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Abstract 

Currently 7-8% of all babies born in the UK are born preterm and the incidence has increased 

significantly over the past two decades.  Improving medical care has led to increased survival in those 
born prematurely; however, preterm infants carry a profound risk of severe neurological disabilities 

along with a spectrum of major deficits across several domains including cognition, attention, 
coordination and behaviour.  These wide-ranging and long-term consequences represent a significant 

burden to health and education services, yet the aetiology of the most prevalent cognitive and 
behavioural disorders remain unclear. 

Magnetic resonance imaging provides the means to quantitatively assess cerebral growth and 
development and is being increasingly employed to study the developing preterm brain.  Evidence from 
neonatal imaging studies has revealed a number of specific cerebral alterations present in the preterm 
population that appear to predict neurodevelopmental outcome in early childhood and include diffuse 
microstructural disturbances of the developing white matter and regional volumetric tissue losses.  In 
addition, a number of perinatal risk factors have been identified that are associated with both preterm 
birth and altered cerebral development.  

This thesis aims to test the hypothesis that connectivity and growth of developing neural systems are 
adversely affected by prematurity at birth and additionally influenced by specific perinatal risk factors.  
This is achieved through the application of multi-subject, multi-modal MRI analysis to quantify tissue 

microstructure and volume alongside novel methods for defining regional connectivity in the developing 
preterm brain.   

Evidence is provided that suggests connected neural structures are disturbed in preterm infants 
resulting in a complex pattern of regional micro- and macrostructural alteration that is evident at term-
equivalent age and potentiated by respiratory morbidity.  This is convergent with current theories of 
the mechanisms underpinning preterm brain injury and provides further insight into the consequences 
of preterm birth on brain development. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

Over the past two decades, the incidence of preterm birth has steadily risen (Beck et al. 2010).  
Currently 7-8% of all babies in the UK are born before 37 weeks of completed gestation and, with 

advancing medical care, survival rates in the most premature are improving (Horbar et al. 2002, 
Slattery and Morrison 2002, Wilson-Costello et al. 2007).  However, the adverse consequences of 

preterm birth can be long-term and wide-reaching, encompassing a range of neurosensory and cognitive 

deficits that become evident during early infancy and can persist into adolescence and adulthood (Wood 
et al. 2000, Bhutta et al. 2002, Marlow et al. 2005, Hille et al. 2007).  Although the incidence of severe 
neurological disorders, such as cerebral palsy, associated with preterm birth has decreased (Vohr et al. 
2005, van Haastert et al. 2011), a concomitant increase in subtle impairments across several domains 
including language, learning, attention, memory, coordination and behaviour has been observed 
(Marlow et al. 2005, Delobel-Ayoub et al. 2009).  These impairments are often complex and overlapping, 

imparting a significant morbidity on the preterm population. 

The neural substrates that underlie these deficits are not known.  A clear association has been 
identified between destructive cerebral tissue lesions and severe neurological outcomes (Rogers et al. 
1994; de Vries et al. 1998, Sherlock et al. 2005) but, in line with improved survival, the incidence of 

such injuries has decreased significantly in recent years (Larroque et al. 2003).  In contrast, the advent 
of magnetic resonance imaging (MRI) and its application in neonatal cohorts has revealed subtle 
alterations in the developing cerebral white matter that appears to affect up to 75% of all preterm 
infants (Maalouf et al. 1999, Dyet et al. 2006, Skiold et al. 2010).  Advanced MRI techniques have since 
identified a number of structural and microstructural alterations in the preterm brain that appear to be 
associated with short term measures of neurodevelopmental outcome (Inder et al. 2005, Krishnan et al. 
2007, Boardman et al. 2010).  In addition, a number of perinatal risk factors that are associated with 
preterm birth and with altered cerebral development have been identified (Thompson et al. 2007).  Of 
these, respiratory morbidity appears not to have declined significantly over the past decade 
(Groenendaal et al. 2010) and is itself independently associated with cerebral injury and poor outcome 
(Short et al. 2003, Inder et al. 2005, Anjari et al. 2007). 

Current evidence suggests that preterm brain injury comprises a spectrum of white and grey matter 
abnormalities that includes system-wide disruption of connected neural structures occurring during a 
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critical window of development after preterm birth (Volpe 2009).  Advanced imaging techniques, and 
the application of computational analysis tools, provide the means to test these hypotheses and 
quantitatively assess the growth and development of neural systems in the developing brain across a 
large cohort of preterm infants, while accounting for confounding factors such as chronic lung disease 
(CLD).  Ultimately they have the potential to provide biomarkers for future outcome and prospective 
therapeutic strategies (Ment et al. 2009). 

1.2 Hypothesis and Aims 

This thesis aims to test the following hypotheses: 

 

Connectivity and growth of developing neural systems are adversely affected by 
prematurity at birth. 

Abnormal white matter connectivity and/or regional brain growth are associated with 
specific perinatal clinical risk factors. 

 

This is conducted with the following aims: 

1. Optimise and apply multi-subject diffusion tensor imaging (DTI) analysis and non-rigid registration 

of 𝑇1-weighted images in a large cohort of preterm infants at term-equivalent age to identify regions of 

abnormal microstructural and macrostructural growth and development associated with prematurity at 
birth and perinatal risk factors, specifically chronic lung disease. 

2. Explore using a novel, probabilistic tractography algorithm, combined with tissue classification and 
segmentation techniques based on non-rigid registration, patterns of connectivity between specific 

structures that appear especially vulnerable following preterm birth. 

1.3 Thesis Outline 

The rest of the thesis is summarised below: 

Chapter 2 reviews MRI and diffusion weighted imaging, before discussing the principal 
methods underlying quantitative, computational MRI analysis including image 
registration, morphometry and tractography. 
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Chapter 3 describes the incidence, epidemiology and neurodevelopmental outcome of 
preterm birth.  The most common forms of preterm brain injury are described and an 
overview of quantitative imaging of the preterm brain is given.  Computer-assisted 

processing tools are being increasingly utilised in neonatal MR analysis; the contribution 

of these techniques to current knowledge of preterm brain development and injury is 
discussed. 

Chapter 4 describes the optimisation and application of the multi-subject DTI analysis 

tool Tract-Based Spatial Statistics (TBSS) to a cohort of preterm infants at term-
equivalent age.  Diffusion imaging in preterm neonates has revealed a number of 
microstructural alterations in the developing cerebral white matter but often depends on 
manual selection of regions-of-interest (ROI).  TBSS provides the means to analyse DTI 

data in a whole-brain, automatic and exploratory manner, but has been developed and 

optimised for adult analyses.  This Chapter describes key modifications to the standard 
TBSS processing pipeline that improve reliability and precision in neonatal DTI analysis.  
This method is applied to demonstrate that alongside prematurity at birth, respiratory 
morbidity due to chronic lung disease is associated with widespread microstructural 
alterations. 

Chapter 5 combines high-dimensional image registration of structural 𝑇1-weighted MR 

images, and the optimised DTI protocol described in Chapter 4 to investigate the 
relationship between regional tissue volume and the microstructural integrity of 
connective neural pathways.  The thalamus has been previously shown to be particularly 
vulnerable following preterm birth.  Here, it is shown to be a central part of a wider 
pattern of altered cerebral development in the preterm brain that encompasses volume 
reductions in several cerebral structures and is dependent on prematurity at birth.  
Furthermore, an association between abnormal thalamic development and white matter 
microstructure suggests an underlying disturbance of thalamo-cortical connectivity.  

Chapter 6 describes a novel method for determining thalamo-cortical connectivity in the 

neonate.  Thalamo-cortical connections are established during the third trimester and the 

disruption of key developmental processes by preterm birth may result in 
maldevelopment of, or injury to, the thalamo-cortical system as a whole.  There is 

currently no way to reliably quantify connectivity between remote regions in neonatal 
cohorts.  By combining probabilistic tractography, image registration, tissue segmentation 
and parcellation, connectivity between the thalamus and every cortical voxel is mapped in 
a cohort of preterm infants.  It is shown that thalamo-cortical connectivity is significantly 

lessened in preterm infants, when compared to term-born controls.  In particular, 

connectivity to fronto-temporal regions appears to be affected, reflecting a possible neural 
substrate for the poor neurodevelopmental outcome commonly seen in this population. 
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Chapter 7 provides a summary of the work presented in this thesis and examines 
potential pathways for future study. 
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Chapter 2 

Magnetic Resonance and Diffusion Imaging 

2.1 Magnetic Resonance Imaging 

Nuclear magnetic resonance 
First identified over 70 years ago, nuclear magnetic resonance (NMR) describes a phenomenon based on 
the quantum mechanical spin properties of atomic nuclei within a magnetic field (Rabi et al. 1938, 
Bloch et al. 1946, Purcell et al. 1946).  Nuclei with non-zero spin possess an angular momentum that 

induces a magnetic moment along the axis of their rotation.  For the purposes of imaging organic 
structures, this property is most notable in the hydrogen protons (1H) that exist abundantly in water.  
In general, the orientation of each moment is random but when an external magnetic field (𝐵0) is 
applied, the moments align with it in one of two states: parallel (low energy) or anti-parallel (high 

energy).  At room temperature spins will preferentially align in the low energy state, resulting in a net 
magnetisation parallel to the applied field (Figure 2.1).  In addition, the external magnetic field exerts a 
torque on the individual magnetic moments that induces a rotation about the axis of 𝐵0, termed 
precession.  The spins precess about the external field with an angular frequency given by Equation 2.1: 

 

𝜔 =  𝛾𝐵0 
 [2.1] 

where 𝜔 is the Larmor, or resonant, frequency and 𝛾 is the gyromagnetic ratio – a constant for specific 
nuclei in a magnetic field (𝛾 = 42.57 MHz/T for 1H). 

Applying a second external magnetic field (𝐵1), at 90˚ to 𝐵0 and oscillating at the (1H-specific) resonant 

frequency, simultaneously excites hydrogen protons into the higher energy state – reducing longitudinal 
(parallel to 𝐵0) magnetisation – and induces phase coherence in the precessing spins – increasing 

transverse (parallel to 𝐵1) magnetisation.  The sum vector of net magnetisation can be represented in a 
rotating frame of reference as moving towards the transverse plane (Figure 2.2); the degree to which 

net magnetisation rotates is termed the flip angle.  As the magnetisation vector rotates in the 
transverse plane it induces a current in a receiver coil placed perpendicular to 𝐵0, which is recorded as 

an oscillating MR signal. 
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Figure 2.1: Spin precession in a magnetic field.  Hydrogen protons possess spin, a quantum 

property that induces a molecular moment (A; black arrow) along the axis of rotation.  When 

an external magnetic field is applied, spins precess about the field with frequency 𝜔 (A) and 

align parallel to it (B), producing a net magnetisation vector 𝑀. 

  

                 

Figure 2.2:  RF-excitation of precessing spins.  The application of an RF-excitation field 𝐵1 

causes the net magnetisation vector to spiral towards the transverse plane at the angular 
frequency 𝜔 (A).  In a rotating frame of reference (B) this can be represented as a rotation of 

the vector towards the 𝑥𝑦-plane. 

Cessation of the transverse radio-frequency (RF) pulse causes the spins to gradually revert to their 

original state.  This reversion is characterised by two relaxation times, both of which can be modelled as 
exponential curves: 𝑇1, or spin-lattice relaxation (Equation 2.2), is the time taken for longitudinal 

magnetisation to recover to equilibrium as spins return to a low energy state; and 𝑇2, or spin-spin 

relaxation (Equation 2.3), which is the time taken for the received MR signal to decay due to a loss of 
coherence in the precessing spins and a decrease in tranverse magnetisation. 
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𝑀𝑧 =  𝑀𝑧0�1 − 𝑒−𝑡/𝑇1� 

 [2.2] 

𝑀𝑥𝑦 =  𝑀𝑥𝑦0𝑒−𝑡/𝑇2 

 [2.3] 

where 𝑀𝑧 and 𝑀𝑥𝑦 represent the magnitude of longitudinal and transverse magnetisation before (𝑀𝑧0 

and 𝑀𝑥𝑦0) and after the RF pulse.  In practice, signal decay due to dephasing (or free-induction decay) 

occurs faster than is suggested by 𝑇2 due to local variations (inhomogeneity) of 𝐵0 – this time is referred 

to as 𝑇2∗. 

Importantly, 𝑇1 and 𝑇2 are not constant and differ according to the medium in which they are measured.  

This provides the contrast mechanism necessary to image the soft tissues of the brain. 

Magnetic resonance imaging 
NMR provides the substrate for MRI but in order to construct an image it is necessary to spatially 
resolve the observed NMR signal.  This can be achieved with the application of spatially-varying 

magnetic gradients (Lauterbur 1973).  An additional magnetic gradient (𝐺) applied over an axis (𝑥) 

exerts a position-dependent shift in the precessional frequency (𝜔) of spins in the magnetic field, as 

shown in Equation 2.4: 

 

𝜔𝑥 =  𝛾(𝐵0 + 𝐺𝑥) 
 [2.4] 

 

The resultant MR signal is a mixture of precessional frequencies that relate to the position of spins 
along the gradient axis – this process is termed frequency-encoding.  Additionally, a gradient applied 

along the 𝑦 axis (𝐺𝑦) can be used to alter the phase of the precessing spins.  Applying a gradient briefly 

and immediately after the RF-excitation pulse while the spins are phase-coherent induces position-
dependent phase shifts that are retained once the gradient is turned off prior to signal read-out.  By 

repeating this process across multiple read-outs using phase-encoding gradients of different 

magnitudes, precessing spins along the 𝑦-axis acquire a specific, and position-dependent, rate of change 

of phase – or frequency – in the 𝑦-axis.  Therefore, position is encoded in a two-dimensional plane 

according to both the phase and frequency of the received signal.  These data are stored in 𝑘-space, a 

two-dimensional matrix in the spatial frequency domain, where one row is filled after each phase-
encoding step and from which the MR image can be calculated by two-dimensional Fourier transform. 

In order to build a three-dimensional image, a third additional gradient is used.  The slice-select 

gradient (𝐺𝑧) is applied perpendicular to both 𝐺𝑥 and 𝐺𝑦 at the same time as the RF excitation pulse.  As 
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shown in Equation 2.4, this induces a shift in resonant frequency along 𝑧 as a function of gradient 

strength.  The RF pulse is used to selectively excite spins at a specific point along 𝑧 where its oscillatory 
frequency matches the resonant frequency of the spins.  By altering the RF pulse frequency, consecutive 
‘slices’ of 𝑧 can be excited prior to two-dimensional phase- and frequency-encoding in the 𝑥𝑦 plane.  The 

thickness of each slice is dependent on the strength of 𝐺𝑧 and the bandwidth (or range of frequencies) of 

the applied RF pulse.  It is also possible to avoid slice-selection and acquire a full three-dimensional 

image using a second set of phase-encoding gradients applied in the 𝑧 direction followed by three-
dimensional Fourier transform.  The timing of each magnetic gradient and RF pulse is critical for MR 
acquisition, examples of some common pulse sequences used to acquire MR data are described in 
Appendix A. 

As stated, the received MR signal is governed by two tissue-dependent properties (𝑇1 and 𝑇2) that can be 

used to provide image contrast.  𝑇1- and 𝑇2-weighting is achieved by altering the time between 

consecutive RF excitations pulses (repetition time; TR) and between the RF excitation pulse and signal 

readout (echo time; TE).  𝑇1-weighted images are typically acquired with (or with variations of) a 

gradient-echo sequence, a rapid sequence that allows for smaller flip angles and shorter TR and TE 

times (shown in Appendix A; Figure A.1).  A shorter TR does not allow for full recovery of longitudinal 

magnetisation before the next RF pulse.  Consequently, in tissues with long 𝑇1, magnetisation does not 

recover fully before RF excitation, resulting in lower transverse magnetisation and less contribution to 
the MR signal after excitation. 

𝑇2-weighted images are typically acquired using spin-echo sequences (Appendix A; Figure A.2) with 

longer TR (greater than 𝑇1) to allow full recovery of longitudinal magnetisation and a larger flip angle to 

maximise transverse magnetisation after RF excitation.  A longer TE is also used to maximise the 
difference in time taken between tissue types for the transverse signal to decay due to dephasing.  
During a spin-echo sequence, signal attenuation due to spin dephasing is offset by the application of a 

180˚ refocusing RF pulse at time 𝑡.  This flips magnetisation in the 𝑥𝑦 plane and as the spins continue 
to precess at the frequency dictated by the local field variations about them, they rephase at time 2𝑡, 

producing a phase-coherent MR signal.  This sequence can be extended to include multiple rephasing 

RF pulses – an echo train – continually flipping magnetisation and providing multiple signal readouts 
from a single 90˚ RF excitation pulse.  As each echo fills a row of 𝑘-space, fast spin echo sequences 

greatly decrease scanning time. 

Echo-planar imaging 
In contrast to sequences that fill 𝑘-space one row at a time, techniques have been developed that fill 𝑘-
space with a single acquisition.  Echo-planar imaging (EPI; Mansfield 1977, Ordidge et al. 1981) is able 

to capture whole-brain images in under 100 ms through the rapid switching of gradients.  Although 

many variants exist, the basic EPI sequence requires rapid oscillation of the frequency-encoding 

gradient to produce a train of gradient echoes, each one of which is phase encoded differently.  Each 
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oscillation fills a row of 𝑘-space, with the next row indicated by the ‘blipped’ phase encode (Stehling et 

al. 1989). 

EPI requires specific MR scanner hardware that is capable of producing large, fast gradient oscillations 
and is susceptible to signal artefacts and geometric distortions due to eddy current effects and local field 
inhomogeneities caused by the rapidly switching gradients (Jezzard et al. 1998).  Also, single-shot EPI 

is commonly of poorer contrast and lower resolution than other forms of MRI, but it allows the capture 
of rapidly changing dynamic processes, most notably changes in blood oxygenation in functional MRI 
and the diffusion of water molecules in diffusion MRI, that have led to wide application as a clinical and 
research tool. 

2.2 Diffusion MRI 

Diffusion 
Brownian motion describes the stochastic movement of particles imparted by thermal energy and 
underlies the process of molecular diffusion.  Einstein formalised this process in 1905, demonstrating 
that the mean displacement of a set of freely-diffusing particles is dependent on both the time taken to 

diffuse and the diffusion coefficient, or diffusivity, of the medium in which they are in (Einstein 1905; 

Equation 2.5). 

 

𝜆 =  √6𝐷𝑡 
 [2.5] 

where 𝜆 is the root mean square displacement of a molecule in three dimensions over time 𝑡, and 𝐷 is 

the diffusion coefficient of the medium.  In the case of water at room temperature, 𝐷 equals 2.3 x 10-3 

mm2/s. 

Statistically, this ‘free’ diffusion process can be described as a Gaussian function, shown in Equation 
2.6, such that over a given time, the probability 𝑃 of a molecule arriving at a given point 𝒓 after time 𝑡 is 
equal in all directions: 

 

𝑃(𝒓0;𝒓, 𝑡) =  
𝑒�−(𝒓−𝒓0)2/4𝐷𝑡�

(4𝜋𝐷𝑡)
3
2

 

 [2.6] 
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Therefore, within a homogeneous medium (e.g. water), displacement due to diffusion can be described 
as isotropic (Figure 2.3).  In contrast, the brain is clearly not a homogeneous medium and the presence 
of various cellular compartments within the parenchyma creates barriers to diffusing water molecules, 
reducing their mean displacement over time (Beaulieu 2002).  Additionally, the coherent organisation of 
long neuronal axons into tracts within the cerebral white matter preferentially favours diffusion along, 
rather than across, the length of the axons.  This diffusional anisotropy of water molecules (Figure 2.3), 
or more specifically, of water proton spins, within the brain was first demonstrated by Moseley et al. 
(Moseley et al. 1990) and forms the basis of clinical diffusion MRI. 

 

Figure 2.3:  Isotropic and anisotropic diffusion in the brain.  Diffusion-weighted imaging of a 

preterm infant at term-equivalent age reveals the nature of water diffusion within different 

brain tissue compartments (A).  In the ventricular cerebro-spinal fluid (CSF; outlined in red), 

diffusion is unhindered and can be described as isotropic (see panel B).  In white matter, 
diffusion occurs preferentially along the white matter tracts (outlined in green), resulting in 

anisotropic diffusion (panel C).  Diffusion tensor ellipsoids representing isotropic and 
anisotropic diffusion are shown in panels (B) and (C) respectively.  Each tensor is expressed by 

three eigenvectors with values 𝜆1, 𝜆2and 𝜆3.  In isotropic diffusion 𝜆1 = 𝜆2 = 𝜆3, whereas in 

anisotropic diffusion the long axis of the ellipsoid aligns with the underlying white matter and 

𝜆1 is greater than 𝜆2 and 𝜆3. 

