytOx). Total haemoglobin is an index of CBV; meanwhile
CytOx is the terminal complex of the mitochondrial respiratory chain and generator of
ATP (Cooper et al. 1999; van Bel et al. 2008). NIRS can be used to study brain
perfusion and oxygen consumption non-invasively (Peebles et al. 1992). It has

limitations, as the measurements are qualitative and are prone to movement artefacts

(Toet et al. 20006).

NIRS has been used to show that during recovery from severe asphyxia there is a
brisk restoration of CBV, oxygenation and oxidative metabolism (Bennet et al. 2007).
In the early recovery, CytOx activity returns to normal followed by a progressive loss,
accompanied by a relative reduction in brain oxygenation consistent with
mitochondrial failure (Bennet et al. 2006). However, loss of CytOx activity may not
be possible to detect until the secondary deterioration is already in progress (Peeters-
Scholte et al. 2004). By contrast with mitochondrial failure, suppression of CMRO, in
the latent phase occurs rapidly after reperfusion (Jensen et al. 2006). Studies
combining NIRS with MRS in newborn piglets after hypoxic-ischaemia found that
reduction of CMRO; in the latent phase was mediated by impaired mitochondrial
function and reduced energy demand (Winter et al. 2009). Whereas suppression of
CMRO, and EEG both correlated with duration of cerebral ischaemia, the reduction
in CMRO, was more sensitive to milder injuries (Tichauer et al. 2009). Thus, the

combination of EEG and NIRS monitoring may improve early detection of injury.
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In human studies of HIE regional oxygen saturation and fractional tissue oxygen
extraction reflected secondary energy failure (Toet et al. 2006). An increased tissue
oxygenation index correlated to abnormal neurological outcome at 1 year (Ioroi et al.
2002). In infants undergoing selective brain cooling with mild systemic hypothermia,
NIRS identified a reduction in CBV during hypothermia that recovered in the
rewarming period. As brain cooling reduces delayed hyperaemia meanwhile
maintains neuronal metabolism after a cerebral hypoxic-ischaemic insult, cerebral
oxygenation monitoring may be useful during hypothermia treatment to monitor
changes in CBV and brain oxygenation as possible indicators of efficacy of the

treatment (Bennet et al. 20006).

2.6.5 Treatment of hypoxic-ischaemic encephalopathy

2.6.5.1 Hypothermia

Until recently intensive care, including correction of acidosis, respiratory and
cardiovascular support, fluid restriction and anticonvulsants, was the only available

treatment for infants with HIE.

Studies of hypothermia for neural rescue began when experimental studies showed
that mild hypothermia initiated soon after the hypoxic-ischaemic insult decreased
pathophysiological changes and improved functional outcome (Busto et al. 1989;
Thoresen et al. 1995; 1996; Sirimanne et al. 1996; Gunn et al. 1997). Hypothermic
neuroprotection ameliorates the pathophysiological processes following a hypoxic-
ischaemic insult and has beneficial effects on cerebral metabolism (Busto et al. 1989;
Globus et al. 1995; Nakashima et al. 1996; Smith et al. 1996; Amess et al. 1997;

Thoresen et al. 1997; Akisu et al. 2003; Qing et al. 2003). Hypothermia reduces the
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number of apoptotic neurons by influencing intracellular mechanisms (Edwards et al.

1995; Xu et al. 2002; Zhu et al. 2004).

Therapeutic hypothermia for infants with HIE has been studied in several randomised
clinical trials. Despite the heterogeneity of asphyxia and the use of different cooling
methods, there are consistent findings that hypothermia reduces the extent of
neurological damage. The meta-analyses of the cooling trials based on 18 months
follow-up indicate that 72 hours of moderate hypothermia started within 6 hours of
birth is beneficial in term infants with HIE (Jacobs et al. 2007; Schulzke et al. 2007;
Edwards et al. 2010; Tagin et al. 2012; Jacobs et al. 2013), resulting in a significant
reduction in the combined rate of mortality or major neurodevelopmental disability at
18 months. Although there might be adverse effects associated with cooling, such as
sinus bradycardia, thrombocytopenia and subcutan fat necrosis (Zifman et al. 2010;
Strohm et al. 2011); the long-term benefits outweigh short-term adverse effects.
Importantly, therapeutic hypothermia reduces mortality without increasing major

disability in survivors (Jacobs et al. 2013).

In many countries cooling is already the standard of care for term infants with HIE.
Therapeutic cooling is achieved by using either selective head (Gluckmann et al.
2005; Gunn and Gluckman 2007) or whole body cooling (Shankaran et al. 2005;
Azzopardi et al. 2010; Jacobs et al. 2011). Selective head cooling provides cooling of
the surface of the head while the rest of the body is actively warmed, whereas whole-
body cooling reduces the body temperature achieving a minimal difference between

core body and overall brain temperatures (Tolley et al. 2005; Iwata et al. 2006).
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Despite the promising results of the cooling trials, the effect of moderate whole-body
hypothermia is modest as half of the infants who underwent hypothermia still have an
abnormal outcome. However, experimental data suggest that hypothermia extends the
duration of the therapeutic window (O’Brien et al. 2006) and certain interventions

initiated during this time may augment neuroprotection (Robertson et al. 2012).

2.6.5.2 Potential additional therapies

Due to the complex mechanisms of a hypoxic-ischaemic brain injury intervening at a
particular pathway may not be sufficient to prevent brain injury and combination of
therapies may result in a more prominent reduction of brain injury. Drugs added
during or after hypothermia may improve neuroprotection, by extending the
therapeutic window or providing long-lasting additive or synergistic effect. The
timing of administration of treatments is critical to attain maximum benefit and avoid
neurotoxicity. Intervening early on in the cascade is more likely to achieve optimal

neuroprotection (Carroll et al. 1992; Gunn et al. 1998).

Intensive research is focused on preclinical and early phase clinical studies of agents,
which in combination with hypothermia may increase the rate of intact survival
following HIE (Cillio and Ferriero 2010; Fan and Van Bel 2010; Kelen and Robertson
2010; Robertson et al. 2012). These potential additional therapies are classified based
on time of administration (antenatal/postnatal, early or later treatments), or their point
of action in the cascade (ion channel blockade; inhibition of free radicals, NOS
production, anti-inflammatory, anti-apoptotic) (Cillio and Ferriero 2010; Fan and Van

Bel 2010).
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Based on consensus of investigators with special interest in neonatal neuroprotection
the most promising agents are: (i) antenatal — tetrahydrobiopterin (BH4), melatonin,
neural nitric oxide synthase (nNOS) inhibitors, xenon, allopurinol, vitamins C and E;
(i) postnatal — melatonin, erythropoietin (Epo), N-acetyl-cysteine (NAC), Epo

mimics, allopurinol, xenon (Robertson et al. 2012).

2.6.5.2.1 Tetrahydrobiopterin

BH4 is a cofactor for a number of enzymes, including aromatic amino acid
hydroxilase and NOS. BH4 levels increase during foetal life (Vasquez-Vivar 2009). It
is crucial for brain development as it determines the vulnerability of the foetal brain to
hypoxia-ischaemia. Deficiency of BH4 exacerbates oxidative injury (Madsen et al.
2003). Experimental evidence suggests that neonatal hypoxia-ischaemia causes
relative BH4 deficiency (Fabian et al. 2010). Maternal treatment increased foetal
levels of BH4 in basal ganglia and significantly ameliorated motor deficit and
decreased stillbirth in a rabbit model of neonatal asphyxia (Vasquez-Vivar 2009).
Although, there have been no studies of combination of BH4 with hypothermia, the
safety profile make BH4 supplementation a candidate for further study (Gizewska et

al. 2009; Robertson et al. 2012).

2.6.5.2.2 Melatonin

Melatonin is a natural neuroprotectant with potent antioxidant and anti-apoptotic
effects (Hardeland et al. 2005; Luchetti et al. 2010). It is mainly produced by the
pineal gland, allowing the entrainment of circadian rhythms of several biological
functions (Altun et al. 2007). Due to its lipophilic properties, it easily crosses

biological membranes, such as the placenta (Sadowsky et al. 1991; Reppert et al.
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1997; Okatanai et al. 1998) and the blood-brain barrier (Vitte et al. 1988). Melatonin
is used in children with sleep abnormalities related to neurological diseases (Jan et al.

1996).

Neuroprotective effect of melatonin, administered either before or after a hypoxic-
ischaemic insult, has been demonstrated in animal models (Husson et al. 2002; Pei et
al. 2002, 2003). Maternal administration reduced signs of cerebral inflammation and
apoptosis (Hutton et al. 2009) and prevented free radical production in experimental
models of birth asphyxia (Miller et al. 2006). Administered directly to foetal sheep
after umbilical cord occlusion, melatonin decreased the number of activated microglia
and apoptotic cells in the brain (Welin et al. 2007). It has been shown to protect the
WM following excitotoxic and hypoxic injury in small animals (Husson et al. 2002;
Kaur et al. 2010). In a piglet model of HIE melatonin combined with hypothermia
was associated with improved energy metabolism as assessed by *'Phosphorus MRS

and reduced apoptotic cells (Robertson et al. 2013a).

Melatonin can be administered intravenously (Merchant et al. 2013) and oral doses
show good uptake, even in patients who are critically ill (Mistraletti et al. 2010).
However, the optimal dose and mode of delivery still need to be defined in critically

ill human infants (Robertson et al. 2012a).

2.6.5.2.3 Neural nitric oxide synthase inhibitors
NO is a ubiquitous intercellular messenger and signalling molecule (Bolanos et al.
1994) and is important for neuronal survival, differentiation, and precursor

proliferation (Chen et al. 2004). All isoforms of NOS are up-regulated in a hypoxic-
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ischaemic injury. NO is produced in excessive amount early in the
reoxygenation/reperfusion phase and is involved in the early phase of injury and
secondary energy failure (Perlman et al. 2006). The toxic effect of NO is produced by
its reaction with superoxide to form peroxynitrite and other reactive nitrogen species,
although NO also has a direct effect on the mitochondria. The higher the nNOS
activity is, the more likely the given brain region would be infarcted (Chen et al.

2004).

Seven-nitroindazole, a nNOS inhibitor, decreased caspase immunoreactivity and
DNA fragmentation when administered before hypoxic-ischemia to 4 day old piglets
(Parikh et al. 2003) and protected against brain injury in 7 day old rats following

carotid artery ligation (Castillo et al. 2000; Ji et al. 2008, 2009a,b).

2.6.5.2.4 Xenon

Xenon is a noble, chemically inert gas that has been used safely in adults as an
anaesthetic (Cullen et al. 1951) and in neonates to assess CBF (Greisen et al. 1988).
Inhalational anaesthetics cross the placenta (Steffenson et al. 1970). Xenon has no
teratogenic effects (Lane et al. 1980). It rapidly crosses the blood-brain barrier, due to

its low blood-gas partition coefficient.

Xenon reduces excitotoxicity via non-competitive antagonism of the NMDA subtype
of the glutamate receptor (Franks et al. 1998) and activation of the TREK-1 two-pore-
domain potassium channels (Gruss et al. 2004). At higher glutamate concentrations,
as occur during a hypoxic-ischaemic injury, xenon blocks kainate and AMPA

receptors, thereby preventing depolarisation (Dinse et al. 2005) and inhibits
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calcium/calmodulin dependent protein kinase II (Ma et al. 2007). Xenon also induces
the expression of hypoxia inducible factor 1-alfa and its downstream effectors Epo
and vascular endothelial growth factor both of which interrupt apoptotic pathway

(Kilic et al. 2009).

In a rat model of intrauterine asphyxia, the combination of sevoflurane and xenon
reduced the number apoptotic neurons in the hippocampus, and improved long-term
cognitive function (Ma et al. 2005, Dingley et al. 2006). Xenon combined with
hypothermia was neuroprotective following hypoxic-ischemia in a neonatal piglet
model (Faulkner et al. 2011). A synergic effect was demonstrated (Ma et al. 2005)
even when the administration of xenon and hypothermia occurred asynchronously

(Martin et al. 2007).

Early phase clinical studies of xenon in human infants with HIE are in progress

(Azzopardi et al. 2013; Dingley et al. 2014).

2.6.5.2.5 Allopurinol

Delayed neuronal death following a perinatal hypoxic insult is due partly to xanthine
oxidase-mediated production of cytotoxic free radicals. Allopurinol, an inhibitor of
xanthine oxidase and xanthine dehydrogenase, acts as an antioxidant reduces delayed
cell death in experimental models of perinatal asphyxia. In high concentrations
allopurinol scavenges hydroxyl radicals and prevents free radical formation by

chelating their catalyst non-protein bound iron.
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Allopurinol crosses the placenta (Robertson et al. 2012). Antenatal administration of
allopurinol was associated with preservation of *'Phosphorus MRS energetics
(Williams et al. 1992) and reduced brain oedema in an animal model of HIE (Palmer
et al. 1993). However, high doses are needed for antenatal neuroprotection. Maternal
allopurinol reduced cord blood levels of S-100B in human pregnancies when foetal
hypoxia was suspected (Torrance et al. 2009). The antenatal allopurinol for reduction
of birth asphyxia induced damage (ALLO) determined a safe dose for administration
during labour (Kaandorp et al. 2010, 2014). A randomised study of administration of
allopurinol to infants with perinatal asphyxia demonstrated a reduction in the rate of

adverse outcome (Kaandorp et al. 2012).

2.6.5.2.6 Vitamin C

Although ascorbic acid (AA) (vitamin C) does not penetrate the blood-brain barrier, it
scavenges free radicals at supra-physiological concentrations (Jackson et al. 1997). Its
oxidised form, dehydroascorbic acid (DHA) passes through cell membranes, enters
the brain and diffuses across the placenta. The placenta also transports AA by a
sodium-dependent mechanism (Rybakowsky et al. 1995). Intravenous administration
of DHA allows supra-physiological concentrations of AA to be achieved in the brain.

Teratological and adverse effects have not been documented.

DHA administered either before or after ischemia decreased infarct volume with a
reduction in neurological deficit and mortality in an animal model (Huang et al.
2001). A randomised controlled clinical study in asphyxiated term infants found that
the combination of AA with ibuprofen has no effect on outcome at 6 months of age

(Aly et al. 2009).
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2.6.5.2.7 N-acetyl-cysteine

NAC is a precursor of glutathione and therefore acts as an antioxidant, anti-apoptotic,
and anti-inflammatory agent. It can be administered orally, intraperitoneally, or
intravenously. However, adverse reactions in humans, such as anaphylaxis, limit its
intravenous use (Heard 2007). Although NAC crosses the placenta, its transport
across the blood-brain barrier is poor. Therefore NAC is likely to act as a

neuroprotectant at the level of the vascular bed (Schaper et al. 2002).

In small animal studies NAC administered during pregnancy was protective against
inflammatory insult (Paintlia et al. 2004; Lante et al. 2007). Experimental post-insult
treatment resulted in inhibition of accumulation of lactate, a marked reduction of
brain injury with improved cerebral perfusion, redox state, (Wang et al. 2007) and
functional outcome (Lante et al. 2008; Lee et al. 2008). Combined with hypothermia,
NAC decreased infarct volume, improved myelin expression and outcome in rats

(Jatana et al. 2006).

Teratogenic effects are not known and NAC is thought to be safe in human pregnancy
(Riggs et al. 1989). However, in animal studies pregnancy related adverse effects
were reported, including augmentation of lipopolysaccharide (LPS)-induced preterm
labour, and exacerbation of LPS-induced foetal hypoxaemia, hypotension and

polycythaemia (Probyn et al. 2010).

2.6.5.2.8 Erythropoietin
Epo is a glycoprotein hormone that controls erythropoiesis. In vitro, the Epo receptor

is expressed in hippocampal and cerebral cortical neurons (Morishita et al. 1997). The
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safety of recombinant human Epo has been demonstrated in clinical studies of
anaemia of prematurity (Ohls et al. 2004; Fauchere et al. 2008; Juul et al. 2008). Epo

has not known teratogenic effects.

Neuronal apoptosis is prolonged after brain injury, and neurogenesis and angiogenesis
play a part in repair. Epo is up-regulated in umbilical cord blood of infants who have
suffered perinatal asphyxia (Ruth et al. 1990; Juul et al. 1998). Neuroprotective
effects of Epo have been associated with Janus kinase/Stat5 activation and nuclear
factor kappa B phosphorylation (Digicaylioglu et al. 2001). Epo also stimulates
growth factors, including vascular endothelial growth (Wang et al. 2008) and brain-
derived neurotrophic factor secretion (Viviani et al. 2005). Its effects include

decreased neuronal apoptosis, increased neurogenesis and angiogenesis.

After hypoxic-ischaemia in neonatal rodents, Epo facilitated the recovery of
sensorimotor function (Spandou et al. 2005), improved behavioural and cognitive
performances (Demers et al. 2005), and preserved the integrity of cerebral tissue

(Matsushita et al. 2003; Kellert et al. 2007; Gonzales et al. 2009).

A randomised controlled clinical study reported that repeated low doses of
recombinant Epo were safe and resulted in improved neurological outcome in infants
with moderate to severe HIE (Zhu et al. 2009; Elmahdy et al. 2010). However,
clearance of Epo was slower when was administered in combination with

hypothermia (Wu et al. 2012).
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2.6.5.2.9 Epo-mimetics

Epo-mimetic peptides have specific subsets of Epo and might circumvent unwanted
clinical effects of Epo, such as haematopoiesis and provide improved permeability
with the ability to cross the placenta or the blood-brain barrier. However, the safety
and efficacy of novel Epo-mimetics have not been determined (Robertson et al.

2012).

2.6.6 Outcome of perinatal asphyxia

The spectrum of outcome following perinatal asphyxia in human infants varies from
mild cognitive or motor impairment to severe cerebral palsy, mental retardation or
death. Outcome of subjects with mild HIE has been reported to be comparable to that
of healthy term neonates (Finer et al. 1981; Pin et al. 2009). Infants who suffer
moderate HIE tend to have a more variable prognosis and about one-third of them
develop an unfavourable outcome (Pin et al. 2009). Those infants with severe HIE
either die or develop cerebral palsy and/or cognitive delay (Finer et al. 1981;

Robertson et al. 1989; Barnett et al. 2002).

2.6.6.1 Death

About one-third of the infants with HIE die. Meanwhile the majority of them die
during the neonatal period (Jacobs et al. 2013), 20% of children die within the first 3
years. In these children death is often preceded by epilepsy, motor and feeding
problems (Martinez-Biarge et al. 2010). However, the meta-analysis of the
hypothermia trials found that the rate of mortality is reduced in infants who undewent

therapeutic cooling (Edwards et al. 2010; Jacobs et al. 2013).
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2.6.6.2 Motor impairment

Children with mild HIE have normal or mildly delayed motor development. However
about one-third of those with a history of moderate HIE have delayed motor
development at 1 year (Van Schie et al. 2006). BGT injury on early MRI scan is a
good predictor for developing cerebral palsy at 24 months (Martinez-Biarge et al.