Diffusion-weighted imaging 
To sensitise MR signal intensity to the magnitude of diffusion within the brain, a pulsed field gradient 
spin-echo sequence is commonly used.  Initially developed by Stejskal and Tanner in 1965, this 

sequence, shown in a simplified format in Appendix A, induces diffusion weighting through two pulsed 
gradients applied either side of a 180˚ RF pulse (Stejskal and Tanner 1965).  

During the first diffusion gradient, spins accumulate a position-dependent phase shift, the radio 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 that remain 
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stationary between the application of the two gradients refocus completely; the two phase shifts 

cancelling each other out with no loss of signal.  Conversely, the random motion of spins induced by 
water diffusion results in the application of unequal phase shifts, intravoxel spin dephasing and a loss 
in signal amplitude.  This is most evident in the fluid-filled structures of the brain (e.g. the ventricles, 

outlined in red in Figure 2.3). 

The difference in signal between CSF and the parenchyma shown in the diffusion-weighted image in 

Figure 2.3 is not due to differences in the self-diffusivity of water in each compartment (in both, this is 

around 2-3 x 10-3 mm2/s).  Instead, the apparent difference in diffusivity is due to the effect of various 

cellular barriers in the parenchyma restricting water displacement and, consequently, reducing signal 
attenuation.  As such, the apparent diffusion coefficient (ADC) is commonly used in diffusion MRI to 
describe the estimated extent of water diffusivity accounting for impedance due to cellular barriers.  
ADC can be calculated from Equation 2.7 (Le Bihan et al. 1986): 

 

𝐷 =  −
1
𝑏

ln �
𝑆
𝑆0
� 

 [2.7] 

where 𝑆 and 𝑆0 are the signal measured with and without diffusion weighting and 𝑏 reflects the degree 
of diffusion-weighting applied.  The 𝑏-value commonly ranges between 750 and 1500 s/mm2 for clinical 

diffusion MRI and can be calculated from Equation 2.8 (Stejskal and Tanner 1965): 

 

𝑏 =  𝛾2𝐺2𝛿2 �∆ −
𝛿
3
� 

 [2.8] 

where 𝛾 is the gyromagnetic ratio for water protons and 𝐺, 𝛿, and ∆ are the strength, duration and time 
between diffusion gradients, as shown in Appendix A (Figure A.3). 

Due to the coherent organisation of the cerebral white matter, ADC is dependent on the direction of the 
underlying alignment of axons relative to the applied diffusion gradients.  ADC is therefore considered 
a rotationally variant measurement; it is maximally sensitive to diffusion occurring in the direction of 

the applied gradient.  Often this problem is overcome by applying three diffusion gradients, in the left-
right, inferior-superior and anterior-posterior directions, and averaging the resultant ADC values.  

Alternatively, through the application of several diffusion-weighted gradients, it is possible to produce 

rotationally-invariant estimates of tissue diffusivity. 

Diffusion tensor imaging 
DTI requires the application of a minimum of six linearly-independent diffusion gradients, although 

commonly 15, 32 or more directions are acquired to construct the diffusion tensor.  The tensor is 
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represented by a 3 x 3 symmetric matrix that describes the diffusion profile in a given voxel, as shown 
in Equation 2.9: 

 

𝐷 =  �
𝐷𝑥𝑥 𝐷𝑥𝑦 𝐷𝑥𝑧
𝐷𝑥𝑦 𝐷𝑦𝑦 𝐷𝑦𝑧
𝐷𝑥𝑧 𝐷𝑦𝑧 𝐷𝑧𝑧

� 

 [2.9] 

where the diagonal elements (𝐷𝑥𝑥, 𝐷𝑦𝑦 and 𝐷𝑧𝑧) correspond to diffusivity along three orthogonal axes of 

the tensor and the off-diagonal elements reflect the correlation between these displacements. 

The diffusion tensor describes an ellipsoid iso-surface that represents the probability of diffusion from 

the origin, examples are shown in Figure 2.3.  In the case of isotropic diffusion, this probability is equal 
in all directions and the diffusion tensor describes a sphere.  In an anisotropic medium, e.g. cerebral 
white matter, the orientation of the tensor ellipsoid is assumed to align with the underlying, dominant 
fibre orientation and can be expressed by three orthogonal eigenvectors with values 𝜆1, 𝜆2 and 𝜆3 
(Basser et al. 1994, Basser and Pierpaoli 1996, Pierpaoli and Basser 1996). 

𝜆1, 𝜆2 and 𝜆3 are rotationally-invariant, scalar metrics often used to summarise voxelwise diffusion 

properties without a frame of reference.  Independent of the direction of the underlying tracts, 𝜆1 
represents the estimated magnitude of diffusion parallel to fibre direction, described here as axial 
diffusivity (AD), 𝜆2 and 𝜆3 represent the magnitude of diffusion perpendicular to 𝜆1 and, when averaged, 

provide an estimate of diffusion across the direction of the fibres, or radial diffusivity (RD).  Several 
additional indices can be derived from these values.  Mean diffusivity (MD; Equation 2.10) is calculated 

from the trace of the tensor, or the sum of the three eigenvalues, and represents the directionally-
averaged tissue diffusivity.  Relative anisotropy (RA; Equation 2.11) and fractional anisotropy (FA; 

Equation 2.12) both describe the degree to which diffusion along one axis occurs preferentially over 
others (Basser and Pierpaoli 1996). 

 

𝑀𝐷 =  𝜆̅  =   
𝜆1 + 𝜆2 + 𝜆3

3
 

 [2.10] 

𝑅𝐴 =  �
1
3

��𝜆1 − 𝜆̅�2 + �𝜆2 − 𝜆̅�2 + �𝜆3 − 𝜆̅�2

𝜆̅
 

 [2.11] 

𝐹𝐴 =  �
3
2

��𝜆1 − 𝜆̅�2 + �𝜆2 − 𝜆̅�2 + �𝜆3 − 𝜆̅�2
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 [2.12] 
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FA takes a value between 0 and 1, where 0 corresponds to a perfectly isotropic, spherical tensor 
ellipsoid and 1 corresponds to the limit of infinite anisotropy.  Although lower than typical adult values, 
high FA (in the range of 0.35 – 0.50) in the neonatal brain is characteristic of well-developed white 

matter tracts. 

Multi-fibre modelling 
Image resolution in clinical DTI is typically in the range of 1 – 3 mm and a single voxel can contain 
many thousands of axons forming coherent fibre bundles.  One major limitation of DTI is the inability 
to resolve the local diffusion profile of multiple fibre populations passing through a voxel with different 
orientations.  In some cases of complex fibre organisation, modelling diffusion as a Gaussian process 
under the assumption of a single dominant orientation is not appropriate (see Figure 2.4); this ‘crossing-
fibre problem’ can prove particularly troublesome when performing tractography (see Section 2.5).  A 
number of methods have been proposed to more accurately model multiple-fibre populations (Alexander 

2005), either by modelling the underlying diffusion profile to estimate distinct fibre orientations (Tuch 
et al. 2002, Behrens et al. 2003a, Assaf et al. 2004, Chen et al. 2004, Hosey et al. 2005) or by inferring 
the diffusion profile directly with a model-free approach (Jansons and Alexander 2003, Tournier et al. 

2004, Tuch 2004, Wedeen et al. 2005).  Although the latter approaches have been used to detect up to 
three distinct fibre populations per voxel in some brain regions (Tuch et al. 2003), they require datasets 
acquired with high 𝑏-values and a large number of directions that are not yet practically achievable in a 

clinical setting.  

Of the model-based approaches, Behrens et al. demonstrated that a clinically feasible acquisition 

scheme (60 gradient directions with a 𝑏-value of 1000 s/mm2) is adequate to detect 2 fibre populations in 

up to one third of white matter voxels using a ‘ball and stick’ compartment model (Behrens et al. 2007).  
Here, the diffusion signal is modelled as a combination of two compartments: anisotropic diffusion along 

the axis of each fibre population and isotropic diffusion of free water otherwise unattributed to axonal 
diffusion (see Figure 2.4).  Although a limitation of typical multi-tensor models is the need for prior 

information on the number of expected fibre populations per voxel, this technique allows the automatic 
detection of the number of fibre populations supported by the data using Bayesian inference (Behrens et 
al. 2007). 
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Figure 2.4:  Crossing fibres and the diffusion tensor.  Although single fibre populations can be 

modelled with a single diffusion tensor (A), more complex configurations, such as crossing 
fibres (B) can produce tensors that do not represent all fibre populations.  Ball-and-stick 

models (A and B, right) are able to model the contribution of each fibre population to the 

anisotropic signal. 

2.3 Image Registration 

Computational MR analysis, driven by the increasing availability of modern, high-field clinical MR 

scanners coupled with powerful computers and the development of advanced post-acquisition processing 

pipelines, provides the means to quantify differences between MR images objectively, and often 
automatically, with robust, precise and reproducible measurements. 

Image registration is a cornerstone of groupwise, quantitative MR analysis (Toga and Thompson 2001, 
Crum et al. 2004).  The goal is to geometrically align, spatially normalise, or transform images acquired 
from different individuals, at different timepoints or with different modalities in order to achieve 
precise spatial correspondence in a common reference space for direct comparison.  This process 
underlies many techniques that can provide insight into the subtle changes in cerebral volume, function 
and microstructure associated with development and aging (Thompson et al. 2000, Good et al. 2001, 
Aljabar et al. 2008, Giorgio et al. 2010a), disease progression (Thompson et al. 2003, Leow et al. 2009), 
post-operative changes (Ferrant et al. 2002) and task-related plasticity (Maguire et al. 2000, Scholz et 

al. 2009). 
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Registration can generally be separated into three components: 

1. Transformation: to estimate the mapping between a given source (the image to be transformed) 

and a reference image. 

2. Similarity measurement: to define the similarity between the transformed source and the 

intended reference. 

3. Optimisation: to select, or improve upon, the transformation. 

Image registration algorithms aim to maximise the similarity between the source and the target by 
optimising the parameters of the transformation model.  Many transformation models exist but they 
can be broadly defined as one of two types: linear (rigid and affine) and nonlinear.  Linear 

transformations can account for global differences in size and shape between two images; nonlinear 

transformations can additionally model local variations in anatomy, providing detailed and precise 
transformations (Hill et al. 2001; see Figure 2.5).  This type of modelling is particularly useful when 

analysing MRI acquired from preterm infants due to the large variation in cerebral anatomy between 
subjects and the rapid cerebral development that occurs during the neonatal period. 

 

Figure 2.5:  Image registration between a source and target image.  A source image (A) is 

aligned to a target (D) with affine (B) and nonlinear transformations (C).  The source image is 

a 𝑇2-weighted MRI from a preterm infant at term-equivalent age, the target is a population-
average atlas as described in Kuklisova-Murgasova et al. (2011). 

Linear registration 
Transformation models are defined by the type and number of possible deformations that can be applied 
to align two images.  Rigid transformations preserve shape, such that the distance between any given 
two points in an image remains the same after transformation.  Rigid transformations are commonly 
used for intra-subject registration (i.e.: between a subject’s 𝑇1 and 𝑇2-weighted images), where the 

anatomy is matched but positional differences may exist due to movement in the scanner or altered 
field of view, or to provide a starting point for subsequent affine and nonlinear registration.  The rigid 
transformation between two points in corresponding images is composed of a set of translations and 
rotations over three dimensions giving a total of six parameters, or degrees-of-freedom (DOF), to 

optimise during registration  
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Rigid transformations represent a subset of affine transformation that also includes scaling and shear 
parameters over three dimensions to give 12 DOF.  Affine registration can be used to correct for 
scanner-induced geometric distortions – most commonly due to eddy current effects in EPI-acquired 

data – and for inter-subject registration to provide an approximate alignment of images from different 

subjects, able to model global changes in scales and shape but not local variations in anatomy.  For 
more precise alignment, nonlinear registration is often required; an affine transformation can provide a 

starting estimate for these more computationally-demanding transformations. 

Nonlinear registration 
Several approaches to nonlinear registration exist: some model the image to be transformed as a 

deformable elastic material or fluid (Bajcsy and Kovačič 1989, Christensen et al. 1996), others model 
the deformation as a smooth combination of basis functions or splines (Bookstein 1989, Friston et al. 
1995, Rueckert et al. 1999).  Spline-based registrations require a set of landmarks, or control points, to 

be placed in each image – these may be anatomically informed or placed on a grid – with 
transformations represented by a smooth combination of the deformations at each control point (see 
Figure 2.6). 

 

Figure 2.6:  A nonlinear transform can be modelled using a smooth approximation of 

deformations of regularly spaced control points.  A transformed image is shown in (A) with a 
regular grid of control points overlaid in (B).  The vectors in (C) describe the deformation 

required in order for the control points to match their corresponding positions in the 
untransformed, source image.  The smooth deformation field in (D) describes the final 

transformation. 

The free-form deformation (FFD) model uses a regularly-spaced grid of control points, with the 

translation required of each to bring one image into the space of another described by a vector.  Vectors 
at each control point are blended using a 𝐵-spline kernel to produce a smooth deformation field (Figure 

2.6D).  As 𝐵-splines are locally controlled, displacing a single control point will only directly affect 

neighbouring points and not the whole grid; this makes 𝐵-spline based registration computationally 

efficient and able to cope with locally varying structure (Rueckert et al. 1999). 

Deformations estimated with FFD are calculated as a combination of local and global transformations, 
where the global estimate is provided by affine registration.  The local transformation (𝑇𝑙𝑜𝑐𝑎𝑙(𝑥)) is 
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estimated as a three-dimensional tensor product of one-dimensional cubic 𝐵-splines, as shown in 

Equation 2.13: 

 

𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) =  �� �𝐵𝑙(𝑢)𝐵𝑚(𝑣)𝐵𝑛(𝑤)𝛷𝑖+𝑙,𝑗+𝑚,𝑘+𝑛

3

𝑛=0

3

𝑚=0

3

𝑙=0

 

 [2.13] 

where 𝛷𝑖,𝑗,𝑘 represents a set of vectors on a 𝑛𝑥 × 𝑛𝑦 × 𝑛𝑧 lattice of control points; 𝐵0, ..., 𝐵3 are the cubic 

𝐵-spline basis functions; 𝑖, 𝑗 and 𝑘 are the control point indices; and 𝑢, 𝑣 and 𝑤 are fractional lattice 

coordinates corresponding to the position of 𝑥.  The local displacement of 𝑥 is given by the 𝐵-spline 

tensor product over the control point vectors. 

The degree of achievable deformation depends on the resolution of the control point grid.  Large control 
point spacings can model global deformations, whereas small spacings model local variations and fine 
anatomical detail.  This means that many studies using FFD tend to optimise the transformation over 
several resolution levels, with the number of control points increasing at each level (Schnabel et al. 
2001).  This allows the capture of nonlinear deformations at increasingly more local scales, as shown in 
Equation 2.14: 

 

𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) =  �𝑇𝑙𝑜𝑐𝑎𝑙𝑙 (𝑥)
𝐿

𝑙=1

 

 [2.14] 

where the transformation 𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) is given by the sum of prior local transformations 𝑇𝑙𝑜𝑐𝑎𝑙𝑙 (𝑥) at 

increasing control point resolution levels 𝑙, where control point resolution increases from 𝛷𝑙 to 𝛷𝐿. 

In this thesis, unless otherwise stated, nonlinear registration between structural MR images is 
performed using IRTK (Image Registration Toolkit; http://www.doc.ic.ac.uk/~dr/software/; Rueckert et 

al. 1999).  IRTK uses the FFD model and has been shown to perform consistently well in comparison to 
other registration software (Klein et al. 2009), and has been optimised for use in neonatal MR 
(Boardman et al. 2006).  For registration of FA maps in Chapters 5 and 6, the FNIRT software is used 
(FSL’s Nonlinear Registration Tool; http://www.fmrib.ox.ac.uk/fsl/fnirt/; Andersson et al. 2007).  In 

FNIRT, deformations are constructed according to the same principles as IRTK (i.e.: linear 

combinations of basis functions) but the software has been specifically configured for use in the TBSS 
pipeline (see Section 3.3 below). 

Measuring similarity 
The goal of registration is to maximise the similarity between two images.  Similarity can be defined in 
terms of geometric or intensity-based correspondence (Hajnal et al. 2001).  By identifying reliable (i.e.: 
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anatomically consistent) landmarks it is possible to map the transformation between pairs of 
corresponding points in each image (Bookstein 1989, Rohr et al. 2001, Johnson and Christensen 2002), 
although the manual placement of each landmark must be precise to avoid introducing error or bias 
into the transformation.  Other approaches use anatomical surfaces, such as the ventricular borders or 
cortical surfaces (Thompson and Toga 1996, Yeo et al. 2010) extracted automatically and used to define 
many points across the whole surface or anatomical features such as sulcal and gyral ridges that are 
used to drive the registration process (Subsol et al. 1997, Joshi et al. 2010).  Although reliant on 
relatively sparse data, these surface-based techniques are particularly proficient when aligning the 

cortical surface between subjects – typically very difficult to achieve using intensity-based methods due 

to the highly complex and variable convolutions of the cortex across subjects (Rademacher et al. 1993).  
Despite increasingly sophisticated methods, the use of surface-based registration in neonatal population 

remains limited due to the technical difficulties in accurately extracting and aligning neonatal cortical 
surfaces (Xue et al. 2007, Hill et al. 2010). 

Intensity-based similarity metrics measure the difference in voxel intensities at corresponding locations 

across the whole image.  The simplest forms: sum of squared differences (SSD) and cross correlation 

(CC) are best suited to intramodal registration between images with similar intensities (i.e.: between 

two 𝑇1-weighted images).  SSD is based on the assumption that, once transformed, the image intensities 

differ only due to Gaussian noise, the intensity range of each tissue class must therefore be identical in 
both images.  When using CC, image intensity may differ but a linear relationship is assumed to exist 
between the intensities of corresponding points in each image at registration (Hill et al. 2001). 

When performing registrations between different image modalities, or between images with different 
contrasts, entropy-based metrics are generally more suitable (Pluim et al. 2003).  In information theory, 

entropy is a measure of uncertainty associated with a variable; in terms of image registration, entropy 

describes the probabilistic relationship between voxel intensities, as shown in Equation 2.15, and 
describes the expected uncertainty or information content of the image. 

 

𝐻𝑥 =  −�𝑝(𝑖) log𝑝(𝑖)
𝑖

 

 [2.15] 

where 𝑝(𝑖) represents the probability of voxels with intensity 𝑖 occurring in an image 𝑥. 

Entropy-based metrics such as mutual information (MI; Equation 2.17) and normalised mutual 

information (NMI; Equation 2.18) require an estimation of the probability density functions of image 

intensities in the target and source images.  This is achieved by constructing a joint histogram of the 
intensities across the whole of each image into discrete bins of fixed width and calculating the joint 
probability that a voxel intensity lies within a specific intensity range in both images, shown in 
Equation 2.16: 
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𝐻𝐴𝐵 =  −��𝑝(𝑎, 𝑏) log𝑝(𝑎, 𝑏)
𝑏𝑎

 

 [2.16] 

where 𝑝(𝑎, 𝑏) represents the joint probability of intensities 𝑎 and 𝑏 occurring in corresponding voxels of 
images 𝐴 and 𝐵. 

 

𝑀𝐼 =  𝐻𝐴 + 𝐻𝐵 −  𝐻𝐴𝐵 
 [2.17] 

𝑁𝑀𝐼 =  
𝐻𝐴 + 𝐻𝐵
𝐻𝐴𝐵

 

 [2.18] 

where 𝐻𝐴 and 𝐻𝐵 represent the marginal entropies of images 𝐴 and 𝐵 as given by Equation 2.15, and 

𝐻𝐴𝐵 represents the joint entropy of both 𝐴 and 𝐵, shown in Equation 2.16.  The more similar 𝐴 and 𝐵 
are, the lower the joint entropy – maximising MI requires a balance between maximising each image’s 
marginal entropy while minimising their joint entropy (Wells et al. 1996, Maes et al. 1997).  In practice 
MI can be influenced by overlap of background, or low intensity regions, even if the main focus of the 
image is not well aligned, therefore NMI is more typically used for image registration as it is overlap-
invariant (Studholme et al. 1999). 

Optimisation and interpolation 
Optimisation describes the process of finding the global minimum (or maximum) of a function of a set of 
parameters as determined by the choice of transformation model, for instance minimising SSD, or 
maximising MI.  The large number of parameters required to describe a transformation model can 
make an exhaustive search for the optimum values of each impractical.  A common approach in both 
linear and nonlinear registration is to adopt a multi-resolution approach with local optimisation (Woods 

et al. 1993, Studholme et al. 1996, Rueckert et al. 1999, Jenkinson and Smith 2001).  This involves 
estimating an initial set of parameters and perturbing each by a given step size, chosen empirically, 
before re-evaluating the similarity metric.  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 in a coarse-to-fine manner 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, can be calculated relatively quickly and used to inform higher 
resolution transformations.  Occasionally, local optimisation strategies may fail due to the presence of 
local minima, possibly as a result of large differences in scale or extreme transformations between 
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images, which do not reflect the optimum global solution and can cause the registration process to fail, 
resulting in misaligned images (Jenkinson and Smith 2001).  

Optimising intensity-based similarity metrics requires comparison of equivalent points in the target 

and transformed source images.  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).  A number of 
interpolation methods exist, the choice of each depending on a trade-off between speed and accuracy.  

Nearest-neighbour interpolation simply assigns any given point the intensity of the geometrically-
nearest voxel centre; it is quick to calculate and is often used when transforming binary or integer-
labeled masks as it preserves the original voxel values without blurring.  Trilinear interpolation is a 
commonly used method where intensity is calculated as the weighted average of neighbouring voxels, 
with the closest voxel centres weighted higher (Lehmann et al. 1999).  More sophisticated interpolators, 
including 𝐵-spline and sinc interpolation, are more accurate but also more computationally demanding 

to calculate (Hajnal et al. 1995, Unser 1999). 

Regularisation 
Nonlinear registration can result in precise image alignment.  Although this results in high similarity it 
may also produce implausible transformations containing sharp warps, folds or tears of the transformed 
image that are anatomically invalid (Crum et al. 2004).  In general, it is assumed that similar 
structures are present in both images to be registered (although variability in their size and shape is 
expected); this is reflected in a one-to-one transformation, represented by a smooth and invertible 

deformation field, or diffeomorphism (Trouvé 1998).  Diffeomorphic transformations are desirable when 
the output of the registration is required for analysis, for instance in deformation-based morphometry 

(DBM; Ashburner et al. 1998, Leow et al. 2007) and a number of nonlinear registration algorithms are 

diffeomorphic by design (Christensen et al. 1996, Marsland and Twining 2004, Beg et al. 2005, 
Ashburner 2007).  Although FFD-based algorithms do not necessarily produce diffeomorphisms, 

invertible warps can be constructed by composing multiple FFD, each with a strong smoothness 
constraint, or by imposing sufficient regularisation on a single FFD (Rueckert et al. 2006). 

Regularisation functions often reflect the nature of the deformation fields, for example bending energy 
(Rueckert et al. 1999) or membrane energy (Ashburner and Friston 1999), and can easily be 
incorporated into the registration.  As shown in Equation 2.19, if 𝐶𝑠𝑖𝑚 represents the similarity metric 

and 𝐶𝑟𝑒𝑔 the regularisation term, the overall cost function to be optimised by the transformation is given 

by 𝐶.  The contribution of the regularisation to the overall function is given by 𝜆, which can be set 

heuristically to achieve the required level of constraint. 

 

𝐶 =  𝐶𝑠𝑖𝑚 +  𝜆𝐶𝑟𝑒𝑔 

 [2.19] 
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Defining correspondence 
A major difficulty in image registration for the purpose of MR image analysis is establishing, and 
validating, image correspondence (Crum et al. 2003).  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).  Studies have shown that for specific structures, 
automatic morphometry based on nonlinear registration is consistent with manual volumetry (Holden 
et al. 2002) and intensity-based nonlinear algorithms have been shown to accurately align 70% of a set 

of 128 anatomical landmarks placed across the brain with an error of less than 3 mm (Grachev et al. 
1999).  Indeed, when performing registration based on image intensity, borders between tissues with 
distinctly different contrasts (i.e.: the deep grey/white matter border) are often well-aligned but, in 

regions of similar tissue intensity, there is no way to guarantee that homologous regions are aligned to 
each other accurately, or reproducibly.  This is of particular importance in the cortex where significant 
inter-individual variability exists (Rademacher et al. 1993).  Care must therefore be taken to consider 

these limitations when interpreting statistical analyses based on image registration. 

2.4 Structural MR Analysis 

Morphometric analysis of structural MR is widely used in neuroimaging to detect alterations in 
structural shape, volume and tissue density without the need to select regions-of-interest a priori.  
Many different methods have been described; two of the most common are voxel-based morphometry 

(VBM; Wright et al. 1995, Ashburner and Friston 2000) and deformation (or tensor)-based 

morphometry (Ashburner et al. 1998, Chung et al. 2001, Rueckert et al. 2003). 

Voxel-based morphometry 
VBM combines the spatial normalisation of all images to a common space with a relatively low DOF 
nonlinear registration, tissue segmentation to extract voxels containing grey matter (or white matter), 
kernel-based smoothing and statistical analysis to determine regional tissue distribution on a voxelwise 

basis (Ashburner and Friston 2000).  VBM is traditionally implemented with a low-dimensional 

registration for spatial normalisation that has been the source of some controversy regarding the 
possible confounding effects of misregistration on analyses (Ashburner and Friston 2001, Bookstein 
2001).  Good et al. introduced an ‘optimised’ VBM pipeline that takes into account the effect of volume 
change on tissue segmentations in template space and allows for more precise nonlinear registration 
(Good et al. 2001).  Using the optimised pipeline, results obtained using VBM have been compared to 
manual volumetry and have demonstrated generally good correspondence (Good et al. 2002, Douaud et 
al. 2006, Bergouignan et al. 2009, Kennedy et al. 2009).  A further complication of VBM analysis is the 
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choice of smoothing kernel and care must be taken when making this arbitrary decision as the width of 
the kernel used has been shown to alter the results of VBM-style analyses (Jones et al. 2005). 

Although VBM has been used to study neonatal populations previously (Lodygensky et al. 2008), the 
difficulty in automatically segmenting tissue classes in the newborn brain, due to low contrast, 
intensity inhomogeneity and rapidly developing anatomical structures preclude the use of the standard 
pipeline (Weisenfeld and Warfield 2009).  Additionally, due to the highly variable range of cerebral size 
and shape present in preterm populations, the use of low-dimensional warping in VBM may not 

sufficiently align all images in a cohort, making the process difficult to implement and interpret. 

Deformation-based morphometry 
In DBM, statistical analysis is performed directly on the nonlinear transformations, rather than the 
properties of the subsequently transformed images (Ashburner et al. 1998, Chung et al. 2001, Rueckert 
et al. 2003).  As such, DBM relies on achieving precise spatial correspondence so that any difference 
between two images is encoded as fully as possible in the deformation field.  In addition, DBM does not 
rely on tissue segmentation. 

Although the terms are often used interchangeably, deformation-based and tensor-based morphometry 

(TBM) can refer to distinct analytical processes.  In the literature, DBM refers to multivariate 
statistical analysis of parameters associated wtih the deformations, such as voxelwise displacement 
vectors (Ashburner et al. 1998, Gaser et al. 1999, Shi et al. 2009), whereas TBM tends to refer to the 
analysis of a derivative of the deformations, most commonly local volume change as described by the 
Jacobian determinant (Ceccarelli et al. 2009, Shi et al. 2009, Lu et al. 2011).  This is not always the 
case, however, and DBM is often used to describe both types of analysis (Gaser et al. 2004, Rohlfing et 
al. 2006, Cardenas et al. 2007, Tosun et al. 2011).  For the purposes of this thesis, and to be consistent 
with previous literature in the field (Boardman et al. 2006, Aljabar et al. 2008), statistical analysis of 
the Jacobian determinant, derived from the deformation fields, will be referred to as DBM. 

To derive local volume change from a nonlinear deformation, the Jacobian operator 𝐷 can be applied to 

any transformation 𝑇 between two images (Equation 2.20).  Volume change at a point 𝑥 is then given by 
the determinant of the Jacobian operator 𝐽(𝑥)at that point (Equation 2.21). 
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where 𝑇𝑥, 𝑇𝑦 and 𝑇𝑧 represent the displacements in the 𝑥, 𝑦 and 𝑧 directions. 
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Figure 2.7 shows how volume change is induced by different types of transformation.  Jacobian values 
are calculated in the space of the target image and values greater than 1 represent local tissue 
expansion whereas values less than 1 represent tissue contraction relative to the target.  By calculating 
voxelwise volume change relative to a common target across a range of individuals, statistical analysis 
can test volumetric differences, or correlations within a study population. 

As with VBM, the validity of DBM is dependent on the accuracy of the nonlinear registration.  Gaser et 
al. demonstrated a high correlation (𝑟 = 0.96) between manual volumetry of the lateral ventricles and 

the mean Jacobian determinant calculated within a ventricular mask drawn in the space of the target 
image, using a multi-resolution nonlinear registration approach (Kjems et al. 1999, Gaser et al. 2001).  

Similar comparisons have been made with FFD registration (Holden et al. 2002).  In addition, Han et 
al. demonstrated that FFD-based registration, implemented by IRTK, performs well detecting volume 

change in simulated deformation fields constructing from paediatric MRI (Han et al. 2011). 

As DBM does not require tissue segmentation and uses high-dimensional registration techniques that 

are able to model large variations in size and shape, it represents an appropriate technique for 
structural MR analysis in the preterm neonate (Boardman et al. 2006, Boardman et al. 2007). 

 

Figure 2.7:  Volume change induced by transformations.  Three different transformations are 

applied to the grid in (A).  Translation caused by volume increase on the left side (B), clockwise 
rotation of 45˚ (C) and central volume expansion (D).  The colour of each square represents the 

volume change induced by each transformation.  Red = volume increase; blue = volume 

decrease; yellow = no overall volume change.  Figure modified from Figure 2 in Chung et al. 

(2001). 

2.5 Diffusion MR Analysis 

Voxel-based analysis 

As with standard VBM, scalar images derived from diffusion datasets – most commonly FA maps – can 
be aligned with nonlinear registration to a common target space, smoothed and analysed with mass-
univariate statistics.  As such, similar concerns about the interpretability of this style of analysis have 



38 

been raised, given the possible confounding effects of misregistration, smoothing and partial voluming 
(Jones and Cercignani 2010). 

Partial volume effects can prove problematic when transformed FA maps are analysed directly.  In 
voxels that contain more than one type of tissue, a change in the ratio of tissue type can result in a 
change in intensity and interpretion as a microstructural change reflected by altered FA.  Therefore, it 
can be difficult to separate changes in contrast due to altered FA from those caused by mis-registered or 

altered anatomical borders (i.e.: enlarged ventricles), a problem that is exacerbated in clinical 

populations with known structural alterations (Simon et al. 2005, Smith et al. 2006).  Although 
smoothing can mitigate the effects of residual misalignment after registration, it does not do so in a 
controlled manner, making it difficult to determine how much to apply without performing multiple 
repeated tests (Jones et al. 2005, Jones and Cercignani 2010).   

TBSS was introduced by Smith et al. as a method of voxelwise DTI analysis that is not dependent on 
precise spatial alignment and does not require smoothing (Smith et al. 2006).  The key step is the 
generation of a skeletonised dataset that represents the centre of all white matter tracts common to the 
group and over which statistical analysis is performed.  After nonlinear alignment, an intensity-
averaged image of the co-registered FA maps is created and thinned using non-maximum suppression 

perpendicular to the local tract direction.  This process identifies voxels of the highest intensity, or FA, 
which are assumed to represent the centre of each tract, or contiguous group of tracts, and creates a set 
of curved sheets, or tubes (see Figure 2.8). 

 

Figure 2.8:  Generating the FA skeleton in TBSS.  White matter tracts are thinned to form a 

FA skeleton (A) comprising a set of sheets or tubes that represent the topology of the white 
matter and contain voxels from the centre of the tracts (B).  Individual FA values are then 

projected from transformed maps onto the group skeleton, in order to reduce the effect of mis-
registration (C). Modified from Figure 2 in Smith et al. (2006).  

Following skeletonisation, individual FA values are projected onto the group FA skeleton.  Precise 
spatial alignment is not required at this point; a local search method is employed to find the highest 

intensity voxel nearby (assumed to represent the centre of the relevant tract in each individual) and 
project its value onto the appropriate skeleton voxel (see Figure 2.8).  This process aims to align the core 
of the white matter across individuals for analysis and ensures that TBSS is robust to small alignment 
errors.  As sub-optimal registration and misalignment can result from high anatomical variability 
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within a study population, TBSS is particularly suitable for voxel-based neonatal DTI analysis (Anjari 

et al. 2007). 

Tractography 
Tractography represents an alternative method for diffusion analysis.  By exploiting directionally 
coherent diffusivity in the cerebral white matter it is also possible to infer the path taken by specific 
white matter tracts through the brain (Mori et al. 1999).  These methods can be used as in vivo 
dissection tools, extracting 3-dimensional representations of specific tracts for anatomical comparison 

on a macro- or microstructural scale (Wakana et al. 2004) or to infer structural connectivity between 

remote cortical or subcortical regions (Behrens et al. 2003b). 

The earliest tractographic algorithms propagate pathways, tracks, or streamlines, from an initial 
starting point – the ‘seed’ region – through the diffusion data with the direction of the principal 
eigenvector 𝜆1 at each point defining the direction of the next step (Conturo et al. 1999, Mori et al. 1999, 

Jones et al. 1999).  This process, termed deterministic or streamline tractography, continues until the 
streamline enters a region of low anisotropy, usually set as a hard threshold to ensure that streamlines 
remain in the white matter where directional diffusivity is well-defined, or makes a change in direction 

that exceeds a preset curvature limit, beyond which the pathway is deemed biologically implausible. 

Streamline techniques, constrained by anatomically informed ROI, are able to delineate the major 
white matter fasciculi in a manner that is both reliable and consistent with known neuroanatomy (see 
Figure 2.9; Catani et al. 2002, Mori et al. 2002, Wakana et al. 2004, Wakana et al. 2007).  In addition, 

tract-related indices including streamline length, tract volume and diffusivity appear sensitive to 

psychiatric, neurological and neurodegenerative disease states (Ciccarelli et al. 2008). 

However, deterministic tractography is reliant on the clear determination of the direction of maximal 
diffusion in each voxel, a measurement that can be confounded by a number of factors.  Low spatial 
resolution, poor signal-to-noise ratio and the presence of multiple fibre populations that cannot be 

modelled by the diffusion tensor can all introduce error into tract propagation (Mori and van Zijl 2002, 
Le Bihan et al. 2006, Ciccarelli et al. 2008).  Reliance on relatively high anisotropy for accurate tracking 
also limits the application of these techniques in neonatal populations, where cerebral white matter is 
characterised by generally lower anisotropy, and precludes tracking into cortical or subcortical grey 
matter – essential for assessing thalamo-cortical connectivity.  

Alternative approaches operate within a probabilistic framework, accounting for the uncertainty in 
voxelwise diffusion estimates, and often utilising multi-fibre models of diffusion to allow tracking 

though more complex fibre configurations (Figure 2.9; Behrens et al. 2003a, Parker and Alexander 

2005, Behrens et al. 2007).  A probabilistic model provides a distribution on the direction of maximal 
diffusion at each voxel rather than a single point estimate, with a broad distribution reflecting 
increased uncertainty in the estimation.  Multiple streamlines are propagated from each voxel in a 
given seed region and the direction of each is drawn at random from the distribution of directions 
available, meaning that any given streamline need not follow the path of another.  As each streamline 
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steps through the diffusion data, a connectivity distribution of all possible pathways is built up, with 
the intensity at a given voxel representing the number of streamlines that have passed through it and 
reflecting the confidence of a connection existing between the voxel and seed region.  Few termination 
criteria or constraints are required, although often a curvature threshold is applied (Behrens et al. 
2003a). 

 

 

Figure 2.9:  Comparison of deterministic and probabilistic tractography.  The cortico-spinal 

tract is delineated in a preterm infant at term-equivalent age with deterministic (A) and 

probabilistic (B) tractography.  Diffusion is modelled voxelwise with the diffusion tensor in (A), 

and with constrained spherical deconvolution (Tournier et al. 2004), to account for multiple 
fibre directions, in (B).  Note how probabilistic tractography captures the lateral projections of 
the cortico-spinal tract more fully than deterministic tracking. 

Probabilistic tractography allows pathways to be traced in the presence of uncertainty, through multi-
fibre populations and into regions of low anisotropy and has proved suitable for neonatal DTI analysis 
(Bassi et al. 2008, Liu et al. 2010).  Importantly, it also provides a measure of connectivity, in terms of 
pathway probability, that has been used to reliably quantify connections between remote structures in 
both adult and paediatric populations (Behrens et al. 2003b, Johansen-Berg et al. 2005, Counsell et al. 

2007, Traynor et al. 2010).  In contrast to voxel-based analysis, tractography generally requires a prior 

hypothesis on the regions to be tested, with assumptions made on the position and path of the tracts-of-
interest but a number of techniques based on the same principles have been developed to investigate 
whole-brain connectivity in an exploratory manner (Sporns et al. 2005, Hagmann et al. 2008, Gong et 

al. 2009, Robinson et al. 2010).  These techniques can be used to map structural connectivity across the 
brain as complex networks, analysed with computational methods often drawn from graph theory, 
attributes of which appear to reflect normal development and are altered in disease states (Strogatz 
2001, Stam et al. 2007, Bullmore and Sporns 2009, Rubinov et al. 2009). 
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Chapter 3 

The Developing Brain and Preterm Birth 

3.1 Human Brain Development  

The period between 24 and 40 weeks of gestation is a critical time in human brain development; the 

formation of cerebral pathways through axonal growth, neuronal differentiation and synaptogenesis in 
the cortex that occurs during this time is essential for normal brain development and function (Kostovic 
and Jovanov-Milosevic 2006, Kostovic and Judas 2010). 

In early gestation, brain development is characterised by proliferative processes.  Dividing 
neuroepithelial cells in the wall of the closing neural tube form the ventricular zone (VZ), the cells of 
which extend radial processes toward the pial surface (Rakic 1988).  As the VZ increases in size and 
surface area, neurogenesis begins and postmitotic cells migrate along the radial scaffold forming 
transient, laminar structures in the developing neocortex (Hatten 1999).  By gestational week 14, six 
cellular zones are present, as shown in Figure 3.1: the VZ; the subventricular zone (SVZ), which forms 

the principal site of neuronal and glial proliferation during the second half of gestation; the 

intermediate zone; the subplate, a transient structure essential for establishing thalamo-cortical and 

cortico-cortical connections; the cortical plate, formed from the pre-plate and which, along with the 

marginal zone, will eventually form the six layers of the neocortex (Bystron et al. 2008). 

By mid-gestation, the subplate is the thickest of these zones, containing postmitotic and migratory 

neurons, glial cells and serving as a prominent site for neuronal differentiation and synaptogenesis 
(Kostovic and Rakic 1990, Kostovic and Judas 2010).  In addition, the subplate serves as a major target 
for growing afferent axons, and a front of afferent fibres originating from the brainstem, thalamus and 
other cortical regions accumulate within the subplate, forming transient, functional circuits before 
penetrating the cortical plate between 24 and 26 weeks gestational age (GA) (Kostovic and Goldman-
Rakic 1983, Allendoerfer and Shatz 1994, Herrmann et al. 1994, Kostovic and Judas 2002).  At this 
point, the subplate is clearly visible with MRI in both early preterm infants and foetuses in utero (Maas 
et al. 2004, Perkins et al. 2008, Dudink et al. 2010).  The coincident timing of subplate development and 
the highest incidence of major brain pathologies associated with preterm birth indicates that during 
this period the subplate is specifically vulnerable to injury in these infants (Volpe 2009).  From around 
26 weeks, the subplate begins to diminish and thalamo-cortical afferents begin to synapse in the deep 

layers of the cortical plate, before progressing into layers III and IV (Kostovic and Judas 2010).  
Dendritic differentiation, synaptic formation and glial proliferation increases within the cortical plate, 
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further demarcating the cortical layers and forming a complex multi-directional fibre arrangement and 

a change in cortical cytoarchitecture that can be detected with DTI (McKinstry et al. 2002).  