2010).

Cerebral palsy is an “umbrella term” to describe non-progressive conditions where
there is primarily a disorder of movements, posture and coordination; however it is
often accompanied by cognitive delay, visual, hearing and communication
problems. Unlike earlier views on aetiology of cerebral palsy, evidence available from
epidemiological studies suggests that in the developed countries about 10% of all
cerebral palsy cases are associated with a perinatal hypoxic-ischaemic sentinel event
(Nelson and Ellenberg 1986; Ellenberg and Nelson 2013). The type of cerebral palsy
largely depends on the site of injury. While dyskinetic cerebral palsy or quadriplegia
is more commonly seen following an acute, near total event with MRI abnormalities
present in the BGT and perirolandic region, milder forms of cerebral palsy, such as
spastic diplegia, are more common among those subjects with subacute, partial

asphyxia with MRI abnormalities in the watershed areas (van Handel et al. 2007).

The meta-analysis of the cooling trials demonstrated a significant reduction in

cerebral palsy in the group of infants who received therapeutic hypothermia (Edwards

et al. 2010; Jacobs et al. 2013).
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2.6.6.3 Cognitive impairment

Children with history of HIE may develop cognitive and behavioural problems.
Lesions involving the BGT may result in a reduction in WM volume by disrupting
thalamo-cortical connections and WM growth, resulting in suboptimal head growth,
which is related to abnormal neurodevelopment (Mercuri et al. 2000). As the
thalamus is important for executive functioning, lesions in this region affect
subsequent cognitive performance (Radanovic et al. 2003). The hippocampus and
striatum may also be affected by a hypoxic-ischaemic insult (Barkovich 1992;
Rademakers et al. 1995; Toft et al. 1995; Maneru et al. 2003). These structures are
associated with specific cognitive functions such as memory and attention, and play a
role in the pathogenesis of later cognitive and behavioural problems in this population

(DeLong 1992; Lou 1996; Dilenge et al. 2001; van Petten 2004; de Haan et al. 2006).

At 2 years of age children with mild HIE demonstrate average general intellectual
abilities, similar to those of healthy controls (Robertson et al. 1985; 1988; Shankaran
et al. 1991; Barnett et al. 2002; 2004). Children with moderate HIE perform in the
low average range, and their abilities are generally below of those with mild HIE and
healthy controls. They may develop cognitive deficits, such as memory problems,
visual-motor or visual-perceptive dysfunction (Gadian et al. 1989; Robertson et al.
1989; Maneru et al. 2001; Moster et al. 2002; Barnett et al. 2002; Dixon et al. 2002;
Marlow et al. 2005). Such cognitive deficits often result in delayed school-readiness.
Children with severe HIE show very low level of cognitive functioning at two years

(van Handel et al. 2007).
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Cognitive deficits may occur even in absence of motor impairment following HIE
(Gonzalez and Miller 2006; deVries and Jongman 2010). Survivors of HIE without
motor impairment had lower scores for quantitative language, auditory memory, letter
recognition, visual-motor integration and developmental quotient (DQ) at 5 years. By
8 years these children had marked delay in reading, spelling and arithmetic, and were
more likely to be at least one grade level behind their peers (Robertson et al. 1988;

Marlow et al. 2005).

Meta-analysis of the hypothermia trials reported significant reduction in the rate of
developmental delay and intellectual impairment in the hypothermia group (Jacobs et

al. 2013).

2.6.6.4 Behaviour problems

A Dutch cohort of children with mild to moderate NE showed more problematic
behaviour, attention problems and hyperacivity compared to controls (Robertson et al.
1988; Moster et al. 2002; Marlow et al. 2005; van Handel et al. 2010). In addition,
problems related to tractability, aggression, passivity and anxiety were reported in

children with NE compared to healthy controls (Moster et al. 2002).

2.6.6.5 Visual impairment

Visual problems occur in about 10% of the children with history of HIE, however it
rarely occurs as an isolated impairment (Rennie et al. 2007). Meta-analysis of the
cooling trials showed a lower rate of visual impairment in infants who received

hypothermia (Jacobs et al. 2013).
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2.7 Biomarkers

A biomarker is an objectively measured characteristic to evaluate a biological or
pathogenic process, or a response to a therapeutic intervention. Although biomarkers
are used in many fields, in medicine they facilitate screening, detection of a
pathological condition, monitoring its progression, and predicting prognosis.
Biomarkers also accelerate development of novel therapeutic interventions.
Importantly, they detect the response early in a relatively small number of patients
making short and cost-effective pragmatic trials possible (Atkinson et al. 2001).
Chemical, physical or biological parameters and characteristic structural changes as

detected by imaging can serve as biomarkers.

2.7.1 Classification of biomarkers

Although the term biomarker is relatively new, they have been used in preclinical and
clinical research and clinical care. Examples include body temperature as a marker of
fever, blood pressure as a marker of risk of stroke, and cholesterol as a marker of risk
of cardiovascular diseases. These "classic" biomarkers are usually physical or
laboratory parameters that can be obtained at the bedside to ascertain a diagnosis and

choose the most appropriate treatment.

Currently, intensive work is taking place to develop innovative more efficient
biomarkers (Figure 2.7.1). These "new" biomarkers are the basis for preventive
medicine that identifies the risk of a disease early to take specific actions for
prevention of its progression. Biomarkers are key to personalize medical care to an

individual patient. By tailoring treatment individually, therapeutic response rate
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improves, side effects are limited and associated costs of treating side effects and
testing various therapies ultimately decrease (Baker et al. 2005). Biomarkers are
classified based on their application. A diagnostic biomarker indicates whether a
disease already exists and identifies high risk populations reliably in a symptom-free
state to start treatment early. Staging biomarkers identify where an individual patient
is in a disease process. Predictive biomarkers help to assess the most likely response
to a particular treatment type, while prognostic markers indicate the progression of a
disease with and without treatment. In contrast, treatment biomarkers indicate

whether a therapeutic intervention is likely to be effective in a specific patient.

Biomarkers also have an important role in development of novel therapies, especially
early development, safety and proof of concept studies. Using a biomarker the
financial and opportunity costs of research are reduced by selecting interventions with
a high chance of success and studying those further in large clinical trials (Baker et al.
2005). A surrogate endpoint substitutes for a clinical endpoint. The advantage of such
a tool is that it provides information months or years before a meaningful clinical
endpoint. However, biomarkers are experimental tools to triage early phase clinical
studies efficiently and are not substitutes for proof of clinical benefit (Baker et al.

2005).

A biomarker needs to be qualified by firm evidence that it detects a particular effect.
Qualification is not necessarily transferable between diseases or subject groups.
However, bridging biomarkers detect a particular effect in both animal and human
studies. Such biomarkers are particularly valuable because they allow the transfer of

information from experimental to human studies.
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Biomarkers are further classified based on their characteristics, such as molecular and
imaging biomarkers. A number of imaging modalities are amenable for use as
biomarkers. Imaging has the capacity to produce multidimensional results with both
qualitative and quantitative aspects non-invasively. Ultrasound, computed

tomography, or positron emission tomography as well as MRI can be used this way.

2.7.2 Neuroprotection following hypoxic-ischaemic encephalopathy

Although hypoxic-ischaemic brain injury occurs during a sufficiently severe and/or
prolonged episode of hypoxia and ischaemia in many cases neuronal loss continues to
evolve for hours after resuscitation (Gunn and Bennet 2008; Bennet et al. 2009). This
period of evolution, the latent phase, offers a window of opportunity to provide
treatment to reduce or prevent injury. Meanwhile hypothermia trials proved the
concept that neuroprotection during this period is possible, they also highlighted that
hypothermic neuroprotection is only partial as only about one-third of the subjects
survive with normal neurological function to 18 months (Edwards et al. 2010; Jacobs

et al. 2013). Therefore additional neuroprotective therapies are needed.

Although a number of potential additional neuroprotective therapies are being studied
in both pre-clinical and early phase clinical studies, there is little consensus on which
treatments have a chance to succeed for either antenatal or postnatal treatment
(Robertson et al. 2012). Furthermore, with hypothermia several years needed before
efficacy of the treatment could be evaluated by early neurodevelopmental outcome

(Bennet et al. 2010).
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Biomarkers are needed in HIE to ascertain the timing and severity of the initial
hypoxic-ischaemic insult, determine prognosis rapidly before treatment (risk of
adverse outcome), after treatment (early surrogates for long term neurodevelopmental
outcome), and accelerate translation of potential additional neuroprotective

interventions into clinical trials (Azzopardi and Edwards 2010; Bennet et al. 2010).

2.7.3 Biomarkers of hypoxic-ischaemic encephalopathy

Classic biomarkers of HIE are those that detect the exposure to a hypoxic-ischaemic
injury. Exposure around the time of birth may be inferred from a combination of the
presence of an abnormal foetal heart rate as assessed by cardiotocogram, an oxygen
debt, as indicated by increased base deficit and lactate in the cord blood, and need for
resuscitation as assessed by the Apgar scores. However, these measures have low
PPV for presence of HIE and subsequent outcome and their utility is limited in
selecting infants for trials of neuroprotective treatments (Low et al. 1997; Bennet et

al. 2009; Laptook et al. 2009; Murray et al. 2009).

Several serum, urine, and CSF markers have been investigated as potential
biomarkers. However, to identify infants who would benefit from neuroprotection the
time of sampling is crucial. In majority of the studies samples were taken after 24
hours of birth, following the latent phase, when selection of infants for
neuroprotective interventions is over. In other studies, where samples were taken
early, the apparent timecourse of changes of metabolites was variable (Nagdyman et
al. 2009). In a meta-analysis four markers were predictive of an unfavourable
outcome: serum interleukin-6, CSF neuron-specific enolase, and serum and CSF

interleukin-1b when measured within 96 hours of birth (Ramaswamy et al. 2009).
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However, these markers are not specific for hypoxic-ischaemia and there have been
only few long-term follow-up studies. Furthermore the effect of hypothermia on these

markers is uncertain (Massaro et al. 2012)

Electrophysiology measures are already applied in assessing eligibility for
hypothermic neuroprotection (Azzopardi et al. 2009, Shankaran et al. 2005).
Assessment of amplitude or pattern of aEEG combined with neurological assessment
has high specificity for adverse outcome (Shalak et al. 2003). In the CoolCap trial,
infants with the most severe aEEG pattern demonstrated no improvement after
cooling (Gluckman et al. 2005), offering the opportunity to identify infants who
would not benefit from neuroprotective interventions. However, severe suppression of
aEEG activity within the first 6 hours of birth may occur in both subjects with
favourable and unfavourable outcome (George et al. 2004; Pezzani et al. 2006;
Murray et al. 2009). During this early period it is not known whether brain activity is
suppressed by increased release of neuroinhibitors that help to improve recovery and
the amplitude will return to normal as in cases with a favourable outcome; or brain
activity is suppressed by an injury-induced impairment and only improves transiently
as in infants with severe outcome (Bennet et al. 2010). Although the sensitivity,
specificity, PPV and NPV of aEEG are high, they vary between studies (El-Ayonty et
al. 2008; Thoresen et al. 2010 Vasiljevic et al. 2012). Furthermore, hypothermia

influences the predictive value of aEEG (Thoresen et al. 2010).

Neuroimaging offers the potential to assess brain injury non-invasively. Although
visual analysis of conventional MR images might be subjective, hypoxic-ischaemic

changes detected on conventional MRI correlate closely with pathology and
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neurodevelopmental outcome in a single patient (Rutherford et al. 2005; Barkovich et
al. 2006). The timing of imaging is important, since characteristic abnormalities on
conventional MRI occur progressively over several days and the severity of injury
may be underestimated during the first few days of birth. However its predictive value
is not affected by hypothermia (Rutherford et al. 2010). Furthermore, visual
assessment of conventional MR images is a biomarker of injury and is a suitable
surrogate endpoint in studies of neuroprotective therapies (Rutherford et al. 2010).
Although, the required sample size to detect treatment effect is considerably smaller

than in pragmatic trials, it is substantial.

MRS has been used to define the biphasic pattern of impairment of cerebral energy
metabolism and characterize cerebral biochemical changes in infants with HIE. MRS
is a bridging biomarker that demonstrated the preservation of high-energy phosphates
and reduction of cerebral lactate levels during 72 hours of mild hypothermia in
experimental models of asphyxia (Thoresen et al. 1995; Amess et al. 1997; Laptook et
al. 1997; Robertson and Iwata 2007; Cady et al. 2008; Faulkner et al. 2011).
Furthermore, lactate/N-acetylaspartate peak and lactate/creatine ratios measured in the
deep grey matter correlate to outcome in infants with HIE and are qualified
biomarkers of outcome with a strong physiological evidence base (Thayyil et al.
2010). Importantly, hypothermia does not affect the predictive value of MRS (Ancora
et al. 2013). Meanwhile continuous variables, such as metabolite ratios, are generally
efficient outcome measures as the number patients required to detect significant
differences between treatment groups is smaller, it is still substantial. Therefore, MRS
is a relatively inefficient method for rapid preliminary evaluation of potential

therapies in early phase, first in human studies (Azzopardi and Edwards 2010).
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Although diffusion measures, such as ADC, provide the potential for early and
objective detection of brain injury, in a meta-analysis of MR biomarkers it was shown
to have poor specificity and sensitivity for predicting outcome (Thayyil et al. 2010).
This might be due to pseudonormalisation (Wolf et al. 2001; McKinstry et al. 2002;
Sotak et al. 2002; Hunt et al. 2004; Rutherford et al. 2004; Winter et al. 2007; Liauw
et al. 2009), which is delayed by hypothermic neuroprotection. FA was proved to be
more accurate in predicting subsequent abnormality on conventional MRI (Ward et al.
2006) and early outcome (Malik et al. 2006; Brissaud et al. 2010). However, diffusion
parameters were determined within a priori selected manually defined ROIs in most
of these studies. This approach is time consuming and may introduce errors due to

observer bias and partial volume effects.

TBSS, an observer-independent research tool for voxel-wise assessment of whole
brain WM across multi-subject DTI data (Smith et al. 2006), overcomes some of these
limitations. Using TBSS, widespread WM abnormalities were revealed in a small
group of infants who had suffered perinatal asphyxia when compared to normal term
control neonates. Infants treated with therapeutic hypothermia exhibited significantly
less extensive WM injury when compared to infants with HIE who received intensive
care only (Figure 2.7.1) (Porter et al. 2010). These results suggest that TBSS could be
used as an imaging biomarker in infants who suffered HIE. However, further studies,
correlating TBSS findings in the early neonatal period and subsequent
neurodevelopmental performance, are required before this imaging tool can be

considered a qualified early imaging biomarker following HIE.
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Figure 2.7.1: Tract-based spatial statistics as a biomarker of disease and therapy.
Axial images of mean FA maps of all subjects. The group mean FA skeleton is shown
in pink. A-C: Areas where non-cooled infants with HIE have significantly lower FA
values than healthy term neonates are shown in blue. A: internal (small white arrows)
and external capsules, B: body of the corpus callosum (black arrow), C: optic
radiations (large white arrows). D-F: Areas where cooled infants with HIE have
significantly lower FA values than healthy term neonates are shown in blue. D: PLIC
at the level of the basal ganglia and thalami (small white arrow); E: PLIC at the level
of corpus callosum, F: cerebral peduncle (large white arrows indicate the optic

radiations) (From Porter et al. 2010).
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Chapter 3

Prediction of neurodevelopmental outcome by diffusion
tensor imaging analysed using tract-based spatial statistics
in infants with hypoxic-ischaemic encephalopathy treated

with hypothermia

3.1 Introduction

Despite the success of hypothermic neuroprotection, additional therapies are needed
that in combination with hypothermia improve neurodevelopmental outcome of
infants with HIE by extending the therapeutic window or providing long-lasting
additive or synergistic neuroprotection (Cilio and Ferriero 2010; Fan and van Bel
2010; Robertson et al. 2012). Intensive research is focused on identifying additional
neuroprotective therapies. However, one of the limitations to progress is the large
number of possible agents and the lack of consensus on which drugs to study further

(Robertson et al. 2012).

An effective bench-to-bedside pipeline requires the ability to evaluate the efficacy of
a treatment early using biomarkers (Baker et al. 2005; Azzopardi and Edwards 2010).
Neuroimaging with advanced MRI techniques is increasingly employed in research of
biomarkers in infants with HIE. MRS enables in vivo quantitative analysis of cerebral
metabolites (Robertson and Iwata 2007; Cady et al. 2008; Azzopardi and Edwards
2010; Faulkner et al. 2011, 2012; Robertson et al. 2013a, b). Metabolite ratios, such
as Lac/NAA and Lac/Cr, are the most accurate quantitative MR biomarkers of

outcome in infants who suffered HIE (Shu et al. 1997; Amess et al. 1999; Robertson
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et al. 1999; Kadri et al. 2003; Khong et al. 2004; Cheong et al. 2006;
Shanmugalingam et al. 2006; Meyer-Witte et al. 2008; Thayyil et al. 2010).
Furthermore metabolite ratios enable smaller sample sizes to detect significant
differences between treatment groups than in pragmatic clinical trials. Therefore MRS
can be used as a surrogate endpoint in early phase studies of additional
neuroprotective therapies. However, using MRS a sample size of more than a hundred
infants would still be required to detect differences between study groups (Azzopardi

and Edwards 2010).

Statistically powerful whole brain voxel- and groupwise comparisons of imaging data
in small groups of subjects would help more efficient early evaluation of
neuroprotective therapies. Diffusion MRI has been widely used to study brain injury
early following a hypoxic-ischaemic event (Wolf et al. 2001; McKinstry et al. 2002;
Khong et al. 2004; Rutherford et al. 2004; Boichot et al. 2006; Ward et al. 2006;
Malik et al. 2007; Winter et al. 2007; Liauw et al. 2009; Twomey et al. 2010; Artzi et
al. 2011; Bednarek et al. 2012; Cheong et al. 2012; Lee et al. 2013). However these
studies used manually defined ROIs, which is subjective, time consuming and prone

to observer-error.

Such problems can be circumvented by TBSS, which is an objective, time-efficient,
observer independent tool for cross-subject analysis of whole-brain WM instead of a
priori chosen ROIs (Smith et al. 2006). TBSS has been used in infants who suffered
HIE (Porter et al. 2010; Gao et al. 2012). TBSS analysis of DTI data offers the
potential to serve as an early objective imaging biomarker after hypothermia

treatment for HIE.
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3.2 Aim

The aim of the study was to test the hypothesis fractional anisotropy values in the
white matter, obtained in the neonatal period and assessed using tract-based spatial
statistics, correlate with developmental quotient in infants with hypoxic-ischaemic

encephalopathy, who underwent therapeutic hypothermia.

3.3 Methods
Ethical permission for this study was granted by the Hammersmith and Queen
Charlotte’s and Chelsea Hospital Research Ethics Committee. Written parental

consent was obtained for each infant prior to scanning.