 

Figure 3.1:  Laminar structure of the developing neocortex.  Illustration of the sequence of 

development of the six major transient zones of the developing cortex, shown after 
approximately 30 (A), 32 (B), 45 (C), 55 (D) and 90 (E) embryonic days. Each zone has a 

distinct cytoarchitecture and role during development. VZ=ventricular zone, PP=preplate, 
SVZ=subventricular zone, IZ=intermediate zone, SP=subplate, CP=cortical plate and 

MZ=marginal zone.  Image modified from Figure 1 in Bystron et al. (2008). 

From around 30 weeks gestation, the primary cortical gyri and sulci begin to form according to a 
specific spatiotemporal schedule (Chi et al. 1977) and interhemispheric callosal fibres begin to spread 
throughout the subplate (Judas et al. 2005, Kostovic and Jovanov-Milosevic 2006).  An initial over-
production of interhemispheric connections means that the number of axons passing through the corpus 
callosum is maximal prenatally, prior to postnatal pruning and retraction (LaMantia and Rakic 1990).  
The continued proliferation of cortico-cortical association and commissural fibres and diminution of the 

subplate continues towards term. 

Myelination 
Although essential for normal brain function, the process of myelination predominantly occurs post-
natally, progressing in a posterior-to-anterior and medial-to-lateral direction and continuing into 

adolescence and adulthood (Yakovlev and Lecours 1967, Gilles et al. 1983, Benes 1989).  Histological 
evidence indicates that myelinated fibres are only present in the vestibular and cochlear systems, 
cerebal peduncles and the inferior sections of the posterior limb of the internal capsule (PLIC) by term 
(Yakovlev and Lecours 1967).  Myelinating oligodendrocytes develop from around mid-gestation 

according to a well-established lineage with successful stages marked by specific cell-surface antibodies 

and morphology (Pfeiffer et al. 1993, Back et al. 2007).  Oligodendrocyte progenitors originate from the 
VZ and migrate along radial projections to distribute through the developing cerebral parenchyma, 
before forming premyelinating, differentiating oligodendrocytes (Miller 2002).  Pre-oligodendrocytes 

account for 90% of all oligodendroglial cells at 28 weeks gestation, reducing to 50% at term as they form 



43 

mature myelinating oligodendrocytes, and as a population have a selective vulnerability to the injurious 
mechanisms associated with preterm brain injury (Back et al. 2001, Volpe et al. 2011). 

3.2 Epidemiology of Preterm Birth 

Currently, 7-8% of all babies born in the UK are born preterm, typically defined as birth after less than 

37 weeks of completed gestation (Health and Social Care Information Centre 2010, Petrou et al. 2011) 
and the rate of preterm birth in industrialised countries has increased steadily over the past two 
decades (Beck et al. 2010).  The adverse consequences of preterm birth are far-reaching and represent a 

significant burden to health and education services, as well as to the individual and their family.  In the 
USA alone, where the incidence of preterm birth is significantly greater at 12.5%, the annual societal 
cost in 2005 was estimated to be at least $26.2 billion – over $51 000 per infant (Behrman and Butler 
2007). 

Some 65-70% of preterm births occur following spontaneous labour or preterm premature rupture of 

membranes (PPROM; Goldenberg et al. 2008).  The aetiology of spontaneous preterm birth is unclear 

but is unlikely to depend on a single pathologic process.  Epidemiological studies have identified a 
number of factors that confer additional risk for preterm birth (Slattery and Morrison 2002).  These 
include: multiple pregnancies, due in part to the increased use of in vitro fertilisation techniques 

(Gardner et al. 1995, Blondel and Kaminski 2002); low socioeconomic status (Olsen et al. 1995); ethnic 

origin (Ananth et al. 2001, Steer 2005); substance abuse (Offidani et al. 1995); and maternal infection 

during pregnancy (Romero et al. 2001).  In addition, studies have identified a multitude of underlying 
biological pathways and possible genetic and epigenetic mechanisms that influence birth timing 
(Vadillo-Ortega et al. 2002, Vuadens et al. 2003, Lockwood et al. 2005, Roizen et al. 2008, Tobi et al. 

2011).  However, effective prediction of preterm birth remains difficult, relying on a combination of 
clinical history, measurements of cervical length and biochemical markers such as foetal fibronectin, 
thereby limiting the effectiveness of targeted interventional strategies (Lockwood et al. 1991, Hassan et 
al. 2000, Chandiramani and Shennan 2006). 

3.3 Neurodevelopmental Outcome Following Preterm Birth 

Preterm birth is the most frequent cause of infant death in the USA, and almost a third of all early 
neonatal deaths can be attributed to prematurity (Callaghan et al. 2006, Lawn et al. 2006).  With 
advances in perinatal care and specific interventions, including prophylactic antenatal steroids and 
early surfactant administration, mortality amongst preterm infants and the incidence of major 
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destructive cerebral lesions have decreased such that survival rates for infants born after more than 32 
weeks completed gestation are approaching 100% (Horbar et al. 2002, Slattery and Morrison 2002, 
Wilson-Costello et al. 2007).  However, the overall decrease in preterm neonatal mortality has been 

accompanied by a rise in morbidity and a high prevalence of cognitive and behavioural deficits in 
surviving preterm infants (Marlow et al. 2005, Delobel-Ayoub et al. 2009).  Evidence from large, 

population-based studies demonstrate that over half of all infants born at less than twenty-six weeks 

gestational age suffer some form of developmental impairment by thirty months of age (Wood et al. 
2000), with adverse functional and behavioural consequences that may persist into adolescence and 
early adulthood (Rushe et al. 2001, Hille et al. 2007, Aarnoudse-Moens et al. 2009).  These impairments 

comprise complex and overlapping deficits across motor, sensory and cognitive domains that often occur 
simultaneously and confer a significant morbidity load on the preterm population. 

Motor and sensory outcomes 
Cerebral palsy (CP) represents one of the most severe adverse motor outcomes in surviving preterm 

infants.  CP results from perinatal brain injury that disrupts movement and postural control with 
symptoms that can range from mild to severe and can affect balance, walking, and fine motor tasks 
with associated disturbances in sensory perception, cognition and behaviour (Bax 1964, Rosenbaum 
2006).  The risk of developing CP increases proportionally with decreasing gestational age, with 20% of 
preterm survivors born at less than 26 weeks gestational age diagnosed with CP by age 6 (Hagberg et 
al. 1996, Marlow et al. 2005, Vohr et al. 2005).  Improving medical treatment, most notably the use of 
antenatal magnesium sulphate, has reduced the risk of cerebral palsy in preterm cohorts (Crowther et 
al. 2003, Rouse et al. 2008) and a recent study has demonstrated that in those born at less than 34 
weeks gestation, the incidence and severity of CP has decreased significantly over the past twenty years 
(van Haastert et al. 2011).  

In the absence of CP, fine motor and coordination impairments are prevalent in preterm populations, 
with developmental coordination disorders described in up to 30% of preterm children born at less than 
32 weeks gestation (Goyen et al. 1998, Huddy et al. 2001, Bracewell and Marlow 2002, Foulder-Hughes 

and Cooke 2003, Goyen and Lui 2009).  In an extremely preterm cohort, after excluding children with 
CP and/or severe cognitive deficits, Marlow et al. demonstrated that children born extremely preterm 
performed poorly compared to their term-born peers on a battery of tests designed to measure 

performance in motor control (i.e.: heel walking), visuospatial integration (i.e.: route finding) and 

sensorimotor function (i.e.: finger tapping) (Marlow et al. 2007).  Although the impact of these deficits to 

an individual is less than that of CP, it is likely that they contribute to the poor performance at school 
commonly seen in this population (Marlow et al. 2007). 

Sensory morbidity is also highly prevalent following preterm birth.  Retinopathy of prematurity (ROP) 
is a neurovascular retinal disorder that becomes more common and severe with increasing prematurity 
at birth and can result in significant visual impairment (Repka 2002, Austeng et al. 2009).  Prematurity 
and ROP are associated with visual deficits in childhood and mild visual impairment, defined as squint 
and/or the need for vision correction, are present in 28% of extremely preterm infants at 6 years, and 
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44% by 11 years (Marlow et al. 2005, Johnson et al. 2009); a similar prevalence has also been reported 

in gestationally older cohorts (Holmstrom et al. 1999, Hard et al. 2000, Cooke et al. 2004). 

Cognitive outcomes 
Adverse neurocognitive outcome is common in preterm survivors and encompasses a wide range of often 
subtle disorders across several domains including language, learning, attention, memory and 
behaviour.  In a meta-analysis of several case-controlled studies, general cognitive function – defined by 

intelligence quotient (IQ) – was found to be significantly lower in preterm cohorts compared to their 
term counterparts when assessed in childhood and early adolescence (Bhutta et al. 2002).  Bhutta et al. 
also demonstrated a linear relationship between IQ and gestational age at birth, and many studies have 
identified a trend towards lower cognitive scores with increasing prematurity (Breslau et al. 1994, 
McCarton et al. 1997, Saigal et al. 2000, Taylor et al. 2000, Saigal et al. 2003, Marlow et al. 2005). 

However, IQ does not fully capture the range of cognitive dysfunction in this population (Aylward 2002).  
Often studies employ tests of multiple cognitive processes including memory, reasoning, language 
processing and attention (Lichtenberger 2005).  These test batteries provide a fuller description of 
cognitive development and are applicable to younger pre-school cohorts, allowing neurodevelopmental 

assessment at a younger age.  Using the Bayley Scales of Infant Development (Bayley 1993; BSID-II), 

Wood et al. found that extremely preterm infants at thirty months of age performed significantly worse 
in tests of both mental and psychomotor development compared to term-born controls (Wood et al. 

2000).  At six years, extremely preterm children without severe neurological impairment from the same 
cohort performed significantly worse in tests involving sequential and simultaneuous mental 
processing, knowledge of facts, language concepts and other school-related skills as assessed by the 

Kaufman Assessment Battery for Children (K-ABC) (Kaufman and Kaufman 1983; Marlow et al. 2005).  

Similarly, significant deficits in memory (Rose and Feldman 1996, de Haan et al. 2000), composite 
executive functions (Harvey et al. 1999, Anderson et al. 2004) and language development (Breslau et al. 
1996, Luoma et al. 1998) have been described in other preterm cohorts.  Preterm children are also at 
much greater risk of developing behavioural problems such as attention deficit/hyperactivity disorder 
(Botting et al. 1997, Bhutta et al. 2002) and evidence suggests that the prevalence of psychiatric 
symptoms that may underlie disorders ranging from schizophrenia to autism are also increased in 
preterm adolescents (Indredavik et al. 2004). 

Importantly, various cognitive deficits evident during childhood in this population appear to persist 
through adolescence and into adulthood.  Mean IQ is significantly lower in preterm adults compared to 
controls (Hack et al. 2002, Lefebvre et al. 2005, Allin et al. 2008), and even after controlling for IQ, 
Nosarti et al. reported significant deficits in tasks of executive function including response inhibition 
and mental flexibility (Nosarti et al. 2007).  Of note is the fact that these studies are reporting adult 
outcome in cohorts born when survival rates for extremely preterm infants – those with the worst 
prognosis in later life – were significantly lower than they are at present, and it is uncertain how 
improvements in mortality in this vulnerable population will affect outcome in more recently born 
cohorts (Doyle and Anderson 2010). 



46 

3.4 Preterm Brain Injury 

The immaturity of the preterm brain renders it specifically vulnerable to perinatal injury and 
associations between major cerebral tissue lesions and serious neurological disorders such as CP are 
well documented in preterm populations (Stewart et al. 1999, Dyet et al. 2006).  With increasingly 
advanced imaging techniques, a spectrum of cerebral injuries incorporating both white and grey matter 
have been identified that may predict later developmental outcome in preterm infants (Volpe 2009). 

White matter injury 
Periventricular white matter and the highly-vascularised germinal matrix, the neurogenetic layer of 

cells bordering the lateral ventricles and containing the VZ and SVZ, appear particularly vulnerable to 
haemorrhage and/or hypoxic-ischaemic insult and the most common indications of severe perinatal 

cerebral injury are bleeding into the germinal matrix and cystic lesions of the surrounding parenchyma 
(de Vries et al. 1993, de Vries et al. 1998, de Vries et al. 2001). 

Germinal layer haemorrhage (GLH) predominantly occurs within the first 48 hours of life, following 
rupture of the germinal matrix vasculature (Hambleton and Wigglesworth 1976, Vohr and Ment 1996).  
Intraventricular haemorrhage (IVH) is a progression of GLH, occurring once the bleeding is substantial 
enough to penetrate the ventricular wall, filling the cerebral ventricles.  IVH is associated with 
ventricular dilatation, due to altered CSF flow, and in around 5-10% of GLH/IVH cases, venous infarcts 

form in the periventricular white matter that often evolve to form porencephalic cysts by term-
equivalent age (see Figure 3.2; de Vries et al. 2001).  The pathogenesis of IVH is multifactorial and 

includes disturbances to cerebral blood flow (Bada et al. 1990), increases in venous pressure (Nakamura 
et al. 1990), sepsis (Linder et al. 2003) and the fragile microvasculature of the germinal matrix 
(Takashima and Tanaka 1978, Ballabh 2010). 

Around 40% of infants born before 30 weeks gestation develop GLH/IVH, with the incidence and 
severity increasing with prematurity at birth (Dyet et al. 2006, Sarkar et al. 2009).  The severity of IVH 
can be graded according to Papile et al. (1978); GLH and low-grade IVH may resolve by term and do not 

necessarily increase the risk of adverse outcome, but moderate to severe IVH (grades III and IV) is 
associated with high incidences of neurodevelopmental disabilities in surviving infants (Guzzetta et al. 
1986, de Vries et al. 1998, de Vries et al. 2004, Sherlock et al. 2005), although the nature and extent of 
this disability varies according to the size and location of the haemorrhage (de Vries et al. 1999, Bassan 
et al. 2007). 

Periventricular leucomalacia (PVL) represents a second pattern of cerebral injury predominantly 
affecting preterm infants born between 23 and 32 weeks gestation (Banker and Larroche 1962, Volpe 
2001).  The aetiology of PVL has been well described, and involves maturation-dependent contributions 

from a number of injurious processes: cerebral ischaemia, due to disturbances in cerebrovascular 

regulation; maternal-foetal infection and systemic inflammation; and the selective vulnerability of 



47 

precursor oligodendrocytes to glutamate-induced excitotoxicity, inflammatory cytokine release and free 

radical attack (Volpe 2001, Back et al. 2007, Deng 2010). 

 

Figure 3.2:  White matter injury in the preterm neonate.  Common sites of white matter injury 

are shown on an illustrated coronal section from the brain of a 28-week-old premature infant.  

White matter surrounding the lateral ventricles (V) is susceptible to ischaemic and 

haemorrhagic insult resulting in focal and diffuse periventricular leucomalacia (PVL; left) 

and/or germinal layer/intraventricular haemorrhage (GLH/IVH; right).  In extreme cases of 

GLH/IVH, haemorrhagic parenchymal infarctions (HPI) can form.  Image modified from Figure 
1 in Volpe (2009).  

PVL consists of two principal components: focal, or cystic, PVL characterised by localised necrotic 

lesions and subsequent formation of cysts in the developing periventricular white matter; and diffuse 

PVL, a less severe, relatively non-specific white matter lesion (see Figure 3.2; Volpe 2001).  In modern 

neonatal intensive care units, cystic PVL is less common than GLH/IVH – occurring in less than 5% of 
preterm infants (Larroque et al. 2003, Dyet et al. 2006) – but the neurodevelopmental outcomes are no 
less severe (Fazzi et al. 1994, Cioni et al. 1997, Resch et al. 2000, van Haastert et al. 2008).  
Neurodevelopmental disabilities are prevalent in surviving infants and dependent on the extent of the 
cystic lesions, becoming increasingly worse in cases of extensive, bilateral PVL where a 100% incidence 
of CP has been reported (Rogers et al. 1994). 

Although clinical diagnosis of haemorrhagic infarctions and the cystic components of PVL are readily 
made with cranial ultrasonography, the increasing availability of early MRI allows better definition of 
lesions in terms of size and position, and detailed characterisation of deep structures, such as the basal 
ganglia, and the cortex that correlate well to post-mortem findings (Maalouf et al. 2001, Roelants-van 

Rijn et al. 2001, Leijser et al. 2009).  Moreover, MRI can reveal subtle alterations not visible to 
ultrasound: Inder et al. demonstrated that early diffusion-weighted imaging can detect altered 

diffusivity in the periventricular white matter that appears to preface, and extend beyond, the 
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subsequent appearance of cysts in PVL (Inder et al. 1999).  The most common MR-visible abnormality 

at term-equivalent age is diffuse and excessive high signal intensity (DEHSI) on 𝑇2-weighted images, 

present in up to 75% of preterm infants (Maalouf et al. 1999, Dyet et al. 2006, Skiold et al. 2010).  
Diffuse abnormal signal intensity can also be seen as a loss of 𝑇1-weighted signal and is commonly 

associated with ventricular dilatation and increased extracerebral CSF suggestive of white matter 
injury, and may represent the diffuse component of PVL (Inder et al. 2003).  Indeed, Counsell et al. 
found that diffusivity within regions of abnormal signal intensity is comparable to that observed in 
more overt white matter pathology, including cystic PVL, and significantly higher than in 
corresponding regions of preterm infants without white matter abnormality (Counsell et al. 2003).  
Although the neurobiological basis of abnormal signal intensity is unclear, it occurs with a similar 
prevalence to the subsequent cognitive and behavioural impairments seen in this population, and 
altered diffusivity in the developing white matter is associated with short term measures of 
neurodevelopmental outcome in infants without focal cerebral lesions (Krishnan et al. 2007).  These 
observations are indicative of subtle microstructural alterations that may reflect disturbance of normal 
maturational processes with long-term consequences (Volpe 2001, Back and Rivkees 2004, Back 2006). 

Grey matter injury 
Historically, the grey matter abnormalities associated with preterm brain injury have been overlooked 
in comparison to white matter pathology (Banker and Larroche 1962, Volpe 2005).  Earlier 
neuropathological studies described progressive alterations of neural structure and circuitry in 
primarily undamaged cortical grey matter that overlaid extensive haemorrhagic or ischaemic white 
matter injuries (Marin-Padilla 1997, Marin-Padilla 1999).  Using volumetric MRI analysis, Inder et al. 

demonstrated that cortical grey matter at term-equivalent age was reduced by 28% as a consequence of 

PVL; importantly this loss was seen in infants with both cystic and non-cystic injury when compared to 

term-born controls (Inder et al. 1999).  Since then a number of quantitative MRI studies have 

demonstrated that the cortical and deep grey matter are specifically vulnerable following preterm birth 
(see Section 3.5).  These observations agree with post-mortem studies that demonstrate neuronal loss 

and gliosis in the thalamus and cortical grey matter often accompany cystic lesions of the white matter 
(Pierson et al. 2007, Ligam et al. 2009).  That preterm brain injury includes neuronal disturbances is 
perhaps not surprising given the cognitive deficits commonly observed in ex-preterm children and 

adolescents.  

The ‘encephalopathy of prematurity’ 
Volpe recently reviewed the constellation of cerebral abnormalities observed in preterm infants, using 
the term ‘encephalopathy of prematurity’ to capture the spectrum of tissue loss and altered 
development of white and grey matter of the developing preterm brain (Volpe 2009).  This spectrum 
includes PVL – both cystic and diffuse –neuronal disturbances characterised by tissue loss in the cortex, 
basal ganglia and brainstem, and axonal disturbance in the connective white matter.  Diffuse axonal 
injury, typified by increased levels of the apoptotic marker fractin and distal to cystic lesions have been 
recorded in cases of PVL in association with neuronal loss in the thalamus and cortex (Haynes et al. 
2008).  Coupled with quantitative MRI and DTI studies that have revealed altered white matter 
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diffusivity and regional tissue losses, even in the absence of severe cerebral injuries (Huppi et al. 1998a, 
Huppi et al. 1998b, Counsell et al. 2003, Inder et al. 2005, Boardman et al. 2006, Counsell et al. 2006, 
Kapellou et al. 2006, Boardman et al. 2010), this indicates that preterm brain injury is not limited to 
single structures or tissue classes, but affects the shared developmental trajectories of connected 
regions, most notably the thalamo-cortical unit (Volpe 2005, Volpe 2009).  It is not yet clear whether 

these abnormalities represent primary acquired insults or secondary events in a common injurious 
pathway.  Primary neuronal loss in the thalamus or cortex, or axonal disturbance with loss of precursor 
oligodendrocytes in the white matter could promote anterograde and retrograde degeneration and loss 
of trophic support between connected regions.  Interestingly, subplate neurones that are critical for 
cortical and thalamic neural development and the establishment of functional neuronal connections 
have been shown to be specifically vulnerable to hypoxic-ischaemic injury and represent a likely target 

for primary insult in the preterm period accompanied by widespread secondary effects in both the white 
and grey matter (Ghosh et al. 1990, Volpe 1996, McQuillen et al. 2003, Kostovic and Judas 2010). 