3.3.1 Subjects

Term infants (>36 weeks at birth) with HIE treated with hypothermia were enrolled
into this study, who had a brain MRI scan with good quality DTI data in 32
noncollinear directions within 3 weeks of birth and who were assessed with the
Griffiths Mental Developmental Scales (revised) (GMDS) (Huntley 1996) or have
outcome data available at least at 12 months of age. Demographic data and details of

perinatal history were collected from the hospital notes.

Infants who were born at less than 36 weeks, had not been treated with hypothermia
within 6 hours of birth, were diagnosed with congenital or chromosomal abnormality,
did not have a brain MRI scan with good quality DTI data in 32 noncollinear
directions within 3 weeks of birth, or had no outcome data available at least at 12

months of age were excluded from the analysis.
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3.3.2 Neurodevelopmental outcome

Outcome data were collected from hospital notes and clinic letters for each subject.
Most infants attended the follow-up clinic at Queen Charlotte’s and Chelsea Hospital.
For the infants only seen at other hospitals, the information was obtained from their

local paediatric neurodevelopmental team.

For children who were assessable with a formal neurodevelopmental test, assessments
were carried out using the GMDS (Huntley 1996). The GMDS provide an overall DQ
and scores for sub-scales, including locomotor, personal-social, hearing and language,
eye and hand co-ordination, and performance. These sub-scales assess several distinct
skill areas, such as gross motor skills including balance, co-ordination, control of
movements; proficiency in daily activities, level of independence and interaction with
other children; receptive and expressive language; manual dexterity, fine motor and
visual monitoring skills, visuospatial skills, including speed and precision; and the
ability to resolve problems, understanding basic mathematical concepts and moral

issues (Huntley 1996).

The presence of cerebral palsy was defined and classified using the Surveillance of

Cerebral Palsy in Europe (SCPE) (Cans et al. 2000).

The Gross Motor Function Classification System (GMFCS) was used to grade
functional impairment (Gorter et al. 2009). The GMFCS describes gross motor
function of children with cerebral palsy with emphasis on sitting, walking or wheeled

mobility based on their usual performance at home, school and community settings.
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Distinctions between levels are based on functional abilities, the need for assistive
devices and quality of movements. Children classified in level I can walk without
restrictions, however they tend to be limited in some of the more advanced motor
skills, meanwhile children classified in level V are generally very limited in their
ability to move themselves around even with the use of assisted technology. Within
each level, descriptions of motor function are given for several age bands, including

children less than 2 years (Palisano et al. 1997; Rosenbaum et al. 2002).

3.3.3 Magnetic resonance imaging

Infants were sedated prior to scanning with oral chloral hydrate unless sedative drugs
were already administered for clinical reasons. Intensive care, including ventilation
and inotropic support, was provided during the scan as required. All infants were first
assessed to be clinically safe for scanning by a paediatrician. Metal check was
performed before scanning as per local guidelines. Physiological parameters including
heart rate, oxygen saturations and temperature were monitored throughout the scan.
Hearing protection was used for each infant, compromising individually molded
earplugs using silicone-based dental putty (President Putty, Coltene/Whaledent,
Mahwah, NJ) placed into the external ear, and neonatal earmuffs (Natus MiniMuffs;
Natus Medical Inc, San Carlos, CA). All examinations were supervised by a

paediatrician experienced in MRI procedures.

MRI was performed on a 3 Tesla Philips Achieva MRI system (Best, Netherlands),
with maximum gradient strength of 62 mT/m on each independent axis and slew rate
of 100 mT/m/ms on each axis, using an eight-channel phased array head coil. Three

dimensional magnetization prepared rapid acquisition with gradient echo (MPRAGE)
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(TR: 17 ms; TE: 4.6 ms; flip angle: 13°; slice thickness: 8 mm; field of view: 210
mm; matrix: 256x256 (voxel size: 0.82x0.82x0.82)) and high-resolution T2 weighted
fast spin echo images (TR: 8670 ms; TE: 160 ms; flip angle 90°; slice thickness 1
mm; field-of-view: 220 mm; matrix: 256 x 256 (voxel size: 0.86 x 0.86 x 1)) were
acquired for clinical evaluation. Single shot echo planar DTI was acquired in 32 non-
collinear directions (TR: 8000 ms, TE: 49 ms, slice thickness: 2 mm, field of view:
224 mm, matrix: 128x128 (voxel size: 1.75x1.75x2 mm?), b value: 750 s/mm?). The
DTI data was acquired with a sense factor of 2 and the scanning time for this

sequence was 6 minutes. A perinatal radiologist reviewed the images.

3.3.4 Conventional magnetic resonance images

Conventional images were analysed visually. Images were evaluated for congenital
anomalies. Abnormal appearance of the brainstem, cerebellum and the ventricles was
noted if present. Presence and site of haemorrhage, sinus or venous thrombosis were
documented. The pattern of injury in the WM, BGT, PLIC and cortex was classified
(Okereafor et al. 2008). Each infant was given a score for the signal intensity in the
PLIC (0 = normal; 1 = equivocal; 2 = abnormal), BGT (0 = normal; = mild, focal; 2 =
moderate, multifocal; 3 = severe, widespread), WM (0 = normal; 1 = mild
exaggerated long T1 and T2 in the periventricular WM only; 2 = moderate long T1
and T2 extending out in the subcortical WM and/or focal punctate lesions or focal
area of infarction; 3 = severe widespread abnormalities including overt infarction,
haemorrhage, and long T1 and T2), and cortex (0 = normal; 1 = mild involving
maximum 2 sites; 2 = moderate involving 3 sites; 3 = severe involving more than 3
sites). Moderate to severe lesions in the BGT, an abnormal PLIC, or severe WM

lesions were deemed to be predictive of adverse developmental outcome (Rutherford
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et al. 2010). Sensitivity, specificity, PPV and NPV of conventional MRI to predict

outcome were calculated.

3.3.5 Preprocessing of diffusion tensor imaging data

DTI data were analysed offline using tools implemented in FSL
(www.fmrib.ox.ac.uk/fsl) (Jenkinson et al. 2004; Smith et al. 2004b). Images were
brain extracted to remove all extra-cerebral tissue using the Brain Extraction Tool
(BET) version 2.1 (Smith 2002). Each infant's diffusion tensor images were registered
to their image acquired without diffusion weighting using affine transformation to
minimise spatial distortions due to eddy currents using FMRIB’s Diffusion Tool’s
(FDT) Eddy Current Correction tool. Diffusion tensors were calculated voxelwise,
using a simple least squares fit of the tensor model to the diffusion data. From this, the
tensor eigenvalues describing the diffusion strength in the primary, secondary and

tertiary diffusion directions, and FA maps were calculated (Behrens et al. 2003).

Voxelwise preprocessing of the FA data was carried out using TBSS version 1.1
(Smith et al. 2006) with a protocol that has been modified to improve reliability for
neonatal DTI analysis (Ball et al. 2010). The optimised protocol incorporates two
additional registration steps added to the original adult protocol (Smith et al. 2006).
To reduce the number of failed registrations two linear registration steps were
performed (6 and 12 DOF) prior to nonlinear registration to register every subject’s
FA map to each other. Both the 6 DOF and the 12 DOF registration matrices were
then concatenated and entered as an initial estimate for nonlinear warping. Then a
registration target (best target) was identified with the lowest mean warp displacement

score. Each infant’s FA map was aligned to the target’s space and an average FA map
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was created, that is the mean FA map. The second set of registrations of the optimised
protocol is a set of nonlinear registrations to align every individual FA map to the
mean FA map. The aligned images were then used to create another mean FA map.
By applying “thinning”, a non-maximum-suppression perpendicular to the local tract
structure, the mean FA skeleton was generated, which represented the centre of all
tracts common to the group. This was thresholded to FA >0.15 to include the major
WM pathways but exclude peripheral tracts where there was significant inter-subject
variability and/or partial volume effects with grey matter. Each subject’s aligned FA
data were then projected onto this skeleton. Voxelwise cross-subject statistical
analysis was performed with Randomise version 2.1 using univariate linear modeling

as a GLM (Smith et al. 2006; Ball et al. 2010) (Figure 3.1).

Nonlinear transformation The best target Mean FA map Mean FA skeleton

Figure 3.1: Tract-based spatial statistics preprocessing pipleine. 4: nonlinear
alignment of individual fractional anisotropy (FA) images to each other, B: nonlinear
alignment of individual FA images to the best target, C: generating the mean FA map,

D: creating the mean FA skeleton for cross-subject voxelwise analysis.
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3.3.6 Analysis of diffusion tensor imaging data

TBSS was used to assess the relationship between FA obtained in the neonatal period
and outcome. First, infants who died or developed such severe cerebral palsy or
global developmental delay that neurodevelopmental assessment could not be
performed using the GMDS were excluded before performing voxelwise cross-subject
linear regression to assess the relationship between FA, corrected for PMA at scan,

and DQ.

An exploratory analysis was performed to assess the correlation between the subscale
scores of the GMDS and FA in the centre of the WM tracts using TBSS (Smith et al.

2006).

All infants who had outcome data available at least at 12 months were enrolled into
the secondary analysis. Infants were divided into two groups: (i) infants with a
favourable outcome and (ii) infants with an unfavourable outcome. Unfavourable
outcome was defined as death or the presence of at least one of the following
impairments: 1. DQ of 2 or more standard deviations (SDs) below the mean on
GMDS (<76) (Ivens and Martin 2002); 2. GMFCS level III-V; or 3. Bilateral cortical
visual impairment with no useful vision. TBSS was used to compare FA values

between the two groups.

The analyses were corrected for multiple comparisons by controlling familywise error
rate following threshold free cluster enhancement and p<0.05 was considered
significant. Although FA does not pseudonormalise, it changes with increasing PMA.

Therefore the results were also corrected for PMA at scan.
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To demonstrate the relationship between FA and neurodevelopmental performance
scores, in those regions where a significant linear correlation was observed, the FA
values, adjusted for PMA at scan, in the most significant voxel was extracted and
plotted against the DQ and sub-scale scores. Furthermore, for each subject FA values
were also extracted from the most significant voxel in the regions where FA was
significantly different between infants with a favourable and those with an

unfavourable outcome.
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3.4 Results
3.4.1 Subjects
Patient flow of this study is shown on Figure 3.2. The clinical characteristics of the

infants are shown in Table 3.1.

A total of 121 infants with HIE received therapeutic hypothermia at Queen
Charlotte’s and Chelsea Hospital between 2007 and 2011. Of the 121 infants 27 did
not have a brain MRI scan. Of these, outcome data was available for 12 subjects.
Eleven infants died. One child assessed with the GMDS at 24 months achieved scores

within normal range for age.

Of the 94 infants, who undewent a brain MRI in the neonatal period, 24 had no
outcome available until 2011. Of these 24 infants 4 were not eligible to be enrolled
into the study for the following reasons: n=1 less than 36 weeks at birth; n=2
abnormal chromosomes (Trisomy 21 n=1; abnormal chromosome 13 n=1); n=1 DTI

data acquired in 15 noncollinear directions.

Until 2011 outcome data was available for 70 infants who underwent hypothermia for

HIE and had brain MRI scan during the neonatal period.

GMDS was not performed in 31 of the 70 infants for the following reasons. Fifteen
infants died. Of these 15 infants 6 were not eligible for the study for the following
reasons: n= 1 less than 36 weeks at birth, n=2 DTI acquired in 15 noncollinear

directions, n=1 incomplete DTI data, n=2 post-mortem MRI.
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Eleven children could not be assessed with the GMDS. Of these 11 children 7 had
global developmental delay and cerebral palsy with GMFCS level III-V (spastic n=2;
dystonic n=3; spastic dystonic n=1; athetoid n=1). One child had right hemiplegia
GMEFCS level II with cognitive delay. Three children developed severe cognitive
delay with microcephaly, but without significant motor problems. However, of these
11 children 9 were not eligible to be enrolled into the study for the follwoing reasons:
n=7 DTI in 15 noncollinear directions, n=1 cooling started at more than 6 hours of

age, n=1 treated for fibrosarcoma following the neonatal period.

Three children seen at the neonatal follow-up clinic were not assessed with the
GMDS. One of them attained the maximum optimality score for neurologic
examination (Haataja et al. 1999, 2001). The other 2 children were seen by a neonatal
consultant but did not have a formal neurodevelopmental assessment. They were
deemed by the consultant to have normal neurodevelopment based on physical
examination. Two children were assessed using the Bayleys Scale of Infant
Development (Bayley 1966) and achieved scores within normal range for age.
However, these 5 infants were more than 21 days old at the time of the MRI and were

therefore not eligible for this study.

Thirty-nine children were assessed with the GMDS at a median (range) age of 22 (6-
28) months until 2011. Seven of the 39 children were excluded for the following
reasons: n=1 DTI data acquired in 15 directions; n=3 more than 21 days old at the
time of the MRI; n=1 less than 36 weeks at birth; n=2 follow-up at less than 12

months of age.
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Figure 3.2: Consort diagram of patients. H/E — hypoxic-ischaemic encephalopathy,
MRI — magnetic resonance imaging, GMDS — Griffiths Mental Developmental

Scales; DTI — diffusion tensor imaging.
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Clinical characteristics Total (n=121) Total MRI (n=94) | GMDS (n=32) | Died/cerebral palsy|(n=11)
Postmenstrual age at birth 2 39+ (35%0-4273) 39%4(35%0-42%3) 39%3 (36" — 42%3) 39%5 (36 —4210)
Postmenstrual age at scan 2 N/A 4111 (36™-47%9) 4075 (374-43™) 4176 (3772-43"1)
Postnatal days at scan? N/A 6 (3-67) 7 (3-14) 6 (3-11)

Gender male (n) 72 60 23 7

Birth weight (kg) @ 3.28 (1.96-5.83) 3.22 (1.96-5.30) 3.22(2.15-4.12) 3.20 (2.00 - 5.3B)
Apgar score at 1 min ? 1(0-7) 1 (0-6) 1 (0-5) 0(0-3)
Apgar score at 5 min ? 3(0-9) 3 (0-9) 3 (0-8) 1 (0-4)
Apgar score at 10 min ? 5(0-9) 5(0-10) 5(0-9) 4 (0-6)

pH within 1 hour of birth 2

6.92 (6.54-7.39)

6.96 (6.54-7.39)

6.80 (6.54-7.39)

6.71 (6.58-7.29

Base deficit within 1 hour of birth 2

16.64 (3.00-31.60)

15.50 (3.00-31.60)

15.39 (6.80-25.40)

22.15 (5.30-27.5

“median (range)

Table 3.1: Clinical characteristics of the study infants. Abbreviations: min —

minutes;, GMDS — Griffiths Mental Development Scales; N/A — not applicable

3.4.2 Neurodevelopmental performance

For the 32 children assessed with the GMDS who were eligible to be enrolled into the

study the mean+SD DQ was 91£19 and the mean+SD scores for the sub-scales were

as follows: locomotor 92+23, personal-social 100+24, hearing and language 87+24,

eye and hand coordination 86+18 and performance 85+17. Of these 32 children 7

were assessed between 12 and 18 months, at a median age of 12 months. Of them 4

had started to walk independently and the other 3 were walking with minimal support

at the time of the assessment.

Forty-three children, including those who died or had severe neurodevelopmental

delay, were eligible to be enrolled into the secondary analysis. Seventeen children had

an unfavourable outcome including 9 infants who died. Six surviving children had a
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DQ more than 2 SDs below the mean on GMDS, 2 of these children also developed
cerebral palsy (GMFCS levels III-1IV). Two other children were included with
cerebral palsy (GMFCS level V). The children with cerebral palsy were assessed at a
median age of 24.5 months (range: 24-28). All of them had quadriplegia (spastic n=1;
dystonic n=1; dystonic-spastic n=1; athetoid n=1). One infant with cognitive delay
developed a right hemiplegia (GMFCS 1II). None of the children had cortical visual

impairment. One child required hearing aids.

3.4.3 Conventional magnetic resonance imaging findings

No congenital abnormality or thrombosis were seen on conventional MRI in any of
the subjects. Four infants had mild ventriculomegaly. Extra-cerebral haemorrhage was
noted in 5 subjects (posterior fossa n=2, posterior ventricle n=1, subarachnoid n=I,
subdural n=1). Lesions in the BGT consistent with acute hypoxic-ischemia were
detected in 27 infants; these were classified as severe in 12. The PLIC was equivocal
in 5 and abnormal in 15 infants. All infants with an abnormal PLIC had either
moderate (n=4) or severe (n=11) BGT lesion. WM abnormalities were present in all
except 2 infants, being severe in 12 infants. Nine infants had WM abnormality only
(moderate n=2, severe n=3). The cortex showed changes typical of acute hypoxic-

ischaemic injury in 21 infants.

3.4.4 Correlation between conventional magnetic resonance imaging findings
and outcome

The sensitivity of MRI to detect an abnormal outcome was 94% and specificity was
72%. The PPV of conventional MRI was 72% and NPV was 95% (Table 3.2). Of

note, 5 out of the 7 infants with abnormal MRI and DQ less than 2SDs below the
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mean had WM injury (including two infants with parasagittal infarction and one with

a right sided middle cerebral artery infarction), with normal BGT. All of these infants

had a DQ of less than 90 and their head circumference was less than 10™ centile at the

time of assessment.

Region Pattern n(43) | Outcome
Favourable | Unfavourable
Basal Gangha and Thalami 0 16 15 1
1 g g 0
2 6 3 3
3 12 0 12
Posterior limb of the internal capsule
Normal 21 20 1
Equivocal 5 3 2
Abnormal 13 1 14
Unableto assess 2 2 0
White matter
0 2 2 0
1 4 4 0
2 25 14 11
3 12 3 7
Cortex
0 22 16 6
1 g 6 3
2 7 5 2
3 ) 0 )

Table 3.2: Pattern of injury on conventional MRI and outcome.
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3.4.5 Correlation between outcome and white matter microstructure as assessed
by tract-based spatial statistics

The mean FA skeleton comprised of 21357 voxels.

3.4.5.1 Correlation between white matter microstructure as assessed by tract-
based spatial statistics and neurodevelopmental performance

The 9 infants who died and 2 of those who developed cerebral palsy could not be
assessed using the GMDS and so were excluded from the linear regression analysis of
FA values and neurodevelopmental outcome scores. In the remaining 32 infants
TBSS demonstrated a significant linear correlation between DQ and FA values in
12112 voxels throughout the WM, including the centrum semiovale (CSO), corpus
callosum, PLIC, external capsules, ALIC, optic radiations, frontal WM, cerebral

peduncles, fornix, uncinate fascicule and cingulum.

In the exploratory analysis the number of voxels where a significant linear correlation
was found between FA, corrected for PMA at scan, and sub-scale scores was 7174 for
personal-social; 13243 for hearing and language; 13195 for eye-hand coordination
and 8006 for performance. A significant relationship between FA and locomotor sub-
scale scores was observed in the PLIC, CSO, corpus callosum, left cerebral peduncle
and brainstem in 3140 voxels (Figure 3.3). These relationships remained significant

when the 2 infants with cerebral palsy were removed from the analysis.

Following the whole-brain analysis, FA values, adjusted for PMA at scan, in the most

significant voxel were extracted and plotted against the DQ and sub-scale scores

(Figure 3.4).
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Figure 3.3: Correlation between neurodevelopmental performance scores and

fractional anisotropy (FA) as assessed by tract-based spatial statistics. Mean FA
skeleton (vellow) overlaid on mean FA image. Voxels wherein FA is significantly
correlated to performance scores are shown in blue. A: Developmental quotient, B:
Locomotor, C: Personal-social, D: Hearing and language, E: Eye and hand co-
ordination, F: Performance in the (i) axial and (ii) coronal views at the level of the

posterior limb of the internal capsule and corpus callosum.
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Figure 3.4: Graphs showing associations between fractional anisotropy (FA) in
the most significant voxel, corrected for age at imaging, and neurodevelopmental
performance scores. The most significant voxels (red) are indicated by cross hair on
the panel above. A: DO (R°=0.417), B: locomotor (R°=0.277), C: personal and
social (R°=0.326), D: hearing and language (R°=0.301), E: eye—hand coordination
(R°=0.311), and F: performance (R’ =0.365) sub-scale scores. Key: FA || PMA =
residuals of FA given the model, DQ || PMA = residuals of DQ given the model;
locomotor score || PMA = residuals of locomotor scores given the model; personal—
social score || PMA = residuals of personal—social scores given the model; hearing
and language score || PMA = residuals of hearing and language scores given the
model; eye—hand coordination score || PMA = residuals of eye—hand coordination
scores given the model; performance score || PMA = residuals of performance scores
given the model. DQ: developmental quotient; FA: fractional anisotropy, PMA:

postmenstrual age.

3.4.5.2 Altered white matter microstructure as assessed by tract-based spatial
statistics in infants with an unfavourable outcome

Following the linear regression analysis infants with a favourable (n=26) outcome
were compared to those with an unfavourable (n=17) outcome, including those who
died or developed cerebral palsy. Using TBSS significantly lower FA values were
demonstrated in infants who had an unfavourable outcome compared to infants with a
favourable outcome in several regions including the right CSO, splenium, isthmus and
genu of the corpus callosum, ALIC, PLIC, external capsules, optic radiations, cerebral

peduncles, fornix, cingulum and inferior longitudinal fasciculus (ILF) (Figure 3.5).
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Figure 3.5: The difference in white matter structure between infants with a

favourable and unfavourable outcome as assessed by tract-based spatial
statistics. Mean fractional anisotropy (FA) skeleton (yellow) is overlaid on mean FA
image. Voxels where infants with unfavourable outcome had significantly lower FA
values are shown in blue. Axial view (A-C) at the level of the A: centrum semiovale,
B: Posterior limb of the internal capsule (PLIC), C: Cerebral peduncles. Coronal
view (D-E) at the level of the D: PLIC and mid corpus callosum; E: splenium of the
corpus callosum and the cerebellum. F: Midsagittal view showing the corpus

callosum.

Guided by the results of the TBSS analysis, a ROI approach was carried out to
compare FA values between the two groups. FA values were extracted for each infant

from the most significant voxel in regions where FA was significantly lower in the
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group of infants with an unfavourable outcome. The mean FA value of each group
was calculated (Figure 3.6)
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Figure 3.6: Graph showing FA values extracted from the most significant voxel
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in regions wherein FA was significantly lower in infants with an unfavourable
outcome (blue) as compared with infants with a favourable outcome (red).

Abbreviations: FA — fractional anisotropy; L — left; R — right; CSO — centrum

semiovale; CC — corpus callosum; ALIC — anterior limb of the internal capsule; PLIC
— posterior limb of the internal capsule; EC — external capsule; CP — cerebral

peduncle; OR — optic radiation; ILF — inferior longitudinal fasciculus.
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3.5 Discussion
In this chapter FA values in the WM obtained in the neonatal period and assessed
with TBSS correlated to subsequent DQ in infants with HIE who received therapeutic

hypothermia.

Neurodevelopmental outcome was evaluated using the GMDS in infants who were
assessable with a formal neurodevelopmental test. The outcome of children in the
present study was comparable to that reported in the cooling arm of the TOBY study
(Azzopardi et al. 2009) in terms of rate of unfavourable outcome, death and hearing
impairment. However, the rate of cerebral palsy, visual impairment and cognitive
deficit was lower in the present study. Although defining cerebral palsy in children
less than 18 months may be difficult, all the children who were seen between 12 and
18 months were either already walking independently or requiring only minimal

support.

MRI provides the means to assess neuropathology non-invasively. Meanwhile visual
analysis of conventional MR images is subjective, scoring systems for classification
of distribution and severity of brain injury improve its accuracy. The predictive value
of conventional MRI for subsequent neurological impairment is not affected by
hypothermia (Rutherford et al. 2010). The predictive value of conventional MRI in
the present study was comparable to that reported previously in infants who

underwent therapeutic hypothermia for HIE (Rutherford et al. 2010).

Meanwhile conventional MRI is useful to assess brain injury and predict outcome in a

single patient, visual analysis of conventional images is a relatively inefficient method

174



for preliminary evaluation of treatment effect in early phase clinical trials, as a
considerable number of subjects is needed to detect a significant difference between
treatment groups (Azzopardi and Edwards 2010; Rutherford et al. 2010).

Furthermore, brain injury seen on conventional MRI may take several days to evolve.

DTI is a useful tool to assess brain injury early. DTI provides quantitative measures,
such as ADC and FA, for objective evaluation of brain injury. Meanwhile, the utility
of ADC in HIE is limited due to pseudonormalisation, which is delayed by
hypothermia (Artzi et al. 2011; Bednarek et al. 2012; Cheong et al. 2012), FA values
do not pseudonormalise following a hypoxic-ischaemic insult (Ward et al. 2006). FA
values are lower in infants (Ward et al. 2006; Malik et al. 2007) with a history of
perinatal asphyxia compared to healthy controls. Furthermore, previous studies have
reported a correlation between FA and outcome following HIE (Malik et al. 2007;
Brissaud et al. 2010). However these studies used manually defined ROIs, which is

subjective, time consuming and potentially introduce observer-error.

Such problems can be avoided by using TBSS, which is an objective, time-efficient,
observer independent tool for cross-subject analysis of whole-brain WM instead of a
priori chosen ROIs. TBSS alleviates the alignment-related problems of the low-
resolution DTI data by projecting the FA values of individual subjects onto a common
FA skeleton of major WM tracts. Thus it removes problems due to partial volume
effects (Smith et al. 2006). Focusing the analysis on major WM tracts as compared to
the entire WM also allows TBSS to have increased statistical power and provides high

confidence that FA values are taken from relevant voxels (Smith et al. 2006).
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In this chapter a widespread significant linear correlation was found between FA
values and outcome scores. A significant correlation was observed in the fornix,
cingulum and uncinate fasciculus, structures that are associated with cognition and
memory in adults (Aralasmak et al. 2006). FA values in the corpus callosum also
correlated with overall DQ and certain sub-scale scores. Although the corpus
callosum is not typically found to be abnormal on visual inspection of early MRI
scans following HIE, a recent study found reduced callosal dimensions at 2 years of
age in children who suffered moderate asphyxia which was predictive of an
unfavourable outcome (Twomey et al. 2010). Furthermore a TBSS study of
adolescents with a history of moderate neonatal HIE showed significantly lower FA
values in the corpus callosum in association with cognitive impairment (Nagy et al.

2005).

A less widespread, but significant correlation was also found between locomotor
scores and FA values in the corpus callosum and CST, similar to the results reported
previously in a ROI analysis (Malik et al. 2007). The less widespread correlation
might be due to several factors. The rate of motor impairment in this study was lower
than that reported in previous studies. Also, the GMDS performed at less than 2 years
correlated well with DQ as assessed by the Wechsler Preschool and Primary Scale of
Intelligence (Wechsler 1999); however it predicted motor outcome as assessed by the
Movement Assessment Battery for Children (Henderson and Sugden 1992) less

accurately at school age (Barnett et al. 2004).

Furthermore, significantly lower FA values were found in several cerebral regions,

such as the corpus callosum, ALIC, PLIC and frontal WM in infants with an
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unfavourable outcome, including those who died or developed such severe cerebral
palsy that formal neurodevelopmental assessment using GMDS could not be

performed.

In summary in this study using TBSS a widespread correlation was found between
WM integrity, as assessed with FA, and subsequent DQ. Furthermore with TBSS
significantly lower FA values were shown in infants with HIE who developed an
unfavourable outcome. These data suggest that TBSS is a qualified biomarker of
outcome in infants with HIE who underwent hypothermia. However, a major
disadvantage of TBSS is that it is not a feasible tool for evaluation of grey matter and
peripheral WM. Therefore, in the next chapter an alternative atlas-based tissue

labeling approach will be used that allows studying these cerebral regions.
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Chapter 4

Mean diffusivity in cortical and deep grey matter correlates
to neurodevelopmental performance in infants with hypoxic-

ischaemic encephalopathy treated with hypothermia

4.1 Introduction

In Chapter 3 FA values in the WM, obtained in the neonatal period and assessed by
TBSS, correlated with subsequent neurodevelopmental performance in a group of
infants with HIE who underwent hypothermic neuroprotection. TBSS is a statistically
powerful method for whole-brain voxelwise investigation of WM and offers the
advantage of removing errors due to partial volume effects where perfect alignment of
individual images is challenging (Smith et al. 2006), however it is not suitable for
investigating some cerebral structures often affected in infants with HIE. Due to
selective vulnerability of distinct populations of neuronal cells (Black et al. 1995),
term infants demonstrate a predilection for injury to the deep grey matter following a
hypoxic-ischaemic insult (Rutherford 2002; McQuillen et al. 2003; McQuillen and
Ferriero, 2004; Miller et al. 2005; Martinez-Biarge et al. 2010, 2012). In this chapter,

cortical and deep grey matter structures will be assessed using DTTI.

In the WM, the direction of greatest diffusion correlates with the mean longitudinal
direction of axons (Pierpaoli and Basser 1996; Hiippi et al. 1998; Neil et al. 1998;
Peled et al. 1998), it is anisotropic and can be quantified with FA. However, at the
resolution available to clinical MR systems diffusion in grey matter is relatively

isotropic, FA is low hence it is not such a useful measure of injury (Shimony et al.
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1999). In the cerebral grey matter apparent diffusivity is largely independent of tissue
orientation, therefore MD characterizes its diffusional properties sufficiently
(Pierpaoli and Basser 1996; Helenius et al. 2002; Benedetti et al. 2006). MD
quantifies the overall magnitude of diffusion by providing average spatial information
without indicating preferential direction. MD is affected by cellular size, shape and
integrity (Pierpaoli and Basser 1996), decreases with increasing tissue barriers, such
as cell membranes and myelin sheath (Basser et al. 2000), and increases in lesions

with oedema, demyelination and axonal loss (Pierpaoli et al. 1993).

The isotropic model of diffusion detects structural changes in the grey matter
associated with normal brain development (Toft et al. 1996; Mukherjee et al. 2002;
Huppi and Dubois 2006; Bartha et al. 2007; Ball et al. 2013), healthy aging
(Chiapponi et al. 2013) and different neuropathologies (Helenius et al. 2002;
Benedetti et al. 2006; Neuner et al. 2011), including HIE (Wolf et al. 2001;
Rutherford et al. 2004; Boichot et al. 2006; Ward et al. 2006; Malik et al. 2007;
Vermeulen et al. 2008; Liauw et al. 2009; Brissaud et al. 2010; Massaro et al. 2010;
Alderliesten et al. 2011; Artzi et al. 2011; Bonifacio et al. 2012; Ancora et al. 2013;
Gano et al. 2013; Thakur et al. 2013). In animal models of HIE decreased MD values
correlated with swollen astrocytes immediately (Li et al. 2002); and disintegrated
astrocytes (Thornton et al. 1997) with reduced staining of axonal filaments within few

hours after a hypoxic-ischaemic injury (Tuor et al. 1998).

Diffusion parameters of cortical and deep grey matter can be analysed by determining
diffusion metrics within manually delineated ROIs. This form of analysis is suited for

studies of individual patients that require quantitative assessment of diffusion
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parameters in a clinically relevant time frame or assessment of a particular brain
region. However, ROI analysis is prone to operator-dependent bias particularly, when

brain anatomy is affected by pathology (Seo et al. 2013).

Automated segmentation methods overcome some of these limitations, when ROIs
are defined by mapping the anatomical information from a brain atlas onto the
individual subject’s brain. Underpinning this mapping procedure are registration
algorithms, which align the anatomy of the atlas with the individual subject’s brain to
propagate label information (Cabezas et al. 2011). Automatic segmentation of the
neonatal brain is challenging due to inverted grey/WM contrast, largely unmyelinated
WM around term age, high intra-class signal intensity variability and lower signal to
noise ratio. However, dedicated age-specific neonatal brain atlases improve the
accuracy of automated segmentation (Xue et al. 2007; Kuklisova-Murgasova et al.

2011; Serag et al. 2012).

4.2 Aim
The aim of this study was to test the hypothesis that in infants with hypoxic-ischaemic
encephalopathy treated with therapeutic hypothermia mean diffusivity in cortical and

deep grey matter correlates to developmental quotient.

The secondary aim was to quantify the ability of fractional anisotropy and mean
diffusivity, determined within grey and white matter tissue labels, to estimate
neurodevelopmental performance following hypoxic-ischaemic encephalopathy

treated with hypothermia.
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4.3 Methods
The Hammersmith and Queen Charlotte’s and Chelsea Hospital Research Ethics
Committee granted ethical permission for this study. Written parental consent was

obtained for each infant prior to scanning.

4.3.1 Subjects

Term infants (>36 weeks at birth) with HIE who received hypothermic
neuroprotection were enrolled into this study, who had a brain MRI scan with good
quality T2 and DTI data in 32 noncollinear directions within 3 weeks of birth and who
were assessed with the GMDS (Huntley 1996) at least at 12 months of age.
Demographic data and details of perinatal history were collected from the hospital

notes. Of note 32 subjects were also included in the TBSS study in Chapter 3.

Infants who were born at less than 36 weeks, had not been treated with hypothermia
within 6 hours after birth, were diagnosed with congenital or chromosomal
abnormality, did not have a brain MRI scan with good quality DTI data in 32
noncollinear directions within 3 weeks of birth, or were not assessed using the
GMDS, including those who died or were severely disabled that such a test could not

be performed were excluded from the analysis.

4.3.3 Neurodevelopmental assessment
Outcome data were collected from hospital notes and clinic letters for each subject.
Most infants attended the follow-up clinic at Queen Charlotte’s and Chelsea Hospital.

For the few infants only seen at other hospitals, the information was obtained from
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their local paediatric neurodevelopmental team. Subjects were assessed at least at 12

months of age using the GMDS to evaluate neurodevelopment objectively.

To determine MD/FA cutoff values to estimate outcome subjects were allocated into
two groups: (i) those with a favourable and (ii) those with an unfavourable outcome.
Unfavourable outcome was pre-specified as the presence of at least one of the
following: 1. DQ of two or more SDs below the mean on GMDS (<76) (Ivens and
Martin 2002); 2. GMFCS level III-V; or 3. Bilateral cortical visual impairment with

no useful vision.

4.3.2 Magnetic resonance imaging

Infants were sedated prior to scanning using oral chloral hydrate unless sedative drugs
were already administered for clinical reasons. Intensive care, including ventilation
and inotropic support, was provided during the scan as required. All infants were first
assessed to be clinically safe for scanning by a paediatrician. Metal check was
performed before scanning as per local guidelines. Physiological parameters including
heart rate, oxygen saturations and temperature were monitored throughout the scan.
Hearing protection was used for each infant, compromising individually moulded
earplugs using silicone-based dental putty (President Putty, Coltene/Whaledent,
Mahwah, NJ) placed into the external ear, and neonatal earmuffs (Natus MiniMuffs;
Natus Medical Inc, San Carlos, CA). All examinations were supervised by a

paediatrician experienced in MRI procedures.

MRI was performed on a 3 Tesla Philips Achieva MRI system (Best, Netherlands),

with maximum gradient strength of 62 mT/m on each independent axis and slew rate
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of 100 mT/m/ms on each axis, using an eight-channel phased array head coil. Three
dimensions MPRAGE (TR: 17 ms; TE: 4.6 ms; flip angle: 13°; slice thickness: 8 mm;
field of view: 210 mm; matrix: 256x256 (voxel size: 0.82x0.82x0.82)) and high-
resolution T2 weighted fast spin echo images (TR: 8670 ms; TE: 160 ms; flip angle
90°; slice thickness 1 mm; field-of-view: 220 mm; matrix: 256 x 256 (voxel size:
0.86 x 0.86 x 1)) were acquired for clinical evaluation and registration purposes.
Single shot echo planar DTI was acquired in 32 noncollinear directions (TR: 8000 ms,
TE: 49 ms, slice thickness: 2 mm, field of view: 224 mm, matrix: 128x128, voxel
size: 1.75x1.75x2 mm?, b value: 750 s/mm?). The DTI data was acquired with a sense
factor of 2 and the scanning time for this sequence was 6 minutes. A perinatal

radiologist reviewed the images.

4.3.4 Overview of image analysis pipeline

Each step of the image analysis pipeline (Figure 4.1) will be discussed in details in the
next paragraphs. Atlas-based (Serag et al. 2012) automatic segmentation of the T2
weighted images was performed based on tissue type (Makropoulos et al. 2012). Of
the segmented T2 weighted image 3 tissue labels (cortex, thalami, WM) were
generated in each infant’s native T2 space. Tissue labels were propagated to diffusion
space through multiple registration steps. MD and FA values were then determined
within each tissue label for each infant. Statistical analysis included linear regression
to test the correlation between DQ and FA/MD in grey matter. Then the ability of FA
and MD, determined within tissue labels, to estimate unfavourable outcome was
quantified by calculating the area under the receiver operating characteristic (ROC)

curve (AUC).
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Segmentation of T, weighted images

4
Generation of tissue labels in T, space

4

Propagation of tissue labels to diffusion space

4

Calculation of MD and FA values within each tissue label

4

Statistical analysis

Figure 4.1: Overview of image analysis pipeline. Abbreviations: FA — fractional

anisotropy, MD — mean diffusivity

4.3.5 Preprocessing of diffusion tensor imaging data

DTI data was analysed offline using tools implemented in FSL as previously
described (www.fmrib.ox.ac.uk/fsl) (Jenkinson et al. 2004; Smith et al. 2004). Images
were brain extracted to remove all extra-cerebral tissue using BET version 2.1 (Smith
2002). Each infant's diffusion tensor images were registered to their image acquired
without diffusion weighting using affine transformation to minimise spatial
distortions due to eddy currents using FSL FDT’s Eddy Current Correction tool
(Jenkinson et al. 2004; Smith et al. 2004). Diffusion tensors were calculated
voxelwise, using a simple least squares fit of the tensor model to the diffusion data.
From this, the tensor eigenvalues describing the diffusion strength in the primary,
secondary and tertiary diffusion directions, and FA and MD maps were calculated

(Behrens et al. 2003).
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4.3.6 Preprocessing of T2 weighted data
Conventional MR data was preprocessed and analysed using tools implemented in
FSL (www.fmrib.ox.ac.uk/fsl) (Jenkinson et al. 2004; Smith et al. 2004) and IRTK

(Rueckert et al. 1999; Studholme et al. 1999; Schnabel et al. 2001).