3.5 Quantitative Imaging of the Preterm Brain 

Computer-assisted processing tools are increasingly being employed in the analysis of neonatal MRI 

and can provide the means to perform objective and quantitative investigations of cerebral growth and 
development that are not available to conventional, qualitative MRI analysis.  Volumetric and diffusion 
analyses, using techniques such as image segmentation and registration, morphometry, TBSS and 
tractography have the capacity to identify subtle developmental alterations to the preterm brain on a 
macro- and microstructural scale.  Such approaches can be used to identify possible neuroanatomical 

correlates of the various functional impairments commonly seen in this population. 

Volumetry 
In preterm neonates, total cerebral volume increases linearly with postmenstrual age (PMA) but 
appears to be reduced compared to term-born controls by term-equivalent age (Huppi et al. 1998b, Inder 

et al. 2005, Thompson et al. 2007).  This volumetric loss is principally due to significant reductions in 
cortical and subcortical grey matter and significantly increased ventricular volume (Inder et al. 2005).  
Regionally, Thompson et al. showed that the greatest relative reduction in tissue volume occurs in the 
orbito-frontal lobe, with other significant reductions in parieto-occipital, sensori-motor and premotor 

regions (Thompson et al. 2007).  However, in infants with moderate to severe white matter injury, 
volumetric losses are particularly pronounced, even when compared to other preterm infants (Inder et 
al. 1999, Lin et al. 2001, Inder et al. 2005, Thompson et al. 2007, Nagasunder et al. 2011), indicating 
that reduced cerebral volume at term may be exacerbated by earlier injury.  Indeed, in a serial MRI 
study of a small cohort of preterm infants without white matter pathology, Zacharia et al. found that 
cerebral tissue volumes are similar to those of term-born controls by term-equivalent age (Zacharia et 

al. 2006).  Using nonlinear image registration in a larger cohort, Boardman et al. also found that total 
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cerebral tissue volume was not significantly reduced in the majority of preterm infants (Boardman et al. 
2007).  This suggests that global brain growth failure is not an inevitable consequence of preterm birth 
in the absence of cerebral injury and systemic illness.  Similarly, the cerebellum is significantly smaller 
in preterm infants with PVL but cerebellar volume is not significantly different from term-born controls 

in the absence of supratentorial lesions (Argyropoulou et al. 2003, Shah et al. 2006, Srinivasan et al. 
2006). 

Cerebral growth in the neonatal period is characterised by pronounced increases in grey matter and, in 
particular, cortical grey matter, where a three-fold increase in absolute volume between 29 and 41 

weeks postmenstrual age has been reported (Huppi et al. 1998b).  The rapid increase in cortical volume 
during the neonatal period is primarily driven by sulcation and gyrification processes, resulting in an 
increasingly complex cortical surface as shown in Figure 3.3 (Kapellou et al. 2006, Dubois et al. 2008a).  
Compared to term-born controls, cortical volume and complexity in preterm infants without white 

matter injury are significantly reduced by term-equivalent age and are associated with systemic illness 

severity in the neonatal period and neurodevelopmental outcome in childhood (Ajayi-Obe et al. 2000, 

Inder et al. 2005, Kapellou et al. 2006, Dubois et al. 2008b, Kaukola et al. 2009b, Rathbone et al. 2011). 

 

Figure 3.3:  Increasing cortical complexity with age.  Serial 𝑇2-weighted MRI acquired from a 

preterm infant born at 25 weeks gestation.  Axial slices are shown at the mid-ventricular level 

(bottom row) and the level of the centrum semiovale (top row) between birth and term-
equivalent age.  Image modified from Figure 2 in Kapellou et al. (2006). 

Subcortical grey matter growth is also adversely affected by preterm birth.  Thalamic atrophy is present 
in preterm infants with PVL (Nagasunder et al. 2011) but even in the absence of cerebral injury, 
specific losses are observed.  Boardman et al. used DBM to perform a whole-brain survey of tissue 

volume in a cohort of preterm infants at term-equivalent age without cerebral injury and found discrete 

tissue loss in the subcortical grey matter, specifically in the lentiform nucleus and thalamus when 
compared to controls (Boardman et al. 2006).  This pattern of subcortical tissue loss was confirmed 
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using manual segmentation (Srinivasan et al. 2007) and is significantly worse in infants with 
microstructural alterations of the central white matter, as determined with diffusion imaging 
(Boardman et al. 2006).  Recently, an anatomical phenotype comprising focal tissue loss in the thalamus 
and globus pallidus and altered diffusivity in the centrum semiovale was found to be strongly associated 
with development quotient (DQ), a general score assessed with the Griffiths Mental Development 
Scales (Huntley 1996) and including performance on a number of tests of social, motor-sensory and 

coordination skills at 2 years of age (Boardman et al. 2010).  This suggests that the parallel growth and 
development of connected cerebral regions has important functional consequences in later life. 

Similar associations have been reported between neurodevelopmental outcome and volume in mid-
temporal, frontal, ventricular and cerebellar regions at term (Peterson et al. 2003, Inder et al. 2005, 
Lind et al. 2011, Maunu et al. 2011), although it is difficult to determine if these associations are 
independent of white matter injury or other confounding perinatal factors.  Smaller hippocampal 
volumes have also been reported in preterm infants and, although these effects fail to reach significance 
after accounting for cerebral injury, a significant association was found between hippocampal volume 
and later memory deficits (Beauchamp et al. 2008, Thompson et al. 2008). 

Extending beyond childhood, the structural correlates of preterm birth have been well-described.  

Cerebral tissue loss appears relatively widespread, encompassing grey and white matter in frontal, 
temporal, and parietal lobes and subcortical grey matter, including the basal ganglia and hippocampus 
and appears to contribute to cognitive and behavioural outcome (Nosarti et al. 2002, Gimenez et al. 
2004, Gimenez et al. 2006a, Gimenez et al. 2006b, Nosarti et al. 2008, Martinussen et al. 2009, Nagy et 
al. 2009). 

Diffusivity 
Diffusion-weighted imaging provides a quantitative means to investigate microstructural changes in 

the developing neonatal brain.  Diffusivity in the preterm brain is closely associated with age: between 

28 and 30 weeks postmenstrual age, ADC in the central white matter approaches 2 mm2/s and relative 
anisotropy is around 10% (Huppi et al. 1998a).  With increasing maturity, ADC decreases and 
approaches that of a normal newborn brain by term-equivalent age (around 1 – 1.5 mm2/s) while 

anisotropy remains considerably lower (Huppi et al. 1998a, Neil et al. 1998, Tanner et al. 2000, Miller 
et al. 2002, Mukherjee et al. 2002, Dudink et al. 2007).  Maturational changes in diffusivity and 
anisotropy are not uniform across the brain.  Early myelinating structures such as the PLIC 
demonstrate higher anisotropy and lower diffusivity from around 30 weeks gestational age.  In contrast, 
diffusivity in some association tracts can remain relatively high up to term-equivalent age (Huppi et al. 

1998a, Partridge et al. 2004).  In the cortex, anisotropy peaks at 26 weeks gestational age and decreases 
with maturity, reaching zero by around 36 weeks (McKinstry et al. 2002, Gupta et al. 2005).  Cortical 
anisotropy changes during this period occur first in the sensori-motor cortex followed by the occipital, 

frontal and temporal regions (Deipolyi et al. 2005, Gupta et al. 2005, Trivedi et al. 2009). 

By term equivalent age, clear differences exist between the cerebral microstructure of a preterm and 
term-born neonate.  By placing anatomically-informed ROI, Huppi et al. demonstrated significantly 
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decreased anisotropy in the PLIC and the corona radiata in preterm infants at term-equivalent age and 

without severe focal cerebral tissue lesions, when compared to term born controls (Huppi et al. 1998a).  
Similar techniques have subsequently revealed decreased FA and/or increased diffusivity in the corpus 
callosum that appears to be dependent on gestational age at birth (Skiold et al. 2010, Hasegawa et al. 
2011, Thompson et al. 2011).  Using TBSS to perform whole-brain analyses without the need to place 

ROI, widespread regions of reduced FA have been reported that include the internal capsule, corpus 
callosum, frontal white matter, the external capsule, the sagittal stratum and cerebral peduncle and 
that appear most widespread in the most immature infants, born below 28 weeks gestation (Anjari et 
al. 2007, Rose et al. 2008).  It has also been suggested that certain regions of the preterm brain may 
have elevated FA by term-equivalent age, although this may reflect altered tissue water content in the 

full-term neonatal brain (Gimenez et al. 2008, Rose et al. 2008). 

Diffusion tractography exploits the directional information captured with DTI to infer likely neural 
pathways through the brain.  Several studies have performed diffusion tractography in preterm infants 
at term-equivalent age and have shown that developmental changes in tract-specific measurements of 

FA and diffusivity mirror those obtained with standard DTI analysis in the cortico-spinal tracts, 

thalamic radiations and corpus callosum (Berman et al. 2005, Partridge et al. 2005, Aeby et al. 2009, de 
Bruine et al. 2011, Hasegawa et al. 2011).  In comparison to term-born controls, the volume of tracts 

passing through the corpus callosum are also significantly lower in preterm infants (Thompson et al. 
2011).  Bassi et al. were able to dissect the developing optic radiations using probabilistic tractography 
and found that FA within the tracts correlates with visual function at term-equivalent age, 

demonstrating the utility of this technique in quantifying early brain development in neonates (Bassi et 
al. 2008). 

As with structure, diffusivity metrics at term-equivalent age have been shown to predict 

neurodevelopmental outcome in later childhood.  Low FA in the PLIC at term (more than one standard 
deviation lower than a control group mean) was shown to be significantly associated with poor 
performance in tests of gross motor function and gait deficits at one and four years, with 6 out of 10 ‘low 
FA’ infants diagnosed with CP (Rose et al. 2007).  In the absence of severe neurological disorders, 
higher mean diffusivity in the centrum semiovale at term is associated with lower DQ at 2 years of age 
(Krishnan et al. 2007).  More recently, van Kooij at al. used TBSS to reveal a number of associations 
between cognitive and motor outcome at 2 years – assessed with the BSID-III (Bayley 2006) – and FA in 

regions including the corpus callosum, fornix, the external capsule and PLIC at term (van Kooij et al. 
2011), which mirror the microstructural associations seen in preterm children when imaged at 2 years 
(Counsell et al. 2008).  Beyond infancy, microstructural correlates of preterm birth have been identified 
throughout the white matter and appear, at least in part, to contribute to the various cognitive deficits 
commonly seen in ex-preterm adolescents and adults (Nagy et al. 2003, Nagy et al. 2009, Skranes et al. 

2009, Eikenes et al. 2011). 
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Confounding factors 
Alongside prematurity at birth, a number of perinatal factors have been identified that impact 
negatively on cerebral growth and development, are associated with poor neurodevelopmental outcome 
and may confound studies of brain development in the preterm population.  Principally, postnatal 
sepsis and necrotising enterocolitis are associated with white matter abnormalities and altered cortical 
development (Krishnan et al. 2007, Kaukola et al. 2009b, Shah et al. 2008); intrauterine growth 

restriction (IUGR; defined as birth weight less than 2 standard deviations below the age-appropriate 

mean) is associated with lower cerebral volume and reduced cortical volume and complexity (Inder et al. 
2005, Thompson et al. 2007, Dubois et al. 2008b, Esteban et al. 2010); and prolonged respiratory 

support during neonatal intensive care is associated with poor outcome, global cerebral volume 
reductions, tissue loss in the deep grey matter, and microstructural alterations in developing white 
matter (Short et al. 2003, Inder et al. 2005, Boardman et al. 2007, Thompson et al. 2007, Anjari et al. 
2009). 

In preterm infants the immature lung is also particularly vulnerable to injury and almost 30% of 
infants born before 29 weeks gestation develop chronic lung disease (Smith et al. 2005).  The definition 
of CLD, widely used in clinical practice in the UK, is the need for respiratory support of any form at 36 
weeks postmenstrual age.  Chronic lung disease results from inflammation and scarring of the alveoli 
and is associated with cerebral injury at term and poor neurodevelopmental outcome in childhood 
(Short et al. 2003, Inder et al. 2005, Baraldi and Filippone 2007, Boardman et al. 2007, Anjari et al. 
2009).  In these infants, respiratory support in the form of mechanical ventilation and nasal continuous 
positive airway pressure (cPAP) are necessary for survival but are also associated with adverse outcome 
and injury.  Experimental studies in a primate model of preterm birth and neonatal care have 
demonstrated that mechanical ventilation after birth is associated with decreased brain growth and 
subtle neuropathologies that are mitigated only slightly by the use of cPAP instead (Dieni et al. 2004, 
Loeliger et al. 2006, Verney et al. 2010).  These observations are mirrored by in vivo demonstrations of 
altered white matter microstructure, independent of prematurity, in infants who required more than 2 
days of mechanical ventilation, and in those that later developed CLD (Anjari et al. 2009).  Some 
evidence also suggests that CLD is one of a few complications of preterm birth that has not declined in 
incidence in recent years (Groenendaal et al. 2010).  This thesis will, in part, focus on the association 
between CLD and brain development in preterm infants as respiratory morbidity represents a 
potentially modifiable perinatal factor in this population. 
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Chapter 4 

Tract-Based Spatial Statistics in Preterm 

Neonates: Optimisation and Application 

The data presented in this Chapter have been previously published in Ball et al. (2010); see Appendix 

C. 

4.1 Introduction 

Diffuse white matter injury is common among preterm infants at term-equivalent age and DTI has 

revealed diffuse microstructural disturbances in the developing white matter that are dependent on the 
degree of prematurity at birth and correlated to short term measures of neurodevelopmental outcome 
(Huppi et al. 1998a, Counsell et al. 2006, Anjari et al. 2007, Krishnan et al. 2007).  In addition, early 
systemic illness, in the form of chronic lung disease, has been shown to be independently associated 
with cerebral tissue alterations and impact negatively on outcome (Short et al. 2003, Hansen et al. 
2004, Anjari et al. 2009, Westby Wold et al. 2009).  Specifically, it has been previously reported that 
CLD, defined by the need for respiratory support at 36 weeks postmenstrual age, is associated with 
reduced FA in the left inferior longitudinal fasciculus (ILF), independent of prematurity (Anjari et al. 
2009).  However, given the significant global reductions in cerebral volume seen in preterm infants 
requiring prolonged respiratory support (Boardman et al. 2007, Thompson et al. 2007), it is not clear 
why these microstructural associations should be regionally localised. 

Many analyses of neonatal DTI have employed ROI selected a priori to measure diffusion parameters 
directly in native diffusion tensor images (Partridge et al. 2004, Counsell et al. 2006, Cheong et al. 
2009, Kaukola et al. 2009a).  Although this avoids computationally-demanding image registration and 

offers a valid method to infer groupwise variation in white matter development, it remains subjective 
and manually intensive and does not easily allow for comparisons across many subjects.  As described 
in Chapter 2, TBSS is a tool for multi-subject DTI analysis designed to overcome partial volume effects 

and residual misalignment after registration by projecting data onto a skeletonised representation of 
major white matter tracts common to the group for voxelwise analysis (Smith et al. 2006). 

Neonatal DTI data are often of lower resolution and contrast compared to adult data, and these 
differences, together with relatively wide variations in brain size and complexity within neonatal 
populations, pose technical challenges to DTI processing tools, including TBSS.  In previous work, some 
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of these challenges have been partially overcome by using a representative, individual FA map as a 
study-specific template (Anjari et al. 2007, Anjari et al. 2009), however registration between neonatal 

FA maps can still fail (Bassi et al. 2008).  In addition, registration within TBSS has been empirically 
optimised for accurate alignment to a group-average map that is distinctly different in both contrast 

and smoothness to an individual FA map. 

Aims 
The primary aim of this study is to improve the reliability of TBSS in neonates by implementing two 
modifications: the inclusion of an initial low DOF linear registration to improve global alignment 

between neonatal FA maps and a second registration to a population-average FA map to produce 

accurate projection of individual data on a skeleton for subsequent multi-subject analysis of white 

matter diffusivity and anisotropy. 

As a secondary aim, using the optimised TBSS protocol, the association between prematurity, 
respiratory morbidity and white matter microstructure is investigated in a cohort of preterm infants 
imaged at term-equivalent age. 

4.2 Materials and Methods 

Ethical permission for this study was granted by the Hammersmith and Queen Charlotte’s and Chelsea 
Hospital (QCCH) Research Ethics Committee.  Written parental consent was obtained for each infant. 

Subjects 
Infants were recruited from the Neonatal Intensive Care Unit at QCCH.  All infants born at less than 
36 weeks gestational age (as defined by the last menstrual period) and who successfully underwent 15-
direction DTI at term-equivalent age between March 2005 and October 2008 were eligible for inclusion.  

Infants were excluded if cystic PVL or HPI was apparent on the term-equivalent MRI.  Forty-seven 

infants were included in a previously reported study of CLD (Anjari et al. 2009). 

Ninety-three preterm infants (48 male) underwent successful DTI.  The cohort had a median (range) 

gestational age of 28+5 (23+4 – 35+2) weeks, median (range) birth weight of 1.10 (0.63 – 3.71) kg and a 
median (range) postmenstrual age at scan of 41+4 (38+1 – 46+6) weeks.  No infants received postnatal 
steroids, twenty-nine infants (31%) received mechanical ventilation for a median (range) 2 (1 – 33) days 

and additional ventilatory support was provided with nasal cPAP and oxygen supplementation.  Across 
the whole cohort, the median (range) time spent receiving any form of respiratory support was 18 (0 – 
116) days.  According to standard practice at QCCH, prophylactic surfactant was administered to all 
infants born at less than 30 weeks gestational age.  Nineteen infants had CLD, defined by the need for 
respiratory support at 36 weeks postmenstrual age.  
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Imaging 
MRI was performed on a Philips 3-Tesla system (Philips Medical Systems, Netherlands) using an 8-
channel phased array head coil.  Single shot EPI DTI was acquired in the transverse plane in 15 non-
collinear directions using the following parameters: TR: 8000 ms; TE: 49 ms; slice thickness: 2 mm; field 

of view: 224 mm; matrix: 128 × 128 (voxel size: 1.75 × 1.75 × 2 mm); 𝑏-value: 750 seconds/mm2; SENSE 

factor of 2.  

All examinations were supervised by a paediatrician experienced in MRI procedures.  Infants were 
sedated with oral chloral hydrate (25 – 50 mg/kg) prior to scanning and pulse oximetry, temperature 
and electrocardiography data were monitored throughout.  Ear protection was used for each infant, 
comprising earplugs moulded from a silicone-based putty (President Putty, Coltene Whaledent, 

Mahwah, NJ) placed in the external ear and neonatal earmuffs (MiniMuffs, Natus Medical Inc, San 
Carlos, CA). 

Data analysis 
DTI analysis was performed using FMRIB's Diffusion Toolbox (FDT v2.0) and TBSS v1.2 as 
implemented in FMRIB's Software Library (FSL v4.1; www.fmrib.ox.ac.uk/fsl; Smith et al. 2004).  Each 

infant’s diffusion weighted images were affine-registered to the respective non-diffusion weighted image 

to correct for subject motion and geometric distortions due to eddy currents.  Images were brain 
extracted using Brain Extraction Tool (BET v2.1) and diffusion tensors calculated voxelwise, using a 
simple least squares fit of the tensor model to the diffusion data.  From this, maps of the tensor 
eigenvalues, 𝜆1, 𝜆2 and 𝜆3, describing the diffusion strength in the primary, secondary and tertiary 

diffusion directions, and FA were calculated. 

Image registration 
The default TBSS pipeline is optimised for the nonlinear registration of FA maps to the population-
average FMRIB58 FA template, constructed by iterative registration of fifty-eight FA maps acquired 

from healthy adults aged 20-50 years (http://www.fmrib.ox.ac.uk/fsl/data/FMRIB58_FA.html).  