T2 weighted images were skull stripped with FSL’s BET version 2.1 (Smith 2002).
As tissue segmentation approaches rely on assumptions regarding the shape of the
underlying distribution of signal intensities of various tissue types the raw T2
weighted datasets were intensity normalised and corrected for bias field
inhomogeneity (van Leemput et al. 2001; Dugas-Phocion et al. 2004; Xue et al.

2007).

4.3.7 Atlas-based automatic brain segmentation

A spatiotemporal non-rigid neonatal atlas was used to propagate age-specific
probabilistic tissue priors to each infant’s T2 space (Serag et al. 2012). A
corresponding atlas template according to age was aligned to each subject’s T2
weighted image using rigid, affine and nonlinear transformations with IRTK
(Rueckert et al. 1999; Studholme et al. 1999; Schnabel et al. 2001). Tissue labels were
then propagated to the subject’s native T2 space with the inverse nonlinear
transformation of the template to T2 registration (Makropoulos et al. 2012). Of the
segmented T2 weighted image, 3 tissue labels, including the cortex, thalami and WM,
were generated in each infant’s native T2 space. Tissue labels for each individual

were visually checked and manually corrected where necessary.
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4.3.8 Propagation of tissue labels to diffusion space

Tissue labels were spatially transformed to the diffusion space through multiple
registration steps. The diffusion space image acquired without diffusion weighting
(BO) of each individual was aligned to the corresponding T2 weighted structural
image through rigid, linear and nonlinear transformations with IRTK (Rueckert et al.
1999; Studholme et al. 1999; Schnabel et al. 2001). The inverse nonlinear
transformation matrix was used to propagate tissue labels from T2 to diffusion space.
Tissue labels overlaid on the BO image were visually checked and manually corrected

where necessary (Figure 4.2).

Diffusion space

Rigid
Linear

Nonlinear Inverse nonlinear

T2 space

Figure 4.2: Propagation of tissue labels from T2 to diffusion space. A: Diffusion to
12 transformation through rigid, linear and nonlinear steps. B: Propagation of T2-
space tissue labels by applying the inverse nonlinear diffusion to T2 transformation
matrix.
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4.3.9 Correlation between diffusion measures and neurodevelopmental
performance scores

FA and MD values were determined for each subject within each tissue label.

Linear regression was performed to assess the correlation between DQ and FA and
MD. For each infant within each tissue label FA and MD values were plotted against
DQ using SPSS (IBM SPSS version 22). As MD changes with increasing PMA and
also pseudonormalises following a hypoxic-ischaemic insult, MD values were
adjusted for both PMA and days of birth at scan. Although, FA does not
pseudonormalise, it changes with increasing PMA. For consistency FA values were

also corrected for PMA and days of birth at scan.

Hypothesis testing was corrected for multiple comparisons considering 3 tissue labels

and p<0.016 was considered significant.

An exploratory analysis was performed to assess the correlation between the subscale
scores of the GMDS and FA and MD determined within each tissue label. The results
of the exploratory analysis were corrected for multiple comparisons considering 3
tissue labels and 6 developmental outcome scores and p<0.003 was considered

significant.
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4.3.10 Receiver operating characteristic analysis

Following the linear regression infants were divided into two groups, those with a
favourable and an unfavourable outcome to perform ROC analysis with SPSS (IBM
SPSS version 22). Area under the ROC curve was used to quantify the ability of FA
and MD, obtained within grey and WM tissue labels, to estimate unfavourable
outcome. MD and FA cutoff values to estimate unfavourable outcome were

determined.
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4.4 Results
4.4.1 Subjects
Patient flow of this study is shown on Figure 4.3. The clinical characteristics of the

infants are shown in Table 4.1.

A total of 121 infants with HIE received therapeutic hypothermia at Queen
Charlotte’s and Chelsea Hospital between 2007 and 2011. Of the 121 infants 27 did
not have a brain MRI scan. Of these, outcome data was available for 12 subjects.
Eleven infants died. One child assessed with the GMDS at 24 months achieved scores

within normal range for age.

Of the 94 infants, who undewent a brain MRI in the neonatal period, 11 had no
outcome available. Of these 11 infants 4 were not eligible to be enrolled into the study
for the following reasons: n=1 less than 36 weeks at birth; n=2 abnormal
chromosomes (Trisomy 21 n=I; abnormal chromosome 13 n=1); n=1 DTI data

acquired in 15 noncollinear directions.

Until 2013 outcome data was available for 83 infants who underwent hypothermia for

HIE and a brain MRI scan during the neonatal period.

GMDS was not performed in 31 of the 83 infants for the following reasons. Fifteen
infants died. Of these 15 infants 6 were not eligible for the study for the following
reasons: n= 1 less than 36 weeks at birth, n=2 DTI acquired in 15 noncollinear

directions, n=1 incomplete DTI data, n=2 post-mortem MRI.
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Eleven children developed severe disability and could not be assessed with the
GMDS. Of these 11 children 7 had global developmental delay and cerebral palsy
with GMFCS level III-V (spastic n=2; dystonic n=3; spastic dystonic n=1; athetoid
n=1). One child had right hemiplegia GMFCS level II with cognitive delay. Three
children developed severe cognitive delay with microcephaly, but without significant
motor problems. However, of these 11 children 9 were not eligible to be enrolled into
the study for the follwoing reasons: n=7 DTI in 15 noncollinear directions, n=1
cooling started at more than 6 hours of age, n=1 treated for fibrosarcoma following

the neonatal period.

Three children seen at the neonatal follow-up clinic were not assessed with the
GMDS. One of them attained the maximum optimality score for neurologic
examination (Haataja et al. 1999, 2001). A further 2 children were seen by a neonatal
consultant but did not have a formal neurodevelopmental assessment. They were
deemed by the consultant to have normal neurodevelopment based on physical
examination. Two children were assessed using the Bayleys Scale of Infant
Development (Bayley 1966) and achieved scores within normal range for age.
However, these 5 infants were more than 21 days old at the time of the MRI and

therefore were not eligible for this study.

Fifty-two children were assessed with the GMDS at a median (range) age of 22.7 (6-
35.5) months until 2013. Seven of the 52 children were excluded for the following
reasons: n=1 DTI data acquired in 15 directions; n=3 more than 21 days old at the

time the MRI; n=1 less than 36 weeks at birth; n=2 follow-up at less than 12 months
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of age. A further 5 children were excluded for whom at least 2 of the subscales of the

GMDS could not be scored.

Excluded subjects had significantly lower Apgar scores at 5 minutes. There was no

significant difference in any other clinical characteristics.

| n=121 infants with HIE treated with hypothermia (2007-2011)

! !

| =27 no MRI | | =94 MRI |

| n=12 outcome | I n=15 no outcome | I n=#3 outcome | n=11 no outcome

P N ’ ~
|n=t1died |{n-1GMDS | n=31 no GMDS

Excluded
n=1 DTI in 15 directions

n=11 global developmental delay

3 MRI =21 days | | n=7 DTl in 15 directions |

I

| n=1 cooling started =6 hours |

| n=1 fibrosarcoma |

n=2 GMDS at dmonths

| n=1 = 36 weeks at birth

n=5 not all subscales scored n=15 died

n=2 DTI in 15 directions |

|
| n=1 =36 weeks at birth |
|

n=2 post-mortem scan |

[ n=1 incomplete DTI

n=5 adequate development

Figure 4.3: Consort diagram of patients. Abbraviations: HIE — hypoxic-ischaemic
encephalopathy;, MRI — magnetic resonance imaging, GMDS — Griffiths Mental

Developmental Scales; DTI — diffusion tensor imaging
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Clinical characteristics

Total (n=121)

Total MRI (n=94)

GMDS (n=40)

Excluded (n=81)

Postmenstrual age at birth ?

3974 (35%0-4273)

39%4(3570-42"3)

39+5 (36+4 _ 42+3)

39 (3540 — 4172)

Postmenstrual age at scan ? N/A 4171 (36™-47%9) 4075 (37M4-4314) 4172 (36™-47%9)
Postnatal days at scan? N/A 6 (3-67) 7 (3-20) 6 (3-67)
Gender male (n) 72 60 29 43

Birth weight (kg) ? 3.28 (1.96-5.83) | 3.22(1.96-5.30) 3.22(2.15-4.12) | 3.30(1.96-5.83)
Apgar score at 1 min 2 1(0-7) 1 (0-6) 2 (0-5) 1 (0-7)
Apgar score at 5 min 2 3 (0-9) 3 (0-9) 4 (0-8) 3 (0-9)
Apgar score at 10 min 2 5(0-9) 5(0-10) 5(0-9) 4 (0-9)

pH within 1 hour of birth ?

6.92 (6.54-7.39)

6.96 (6.54-7.39)

6.97 (6.54-7.39)

6.90 (6.58-7.30)

Base deficit within 1 hour of birth 2

16.64 (3-31.6)

15.50 (3.00-31.60)

15.39 (6.80-25.40)

17.43 (5.30-31.60)

* median (range)

Table 4.1: Clinical characteristics of the study infants.

4.4.2 Neurodevelopmental performance

Of the 40 children assessed using the GMDS 7 developed an unfavourable outcome.

One of these subjects had significant language delay, 2 had hearing impairment, one

of them had hearing aid. One child had astigmatism, left squint with long-sightedness.

The mean+=SD DQ was 91420 and the mean+SD quotients for the sub-scales were as

follows: locomotor 93+23, personal-social 100£25, hearing and language 85426, eye

and hand coordination 89+21; and performance 89+18.
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4.4.3 Correlation between diffusion measures and neurodevelopmental
performance

Following correction for multiple comparisons, PMA and days of birth at scan a
significant correlation was found between DQ and MD determined within thalamic
and cortical tissue labels (p=0.0002 and p=0.005 respectively). However, there was

no correlation between DQ and FA in the thalami and cortex.

In an exploratory analysis significant linear correlation was found between MD in the
thalami and locomotor (p=0.0005), personal-social (p=0.0002), eye-hand coordination
(p=0.0002) and performance (p=0.002) scores after correction for multiple
comparisons, PMA and days of birth at scan. However, FA in the thalami did not
correlate to any of the subscale scores. Following correction for multiple comparisons
no correlation was found between MD/FA in the cortex and any of the subscale scores

of the GMDS.

FA values within WM tissue labels significantly correlated to DQ (p=0.0002) after
correction for multiple comparisons, PMA and days of birth at scan. In an exploratory
analysis a significant linear correlation was found between FA values in the WM and
locomotor (p=0.0029), personal-social (p=0.0002), hearing and language (p=0.0001)
and eye-hand coordination scores (p=0.0020). However, no correlation was found

between MD in the WM and DQ or any other subscale scores (Table 4.2; Figure 4.4).
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Thalami Cortex White matter

p R? p R? p R?

DQ FA 0.0162 | 0.079 | 0.0876 | 0.025 | 0.0002 | 0.224

MD | 0.0002 | 0.223 | 0.0050 | 0.057 | 0.0415 | 0.081

A FA 0.0114 | 0.101 | 0.1352 | 0.017 | 0.0029 | 0.137

MD | 0.0005 | 0.203 | 0.0940 | 0.004 | 0.1344 | 0.030

B FA | 0.09495| 0.018 [ 0.1757 | 0.006 | 0.0002 | 0.231

MD | 0.0002 | 0.195 | 0.0061 | 0.041 | 0.0050 | 0.163

C FA 0.0350 | 0.057 | 0.0580 | 0.043 | 0.0001 | 0.262

MD | 0.0058 | 0.099 | 0.0030 | 0.101 | 0.0150 | 0.121

D FA 0.0264 | 0.063 | 0.0757 | 0.031 | 0.0020 | 0.146

MD | 0.0002 | 0.206 | 0.0084 | 0.050 | 0.090 | 0.048

E FA 0.0174 | 0.080 | 0.2127 | 0.042 | 0.020 | 0.065

MD | 0.0016 | 0.145 | 0.0135| 0.006 | 0.4742 -

Table 4.2: Correlation between diffusion measures and subscale scores within
each region of interest. P values are displayed without correction for multiple
comparisons. A — locomotor, B — personal-social, C — hearing and language, D — eye-
hand coordination, DQ — developmental quotient, E — performance score, FA —

fractional anisotropy, MD — mean diffusivity

4.4.4 Receiver operating characteristic analysis
A significant area under the ROC curve was demonstrated for MD in grey matter and
FA in WM to estimate unfavourable outcome. FA within WM tissue labels showed

the largest AUC (Figure 4.4, Table 4.3).
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Figure 4.4: Graphs showing correlation between diffusion measures and
developmental quotient. Following correction for multiple comparisons significant
linear correlation was found between A: fractional anisotropy (FA) in the white
matter and developmental quotient (DQ) (R°=0.224), B: area under the curve
(AUC)=0.859; C: mean diffusivity (MD) in the thalami and DQ (R*=0.223), D:
AUC=0.775; E: MD in the cortex and DQ (R’=0.057), F: AUC=0.803 Key: White
matter FA || PMA & days at scan = residuals of white matter FA given the model;
DQ || PMA & days at scan = residuals of DQ given the model; Thalamus MD || PMA
& days at scan = residuals of thalamus MD given the model; Cortex MD || PMA &

days at scan = residuals of cortex MD given the model. PMA — postmenstrual age.

AUC SE Significance 95% CI
White matter FA | 0.859 0.057 0.000 0.747-0.970
Thalami MD 0.775 0.077 0.003 0.625-0.926
Cortex MD 0.803 0.069 0.001 0.667-0.939

Table 4.3: Results of the receiver operating characteristic analysis. Abbreviations:

AUC — area under the curve, CI — confidence interval, FA — fractional anisotropy,

MD — mean diffusivity, SE — standard error.

Sensitivity, specificity, PPV and NPV for FA and MD cutoff values to estimate

unfavourable outcome are shown in Table 4.4.
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White matter FA| Sensitivity | 95% CI | Specificity | 95% CI | PPV | NPV
0.155 72 0.52-0.87 78 0.55-091 | 88 | 70
0.157 73 0.52-0.87 83 0.61-0.94 | 84 | 71
0.161 68 0.47-0.84 89 0.67-0.97 | 88 | 70

Thalami MD
1029.7 59 0.39-0.77 89 0.67-0.97 | 87 | 64
1071.8 77 0.57-0.9 72 0.49-0.88 | 77 | 72
1074.5 82 0.62-0.93 61 0.39-0.80 | 72 | 73

Cortex MD
1193.5 63 0.43-0.80 83 0.61-0.94 | 82 | 65
1197.2 73 0.52-0.87 78 0.55-091 | 80 | 70
1202.1 77 0.57-0.9 72 0.49-0.88 | 77 | 72

Table 4.4: Sensitivity, specificity, positive predictive value (PPV) and negative
predictive value (NPV) for different white matter fractional anisotropy (FA),
thalami and cortex mean diffusivity (MD) [10°mm?%/sec] cutoff values. CI —

confidence intervals.
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4.5. Discussion

Due to selective vulnerability (McQuillen et al 2003; McQuillen and Ferriero 2004)
neuronal cells in the deep grey matter are highly susceptible to excitotoxicty (Vexler
and Ferriero 2001), probably as a consequence of high concentration of EAA

receptors in term infants (Black et al. 1995).

In this chapter the grey matter was assessed using DTI. Diffusion MRI has been
applied to study brain injury in term neonates following a hypoxic-ischaemic event
using both an ROI approach (Wolf et al. 2001; Boichot et al. 2006; Vermeulen et al.
2008; Liauw et al. 2009; Twomey et al. 2010; Alderliesten et al. 2011; Ancora et al.
2013) and TBSS (Porter et al. 2010; Gao et al. 2012; Lally et al. 2014). However,
there have been relatively few studies investigating the correlation between diffusion
measures and neurodevelopmental performance scores following HIE (Malik et al.

2007; Hunt et al. 2004).

In this chapter correlation between diffusion measures, including FA and MD in grey
matter and early neurodevelopmental performance as assessed with the GMDS
(Huntley 1996) was tested. Each scale of the GMDS was devised to measure one
developmental aspect as completely as possible (Griffiths 1970). However, each
subscale shows a moderately high correlation with the DQ suggesting a common
factor of general developmental abilities or a latent variable within each subscale
(Luiz et al. 1999). Therefore in the present study hypothesis testing was limited to
assess the correlation between DQ and FA and MD. The analysis of correlation

between subscale scores and diffusion measures was exploratory.
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A significant correlation was demonstrated between MD in the grey matter and DQ at
2 years of age as assessed with the GMDS (Huntley 1996). However, no correlation
was found between FA in grey matter structures and DQ. This is consistent with
previous observations that showed MD to be a more suitable parameter for evaluation
of microstructural damage to the grey matter, where there is less cyto-architectural
directionality at the resolution of DTI acquisition (Alexander et al. 2007). Decreased
MD following a hypoxic-ischaemic insult is due to a failure of the sodium/potassium
ATPase pump that leads to sodium, calcium, and water influx from the extracellular
space to the intracellular compartment (Sotak 2002). Such changes observed on
diffusion MRI of infants with HIE corresponded to intracellular cytotoxic oedema,
neuronal degeneration, necrosis, apoptosis, and gliosis on histopathology (Roelants-

Van Rijn et al. 2001).

However, the utility of MD is limited due to pseudonormalisation (Wolf et al. 2001;
McKinstry et al. 2002; Hunt et al. 2004; Rutherford et al. 2004; Boichot et al. 2006;
Winter et al. 2007; Liauw et al. 2009), hence postnatal age at scanning must be taken
into account. Furthermore, hypothermia delays pseudonormalisation, which takes
place at approximately 12 days in infants who underwent cooling (Bednarek et al.
2012) in contrast to 8 to 10 days in infants who did not receive hypothermia (Wolf et
al. 2001; McKinstry et al. 2002; Hunt et al. 2004; Rutherford et al. 2004; Boichot et
al. 2006; Winter et al. 2007; Liauw et al. 2009). Although three patients in the present
study were scanned at more than 12 days, statistical analyses of MD values were

corrected for not only PMA but also postnatal age in days at the time of the scan.
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Although FA changes with increasing PMA (Wimberger et al 1995; Huppi et al 1998;
Neil et al 1998; Klingberg et al 1999; Hermoye et al 2006), it does not
pseudonormalise following a hypoxic-ischaemic insult (Ward et al. 2006; Malik et al.
2007). In previous ROI studies FA was predictive of outcome following HIE (Malik
et al. 2007; Ancora et al. 2013) and in Chapter 3 FA, analysed with TBSS, correlated
to neurodevelopmental performance scores in infants who underwent hypothermia.
However, TBSS is not suitable for evaluating grey matter. To quantify the predictive
value of diffusion measures obtained in grey and WM, in this chapter the WM was
assessed using the tissue label segmentation approach. FA obtained within WM tissue
labels showed a larger AUC to estimate unfavourable outcome, than MD in grey
matter structures. This is in line with a recent study where of the diffusion measures

FA in fronto-parietal WM was the most accurate predictor of outcome (Ancora et al.