Alternatively, prior to alignment in standard space, individual FA maps can be aligned to the single 
subject’s FA map that is deemed to be most representative of the population, selected by one-to-one 

registration of every map to every other.  The most typical FA map is affinely-aligned to the FMRIB58 

FA template and this transformation is applied to each of the nonlinearly-aligned images to bring the 

whole population into a standard space (Smith et al. 2006).  Study-specific templates, produced using 

similar approaches, are known to be particularly useful when studying populations that violate 
assumptions needed for registration to standard space, such as atrophic patient groups, and many 
paediatric populations (Good et al. 2001, Wilke et al. 2008).  However, large differences in size, as are 
clearly present between neonatal FA maps and the FMRIB58 FA template, have previously been 
identified as a cause of registration failure when performing affine registration (Jenkinson and Smith 
2001).  Therefore, previous neonatal TBSS studies have not been performed in FMRIB58 standard 
space but in the space of the ‘most typical’ subject (Anjari et al. 2007, Anjari et al. 2009). 
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To identify an appropriate individual FA map to act as a study-specific target, every subject’s FA map 

was registered to the map of every other subject using FMRIB’s Linear Registration Tool (FLIRT v5.5; 

12 DOF; default parameters) followed by FNIRT v1.0 (parameters as defined in FA_2_FMRIB58_1mm 

configuration file).  FNIRT models each transformation field as a linear combination of cubic 𝐵-splines 

placed on a regular grid, with regularisation based on membrane energy.  Registration is performed in a 
coarse-to-fine manner, beginning with low resolution, sub-sampled images and progressing until the 

required warp resolution is acquired (Andersson et al. 2007).  Each warp field (final resolution: 8.75 × 

8.75 × 10 mm) was summarised by a score representing the mean square spline coefficients of 
displacement across 3 dimensions and the target image was chosen as the one with the minimum mean 
displacement score from all other subjects in the group, thus deemed to be the most ‘typical’ image of 
the group.  Using the optimised registration method, the chosen target image was from an infant born 
at 33+2 weeks gestation and imaged at 38+2 postmenstrual weeks. The summary mean displacement 
score (± SD) between the target and all other images was 0.76 (± 0.32). 

Registration optimisation 
Co-registration of neonatal FA maps using tools optimised for analysis of adult datasets can result in 

poorly aligned images that prevent meaningful statistical analysis and may result in individual 
datasets being removed from studies (Bassi et al. 2008).  This problem was evident in the current 
cohort, with a number of co-registrations resulting in gross misalignments (Figure 4.1).  The global 

misalignment resulting from nonlinear registration was shown to be secondary to failed linear 
registration.  To counteract this, an additional 6 DOF linear registration (FLIRT; default parameters) 

was performed prior to 12 DOF affine registration and nonlinear warping.  Following the initial linear 
registration, the image was resampled according to the estimated 6 DOF transformation matrix, and 
affine registration performed between the transformed image and the intended target.  Both the 6 and 
12 DOF registration matrices were then concatenated and entered as an initial estimate for nonlinear 
registration.  To compare both linear registration protocols, every subject’s FA map was linearly 
registered to the map of every other subject using both protocols, resulting in 8556 transformations 
(after excluding self-to-self registrations).  As a measure of similarity, the volumetric difference between 

every linearly transformed FA map and the intended target FA map was calculated.  Successful linear 
registration should result in more similar volumes between the target and the transformed image. 

Secondly, to parallel a typical adult TBSS analysis, where individual FA maps are aligned to a 
population-based template with smoothness and contrast distinct from an individual FA map, a second 

set of registrations were performed.  After nonlinear registration of all images to the selected subject’s 
FA map, estimated warps, including both the linear and nonlinear transform, were applied to every 
image to bring them into spatial correspondence.  The aligned maps were intensity-averaged to form a 

mean FA map in the target space.  A second iteration of linear (6 and 12 DOF) and nonlinear 
registrations was performed between the original FA maps and the mean FA map; a second mean FA 

map was then produced for statistical analysis. 
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Voxelwise analysis 
Using the optimised TBSS pipeline, individual FA maps were aligned into the target space and 
upsampled to 1 × 1 × 1mm voxel size using the previously estimated warps.  An average FA map was 
created and thinned by perpendicular non-maximum-suppression to generate a mean FA skeleton to 

represent the centre of all white matter tracts common to the group.  This skeleton was thresholded at 
FA > 0.15 and manually cleaned to include the major white matter pathways but exclude cerebral 
sinuses and cerebrospinal fluid represented in the skeleton as artefact.  Individual FA, AD – the 
magnitude of the principle vector of the diffusion tensor, 𝜆1 – and RD – the mean magnitude of the 

transverse vectors, 𝜆2 and 𝜆3 – data were then projected onto this skeleton prior to statistical analysis. 

Voxelwise cross-subject statistical analysis was performed with Randomise v2.1 (Nichols and Holmes 

2002) using univariate linear modelling in the form of a general linear model.  The effect of chronic lung 
disease on RD, AD and FA was investigated. Infants with CLD had a significantly lower mean 
gestational age at birth (CLD: 26.26 ± 1.62 weeks; No CLD: 29.74 ± 2.84 weeks; 𝑡-test, p < 0.001) and 

significantly higher postmenstrual age at scan (CLD: 42.13 ± 1.98 weeks; No CLD: 41.33 ± 1.42 weeks; 

𝑡-test, p < 0.05) than infants without CLD.  Both gestational age at birth and postmenstrual age at scan 

were widely associated with altered diffusivity, therefore both were included as covariates.  Linear 
regression was also performed to investigate the relationship between length of respiratory support and 
white matter diffusion metrics, correcting for gestational age at birth and postmenstrual age at scan.  
All images were subject to Familywise Error (FWE)-correction for multiple comparisons following 

threshold-free cluster enhancement (TFCE; Smith and Nichols 2009) and are shown at p < 0.05. 

Where stated, further statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, 
USA). 

4.3 Results: Optimisation 

Introducing an additional linear registration 
Figure 4.1A shows the summary mean warp displacement scores from transformations between each 
subject’s FA map (n = 93) and the map of every other subject using a 12 DOF affine registration 
followed by nonlinear registration.  For each target, a column of scores summarises transformations to 
every other FA map. 

Using the original protocol, mean displacement scores greater than 10 (mean = 1.42, range = 0 – 19.52) 
were present after registration to 29 out of 93 targets (31.2%).  Figure 4.1C demonstrates how summary 
displacement scores of different magnitudes are represented in transformed FA maps.  Large 
displacement scores represent registrations that have globally failed to align the image to the intended 
target.  Applying a 6 DOF linear registration prior to affine registration significantly reduced mean 
displacement scores across the whole group (mean = 1.11, range = 0 – 9.30; Figure 4.1B).  The 
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symmetric nature of the matrix in figure 4.1B indicates that two FA maps in particular (from subject 29 
and subject 81) required large displacements to bring them into alignment with several other images.  
Visual inspection of the original datasets revealed that both infants were plagiocephalic, a condition 
characterised by an asymmetric lateral distortion of the skull. 

 

Figure 4.1:  Mean displacements after all-to-all registration of FA maps.  Matrices showing 

mean warp displacement scores as a summary of linear and nonlinear transformations 

between every subject’s FA map, using the original registration parameters (A) of a 12 DOF 
affine registration followed by nonlinear registration and (B) with an additional 6 DOF linear 

registration.  Examples in (C) were obtained by registering four FA maps to a target (right) 
and are displayed with the summary displacement scores of each transformation. 

Additionally, applying an additional 6 DOF linear registration improved alignment in registrations that 
failed, but was not detrimental to registrations that were successful using the original protocol.  Figure 
4.2 shows two example registrations to the same target (right column) using the original protocol; one 

that failed (top row; mean displacement score = 6.41) and one that was successful (bottom row; mean 

displacement score = 0.65).  Registration with the modified protocol resulted in accurate anatomical 
alignment in both cases, improving the registration that failed initially (top row; modified mean 

displacement score = 0.61) but with a similar outcome to the successful registration (bottom row; 

modified mean displacement score = 0.52). 
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Figure 4.2:  Example registrations between source and target FA maps using the original and 

modified registration protocols. Transformed FA maps following failed (A) and successful (B) 
registrations between source (left column) and target (right column) maps using the original 

(second column) and modified (third column) protocol. 

Global misalignment prior to nonlinear registration was hypothesised to be the source of large mean 
displacement scores, as the relatively small local deformations normally performed during nonlinear 
registration would not be expected to result in such large warps.  To test this, each FA map was 
registered to every other map with linear registration only.  8556 linear registrations (excluding self-to-
self registrations) were performed with a single 12 DOF step resulting in a median difference in volume 
between transformed images and their intended targets of 28.4 cm3 (interquartile range 8.6 – 51.4 cm3).  
With an additional 6 DOF registration, the median difference in volume was 12.7 cm3 (interquartile 
range: 8.0 – 17.7 cm3).  Figure 4.3 shows the distribution of volume differences in cm3 between each 

transformed FA map and their intended target following a 12 DOF registration and both 6 and 12 DOF 
registrations.  2327 (27.2%) of the 12 DOF transformations produced transformed images that differed 
in volume from the target image by more than the maximum difference produced through the two-step 

process, indicating large scaling errors in the single 12 DOF linear transformation. 
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Figure 4.3:  Volume difference between transformed images and intended target images 

following linear registration.  Linear registration comprised a single 12 DOF affine registration 
(dashed line, range: -112.8 – 1027.4 cm3) or 6 followed by 12 DOF linear registration (solid line, 

range:  -15.2 – 48.7 cm3).  

 

Using an average FA map as a target 
In order to more closely reproduce typical TBSS analyses, the effect of registration and projection of 
individual neonatal FA data onto a population-average FA map instead of an individual FA map was 

investigated.  Figure 4.4 shows voxelwise standard deviation of FA across the group calculated after co-
registration of all images to the chosen target and registration to the subsequently calculated mean FA 
map.  Higher standard deviation is visible in several regions including the genu and splenium of the 
corpus callosum and cortico-spinal tracts (Figure 4.4A; black arrows) after registration to the individual 

FA map.  To quantify the effect of the increased variance on the skeletonisation and projection step of 
the TBSS protocol, Figure 4.5 shows a Bland-Altman plot of FA extracted from the intersection of both 

skeletonised datasets.  Projected FA was significantly higher across the whole skeleton after 
registration to the mean FA map (paired 𝑡-test: p < 0.01). 
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Figure 4.4:  Standard deviation of FA after registration to an individual or population-average 

FA map.  Black arrowheads indicate where standard deviation (SD) was greater after 
registration of all FA maps to an individual target map (A) compared to the population-average 

map (B). Colour bar indicates SD. 

 

Figure 4.5:  Higher projected FA across the mean skeleton following registration to a mean FA 

map.  A Bland-Altman plot shows FA across the skeleton after registration to an individual 

target FA map and the population-average map.  Median difference in FA and 95% confidence 

intervals are shown with solid and dotted lines. 
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Optimised registration pipeline 
Figure 4.6 shows the optimised pipeline for TBSS preprocessing of neonatal DTI data.  After the 
registration of every subject’s FA map to each other, using two linear registration steps prior to 
nonlinear registration, the target described with minimum mean warp displacement score is chosen as 
the most ‘typical’ image, the chosen target.  The estimated transformations are then applied to each 
image to align them in the target space and an average FA map is created, the mean FA map.  A second 
set of registrations is completed to register every individual FA map to the mean FA map.  The aligned 
images are then used to create another mean FA map and a mean FA skeleton that are passed into 
voxelwise statistical analysis. 

 

Figure 4.6:  Revised processing pipeline for use in TBSS analysis of neonatal diffusion 

datasets. 

4.4 Results: Investigating Respiratory Morbidity in Preterm Infants 

Prematurity and age at imaging 
To better characterise microstructural development of this population, prior to investigating 
associations with chronic lung disease, relationships between gestational age at birth, age at scan and 
white matter diffusivity were determined with the optimised TBSS protocol.  Increasing age at scan was 
associated with globally increased FA (FWE-corrected for multiple comparisons, p < 0.05; Figure 4.7A).  
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Figure 4.7B shows widespread linear associations between FA and gestational age at birth, after 
correcting for the age of each infant at imaging (FWE-corrected, p < 0.05).  Within these regions, linear 

regression showed that increasing prematurity was independently associated with increasing radial 
(partial 𝑟 = -0.45, p < 0.001; full model: 𝑅2 = 0.35, p < 0.001) and, to a lesser extent, axial (partial 𝑟 = -
0.24, p < 0.05; full model: 𝑅2 = 0.12, p < 0.005) diffusivity at term, when entered into a model with age 

at scan as a covariate. 

 

Figure 4.7:  Associations between white matter microstructure, age at scan and gestational age 

at birth.  FA was significantly associated with age at scan (row A; first column), correlations 

between mean FA (second column), RD (third column) and AD (last column) extracted from 

significant voxels and postmenstrual age at scan are shown.  Row (B) shows where FA was 
significantly associated with GA at birth, after correcting for age at scan (first column).  Partial 

regression plots show the relationship between GA and mean FA (second column), RD (third 
column) and AD (last column) extracted from significant voxels and corrected for age at scan 
(PMA).  Images are FWE-corrected at p < 0.05 (colour bars indicate p-value). 

Chronic lung disease 
RD was significantly increased (Figure 4.8A) and FA significantly decreased (Figure 4.9B) in infants 
with chronic lung disease (FWE-corrected, p < 0.05), correcting for both gestational age and the 

postmenstrual age of each infant at scan.  Increases in AD failed to reach significance after correction 
for multiple comparisons.  RD was significantly increased bilaterally in the ILF, internal capsule and 
centrum semiovale and in the left external capsule and corpus callosum, including the genu and the 
splenium.  Increased RD corresponded to regions of significantly decreased FA, seen in the ILF, left 
external capsule, centrum semiovale and corpus callosum.  RD and FA values were extracted from 
significant voxels in Figure 4.8A and 4.8B, respectively.  Mean RD was increased by around 6.0% in 
infants with chronic lung disease (CLD: mean RD = 0.00124 mm2/s, SD = 0.00006 mm2/s; No CLD: 
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mean RD = 0.00117 mm2/s, SD = 0.00008 mm2/s) whereas mean FA was decreased by around 6.4% 
(CLD: mean FA = 0.264, SD = 0.027; no CLD: mean FA = 0.282, SD = 0.019). 

 

Figure 4.8:  Chronic lung disease is associated with increased RD and decreased FA.  

Significant associations between CLD and RD (A), and FA (B) are shown FWE-corrected at p < 

0.05, independent of both GA at birth and PMA at scan (colour bars indicate p-value). 

Length of respiratory support 
Seventy-eight infants (83.9%) required some form of respiratory support postnatally for a median 18 

days (range: 0 – 116 days).  Figure 4.9 shows regions where AD, RD and FA were linearly associated 

with the length of respiratory support received across the whole cohort (FWE-corrected for multiple 

comparisons, p < 0.05), after correcting for both gestational age at birth and the age of each infant at 
scan.  Increasing AD was found in the centrum semiovale, corpus callosum and internal and external 
capsules.  Increases in RD appeared more widespread, incorporating most of the white matter skeleton 
and, in many regions, surviving at a threshold of p < 0.01 corrected.  Decreasing FA was observed 
across the skeleton and corresponded to regions of increasing RD and, to a lesser extent, increasing AD.  
To demonstrate these relationships, individual data were extracted from significant voxels in each 
image and plotted in partial correlation plots showing the associations between respiratory support and 
AD (partial 𝑟 = 0.48, p < 0.001; full model: 𝑅2 = 0.34, p < 0.001), RD (partial 𝑟 = 0.45, p < 0.001; full 

model: 𝑅2 = 0.49, p < 0.001) and FA (partial 𝑟 = -0.44, p < 0.001; full model: 𝑅2 = 0.48, p < 0.001) 

independent of gestational age at birth and age at scan. 
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Figure 4.9:  Increased length of neonatal respiratory support is associated with altered white 

matter microstructure.  Increasing axial (A) and radial (B) diffusivity and decreasing FA (C) is 

associated with increasing respiratory support requirements, independent of GA at birth and 
PMA at scan (FWE-corrected, p < 0.05; colour bars indicate p-value).  AD, RD and FA were 

extracted from each significant voxel in (A), (B) and (C), respectively, and entered into linear 
regression with length of respiratory support, GA at birth and PMA at scan.  Partial regression 

plots showing the relationship between respiratory support and AD, RD, and FA are shown in 
(D). 
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4.5 Discussion 

This study demonstrates that the existing TBSS pipeline developed for adult data is suboptimal for 
neonatal studies and through key modifications steps it can be optimised to reliably and precisely co-
register neonatal DTI data.  This method has been used to demonstrate strong, widespread associations 
between white matter anisotropy and diffusivity and both increasing prematurity at birth and 
respiratory morbidity in preterm infants. 

The advantages of using TBSS for analysis of diffusion data are that it provides an objective method for 
multi-subject, whole-brain diffusion data analysis.  Central to the method is the need for accurate 

spatial alignment of individual datasets through linear and nonlinear registration.  Neonatal diffusion 
datasets are frequently of lower resolution and contrast compared with adult data, and neonates are 
substantially more diverse in terms of both brain volume and complexity as a population.  Here, the 
introduction of an additional low DOF registration step prior to nonlinear registration has been shown 
to improve global alignment between neonatal FA maps.  This method requires minimal extra 
processing time, it does not require alterations to the default parameters of the nonlinear registration 
tool FNIRT, which has been optimised specifically for DTI data, and does not adversely affect 
registrations that were successful using the default protocol. 

Improving the reliability of neonatal registration removes the need to exclude datasets based solely on 
the inability to register them.  To demonstrate, two FA maps proved particularly problematic for the 
registration procedure.  Both of these were from plagiocephalic infants – a condition likely to have had 

an adverse outcome on image registration – and transformations between these maps and others were 
summarised by relatively large mean displacement scores (maximum = 9.03) using the optimised 
protocol.  However, large displacements were not readily detected by visual inspection of the 
transformed images after registration to the chosen target for subsequent analysis. 

The second modification required a second set of registrations between each FA map and a mean FA 
map created from the initial transformations into the space of the chosen target.  Although registration 
to the individual and mean maps produced very similar mean FA maps and skeletons, there was 
greater variance in voxelwise FA after registration to the individual target, indicating that the co-
registration of data was more variable.  Subsequently, significantly higher projected FA from individual 
datasets onto the group skeleton was observed after registration to the mean FA target.  The 
skeletonisation process within TBSS is designed to overcome some residual misalignment between 
subjects after the initial nonlinear registration (Smith et al. 2006) but this may signify that less precise 
registration to the individual FA map had an adverse effect on the subsequent data projection.  As 
noted by Good et al., it is typically advantageous in structural MRI studies to use a population-specific 

target rather than a generic template or individual image (Good et al. 2001).  Indeed, the benefits of 
population-average targets in volumetric studies of paediatric cohorts have been well described 

elsewhere (Aljabar et al. 2008, Altaye et al. 2008, Wilke et al. 2008).  In previous studies where FNIRT 
has been used as part of the TBSS pipeline and a study-specific template was required, the precedent 
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has been to select a subject from the group and use their individual FA map as the target (Odegard et 
al. 2009, Roosendaal et al. 2009, Barrick et al. 2010, Giorgio et al. 2010b).  This is the first study that 
demonstrates quantifiable improvements in DTI analysis through the use of an average, study-specific 

template in TBSS.  Although the increase in mean FA proved to be small and the computational time 
required for data processing was effectively doubled, this is an important step to incorporate into 
studies requiring a subject-specific target, particularly those involving paediatric or neonatal cohorts.  

TBSS is designed to project data from the centre of white matter tracts onto the mean skeleton and due 
to the nature of the relationship between FA and tissue microstructure, it is likely that the higher 
skeleton FA better represents the tract centre in these individuals (Basser and Pierpaoli 1996).  Other 
studies have recently used two sets of registrations to produce study-specific TBSS templates (Douaud 

et al. 2011) or employed the optimised TBSS pipeline for neonatal TBSS analysis (Bassi et al. 2011, van 
Kooij et al. 2011). 

The secondary aim of this study was to use the modified TBSS pipeline to further investigate the 
association between white matter microstructural development, prematurity and respiratory morbidity 
in preterm neonates.  Recently, TBSS has been used successfully to demonstrate the association 
between prematurity and chronic lung disease on FA in preterm infants (Anjari et al. 2007, Anjari et al. 
2009).  Here, widespread associations between increasing prematurity at birth and altered white matter 
microstructure at term-equivalent age were observed.  After regressing out the strong effect of 

prematurity, a more widespread association of CLD with both FA and RD, incorporating not just the 
ILF bilaterally but also the corpus callosum and centrum semiovale, was observed. 