2013).

Although normal values for diffusion parameters obtained in healthy neonates have
been published (Huppi et al. 1998; Tanner et al. 2000; Forbes et al. 2002; Mukherjee
et al. 2002; Miller et al. 2003; Rutherford et al. 2004; Bartha et al. 2007) and cutoff
values have been determined to predict prognosis in a single subject with HIE
(Rutherford et al. 2004; Ward et al. 2006; Winter et al. 2007; Ancora et a. 2013),
direct comparison of studies is challenging, especially in case of rotationally variant
diffusion measures that depend on the scanner and the scanning parameters (Nomura

et al 1994; Takeda et al 1997).

ROIs were manually drawn in most of the previous studies (Wolf et al. 2001; Boichot

et al. 2006; Ward et al. 2006; Vermulen et al. 2008; Liauw et al. 2009; Twomey et al.
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2010; Alderliesten et al. 2011). However, in a recent study objective placement of
ROIs was achieved by co-registering individual BO images to create a study-specific
template. ROIs were then generated in the study-specific template space and

subsequently projected back to each subject’s diffusion space (Ancora et al. 2013).

In the present study a fully automated segmentation method was applied that has been
specified for the neonatal brain (Kuklisova-Murgasova et al. 2011; Makropoulos et al.
2012; Serag et al. 2012). Tissue labels have been propagated from an age-specific
probabilistic neonatal atlas to each subject’s native T2 and then to diffusion space.
However, due to propagation of tissue labels from high to low resolution partial
volume effects, especially at boundaries of CSF and cortex, and cortex and WM, may
significantly influence the accuracy of diffusion measurements (Falconer et al. 1997;
Zacharopoulos et al. 1998; Hirsch et al. 1999; Shimony et al. 1999). Furthermore,
distribution of diffusion parameters is non-uniform within brain structures; hence the

measured values within tissue labels might have been averaged out.

TBSS overcomes some of these limitations. By constraining the analysis to the centre
of the WM tracts it avoids errors due to partial volume effects and the disadvantage of
averaged out measurements (Smith et al. 2006). The results of an ROI and voxelwise
study might be different even within the same population due to intra- and inter-
observer differences in placement and size of ROIs, or the smoothing step introduced
in the voxelwise methods (Schmithorst et a. 2002). However, in this thesis a
significant linear correlation was found between DQ and FA values in the WM

obtained both within tissue labels and in the centre of the tracts.
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The potential bias introduced by excluding more than half of the subjects is an
important limitation to this study. Excluded infants had a significantly lower Apgar
score at 5 minutes. However, the Apgar score is a measure of the infant’s condition at
birth that incorporates subjective components. Furthermore, the Apgar score at 5
minutes correlates poorly with future neurologic outcome in term infants (Casey et al.

2001; Moster et al. 2001).

Twenty percent of the subjects did not have a brain MRI. Notably, the rate of death
was more than twice in this group of infants than amongst those who underwent
imaging in the neonatal period. Although MRI is safe, the procedure might be
burdening to critically ill neonates if not performed under optimal circumstances. The
indication and timing of the scan must be planned carefully, considering the clinical
condition of the infant, and safety during sedation, transport and scanning (van

Wezel-Meijler et al. 2009).

Furthermore as opposed to the survivors who were imaged at a median age of 7 days,
infants who died after undergoing MRI were imaged at a median age of 5 days. Most
of these infants died following redirection of care in the neonatal period and
meanwhile early imaging may have reinforced the clinicians’ perception about the
probable outcome, these infants demonstrated a more acute pattern of injury involving

the whole brain.

Children with cerebral palsy were deemed to have too severe developmental
impairment to be assessed with the GMDS (Huntley 1996) and were excluded from

the primary analysis. The use of standard measures of intelligence for assessing
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children with cerebral palsy poses challenges (Goldkamp 1984; Scheiman 1984;
Gangliardi et al. 2013), as the link between limitations in motor domain and
neurophysiological skills is not straightforward (Nordmark et al. 2001; Pirila et al.
2004). However, intelligence quotient of survivors with severe cerebral palsy
following HIE was estimated to be as low as 48 at 8 years of age (Robertson et al.

1989).

Since the TBSS study (Chapter 3) has been completed outcome data using the GMDS
(Huntley 1996) became available for a further 13 children. However, 5 subjects were
excluded from the present analysis, because not all subscales of the GMDS could be
scored at 24 months of age. This might have been due to short attention spells, which
was documented in their clinic letter. Survivors of HIE, even in the absence of
cerebral palsy, might be at increased risk of later behavioural, memory and cognitive
problems (Lindstorm et al. 2009; van Kooij et al. 2010), hence long-term follow-up of

such children is crucial (de Vries and Jongmans 2010).

In summary, diffusion MRI is a suitable method to assess tissue injury following HIE
both in the grey and WM. MD in grey matter and FA in WM correlate to subsequent
neurodevelopmental performance scores. This data suggest that both FA and MD
might be used as a biomarker of outcome in infants with HIE treated who received
therapeutic hypothermia. However, DTI does not provide information on functional
consequences of a hypoxic-ischaemic insult, therefore in the next chapter resting state

fMRI will be used to study changes in functional connectivity in infants with HIE.
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Chapter 5

Altered functional connectivity in infants with hypoxic-

ischaemic encephalopathy

5.1 Introduction

In previous chapters, DTI was used to characterize the impact of a hypoxic-ischaemic
insult on cerebral white and grey matter and to relate these findings to subsequent
outcome using voxelwise and tissue segmentation approaches in infants who
underwent hypothermia for HIE. However, the predictive power of diffusion MRI
techniques is somewhat limited owing to the complex relationship between cerebral
structure and function. Functional MRI is ideally suited to study functional

consequences of perinatal brain injury (Seigher and Huppi 2010).

Task-driven fMRI was applied in infants with brain injury (Born et al. 2000; Sie et al.
2001; Seigher and Huppi 2010). In these studies, absence of activation and abnormal
functional laterality were considered to be markers of altered brain function.
However, in healthy infants both positive and negative BOLD responses to
stimulation have been detected (Yamada et al. 1997; 2000; Born et al. 1998; 2000;
2002; Martin et al. 1999; Souweidane et al. 1999; Morita et al. 2000; Altman et al.
2001; Anderson et al. 2001; Dehaene-Lambertz et al. 2002; Konishi et al. 2002;
Muramoto et al. 2002; Erberich et al. 2003; 2006; Marcar et al. 2004; Arichi et al.
2010, 2012), therefore altered BOLD signal, as a marker of abnormal brain function,

should be interpreted with caution. Furthermore, lack of subject cooperation limits
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task-driven fMRI studies in infants. Collecting data during rest is therefore ideally

suited for neonates with or without brain injury.

Resting state fMRI measures neural activity indirectly by assessing spontaneous,
coherent, low frequency fluctuations in BOLD signal within widely distributed brain
regions that together constitute RSNs (Beckmann et al. 2005; Fox et al. 2005; Smith
et al. 2009). Spontaneous brain activity consumes the vast majority of cerebral energy
resources therefore provides a rich source of disease-related signal changes and also
makes studying multiple cortical systems at the same time possible (Fox et al. 2010).
Moreover, results of previous resting state fMRI studies in healthy term (Fransson et
al. 2009) and preterm infants (Doria et al. 2010; Smyser et al. 2010) provide a
reference for comparison. Longitudinal studies suggest that the degree of correlation
between the BOLD signal timeseries in distinct brain regions in preterm infants up to
4 years of age is similar to that of healthy term born neonates (Lee et al. 2013). An
area of considerable interest is to understand the effects of neonatal brain injury. A
single study in preterm infants with moderate-severe WM injury demonstrated
disruptions to both long and short-range functional connectivity, with the ipsilesional

hemisphere being the most affected (Smyser et al. 2013).

Structural and metabolic changes of the brain related to HIE have been studied

extensively, however to date there have been no studies assessing the effect of a

hypoxic-ischaemic insult on functional connectivity in neonates.
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5.2 Aim

The aim of this study was to assess functional resting state networks in infants with
hypoxic-ischaemic encephalopathy who underwent hypothermia and in healthy
control neonates to test the hypothesis that functional connectivity is altered following

hypoxic-ischaemic encephalopathy treated with hypothermia.

5.3 Methods
The Hammersmith and Queen Charlotte’s and Chelsea Hospital Research Ethics
Committee granted ethical permission for this study. Written parental consent was

obtained for each infant before scanning.

5.3.1 Subjects

Two groups of infants were enrolled, infants with HIE who received therapeutic
cooling and healthy term neonates. Infants were born at or after 36 weeks gestation
and underwent brain MRI with good quality of resting state fMRI data within 5 weeks

of birth.

Infants in the HIE group received therapeutic hypothermia at Queen Charlotte’s and

Chelsea Hospital, without additional neuroprotective therapies.

Infants enrolled as healthy term controls were born in good condition following an
unremarkable pregnancy, did not require resuscitation and had an uneventful neonatal
period up to the time of the scan. Only infants with no cerebral abnormalities detected

on visual analysis of brain MRI were enrolled as healthy controls.
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To avoid bias, resting state data of a separate group of healthy infants was used to
define reference networks for dual regression. Demographic data of all infants was

collected from hospital notes.

5.3.2 Magnetic resonance imaging

Subjects were sedated prior to the scan using oral chloral hydrate, unless the infant
was already on medication with sedative effect for clinical reasons. Subjects in the
HIE group underwent brain MRI following rewarming for clinical reasons. Term

control infants underwent brain MRI as part of other research studies.

MPRAGE, T2 and DTI sequences were acquired as described in Chapter 3.3.3.
Functional resting state data were obtained with the following parameters: TR 1500
ms, TE 45 ms, in-plane resolution of 2.5 mm?, slice thickness of 3.25 mm, 22 slices,
and 256 total volumes. Acquisition of the functional resting state sequence lasted for

6.5 minutes. A perinatal radiologist reviewed the images of all subjects.

5.3.3 Preprocessing and analysis of diffusion tensor imaging data

Cerebral structural differences between infants with HIE and healthy controls were
assessed with TBSS. DTI data was preprocessed using FSL’s FDT (Behrens et al.
2003). Voxelwise preprocessing of the FA data was carried out with TBSS version
1.1 (Smith et al. 2006) using a protocol that has been modified to improve reliability
for neonatal DTI analysis (Ball et al. 2010). Voxelwise cross-subject statistical
analysis was performed with Randomise version 2.1 to compare FA values of infants
with HIE to those of healthy controls (Smith et al. 2006). The results were corrected

for multiple comparisons by controlling for familywise error rate following threshold
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free cluster enhancement and p<0.05 was considered significant. The results were also

corrected for age at birth and age at scan.

5.3.4 Overview of resting state functional magnetic resonance imaging data
analysis pipeline

Each step of the image analysis pipeline will be discussed in details in the next
paragraphs. Each resting state fMRI dataset was preprocessed. Resting state
functional connectivity was compared between the study groups using a hypothesis-
free data-driven approach, dual regression and a hypothesis-driven method, SBCA. In
a secondary analysis functional connectivity scores were calculated within the HIE

group and correlated with subsequent neurodevelopmental outcome (Figure 5.1).

Preprocessing of fMRI data
4
Group analysis
L L
Seed based correlation analysis Dual regression

L

Functional connectivity scores

Correlation to outcome

Figure 5.1: Overview of fMRI data analysis pipeline.

5.3.5 Preprocessing of resting state functional magnetic resonance imaging data
Resting state data of each subject was visually inspected to assess quality. Datasets
with significant intra- or extra-cerebral haemorrhage, scanner or major motion

artefacts were excluded.
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Resting state data was preprocessed and analysed off-line using tools implemented in

FSL (www.fmrib.ox.ac.uk/fsl) (Smith et al. 2004b). Preprocessing steps were carried

out using Multivariate Exploratory Linear Optimised Decomposition into Independent
Components (MELODIC) version 3.0. Preprocessing steps included correction for
subject movement by applying rigid transformations (6 DOF) of all BOLD contrast
image volumes with Motion Correction using FLIRT (MCFLIRT) (Jenkinson and
Smith 2001; Jenkinson et al. 2002). The middle image volume timeseries was defined
as a reference and all the other volumes were registered onto this reference with affine
registration using FLIRT (Woolrich et al. 2001). Datasets with an estimated absolute
motion greater than 2.5 mm as assessed by MCFLIRT were discarded. All voxels
containing non-brain tissue were excluded, using BET version 2.1 (Smith 2002).
Slice-timing correction was applied to remove temporal drifts from the data. All
volumes of the datasets were spatially smoothed using a Gaussian isotropic filter with
a FWHM of 5 mm. A high pass filter was applied with a cut-off of 200 seconds to
remove noise that is unlikely to be part of the signal. Each individual dataset was
registered to a T2 weighted neonatal template using FLIRT (Woolrich et al. 2001).

The preprocessed filtered functional datasets were used for further analysis.

Nuisance signals were removed from the data by multiple regression before functional
connectivity analyses were performed. The preprocessed resting state data of each
subject was regressed on CSF signal and 6 motion parameters. The average timeseries
of the CSF signal was generated using a mask compromising 3 ROIs manually drawn

in the third and lateral ventricles (Fox et al. 2005). Six motion parameters (around X,

209



Y and Z axes and rotational parameters around 3 axes) were calculated in the motion

correction step using MCFLIRT (Jenkinson et al. 2002).

5.3.6 Group analysis of resting state functional magnetic resonance imaging data
Spontaneous fluctuation of the BOLD signal was compared between infants with HIE
treated with hypothermia and healthy term control neonates using a hypothesis-free
ICA-based (Beckmann and Smith 2004) approach in combination with dual
regression (Beckmann et al. 2009; Filippini et al. 2009), and a hypothesis-driven

method, SBCA (Biswal et al. 1995).

5.3.6.1 Dual regression
Dual regression involved an initial group ICA decomposition of resting state data of a
separate group of healthy term infants (n=8) to define a set of group-average spatial

maps, as reference networks.

The set of spatial maps was used to generate subject-specific versions of the spatial
maps, and associated timeseries, using dual regression (Beckmann et al. 2009;
Filippini et al. 2009). First, for each subject, the group-average spatial maps were
regressed (as spatial regressors in a multiple regression) into the subject's 4-dimension
dataset. This resulted in a set of subject-specific timeseries, one per group-average
spatial map. Next, these timeseries were regressed (as temporal regressors in a
multiple regression) into the same 4-dimension dataset, resulting in a set of subject-
specific spatial maps, one per group-level spatial map. The resulting spatial maps for
each subject were tested for voxelwise between-subject differences using

nonparametric permutation testing with Randomise version 2.1 (Figure 5.2). The
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results were corrected for multiple comparisons by controlling for familywise error
rate following threshold free cluster enhancement and p<0.05 was considered

significant. The results were also corrected for PMA and age in days at scan.

Figure 5.2: Dual regression pipeline. /. First, for each subject, the group-average
spatial map (A) was regressed into the subject's four-dimension dataset (B) resulting
in a subject-specific timeseries (C). Il. Then, the subject-specific timeseries (C) was
regressed into the same four-dimension dataset (B), resulting in a subject-specific
spatial map (D). The spatial maps for each subject were tested for voxelwise between-

subject differences.

5.3.6.2 Seed-based correlation analysis

SBCA is based on the assumption that in resting state data low frequency temporal
fluctuations of the BOLD signal are correlated between functionally connected
regions (Biswal et al. 1995). Based on a priori assumptions about the spatial
localisation of RSN, seed masks were generated on an age-specific neonatal template

(Doria et al. 2010). Seed masks were placed in the left auditory, somatomotor and
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visual cortices to assess the auditory, somatomotor and visual networks. The MPFC
was considered as part of the DMN (Figure 5.3). Statistical maps were then generated
by calculating the correlation of each voxel’s timeseries in the resting state data with
the timeseries of voxels in the seed mask to find temporally consistent RSNs

(Beckmann et al. 2005).

Left Right Left Posterior Anterior

Figure 5.3: Seed regions for seed-based correlation analysis. Seed masks (red) are
overlaid on a term infant template in the transverse (first column), coronal (second
column) and sagittal (third column) views. A: Auditory, B: Somatomotor, C: Visual,

D: Medio-prefrontal cortex seed mask.

Seed masks were propagated from the template to the individual resting state fMRI
space for each subject through multiple registration steps. The neonatal T2 weighted

template was aligned to each subject's preprocessed filtered resting state dataset using
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linear registration as implemented in FLIRT (Jenkinson and Smith 2001; Jenkinson et
al. 2002). Each seed mask was then registered onto the individual preprocessed
resting state dataset using the inverse of the above affine transformation matrix. Using
FSL tools (Smith et al. 2004b), the first eigen timeseries from the seed regions was
extracted. Partial correlation coefficients from the seed regions were then calculated
for all other voxels in the brain. This resulted in one image per subject, reflecting the
correlation between the seed mask and each voxel of the brain. The correlation
coefficients were Fisher’s R to Z transformed (Vincent et al. 2007; Shehzad et al.
2009). Then each individual Z map was spatially transformed to the neonatal template

to perform group analysis.

The individual Z transformed template-space statistical maps were merged.
Randomise version 2.1 was used for voxelwise comparison of the study groups. The
results were corrected for multiple comparisons by controlling for familywise error
rate following threshold free cluster enhancement and p<0.05 was considered

significant. The results were also corrected for PMA and age in days at scan.

An explanatory variable was used to control for possible differences in brain volumes
(Figure 5.4). Individual T2 weighted images were brain extracted using BET version
2.1 and bias-field corrected using FMRIB’s Automated Segmentation Tool (FAST)
(Zhang et al. 2001). Preprocessed T2 weighted images were aligned to the neonatal
T2 weighted template through multiple registration steps, including rigid, linear and
nonlinear, using tools implemented in IRTK (Denoton et al. 1999; Rueckert et al.
1999; Schnabel et al. 2001). Final alignment was achieved with nonlinear

transformation that was represented by a FFD matrix (Schnabel et al. 2007). Maps of
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Jacobian determinants were generated for a given transformation, specified by the
FFD matrix. The Jacobian determinants were used as an index of volume difference.
The Jacobian determinants represent regions of expansion (>1), contraction (<1) and
volume preservation (=1). The individual T2 weighted images were divided by the
Jacobian maps using FSL (Smith et al. 2004). The divided individual images were

merged and used as an explanatory variable in the GLM.