Diffuse white matter changes in the absence of more obvious focal lesions are now the most common 
abnormality detected by conventional MRI (Dyet et al. 2006).  Defining normal white matter in preterm 
infants with conventional MRI is a subjective process, however by using diffusion metrics such as FA 
and RD it is possible to perform an objective analysis of white matter integrity and capture more fully 
the spectrum of abnormality present in this population.  DTI has revealed diffuse microstructural 
disturbances in the form of altered diffusivity and anisotropy in the developing white matter in preterm 
infants (Huppi et al. 1998a, Miller et al. 2002, Partridge et al. 2004, Counsell et al. 2006, Anjari et al. 
2007, Cheong et al. 2009).  Experimental evidence suggests that FA is primarily dependent on axonal 
thickness, density and myelination (Sakuma et al. 1991, Takagi et al. 2009).  At term-equivalent age, 

within the telencephalon, only the PLIC displays histological evidence of myelination (Yakovlev and 
Lecours 1967).  Most regions with observed alterations in this study are likely to be at a stage of 
premyelination, characterised by various processes including axonal widening and packing and 
association with immature oligodendroglia (Jessen and Mirsky 1991, Wimberger et al. 1995). 
Experimentally, the appearance and association of precursor oligodendroglia are enough to induce 
anisotropy in white matter in a process primarily driven by changes in RD (Drobyshevsky et al. 2005).  
This suggests that the diffuse and gestation-dependent alterations to white matter microstructure may 

represent a delay in normal maturational processes of the developing white matter. 
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Additionally, converging evidence suggests that systemic illness in the neonatal period increases the 
risk of injury and adverse neurodevelopmental outcome (Miller and Ferriero 2009) and early systemic 
illness, in the form of chronic lung disease, impacts negatively on white matter microstructure and 
neurocognitive outcome (Short et al. 2003, Anjari et al. 2009).  In a primate model of premature birth 
prolonged exposure to ventilation is associated with adverse cerebral outcomes including reduced 
oligodendroglia number, volume loss and white matter injury, regardless of the type of ventilation used 
(Loeliger et al. 2006), and others have found that CLD is a risk factor for global reductions in brain size 
at term equivalent age (Boardman et al. 2007, Thompson et al. 2007).  These findings are consistent 
with clinical, imaging, and experimental data that suggest an association between respiratory disease 
and abnormal brain development (Short et al. 2003, Anjari et al. 2009, Chahboune et al. 2009).  This 
indicates that numerous injurious processes associated with preterm birth and systemic illness and 
mediated through inflammatory or excitotoxic pathways (Arai et al. 1995, Back et al. 2005, Bell et al. 
2005, Robinson et al. 2006, Ligam et al. 2009) may potentiate the observed gestation-dependent 

microstructural alterations in this population.  Importantly, a linear relationship between white matter 
microstructural development by term-equivalent age and the length of respiratory support required 

during the neonatal period was demonstrated.  This association has recently been shown to persist into 
adolescence (Eikenes et al. 2011) confirming that the clinical care window for this population represents 
a critical period for vulnerability following preterm birth (Allendoerfer and Shatz 1994, Kostovic and 
Judas 2010). 

In conclusion, the modified protocol improves the robustness of TBSS preprocessing in the analysis of 
neonatal DTI datasets.  Respiratory morbidity is a potentially modifiable factor that appears to be 
associated with adverse brain development in preterm infants. 
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Chapter 5 

Thalamic and Cortical Development Following 
Preterm Birth 

The data presented in this Chapter have been previously published in Ball et al. (2011b); see Appendix 

D. 

5.1 Introduction 

In addition to the diffuse microstructural alterations to the cerebral white matter described in Chapter 
4, morphometric MR studies have identified macro-scale alterations to cerebral tissue structure in 

preterm populations, which taken together are thought to reflect disturbances of key developmental 
processes during the neonatal period. 

Using tissue segmentation methods, significant reductions in cerebral volume have been reported in 
preterm infants at term-equivalent age when compared to term-born controls (Inder et al. 2005).  

However, global reduction of brain growth does not appear to be an inevitable consequence of preterm 
birth, particularly in the absence of severe white matter injury or systemic illness (Zacharia et al. 2006, 
Boardman et al. 2007).  Instead, current evidence suggests that tissue loss may occur in a more 
localised manner.  Global cerebral loss appears in the most part driven by reduced tissue volume in the 
cortical and subcortical grey matter (Inder et al. 2005) and cortical disturbances arising before term, 
reported in terms of both volume and complexity, have also been shown to predict neurocognitive 
abilities at 1, 2 and 6 years (Inder et al. 2005, Kapellou et al. 2006, Rathbone et al. 2011).  Regional 
tissue loss has also been observed in the hippocampus (Thompson et al. 2008), in a manner that 
predicts performance in later cognitive tests (Beauchamp et al. 2008). 

In particular, and in the absence of severe white matter pathology, the subcortical grey matter and, 
specifically, the thalamus appears distinctively vulnerable following preterm birth (Boardman et al. 
2006, Srinivasan et al. 2007).  Volumetric deficits in the thalamus appear to be dependent on 
prematurity at birth (Inder et al. 2005) and a pattern of injury that includes thalamic volume loss and 
microstructural change in white matter is associated with neurodevelopmental outcome in early 
childhood (Boardman et al. 2010). 



71 

Observations of altered cerebral development that extend beyond white matter injury support the 
concept of an ‘encephalopathy of prematurity’, a complex of white and grey matter abnormalities that 
includes disruptions to the thalamo-cortical system with linked disturbances in the development and 

function of thalamic nuclei, topographically-related cortical regions and connecting white matter tracts 

(Volpe 2009).  Transient developmental processes that underlie thalamo-cortical connectivity occur 

during a critical window for vulnerability following preterm birth and disruption of these processes may 
result in complex cerebral abnormalities (Allendoerfer and Shatz 1994, Kostovic and Judas 2010). 

Aim 
The aim of this study is to examine the thalamo-cortical system of preterm infants at term-equivalent 

age, testing the hypothesis that tissue loss in the thalamus is associated with changes in the associated 
cortical grey matter and alterations in the cerebral white matter containing thalamo-cortical tracts. 

5.2 Materials and Methods 

Ethical permission for this study was granted by the Hammersmith and QCCH Research Ethics 
Committee.  Written parental consent was obtained for each infant. 

Subjects 
All infants born at less than 36 weeks gestational age (as defined by the last menstrual period) between 
March 2005 and October 2008 who successfully underwent 𝑇1- and 𝑇2-weighted MRI and 15-direction 

DTI acquisition at term-equivalent age were eligible for inclusion.  Infants were excluded if cystic PVL 

or HPI was apparent on the term-equivalent MRI.  All infants were included in the study described in 

Chapter 4. 

Seventy-four preterm infants (42 male) underwent successful imaging; three infants were removed prior 

to statistical analysis due to unsatisfactory alignment to the reference template.  The final cohort of 
seventy-one did not differ from the original cohort in gestational age, postmenstrual age at scan, birth 

weight or gender.  The final cohort (41 male) had a median gestational age of 28+5 (range: 23+4 – 35+2) 

weeks, a median postmenstrual age at scan of 41+5 (38+1 – 44+4) weeks and median birth weight of 1.11 
(0.63 – 2.87) kg.  No infants received postnatal steroids.  Across the whole cohort, the median (range) 
time spent receiving any form of respiratory support was 17 (0 – 116) days.  Fifteen infants had CLD, 
defined by the need for respiratory support at 36 weeks postmenstrual age. 

Imaging 
MRI was performed on a Philips 3-Tesla system (Philips Medical Systems, Netherlands) using an 8-
channel phased array head coil.  𝑇1-weighted MRI was acquired using: TR: 17 ms; TE: 4.6 ms; flip angle 

13º; slice thickness: 1.6 mm; field-of-view: 210 mm; matrix: 256 × 256 (voxel size: 0.82 × 0.82 × 0.8 mm).  

𝑇2-weighted fast-spin echo MRI was acquired using: TR: 8670 ms; TE: 160 ms; flip angle 90º; slice 
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thickness 2 mm; field-of-view: 220 mm; matrix: 256 × 256 (voxel size: 0.86 × 0.86 × 1 mm).  Single-shot 

EPI DTI was acquired as described in Chapter 4. 

All examinations were supervised by a paediatrician experienced in MRI procedures.  Infants were 
sedated with oral chloral hydrate (25 – 50 mg/kg) prior to scanning and pulse oximetry, temperature 
and electrocardiography data were monitored throughout.  Ear protection was used for each infant, 
comprising earplugs moulded from a silicone-based putty (President Putty, Coltene Whaledent, 

Mahwah, NJ) placed in the external ear and neonatal earmuffs (MiniMuffs, Natus Medical Inc, San 
Carlos, CA). 

Thalamic segmentation 
The manual placement of ROI on individual MR images can be subjective and manually-intensive and 

does not easily allow for comparisons across large groups.  To avoid this, a single bilateral thalamic 
mask was manually drawn on the final reference template according to anatomical borders previously 
described (Srinivasan et al. 2007) and with the aid of an age-appropriate histological atlas (Bayer and 

Altman 2004; Figure 5.1B; see Deformation-Based Morphometry for details of template construction).  

The head of the caudate formed the anterior border, the third ventricle formed the medial border and 
the PLIC formed the lateral border; the lateral ventricle formed the posterior border, and the 

subthalamic nuclei along with the geniculate bodies formed the inferior border.  The high spatial 
correspondence between each 𝑇1-weighted image and the reference template following nonlinear 

registration precluded the need to manually place thalamic masks on individual 𝑇1 images.  Individual 
thalamic volume can be estimated by scaling the reference mask volume by the mean Jacobian 
determinant (a voxelwise measure of volume change between each image and the template, described 
below) calculated within the mask.  To validate this assertion, manual thalamic segmentation was 
performed on 𝑇1 images from ten randomly selected infants, thalamic volumes measured manually and 
volumes estimated from the mean Jacobian were consistent (Mean difference and limits of agreement = 
0.29 + 1.43 ml; Intraclass coefficient = 0.89, p < 0.001). 

Cortical segmentation 
Cortical tissue segmentation was performed on individual 𝑇2 images using methods specifically 

optimised for neonatal tissue segmentation (for example segmentation see Figure 5.1C).  Images were 
initially segmented using an expectation-maximisation segmentation method driven by age-specific, co-
registered tissue probability priors obtained from a 4-dimensional, probabilistic neonatal atlas 

(Kuklisova-Murgasova et al. 2011).  In addition, an automatic three-step segmentation algorithm was 

used to remove mislabeled partial volume voxels at the interface of the grey matter and CSF (Xue et al. 
2007). 
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Figure 5.1:  Final reference template and thalamic and cortical segmentations.  The final 

average intensity template is shown in (A), the clarity of the subcortical structures and cortical 

differentiation indicate the accurate alignment of individual images.  The mean Jacobian 
determinant within the mask shown in (B) represents the relative volume change between the 

template and each image and was used to represent thalamic volume across the cohort.  A 
representative example of cortical grey matter segmentation is shown in (C). 

Deformation-based morphometry 

DBM does not require tissue segmentation or classification and can be used to localise regional 
variations in tissue volume (Ashburner et al. 1998, Chung et al. 2001, Rueckert et al. 2003).  The key 
step is to achieve precise spatial correspondence between each subject’s image and a reference template 
through image registration.  The output of each registration is a three-dimensional deformation field 

representing transformations between each image and the final template (see Chapter 2, Section 2.3).  
At any given point 𝑥 in the template image, the transformation 𝑇(𝑥) required to map the location of 𝑥 in 

the source image is a combination of a global, 6 DOF rigid and 12 DOF affine transformation 𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥), 

represented by an affine matrix 𝑀(𝑥) encoding scales, shears and skews and a translation vector 𝑑, and 

a local transformation 𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) modelled using FFD based on cubic 𝐵-splines (Equations 6.1 and 6.2; 

Rueckert et al. 1999, Rueckert et al. 2003). 

 

 

𝑇(𝑥) =  𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥) + 𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) = 𝑀(𝑥) +  𝑑 +  𝑇𝑙𝑜𝑐𝑎𝑙(𝑥) 

 [6.1] 
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 [6.2] 

 

The Jacobian operator 𝐷 can be applied to the transformation 𝑇 between two images and volume change 

at 𝑥 is given by the determinant of the Jacobian operator 𝐽(𝑥) (Equation 6.3). 

 

𝐽(𝑥) = det�𝐷𝑇(𝑥)� =  𝑑𝑒𝑡 �𝐷𝑇𝑔𝑙𝑜𝑏𝑎𝑙(𝑥) + 𝐷𝑇𝑙𝑜𝑐𝑎𝑙(𝑥)� 

 [6.3] 

 

Statistical groupwise analysis of the Jacobian reveals structural volume relative to the group template 
in an objective, voxelwise manner (see Chapter 2, Section 2.3; Ashburner et al. 1998, Rueckert et al. 

2003). 

After bias correction (FMRIB's Automated Segmentation Tool; FAST v4.1), each 𝑇1 image was aligned to 

a chosen target image (GA = 28+5 weeks; PMA at scan = 42+0 weeks) using 6 DOF linear registration, 

followed by 12 DOF affine registration (rreg and areg; http://www.doc.ic.ac.uk/~dr/software).  Each 

image was transformed into the reference space using sinc interpolation and a reference template was 
created by taking an intensity-average of the aligned images.  Each MR image was then aligned to the 

reference template using linear, affine and high dimensional nonlinear registration based on cubic 𝐵-
splines and averaged to form a second reference template.  Nonlinear registration was carried out with 
successive control point spacing of 20, 10, 5 and 2.5 mm, the similarity metric was NMI and the 
smoothness penalty was represented by the bending energy associated with the deformation.  
Weighting of the regularisation (𝜆) was empirically set to 1 x 10-6 to ensure that the estimated warps 

were plausible (i.e.: there were no folds or tears in the deformation field) while still allowing for 

accurate alignment of the images.  To demonstrate, a single 𝑇1 image was registered to the reference 

template using decreasing values of 𝜆.  Figure 5.2 shows the effect of decreasing regularisation 
weighting on image alignment and the resultant deformation field.  The value of 𝜆 = 1 × 10-6 was chosen 

to minimise the difference between the source and target image without sharp, implausible 
deformations.  

A final set of registrations was performed with the second reference template as the target (Figure 5.3).  
A qualitative evaluation of the alignment accuracy of the transformed images with the template was 
made before individual deformation fields were used to calculate volume changes.  The average-
intensity template generated from the final set of registrations is shown in Figure 5.1A. 
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Figure 5.2:  Decreasing regularisation of warp smoothness.  A single 𝑇1 image was registered to 

the template (A; left) using decreasing warp regularisation.  The transformed images are 

shown in (A), the absolute difference between the transformed source and target images in (B) 
and the respective deformation fields in (C).  Removing the regularisation term results in a 

better alignment, but produces a highly-deformed, non-invertible warp that is not appropriate 

for DBM analysis (Leow et al. 2007, Yanovsky et al. 2009). 

 

 

Figure 5.3:  Deformation-based morphometry processing pipeline.  After preprocessing, 𝑇1 

images are linearly aligned to an arbitrarily chosen target MR image and averaged to produce 

a reference template.  Two subsequent iterations of nonlinear registration and template 
construction produce the final transformations used for analysis.  

As discussed in Chapter 4, the use of an appropriate population-based template is essential for voxel-
based analyses in populations with abnormal or altered anatomy (Good et al. 2001).  Due to the 
inherent bias that can be introduced when selecting an image as a target for registration – particularly 
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if the image is not representative of the cohort as a whole –a number of methods have been published 
that describe techniques to create unbiased, population-average templates for volumetric analysis 

(Kochunov et al. 2001, Lepore et al. 2007, Lyttelton et al. 2007), some of which are applicable to 
pediatric images (Bhatia et al. 2007, Wilke et al. 2008, Fonov et al. 2011).  The pipeline shown in Figure 
5.3 provides a relatively quick and simple method to produce a population-based template that, 

although not technically unbiased, proves robust to alternative target selections.  Appendix B (Section 
B.1) shows that effect of target choice on the results presented in Figure 5.5.  Similarly, Appendix B 
(Section B.2) shows how performing one, two or three iterations of nonlinear registration alters the 
results shown in Figure 5.5. 

Voxelwise cross-subject statistical analysis of volume relative to the template, represented by the 

Jacobian, was performed with Randomise (v2.5) as implemented in FSL (Smith et al. 2004).  All 
statistical images were subject to false discovery rate (FDR) correction for multiple comparisons. 

Tract-based spatial statistics 
DTI analysis was performed using FDT v2.0 and the TBSS method optimised for neonatal DTI analysis 
in Chapter 4.  Non-parametric, permutation-based statistical analysis was performed with Randomise.  

All diffusion statistics were subject to FWE-correction for multiple comparisons following TFCE and are 

shown at p < 0.05. 

Statistical analysis 
Further statistical analysis with multiple linear regression was performed with SPSS 17.0 (SPSS Inc., 
Chicago, IL, USA).  In addition to explanatory variables of interest, gestational age at birth, 
postmenstrual age at scan, CLD status and total brain volume were entered into the regression models 
where stated, partial r values are reported. 

5.3 Results:  Regional Brain Volume and Prematurity at Birth 

Mean (+ SD) total cortical grey matter volume was 158 (+ 26.6) ml.  Both cortical grey matter volume 
and mean thalamic Jacobian (representing thalamic volume) were significantly associated with 
gestational age at birth, entered into the regression model with the age of each infant at scan (Cortical 
volume: partial r = 0.37, p < 0.005; full model: 𝑅2 = 0.59, p < 0.001; Thalamic: partial r = 0.40, p < 0.001; 

full model: 𝑅2 = 0.61, p < 0.001; Figure 5.4).  
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Figure 5. 4:  Cortical grey matter volume is correlated with prematurity at birth and thalamic 

volume at term-equivalent age.  Partial regression plots show significant associations between 

cortical grey matter volume and gestational age at birth (A) and mean thalamic Jacobian 

(representing thalamic volume) and GA (B), after correction of each measure for the age of each 
infant at scan (PMA).  Shown in (C) is the significant association between cortical volume and 

thalamic Jacobian, after correction of each for total cerebral tissue volume. 

DBM was used to locate other brain regions where tissue volume was associated with degree of 
prematurity at birth.  Linear regression revealed significant localised associations between tissue 
volume (represented voxelwise by the Jacobian) and gestational age at birth (Figure 5.5; FDR-corrected 

for multiple comparisons at p < 0.01; minimum t-statistic = 2.98).  Increasing prematurity was 

associated with a bilateral pattern of reduced volume present at term-equivalent age and encompassing 

the anterior temporal lobes, including the hippocampus, the orbitofrontal lobe and posterior cingulate 
cortex and extending into the centrum semiovale.  Within the deep grey matter, the relationship was 
most prominent in the thalamus.  In addition, discrete clusters were observed in the midbrain and 
cerebellum.  DBM also revealed that increasing prematurity was associated with increasing extra-
cerebral CSF, but this did not pass correction for multiple comparisons. 
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Figure 5.5:  Regional associations between brain tissue volume and prematurity at birth.  

Regions where tissue volume was significantly associated with GA at birth after correcting for 
the age of each infant at scan (PMA) are shown in (A).  Statistical images are corrected for 

multiple comparisons at p < 0.01 FDR-corrected (colour bar indicates t-statistic).  To illustrate 

this relationship the Jacobian determinant at the site of the maximum t-statistic (red 

crosshairs; t = 6.04), was entered into a multiple linear regression with GA at birth and PMA 

at scan.  The partial regression plot (B) shows the relationship between Jacobian and GA at 

birth. 

5.4 Results:  Thalamo-Cortical Development after Preterm Birth 

When entered into a regression model with total brain tissue volume, cortical volume was significantly 
associated with mean thalamic Jacobian (partial r = 0.32, p < 0.01; full model: 𝑅2 = 0.91; Figure 5.4C).  
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This association remained significant when also including gestational age at birth (partial r = 0.31, p < 
0.01; full model: 𝑅2 = 0.91, p < 0.001). 

After correcting for the effects of prematurity and removing volume change due to individual differences 
in global brain scaling, DBM revealed significant volumetric covariance between the thalamus and 
other subcortical cerebral tissue (Figure 5.6; FDR-corrected p < 0.001, minimum t-statistic = 3.25).  A 

bilateral pattern was observed comprising white and grey matter proximal to the thalamus and 
extending into the frontal and temporal lobes, including the hippocampus, through the centrum 
semiovale into the parietal lobe and, to a lesser extent, into periventricular white matter in the occipital 
lobes.  This pattern remained highly significant when also co-varying for total cortical volume. 