Figure 5.4: Pipeline for generating input for the explanatory variable to control
for differences in brain volumes. Individual preprocessed T2 weighted images (A)
were aligned to a term infant template (B) with linear registration (C). Then the
linear registration matrix was used to further refine the alignment by nonlinear
transformation resulting in a transformed image (D) and Jacobian determinants (E).
Finally the nonlinearly transformed template-space image (D) was divided by the
Jacobian determinants (E). The output (F) of this pipeline for each infant was merged

and used in the general linear model to control for the differences in brain volumes.
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To investigate the effect of sedation, infants with HIE who were sedated using other
medication than chloral hydrate were excluded and voxelwise comparison of the

study groups was repeated using Randomise version 2.1.

5.3.7 Outcome of infants with hypoxic-ischaemic encephalopathy

Information on neurodevelopmental outcome of infants who suffered HIE was
collected from hospital notes and clinic letters. Infants with HIE were allocated into
two groups, those with a favourable and those with an unfavourable outcome.
Unfavourable outcome was defined as death or the presence of at least one of the
following impairments: 1. DQ with 2 or more SDs below the mean; 2. GMFCS level

II1-V; or 3. Bilateral cortical visual impairment with no useful vision.

5.3.8 Correlation between functional connectivity scores and outcome

Subsequent to dual regression functional connectivity measures indexing the strength
of connectivity between a given ROI and the rest of the RSN was extracted as
follows. ROIs were defined using the peaks of functional connectivity local maxima
from each component of dual regression that were the centre of a 5 mm diameter
spherical mask. Functional connectivity scores were subsequently extracted from the
ROIs for each individual. The measures derived from this analysis are considered as
an index of strength of functional connectivity from each ROI to the rest of the
network (Sharp et al. 2011; Bonnelle et al. 2012). Functional connectivity scores were
tested for normality. Mean connectivity scores of infants with a favourable outcome
were compared to those with an unfavourable outcome within each ROI using
independent t- or nonparametric tests as appropriate. Statistical analysis was carried

out using SPSS (IBM SPSS version 22).
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5.4 Results

5.4.1 Subjects

A total of 121 subjects with HIE received therapeutic hypothermia at Queen
Charlotte’s Hospital between 2007 and 2011. Of the 121 infants 27 did not have a
brain MRI scan. Resting state data was acquired in 31 infants. Of these 16 infants
were excluded due to intra-cerebral haemorrhage (n=3), large extra-cerebral

haemorrhage (n=1), and motion artefact (n=12).

Resting state data was acquired in 84 healthy term infants. Sixty-one datasets were
excluded for the following reasons: Nyquist ghosting (n=16), motion artefact (n=38),
abnormal MRI finding (n=1), and no sedation (n=6). Fifteen consecutive good quality
resting state datasets were included in the healthy control group. The data of the
remaining 8 healthy infants was used to define group-average reference networks for

dual regression.

Clinical characteristics of the subjects enrolled into the study are shown in Table 5.1.
No statistical difference was found between the study groups for gestational age
(p=0.65), birth weight (p=0.67) or head circumference at birth (p=0.68). Infants in the
HIE group had significantly higher base deficit (p=0.002), significantly lower cord

pH (p=0.003), and Apgar scores at 5 and 10 minutes (p=0.001).
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HIE (n=15)

Healthy control (n=15)

Healthy subjects to define
reference networks (n=8)

birth 407 (367 - 417 407 (36" - 41°°) 397 (36" - 41"°)
Age at®
scan 417 (36 - 457 427 (397 -457) 43" (377 - 44™)
Gender (male) (n) 6 7 4
Birth weight (kg) 3.2 (2.2-4.6) 3.5 (2.6-4.0) 3.2 (2.0-4.1)
pH*® 6.9 (6.8-7.3) 7.24 (7.12-7.29) 7.24 (7.01-7.34)
Base deficit * 14.2 (10.4-22.4) 2.4 (1.6-5.1) 7.4 (3-11.4)
5 min 4 (1-9) 10 (10) 10 (9-10)
Apgar®
10 min 5(2-9) 10 (10) 10 (10)
# Median (range)

Table 5.1: Clinical characteristics of the study infants.

5.4.2 Magnetic resonance imaging

All infants underwent brain MR imaging within 5 weeks of birth. Median age at scan

was 41" weeks (6 days) in the HIE and 42" weeks (14 days) in the control group.

There was a significant difference in age at scan between the study groups (p=0.02).

Chloral hydrate was used for sedation before scanning, except for 5 infants in the HIE

group who were already on medication with a sedative effect (oral Phenobarbital n=2,

intravenous Morphine n=2, intravenous Midazolam n=1).

Seven infants in the HIE group required respiratory support during the scan

(conventional ventilation n=4; nasal oxygen n=3). There was no statistical difference

in the carbon dioxide level as measured by capillary blood gas around the time of the

scan between infants who required respiratory support and those who were self-
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ventilating in air during the scan (p=0.062). However, 3 subjects, including 1 on nasal

oxygen had no capillary blood gas done on the day of the scan.

5.4.3 Conventional magnetic resonance imaging

No congenital abnormality or thrombosis was demonstrated on conventional MRI in
any of the infants. In the HIE group the WM was abnormal in all subjects. In 4
neonates there were no other changes. Lesions in the BGT consistent with an acute
hypoxic-ischaemic insult were detected in 10 infants. The PLIC was abnormal in 6

and equivocal in 2 neonates. The cortex was abnormal in 4 subjects.

In the control group the conventional MRI findings were appropriate for age in all

infants. However, one infant had mild ventricular asymmetry.

5.4.4 Structural changes of white matter in infants with hypoxic-ischaemic
encephalopathy as assessed by tract-based spatial statistics

The WM skeleton consisted of 23286 voxels. Significantly lower FA values were
demonstrated in infants with HIE treated with hypothermia compared to healthy
controls in cerebral regions including the splenium of the corpus callosum, bilateral
optic radiations, cingulum and ILF, left CSO and external capsule, right PLIC and

cerebral peduncle (Figure 5.5).
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Figure 5.5: The difference in white matter structure between infants with

hypoxic-ischaemic encephalopathy (HIE) and healthy term controls as assessed
by tract-based spatial statistics. Mean fractional anisotropy (FA) skeleton (yellow)
overlaid on the mean FA image in transverse (A-C), coronal (D-E) and sagittal (F)
views. Voxels where infants with HIE had significantly lower FA values are shown in
blue. A: right posterior limb of the internal capsule (PLIC), left external capsule,
splenium of the corpus callosum, B: right PLIC, bilateral optic radiations, C: right
cerebral peduncle, bilateral optic radiations, D: left corona radiata, right PLIC,
bilateral inferior longitudinal fasciculi, E: bilateral optic radiations, F: splenium of

the corpus callosum.
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5.4.5 Group analysis of resting state functional magnetic resonance imaging data
5.4.5.1 Dual regression

Reference networks were identified in a separate group of 8 healthy term infants using
ICA temporal concatenation. Four ICs, representing the default mode, auditory,

somatomotor and visual networks were used as reference networks (Figure 5.6).

Left Right Left Posterior Anterior

v

Figure 5.6: Reference networks for dual regression. Networks are displayed as Z
maps, overlaid on a T2 weighted term neonatal template in the transverse (first
column), coronal (second column) and sagittal (third column) views. A: Auditory, B:

Somatomotor, C: Visual, D: Default mode network.

In the control group RSNs were spatially similar to the reference networks. RSNs
showed bilateral inter- and intra-hemispheric connections on a group level. For the

DMN, activation was detected in the MPFC and bilaterally in the temporo-parietal
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cortices. For the auditory, somatomotor and visual networks bilateral distribution was
identified in the primary and secondary auditory, primary and supplementary motor

and primary and extrastriate visual cortices respectively (Figure 5.7).

Right Left Right Left Posterior Anterior
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Figure 5.7: Resting state networks in the control infants as identified by dual
regression. Group mean maps are overlaid on a term T2 weighted template in the
transverse (first column), coronal (second column) and sagittal (third column) views.

A: Auditory, B: Somatomotor, C: Visual, D: Default mode network.

In the group of infants who suffered HIE networks were more likely to be unilateral

with no long-range intra-hemispheric connections (Figure 5.8).
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Figure 5.8: Resting state networks in the infants with hypoxic-ischaemic
encephalopathy as identified by dual regression. Group mean maps are overlaid on
a term T2 weighted template in the transverse (first column), coronal (second column)
and sagittal (third column) views. A: Auditory, B: Somatomotor, C: Visual, D:

Default mode network.

Significantly lower (p<0.05) functional connectivity was found in infants with HIE

compared to healthy controls using dual regression (Figure 5.9).
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Figure 5.9: Statistical difference maps generated by dual regression. Difference
maps are overlaid on a T2 weighted template in the transverse (first column), coronal
(second column) and sagittal (third column) views. A: Auditory, B: Somatomotor, C:

Visual, D: Default mode network.

5.4.5.2 Seed-based correlation analysis

In the control group the full range of RSNs was identified on a group level using
SBCA. Networks showed bilateral inter- and intra-hemispheric connections. A left
sided seed mask in the primary auditory cortex was used to test the auditory network.
Symmetrical bilateral activation was found in the primary and secondary auditory
cortices, as well as in the anterior cingulate and supramarginal gyri and the thalami.
When investigating the sensorimotor network with a seed mask in the left
somatomotor cortex, bilateral activation was identified in the pre- and post-central

gyri, as well as in the supplementary motor area and premotor cortex. A seed mask in
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the left primary visual cortex was used to test the visual network, and bilateral
activation was located in the primary visual cortex extending into the extrastriate
visual areas. With a seed mask in the MPFC, as part of the DMN, functional
connectivity was identified in the MPFC and in the parietal cortices bilaterally, but

not in the PCC (Figure 5.10).

Right Left Right Left Posterior  Anterior
A

Figure 5.10: Resting state networks in the control infants as identified by seed-
based correlation analysis. Seed masks in A, B and C were placed in the left
hemisphere. Group mean maps are overlaid on a term infant template in the
transverse (first column), coronal (second column) and sagittal (third column) views.

A: Auditory, B: Somatomotor, C: Visual, D: Default mode network.

In the group of infants who suffered perinatal asphyxia treated with hypothermia,

RSNs were more localised, with less extensive inter-hemispheric and no long-range
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intra-hemispheric correlation on a group level. In the auditory network bilateral
activation was found, however it was localised around the primary auditory cortex,
being more extensive ipsi-lateral to the seed mask. The somatomotor network was
localised in the primary motor and the somatosensory area, with less activation on the
contra-lateral side of the seed mask. Activation of the visual cortex was unilateral in
the primary visual cortex with no inter- or long-range intra-hemispheric connections.
The DMN was localised in the prefrontal cortex, around the location of the seed mask

(Figure 5.11).

Left Right Left Posterior Anterior

Figure 5.11: Resting state networks in the infants with hypoxic-ischaemic
encephalopathy as identified by seed-based correlation analysis. Seed masks in A,
B and C were placed in the left hemisphere. Group mean maps are overlaid on a term
infant template in the transverse (first column), coronal (second column) and sagittal
(third column) views. A: Auditory, B: Somatomotor, C: Visual, D: Default mode

network.
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A significant difference was found in functional connectivity between the two groups
within each network after correcting for age at birth, age at scan and controlling for
brain volume (Figure 5.12). The difference between the two groups remained
significant when infants who were sedated with agents other than oral chloral hydrate

were excluded from the analysis.

Posterior  Anterior

Figure 5.12: Statistical difference maps, generated by seed-based correlation
analysis. Difference maps are overlaid on a T2 weighted template in the transverse
(first column), coronal (second column) and sagittal (third column) views. A:

Auditory, B: Somatomotor, C: Visual, D: Default mode network.
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5.4.6 Neurodevelopmental outcome in infants with hypoxic-ischaemic
encephalopathy

In the HIE group, infants were assessed at a median (range) age of 24 (12-24.5)
months. Three infants died in the neonatal. Another 4 infants developed an
unfavourable outcome. Three of these had cerebral palsy (athetoid n=1 and spastic
quadriplegia n=2) with GMFCS levels III-V. One infant, assessed using the GMDS,

achieved scores more than 2 SDs below the mean.

Eight infants had a favourable outcome. Six of them were assessed using a formal
neurodevelopmental test. One child was tested using the Bayley Scales of Infant
Development (Bayley 1966) and 5 with the GMDS (Huntley 1996). Two children
seen by a neonatal consultant were thought to develop appropriately, however no

formal neurodevelopmental test was performed.

5.4.7 Correlation between functional connectivity scores and outcome

Infants with unfavourable outcome had lower functional connectivity scores within
each network compared to those with a favourable outcome (Figure 5.13). However,
following correction for multiple comparisons the difference was significant in the

auditory and motor networks only.
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Figure 5.13: Mean functional connectivity scores of infants with a favourable
(red) and with an unfavourable (green) outcome. Infants with a favourable
outcome had higher mean functional connectivity scores within each networks
compared to those with unfavourable outcome. X axis: default mode, auditory*,
somatomotor*, visual networks. Y axis: mean functional connectivity scores. Regions

of interest are shown in the panel as red crosses.
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5.5 Discussion

This chapter explores the impact of a hypoxic-ischaemic brain injury on functional
connectivity in the neonatal period. Consistent with previous studies, RSNs were
identified in the control group with a distribution similar to that characteristically seen
in adults (Fransson et al. 2009; Doria et al. 2010). Although RSNs were present in
infants who suffered HIE, inter- and intra-hemispheric functional connectivity was
diminished. In addition to this diminished functional connectivity, evidence for
structural disruption of the WM was observed in infants with HIE as assessed with

TBSS.

Brain structure changes rapidly during foetal and early postnatal life. Synaptic
connections are remodelled in response to endogenous and sensory-driven inputs
leading to early organisation of cortical circuits (Tau and Peterson 2010). The results
of the present study suggest that a hypoxic-ischaemic insult during this critical period
of brain development alters RSNs. This finding is consistent with experimental
(Honey and Sporns 2008; Wang et al. 2010) and human studies (Sharp et al. 2011)
that demonstrated changes in larger scale inter-regional interactions following brain

injury (De Vico et al. 2009; Tsirka et al. 2011).

Furthermore, within the HIE group infants who developed an unfavourable outcome
had lower functional connectivity scores compared to those with a favourable
outcome. Therefore the observed changes in functional connectivity may have long-
term significance. This is in line with previous studies in adults where changes in
functional connectivity associated with brain injury correlated to cognitive function

(Andrews-Hanna et al. 2007; Damoiseaux et al. 2008; Greicius et al. 2009; Bonnelle
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et al. 2012). Additionally, a correlation has been observed between cognitive ability
and efficacy of organisation of RSNs (Song et al. 2008; van den Heuvel et al. 2009)
as well as integrity of WM tracts (Chiang et al. 2009; Li et al. 2009), establishing a
link between functional and structural connectivity (Vincent et al. 2006; Hagmann et

al. 2008; Skudlarski et al. 2008; Honey et al. 2009).

This is the first study to assess the impact of HIE on functional connectivity, and
while these results suggest that fMRI may have a role in assessing neonatal brain
injury, there are several limitations. Although there was no significant difference in
gestational age at birth of the two groups, healthy control infants were significantly
older at the time of the scan and therefore were exposed to a different ex utero
environment for a longer time. Analyses were controlled for age at scan, however it
may introduce bias because experience, along with maturation, leads to strengthening
of functional connectivity (Dosenbach et al. 2007; Fair et al. 2007). However, such
strengthening is likely to be a gradual process, which may manifest over several years

(Fair et al. 2008; 2010), therefore its impact in the neonatal period may be negligible.

Head movement during MRI frequently occurs in neonates and may result in spurious
correlation patterns (Power et al. 2011). There are several ways of minimising subject
motion (Green et al. 1994; Fitzsimmons et al. 1997), adjusting for it either during
image acquisition (Thesen et al. 2000; Mathiak and Posse 2001; Welch et al. 2002;
Speck et al. 2006) or through post-acquisition preprocessing steps (Woods et al. 1992;
Hajnal et al. 1995; Friston et al. 1996; Biswal and Hyde, 1997; Ciulla and Deek,
2002; Tremblay et al. 2005). While effects of small movements can be corrected with

such measures, datasets with severe movement are frequently discarded. In the
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present study a considerable proportion of the datasets in each group was excluded
due to motion artefact. Although discarding datasets with motion may introduce bias
as greater head motion may correlate with an abnormal neurological state in adults
(Wylie et al. 2014), no significant difference was found between included and

excluded subjects within each group in terms of clinical characteristics.

Sedation is frequently used in neonates to minimise subject motion during scanning.
Although in the present study most subjects were sedated with chloral hydrate, a few
infants who suffered HIE were on other sedative medications. The exploratory
analysis revealed that the significant difference in functional connectivity between
controls and infants with HIE persisted following exclusion of those subjects who
were sedated using drugs other than chloral hydrate. These findings are consistent
with electrophysiological studies showing that the amplitude and character of neural
responses are not affected by induced sedation (Sisson and Siegel 1989; Avlonitou et
al. 2011). In a neonatal resting state fMRI study sedation with chloral hydrate did not
affect the identification or topology of resting state networks (Doria et al. 2010).
Furthermore, CBF is unchanged by low-dose chloral hydrate sedation as measured by

phase contrast angiography (Arichi et al. 2012; Valera et al. 2012).

Application of fMRI to evaluate functional consequences of brain injury requires
preservation of neurovascular coupling as neurovascular coupling and cerebral
autoregulation control CBF. Previous studies suggested that neurovascular coupling
between spontaneous neural activity and haemodynamic fluctuations is inversely
related to the baseline CBF (Dirnagl et al. 1993; Hudetz et al. 1995; Obrig et al. 2000;

Cohen et al. 2002; Mulderink et al. 2002; Liau et al. 2008). In general, vasodilation
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reduces, while vasoconstriction increases the amplitude of spontaneous fluctuations

(Kemna and Posse 2001; Cohen et al. 2002).

In neonatal animal models physiological regional differences in autoregulation and
CBF are apparent due to regional differences in metabolic activity (Ashwal et al.
1980; Cavazzuti and Duffy 1982; Pasternak and Groothuis. 1985; Lyons et al. 1987;
Gleason et al. 1989; Nehlig et al. 1989; Szymonowicz et al. 1990). Baseline CBF is
higher and more stable in the brainstem, BGT and cortex, while WM has limited
adaptive capacity (Young et al. 1982; Szymonowicz et al. 1990). Following a
hypoxic-ischaemic event, once autoregulation fails, CBF becomes pressure-passive
(Lou et al. 1979) leading to an increase in CBF minutes after the insult, lasting up to
several hours (Cope and Delpy 1988), followed by a decline toward the baseline
(Vanucci et al. 1997). A delayed increase in CBF occurs 12-24 hours after the injury
(Pryds et al. 1990) that may persist for several days (Archer et al. 1986; Ramaekers et
al. 1990). CBF then returns to normal by around 130 hours even following a severe
hypoxic-ischaemic episode (Archer et al. 1986; van Bel et al. 1987; Ment et al. 1988;
Ramaekers et al. 1990). Although CBF was not measured in the present study, the
median postnatal age at scan of infants who suffered HIE was 6 days, by which time
changes in CBF are expected to have returned to baseline (Archer et al. 1986; van Bel
et al. 1987; Ramaekers et al. 1990). Therefore it is unlikely that changes in CBF
during the acute phase of a hypoxic-ischaemic insult influenced the results of the

present study.

Carbon dioxide is a potent vasodilator that modulates neurovascular coupling (Symon

et al. 1973; Cavazzuti and Duffy, 1982; Vanucci et al. 1997). The hypercapnia model
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was used in both animal (Symon et al. 1975; Ueki et al. 1988; Kim and Ugurbil, 1997;
Davis et al. 1998; Hoge et al. 1999; Corfield et al. 2001; Duong et al. 2001) and
human studies (Andrade et al. 2006; Leoni et al. 2008) to investigate preservation of
neurovascular coupling. Hypercapnia decreased functional connectivity in the motor
cortex (Biswal et al. 1997), however in animal studies mild levels of hypercapnia did
not affect spontaneous neural activity (Jones et al. 2005; Sicard and Duong 2005;
Zappe et al. 2008). Although, carbon dioxide challenge was applied in neonates

(Sankaran et al. 1981; 1984; Toft et al. 1995), ethical considerations limit its utility.

About half of the infants in the HIE group required respiratory support during the
scan. Although capillary carbon dioxide level was within normal range for all
subjects, an exploratory analysis showed a trend towards lower levels in infants who
required respiratory support. However, the present study was not designed to
incorporate this variable in the analysis and capillary blood gas analysis was
performed for clinical indications. As such the timing of this test varied considerably

between subjects.

The results of this chapter suggest that functional connectivity is diminished in infants
who suffered HIE and received therapeutic hypothermia as compared to healthy term
infants. Furthermore, reduced functional connectivity is associated with unfavourable
outcome. However, there are several limitations to resting state fMRI analysis in
neonates, especially in those with brain injury, hence further studies are needed to

assess its utility as an imaging biomarker.
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Chapter 6

Limitations

There are several limitations to this thesis. Stringent eligibility criteria were used to
select a patient population that is representative of the real population of infants who
suffered HIE and received hypothermia. However a substantial proportion of the
infants were excluded. About 20% of the infants who received therapeutic
hypothermia during the study period did not have a brain MRI scan and therefore was
not eligible for this study. The rate of death was higher in this group than amongst
those who underwent MRI in the neonatal period. Although MRI is a safe technique,
the procedure might be hazardous in unstable neonates and requires careful
preparation considering safety of the infant as the ultimate priority (Merchant et al.

2009; van Wezel-Meijler et al. 2009).

About 10% of the patients who had a brain MRI scan during the neonatal period were
excluded from the analysis due to lack of follow-up. However, there is growing
evidence that childhood survivors of HIE are at increased risk of cognitive,
behavioural and memory problems even in absence of cerebral palsy (De Vries and
Jongmans 2010; Van Handel et al. 2012). Therefore all children with a history of
neonatal HIE should be enrolled into a follow-up program (Robertson and Perlman

20006).

About one-third of the children were excluded because their outcome data were not

comparable to the rest of the cohort. Hypothermia is usually provided in tertiary
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neonatal units. However follow-up is often carried out in local hospitals. Therefore it
might be difficult to ensure that the same neurodevelopmental test is used for all

children.

Objective assessment of neurodevelopment in children with cerebral palsy and/or
cognitive delay is a further challenge (Goldkamp 1984; Scheiman 1984; Gagliardi et
al. 2013). The link between limitations in motor domain and neurophysiological skills
is not always straightforward (Nordmark et al. 2001; Pirila et al. 2004), and
intelligence quotient of survivors with severe cerebral palsy following HIE is often

only estimated (Robertson et al. 1989).

It would have been novel to include the same cohort of infants in all three studies. As
DTI data were acquired for clinical purposes more infants were eligible to be enrolled
into the DTTI studies (Chapters 3 and 4). Furthermore, more children is included in the
tissue label segmentation study in Chapter 4, than in the TBSS study in Chapter 3 as
outcome data with the GMDS became available for more infants. However, post-hoc

analysis with the 32 infants included in the TBSS study yielded the same results.

Resting state fMRI data were acquired in only 25% of the infants who underwent
hypothermia during the study period, because this sequence was obtained merely for
research purposes. Furthermore, resting state fMRI sequence is sensitive to motion
and a considerable proportion of the datasets was discarded due to motion artefact.
Discarding datasets with motion may introduce bias as greater head motion correlates

with an abnormal neurological state in adults (Wylie et al. 2014). However, in this
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study clinical characteristics of infants who were excluded due to motion artefact did

not differ significantly of those who were included.

A further limitation of the resting state study is that the application of fMRI to
evaluate functional consequences of brain injury requires preservation of
neurovascular coupling. Application of the hypercapnia challenge offers the potential
to investigate neurovascular coupling (Ueki et al. 1988; Kim and Ugurbil, 1997;
Davis et al. 1998; Hoge et al. 1999; Corfield et al. 2001; Duong et al. 2001; Andrade
et al. 2006; Leoni et al. 2008). However, ethical considerations limit its utility in
neonates. Neurovascular coupling and cerebral autoregulation control CBF. Although
CBF becomes pressure-passive once autoregulation fails following a hypoxic-
ischaemic event (Lou et al. 1979), it returns to baseline by around 130 hours after the
insult (van Bel et al. 1987; Ment et al. 1988; Ramackers et al. 1990). The median age
at scan of infants who suffered HIE was 6 days, therefore it is unlikely that changes in
CBF during the acute phase of a hypoxic-ischaemic insult influenced the results.

However, it would have been of value to estimate CBF in these patients.

There are several limitations inherent to the post-acquisition analysis methods applied
in this thesis. Although TBSS has been used in animal models of neurological
conditions (Ruest et al. 2011; Sierra et al. 2011; Manninen et al. 2013), unlike MRS it
has not been used in experimental studies of HIE. The major limitation of TBSS is
that it only allows studying the centre of the WM tracts, therefore it is not a feasible
tool for assessment of the grey matter, which is frequently injured following a
perinatal hypoxic-ischaemic event due to selective vulnerability of neuronal cells in

term infants (Black et al. 1995; McQuillen et al. 2003; McQuillen and Ferriero 2004).
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The atlas-based tissue labelling segmentation method applied in Chapter 4 overcomes
this limitation and permits evaluation of cortical and deep grey matter. However, this
technique involves label propagation from a high-resolution structural to a low-
resolution diffusion tensor image. Therefore partial volume effects, especially at
boundaries of CSF and cortex, and cortex and WM, may influence the accuracy of
diffusion measurements (Falconer et al. 1997; Zacharopoulos et al. 1998; Hirsch et al.
1999; Shimony et al. 1999). Furthermore, distribution of diffusion parameters is non-
uniform within brain structures; hence these parameters determined within tissue

labels might be averaged out.

Post-acquisition analysis methods applied in this thesis rely on precise spatial
correspondence of images between and/or within subjects. Registration-related issues
are mainly due to difficulties in registration of the rapidly developing neonatal brain
and to aligning images with pathology-related deformations. However, modified
image processing pipelines adapted to the neonatal brain have been applied (Ball et al.

2010; Makropoulos et al. 2012).
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Chapter 7

Conclusions

Prior to implementation of hypothermic neuroprotection about 25% of children with
moderate and more than half of those with severe HIE died or developed major
disability (Shankaran et al. 1991; Marlow et al. 2005; de Vries and Jongman 2010).
However, meta-analyses of the large randomized controlled clinical trials show
compelling evidence that moderate hypothermia reduces neuronal injury and
improves neurodevelopmental outcome of infants with HIE (Edwards et al. 2010;
Jacobs et al. 2013). Although therapeutic cooling results in an increased rate of
survival with intact neurological function, hypothermic neuroprotection is only partial
as nearly half of the subjects still have an unfavourable outcome (Edwards et al. 2010;
Jacobs et al. 2013). Therefore there is an urgent need for identifying treatments that

augment the beneficial effects of hypothermia.

The complex mechanism of hypoxic-ischaemic brain injury offers the potential for
intervening at different levels in the cascade to achieve a more prominent reduction of
neuronal injury and enhance cell growth, differentiation, and integration into neural
networks (Gonzales and Ferriero 2009). As injury evolves over extensive periods of
time through different phases, treatments initiated before, during or after hypothermia
may improve neuroprotection by extending the therapeutic window or providing long-
lasting additive or synergistic effect (Cillio and Ferriero 2010; Fan and Van Bel 2010;
Robertson et al. 2012). Currently intensive bench-based and early phase clinical

research is focused on developing additional neuroprotective therapies.
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However, the large number of possible interventions and the lack of consensus on
which has the potential to succeed limit progression. Qualified biomarkers are
required to test these promising therapies efficiently so only those with a high chance

of success progress into pragmatic trials (Azzopardi and Edwards 2010).

Neuroimaging studies are increasingly employed in the development of biomarkers
(Ment et al. 2009; Azzopardi and Edwards 2010; Thayyil et al. 2010). Currently used
MR techniques, including MRS, diffusion and conventional MRI assess anatomy and
pathology non-invasively and are utilized in directing medical care. Cerebral
metabolite ratios measured by MRS and visual evaluation of conventional MR images
predict early neurodevelopmental functioning accurately following HIE in a single
patient (Martinez-Biarge et al. 2010; 2011; 2012; Degraecuwe et al. 2013).
Furthermore, these methods have been proved to be biomarkers of brain injury and
are surrogate endpoints in studies of neuroprotective therapies (Rutherford et al. 2010;
Thayyil et al. 2010). Using these techniques a smaller number of subjects are required
to detect significant differences between treatment groups than in pragmatic clinical
trials. However the number is still considerable. Therefore these are relatively
inefficient methods for rapid preliminary evaluation of potential therapies in early

phase clinical studies (Azzopardi and Edwards 2010).

Statistically powerful whole brain voxelwise cross-subject comparison of imaging
data supports effective evaluation of potential neuroprotective interventions. The
motivation of this thesis was to assess advanced MRI techniques, including DTI and
resting state fMRI, as imaging biomarkers of neurodevelopmental performance in

infants with HIE who underwent therapeutic hypothermia.
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Although TBSS is not a feasible tool to detect cerebral changes or predict outcome in
a single patient, its major advantage is the potential for objective cross-subject
analysis of diffusion MRI data in small groups of patients (Smith et al. 2006).
Therefore it offers the potential to test efficacy of neuroprotective treatments in early
phase clinical trials (Porter et al. 2010). In Chapter 3 FA values in the WM, obtained
in the neonatal period and assessed by TBSS, correlated with subsequent
neurodevelopmental performance scores suggesting that TBSS is a qualified imaging
biomarker of outcome in these infants. However, this technique only allows
assessment of the centre of the WM tracts, therefore it is not suitable to study grey

matter, which is often damaged following an acute hypoxic-ischaemic event.

To address this limitation, in Chapter 4 I used a neonatal atlas-based automated tissue
labeling approach to segment central and cortical grey and whole brain WM. MD in
grey matter structures, obtained in the neonatal period correlated to subsequent
neurodevelopmental performance scores. Of note, although the central grey matter is
the primary site of injury on conventional MRI following HIE; FA within WM tissue
labels also correlated to neurodevelopmental performance scores. It is not clear from
this quantitative analysis whether WM involvement is primary or secondary to grey
matter injury. However, in the context of imaging biomarkers, these data suggest that
WM FA assessed either by voxelwise or tissue labeling methods, is a reliable
approach in this population to estimate neurodevelopmental performance. FA in WM
and MD in grey matter may be used as an imaging biomarker of outcome following

HIE treated with hypothermia.
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However, diffusion MRI does not provide information on functional consequences of
brain injury and so, in Chapter 5, I assessed the feasibility of resting state fMRI
(Biswal et al. 1995; Beckmann et al. 2005) to evaluate the impact of a hypoxic-
ischaemic brain injury on the BOLD signal, which is considered to be an indirect
marker of neural activity. This study suggested that cerebral structural changes
following HIE accompany diminished functional connectivity. Furthermore reduced
functional connectivity was associated with subsequent unfavourable outcome.
However, it is not known whether functional connectivity is altered primarily
following a hypoxic-ischaemic insult or secondary to structural changes. Furthermore
limitations in resting state fMRI analysis in infants with brain injury warrant further

studies to assess its feasibility as an imaging biomarker.

In summary, the results of this thesis suggest that although functional connectivity
was diminished in infants with HIE, resting state fMRI needs further study to assess
its utility as an imaging biomarker following a hypoxic-ischaemic brain injury.
However, FA in WM and MD in grey matter correlate to early neurodevelopmental
performance scores in infants who suffered HIE and received therapeutic hypothermia

and may be applied as imaging biomarkers of outcome in this population.

MRS, conventional and diffusion MRI have an important role in preliminary
evaluation of candidate neuroprotective therapies. However given the complexity of
brain injury cascade and the variety of putative neuroprotective treatments a single
biomarker is unlikely to succeed therefore an integrated use of a combination of

biomarkers is essential.
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Chapter 8

Future directions

8.1 Improving early imaging biomarkers of neonatal brain injury

Assessing the effect of combined neuroprotective therapies will be challenging.
Relatively large sample sizes will probably be required to discern the incremental
benefits of an additional therapy compared with control groups already treated with a
neuroprotective agent. Moreover, it is entirely possible that the benefits of any
treatment may be modest, but still clinically important. Incorporating surrogate
endpoints as primary outcome measures in designs of future neonatal neuroprotection
studies will aid rapid assessment of efficacy of treatments and adaptation of study
design strategies, which will reduce sample size requirements and deliver more cost-

effective clinical trials (Silverstein and Barks 2013).

8.2 Limitations to diffusion tensor imaging

Although DTI is exquisitely sensitive to neonatal brain injury and provides objective
measures that correlate with subsequent outcome, DTI indices lack specificity
(Farquharson et al. 2013). The diffusion tensor model has been constructed on the
assumption that each imaging voxel contains a single diffusing process that follows
Gaussian distribution. However the relatively large voxel size in diffusion imaging in
comparison to the underlying microstructure means that a single voxel may contain a
mixture of CSF, grey and WM. Therefore the diffusion signal is comprised of
different diffusion profiles. Even within WM, a voxel may contain a variety of fibre

populations with different orientations (Tuch et al. 2002). Furthermore, different
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structural changes may give rise to the same alterations of DTI parameters (Tournier
et al. 2011). For instance the degree of anisotropy is influenced by a number of
factors, such as axonal count and diameter, inter-axon spacing, coherence of axon
orientations, membrane permeability and myelination. Therefore a reduction in
anisotropy may be caused by a reduction in neurite density, an increase in neurite
dispersion, as well as an increase in radial or a decrease in axial diffusivity due to
disruption of cell membranes (Beaulieu 2009). DTI alone cannot distinguish between

these possible changes and is therefore non-specific.

8.3 Beyond the diffusion tensor model

The diffusion profile within a voxel can be measured more accurately by acquiring
data with increased angular resolution, such as high angular resolution diffusion
imaging (HARDI) (Stanisz et al. 1997; Behrens et al. 2003; Assaf and Basser 2005;

Barazany et al. 2009; Alexander et al. 2010; Zhang et al. 2012).

Acquiring HARDI data with multiple b-values allows neurite orientation dispersion
and density imaging (NODDI), enabling the diffusion profile of multiple
compartments in a single voxel to be modeled within a clinically feasible acquisition
time (Zhang et al. 2012). The NODDI tissue model classifies the environment into
three categories: intracellular, extracellular and CSF compartments and provides
quantitative indices of neurite morphology, such as neurite density and fibre
orientation dispersion that are comparable to independent measures derived from
histology. Neurite density correlated with both optical myelin staining and estimations
of neurite density using electron microscopy (Jespersen et al. 2010), meanwhile

orientation dispersion of cortical neuronal processes showed agreement to that
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quantified using a quantitative Golgi analysis (Jespersen et al. 2012). Parameters
determined from NODDI disentangle changes, which contribute to alterations in DTI
measures and thus provide information about specific alterations in microstructure in
the living human brain. Such direct markers of microstructural complexity of grey and
WM can be analyzed using established post-processing methods described in this
thesis. TBSS is feasible for voxelwise, cross-subject analysis of novel indices of
cerebral microstructure within the centre of the WM tracts. Meanwhile grey and
whole WM can be assessed using an atlas-based tissue labeling segmentation

approach.

Furthermore HARDI data analyzed using constrained spherical deconvolution (CSD)
allows the resolution of multiple fibre orientations in each imaging voxel, and so
overcomes the limitations of DTI to estimate crossing fibres. This approach enables

detailed tractography analysis of complex WM fasciculi (Tournier et al. 2007; 2011).

8.4 Potential applications of advanced diffusion magnetic resonance imaging
techniques in neonatal brain injury

To date, pilot studies have shown that acquiring HARDI data is feasible in the
neonatal brain (Counsell et al. 2014; Kunz et al. 2014). Pilot data demonstrated
abnormalities in neurite density in moderate-severe HIE (Lally et al. 2014).
Furthermore, CSD based tractography using high b value HARDI data performed
better in mapping complex WM tracts in the neonatal brain than DTI approaches

(Mondi et al. 2014).
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8.5 Neonatal neuroprotection

Neuroprotective therapies are currently being developed in experimental studies and
tested in early phase clinical trials to reduce the burden of brain injury not only
following HIE, but in other neonatal conditions, including prematurity and congenital

heart disease.

Additional therapies, such as Xenon (Lobo et al. 2013; Azzopardi et al. 2013),
topiramate (Filippi et al. 2012), erythropoietin (Elmahdy et al. 2010; McPherson and
Juul 2010; Wu et al. 2012) and magnesium sulphate (Hossain et al. 2013; Nguyen et
al. 2013), are being studied in clinical trials to improve outcome of infants with HIE.
Furthermore, clinical studies of erythropoietin (Fauchere et al. 2008; Zhang et al.
2014), melatonin (Gitto et al. 2013; Merchant et al. 2013; Biran et al. 2014) and
magnesium sulphate (Bain et al. 2012; Bickford et al. 2013) are taking place with the
aim of reducing neurocognitive deficits in children who were born preterm. The field
of neuroprotection in infants with congenital heart disease is less advanced, however
trials of maternal administration of free radical scavengers, anti-inflammatory and
anticytokine agents, and postnatal administration of erythropoietin (Andropoulos et al.

2013) are underway.

By combining CSD and NODDI, it might be possible to assess complex architecture
of WM fibre bundles and explore neurite morphology in vivo in both grey and WM in
the neonatal brain. Such novel direct measures of tissue microstructure in
combination with existing MR techniques may improve the accuracy of early imaging
biomarkers for assessing neonatal brain injury, plasticity and the effectiveness of

putative combined neuroprotective treatments in the neonatal population.
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