 

Figure 5.6:  Regional associations between brain tissue volume and thalamic volume at term-
equivalent age.  Regions where cerebral tissue volume significantly co-varied with mean 

thalamic Jacobian (calculated within the region circled in red).  Arrows indicate the 
hippocampus in each hemisphere, statistical images are corrected for multiple comparisons at 
p < 0.001 FDR-corrected (colour bar indicates t-statistic). 

In addition to the observed structural associations, TBSS was used to identify where white matter 
microstructure was associated with thalamic and cortical volume.  Increasing thalamic volume at term-
equivalent age was significantly associated with FA in the PLIC and corpus callosum (including the 
splenium) after correction for degree of prematurity at birth and the age of each infant when scanned 
(FWE-corrected for multiple comparison, p < 0.05; Figure 5.7).  Within these regions, linear regression 

showed that decreasing thalamic volume was independently associated with increasing RD (partial r = -
0.34, p < 0.005; full model: 𝑅2 = 0.28, p < 0.001) but not with AD (partial r = 0.008; full model: 𝑅2 = 0.05, 

ns) when entered into a model with gestational age at birth and age at scan. 
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Figure 5.7:  Thalamic volume is associated with white matter microstructure.  TBSS reveals 

regions where FA is significantly associated with thalamic volume, beyond any common 

association with prematurity at birth and age at imaging, shown in (A).  These regions include 
the PLIC (arrows) and the corpus callosum (arrowheads).  Images are FWE-corrected at p < 

0.05 (colour bar indicates p value); the mean FA skeleton is shown in dark green.  Partial 

regression plots of the relationship between thalamic volume and mean FA, AD and RD 
extracted from each significant voxel identified in (A) and entered into linear regression with 

GA and age at scan (PMA) are shown in (B). 

Cortical volume was significantly associated with FA in the posterior corpus callosum after correction 
for degree of prematurity at birth and age at scan (FWE-corrected, p < 0.05, Figure 5.8).  In these 

regions, RD was associated with cortical volume (partial r = 0.29, p < 0.05; full model: 𝑅2 = 0.26, p < 

0.001) independent of gestational age and age at scan.  AD was not significantly associated with cortical 

volume (partial r = 0.16, ns; full model: 𝑅2 = 0.12, p < 0.05). 
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Figure 5.8:  Cortical volume is associated with white matter microstructure.  TBSS analysis 

reveals that FA in the posterior corpus callosum (A; arrow, bottom row) including the splenium 

(A; arrow, top row) is significantly associated with cortical volume, after correction for 

prematurity at birth and age at imaging.  Images are shown as in Figure 5.7.  Cortical volume 

and mean FA, AD and RD extracted from each significant voxel identified in (A) were entered 
into linear regression with GA and PMA at scan. Partial regression plots of the relationship 

between cortical volume and FA, AD and RD are shown in (B). 

Additionally, in Chapter 4 it was shown that both FA and RD are significantly altered in infants with 
chronic lung disease; therefore this analysis was repeated including chronic lung disease status as a 

covariate.  Both thalamic and cortical associations were diminished but remained significant (Figure 
5.9).  Additional DBM analyses did not reveal any significant associations between CLD and cerebral 
tissue volume after correction for gestational age at birth and age at scan. 

To investigate the interaction of thalamic and cortical associations with white matter microstructure, a 
secondary ROI analysis was performed.  FA values were extracted from masks in the PLIC and 
posterior corpus callosum (Figure 5.10).  In the PLIC (Figure 5.10A), FA was significantly associated 
with thalamic (partial r = 0.35, p < 0.01) but not cortical volume (partial r = -0.13, ns) when both 

metrics were entered into linear regression alongside gestational age and age at scan (Full model: 𝑅2 = 

0.43, p < 0.001).  Conversely, FA in the posterior corpus callosum (Figure 6.10B) was significantly 
associated with cortical volume (partial r = 0.26, p < 0.05) but not with thalamic volume (partial r = 
0.07, ns; full model: 𝑅2 = 0.31, p < 0.001). 
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Figure 5.9: Significant associations between FA and tissue volume remain when correcting for 

chronic lung disease status.  Regions where FA was significantly associated with thalamic (A) 
and cortical (B) volume, after correction for GA at birth, PMA at scan and CLD status are 
shown.  Images are FWE-corrected at p<0.05, the mean FA skeleton is shown in dark green. 

Finally, to determine how reduced thalamic volume is reflected by the underlying tissue microstructure, 
mean diffusivity (mean magnitude of 𝜆1, 𝜆2 and 𝜆3) was extracted from each infant’s DTI dataset using a 

thalamic mask transformed onto the DTI reference template.  Linear regression revealed that thalamic 
diffusivity was significantly associated with gestational age at birth, after correcting for age at scan 
(partial 𝑟 = -0.29, p < 0.05; full model: 𝑅2 = 0.19, p < 0.05) and significantly lower in infants with chronic 

lung disease, after correcting for both gestation and age at scan (general linear model: F(1,67) = 4.6, p < 

0.05).  Smaller thalamic volume was significantly associated with increased mean thalamic diffusivity 
when entered into linear regression with gestational age at birth, total brain and total cortical volume 
(Figure 5.11; partial 𝑟 = -0.40, p < 0.001; full model: 𝑅2 = 0.85, p < 0.001).  This association remained 

significant when also including CLD status and age at scan (partial 𝑟 = -0.32, p < 0.01; full model: 𝑅2 = 

0.87, p < 0.001).  TBSS analysis revealed that mean thalamic diffusivity was significantly associated 
with FA in the internal capsule, after correction for degree of prematurity, age at scan, cortical volume 
and CLD status (Figure 5.11B; FWE-corrected p < 0.05). 
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Figure 5.10:  Differential associations between tissue volume and FA in the internal capsule 

and corpus callosum.  FA in the posterior limb of the internal capsule (A) and the posterior 
corpus callosum (B), thalamic volume, cortical volume, GA at birth and age at scan (PMA) were 

entered into multiple linear regression.  FA in the internal capsule was independently 
associated with thalamic volume (middle column), but not with cortical volume (right column).  

The opposite relationship was seen in the corpus callosum. 

 

Figure 5.11:  Thalamic diffusivity is associated with thalamic volume and FA in the internal 

capsule.  Thalamic volume (estimated from the mean Jacobian) and mean thalamic diffusivity 

(estimated from a thalamic mask placed in the DTI reference space) were entered into a 
multiple linear regression model with GA at birth, cortical volume and total brain volume.  The 

partial regression plot in (A) shows the significant association between thalamic volume and 
thalamic diffusivity.  In (B), regions where FA was significantly associated with thalamic 
diffusivity are shown (FWE-corrected at p < 0.05), beyond any associations with GA, PMA at 

scan, cortical volume and CLD status. 
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5.5 Discussion 

This study demonstrated a significant effect of prematurity on thalamic volume related to specific 
abnormalities in allied brain structures.  These effects were far-reaching, with reductions in the volume 

of thalamus, hippocampus, orbito-frontal lobe, posterior cingulate cortex and centrum semiovale 

suggesting that preterm delivery disrupts specific aspects of cerebral development.  However, after this 
general effect was accounted for, a pattern of structural co-variance was observed between the thalamus 

and particular brain structures, notably in fronto-temporal regions, the cingulate gyrus and 

hippocampus.  This, coupled with the observed association between reduced thalamic and cortical 
volume together with abnormal thalamic and white matter microstructure suggests the hypothesis that 
these observations result at least in part from disrupted development of the thalamo-cortical system. 

Altered structural brain development has previously been detected in preterm populations as early as 
term-equivalent age, revealing a combination of cortical alterations and subcortical grey matter loss 

that accompanies the more commonly described white matter abnormalities (Ajayi-Obe et al. 2000, 

Inder et al. 2005, Boardman et al. 2006, Kapellou et al. 2006, Thompson et al. 2007).  Global cerebral 
tissue loss, hippocampal reductions and thalamic atrophy have all been described (Inder et al. 2005, 
Pierson et al. 2007, Thompson et al. 2008, Nagasunder et al. 2011), but independent of severe white 
matter pathology both deep grey matter growth and cortical development appear significantly altered 
by term (Boardman et al. 2006, Kapellou et al. 2006).  Using DBM, Boardman et al. previously showed 
significant reductions in the thalamus and lentiform nucleus in comparison to term-born controls, 

which were significantly greater in association with diffuse white matter injury (Boardman et al. 2006).  
Thalamic volume loss (in association with diffuse white matter injury) and altered cortical development 
at term-equivalent age have both been shown to predict neurodevelopment outcome in childhood 

(Kapellou et al. 2006, Boardman et al. 2010, Rathbone et al. 2011). 

The data presented in this chapter confirm that in preterm neonates at term-equivalent age, cortical 

grey matter and thalamic volume are dependent on the degree of prematurity at birth and are part of a 
wider developmental pattern of structural alterations.  This pattern shows similarity to the 
neuroanatomical changes seen in ex-preterm adolescents.  Using tissue segmentation, Nosarti et al. 

(Nosarti et al. 2002) reported a significant decrease in cortical grey matter and hippocampal volume 
compared to age-matched, adolescent controls, and using VBM demonstrated a distributed pattern of 

cerebral tissue reductions encompassing frontal and temporal regions, including the hippocampus, and 
subcortical grey matter, including the thalamus, that appeared to mediate neurodevelopmental outcome 
(Nosarti et al. 2008).  Using similar techniques, Nagy et al. reported bilateral grey matter reductions 
primarily in the temporal lobe, hippocampus and thalamus coupled with reduced FA in the central 
white matter, assessed with TBSS, at the same age (Nagy et al. 2009).  Additionally, a series of studies 
have demonstrated reduced orbitofrontal volume compared to term-born adolescent controls and 

reductions in hippocampal and thalamic volume that relate to cognitive performance (Gimenez et al. 
2004, Gimenez et al. 2006a, Gimenez et al. 2006b).  This pattern is also compatible with histological 



85 

evidence from a primate model of preterm birth and neonatal intensive care that found: decreased white 

matter volume in the temporal, frontal and parietal lobes with relative sparing of the occipital lobe; and 

tissue loss in the cortex, deep grey matter and hippocampus (Dieni et al. 2004, Loeliger et al. 2006, 
Loeliger et al. 2009).  Coupled with evidence provided in Chapter 4, these data imply that a gestation-
dependent pattern of altered brain development comprising widespread micro- and macro-structural 

disturbances is present by term-equivalent age, and appears to persist beyond childhood and into 

adolescence. 

Beyond the strong association with prematurity, significant co-variations in volume and microstructure 

were observed in a number of cerebral structures.  That anatomically separate regions appear to 
develop in tandem during this period is not entirely surprising given that functional connectivity, at a 
systems level, of a number of cortical and subcortical structures is present before term-equivalent age 

(Fransson et al. 2007, Doria et al. 2010, Smyser et al. 2010).  Importantly, a number of the structures 
shown here to be co-dependent during development are also adversely affected by preterm birth.  These 

results support data suggesting that the neuroanatomical basis for the later sequelae of prematurity 
develop before the time of normal birth (Rathbone et al. 2011) during the period when the thalamo-
cortical system is forming and essential for normal development (Kostovic and Judas 2010). 

The hypothesis that disruption of thalamo-cortical development underlies the observed changes would 

suggest an intimate relationship between grey matter structures and connective white matter tracts.  
Here, thalamic volume was significantly associated with FA in the internal capsule and the corpus 
callosum, but subsequent ROI analysis showed that this association only persisted in the internal 
capsule when cortical volume was also considered.  Conversely, cortical volume was only significantly 
associated with FA in the corpus callosum.  Thalamic volume is therefore related to both the 
microstructure of the thalamic radiations, carrying projection fibres to the cortex, and the volume of the 
cortex itself.  In turn, cortical volume is associated with the microstructure of inter-hemispheric cortico-
cortical fibres.  It is possible that tissue volume in the thalamus and cortex thus reflects thalamo-
cortical connectivity and is dependent on the growth and integrity of connecting white matter tracts. 

Reduced thalamo-cortical volume might also reflect reduced cell and axon numbers in component 

structures.  The number of neurons in topographically-connected thalamic and cortical regions is closely 

related (Stevens 2001) and a large body of histological evidence has determined that both thalamo-
cortical and callosal cortico-cortical connections are established by term-equivalent age in humans and 

other primates (Kostovic and Rakic 1984, LaMantia and Rakic 1990, Kostovic and Jovanov-Milosevic 

2006).  This process can be interrupted by adverse events: cerebral irradiation in mid-to-late pregnancy 

leads to parallel neuronal loss in the thalamus and cerebral cortex and volume reduction in the 
subcortical white matter, indicating the presence of shared developmental trajectories (Schindler et al. 
2002, Selemon et al. 2005, Selemon et al. 2009).  In addition, reduced thalamic volume was associated 
with increased mean thalamic diffusivity suggestive of larger extracellular space and compatible with 
reduced cell density (Beaulieu 2002); and reduced white matter anisotropy with increased radial 

diffusivity in associated white matter tracts, compatible with reduced axon density.  Decreased 
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thalamic volume, increased thalamic diffusivity and increased white matter radial diffusivity are 
together compatible with decreased cell numbers in the thalamo-cortical system. 

Volpe argues that brain development in preterm infants is ultimately dependent on a combination of 
destructive and impaired maturational mechanisms (Volpe 2009).  Additionally, systemic illness in the 
neonatal period is an independent risk factor for adverse neurodevelopmental outcome (Short et al. 
2003, Miller and Ferriero 2009), and in Chapter 4 chronic lung disease was shown to be associated with 
decreased FA and increased RD in the cerebral white matter in this cohort.  By removing infants with 
severe, focal lesions such as PVL potential impact of acquired, destructive brain lesions on these 
observations have been limited and, when factoring in CLD status, the pattern of microstructural 
covariance between the thalamus and the internal capsule, and the cortex and corpus callosum 
remained, although the extent of the associations was reduced.  As described in Chapter 4, this may 
imply that the adverse effects associated with systemic illness may potentiate the observed 
microstructural alterations with subsequent downstream effects on thalamic volume and development 
of the overlying cortex (Volpe 2009), resulting in the gestation-dependent pattern of brain development 

described here. 

It should be noted that the DBM analyses did not reveal significant associations in the cortex.  This was 
not unexpected: DBM is highly sensitive to local volume change that is spatially consistent across the 

whole group and thus relies on precise spatial correspondence without reliance on tissue classification 
and spatial smoothing, however due to the rapid increases in cortical complexity during the neonatal 
period (Kapellou et al. 2006) and limitations in current image registration techniques for neonates, 
achieving precise correspondence in cortical regions remains difficult.  By combining DBM with cortical 
segmentations in native image space, it is possible to capture information from the whole brain in this 
cohort.  Similarly, a limitation of using TBSS to investigate thalamo-cortical connectivity is that it 

provides pointwise comparisons of white matter microstructure that do not account for the orientation 
of underlying axonal fibres.  It is assumed that contiguous voxels contain the same fibre populations 
and a significant cluster of voxels represent altered microstructural organisation along them.  This may 
not be the case in the presence of more complex fibre configurations, for it is not known which fibre 
populations contribute to the voxelwise estimate of anisotropy/diffusivity, or the extent to which any 
observed alterations can be attributed to a population.  Specific investigations of the thalamo-cortical 

system using methods that account for fibre orientation, such as diffusion tractography, could confirm 
the observations made in this Chapter. 

In summary, at term-equivalent age and in the absence of severe white matter injury, preterm infants 

show a detailed pattern of altered brain structure and microstructure that mirrors changes seen in 
adolescent ex-preterm infants, and is compatible with disruption of thalamo-cortical development.  
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Chapter 6 

Tractography in Preterm Neonates: Exploring 

Connectivity 

6.1 Introduction 

Thalamo-cortical connections are established during the third trimester (Allendoerfer and Shatz 1994, 

Kostovic and Judas 2010) and almost all cortical regions receive some form of thalamic input (Molnar et 
al. 2003).  During development, cortical organisation and areal specialisation occur according to a strict 
spatio-temporal schedule (Rakic 1988, Monuki and Walsh 2001) and tracing experiments have 

established that cortical regions are topographically mapped to corresponding thalamic nuclei 
(Blakemore and Molnar 1990, Molnar et al. 1998, Scannell et al. 1999). 

Due to the timing of key developmental processes, disruption of the thalamo-cortical system is thought 

to represent a major component of preterm brain injury (Volpe 2009, Kostovic and Judas 2010) and may 
be a neural substrate for the later cognitive deficits prevalent in this population (Inder et al. 2005, 
Boardman et al. 2010).  In Chapter 5 it was shown that, by term-equivalent age, reduced thalamic 

volume is associated with reduced cortical volume and altered microstructure in the central white 
matter in preterm infants.  This implies that the relationship between grey matter structures and 
connective white matter tracts is altered following preterm birth. 

Tractography is an in vivo technique for inferring connective pathways through the brain based on 
diffusion MRI.  Tractography is commonly used to extract 3-dimensional representations of specific 

tracts for anatomical comparison (Catani et al. 2002, Wakana et al. 2004), or to examine connectivity 
between discrete cortical or subcortical regions (Behrens et al. 2003b).  The former approach has been 
successfully applied in neonates to delineate major white matter tracts including the cortico-spinal 

tracts and corpus callosum (Berman et al. 2005, Partridge et al. 2005, Aeby et al. 2009, de Bruine et al. 
2011, Hasegawa et al. 2011, Thompson 2011), and thalamo-cortical pathways in the optic radiations 

(Bassi et al. 2008).  However, no study has used tractography to investigate thalamo-cortical 

connectivity in a group of preterm infants at term-equivalent age. 

Behrens et al. demonstrated how probabilistic tractography can be used to map pathways between the 
thalamus and the cortex (Behrens et al. 2003b).  Using a probabilistic model, multiple streamlines were 
propagated from a thalamic seed mask, with those that passed through a pre-defined target region 
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retained.  Voxels within the thalamic mask were then clustered according to the likelihood of connection 
to one of six anatomically-defined cortical regions.  Clusters of commonly-connected voxels defined in 

this way correspond, in part, to the major thalamic nuclei (Morel et al. 1997, Johansen-Berg et al. 

2005); appear to have distinct functional roles (Johansen-Berg et al. 2005, Zhang et al. 2010); and share 

considerable spatial correspondence across adult populations (Johansen-Berg et al. 2005, Traynor et al. 

2010).  Counsell et al. previously used this technique to map thalamo-cortical connections in children 

born preterm and demonstrated altered thalamic topography in a 2-year old infant with a unilateral 

porencephalic cyst (Counsell et al. 2007).  Performing tractography-based parcellation in neonatal 

populations requires a modified processing pipeline (Ball et al. 2011a; see Appendix E) but can produce 

population-based connectivity maps that correspond well to those defined in adults and to functional 

maps obtained from paediatric populations (Figure 6.1A; Fair et al. 2010, Traynor et al. 2010).  

However, individual thalamic maps remain highly variable, both across subjects and across 
hemispheres (Figure 6.1B). 

 

Figure 6.1:  Connectivity-based thalamic segmentation in preterm neonates.  Probabilistic 

tractography was used to segment the thalamus in 47 preterm infants at term-equivalent age.  

Thalamic clusters were defined by maximal connectivity to the frontal (blue voxels), parietal 

(orange), occipital (green) and temporal (red) cortices.  Connectivity maps in (A) show the 
shared spatial extent of each region across the group.  The colour bar indicates the proportion 

of individual with co-localised parcellations.  Four individual connectivity-based parcellations 

are shown in (B). 

Although it is possible to define connections between regions using standard probabilistic tractography 
algorithms, using these data to quantify structural connectivity can lead to errors in interpretation 
(Jones and Cercignani 2010).  Specifically, calculating the proportion of streamlines reaching a target 
from the total number of streamlines propagated from a seed does not necessary represent the 
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‘connectivity’ of the two regions; a more accurate description would be a measure of confidence that a 

pathway between them exists (Jones 2008).  As such, connection strength calculated in this way is 
dependent not only on the underlying tissue microstructure but also on the relative size of the seed and 
target regions, the distance between them and the shape of the connecting pathways (Jones and 
Cercignani 2010), factors that are particularly pertinent to the current analysis, given the wide 
variations in cerebral anatomy seen in preterm neonates. 

An alternative approach is to estimate connectivity strength from the diffusion anisotropy calculated 
along the length of the tract (Iturria-Medina et al. 2008, Robinson et al. 2008, Robinson et al. 2010).  

Scalar measures of diffusional anisotropy, such as FA, reflect the underlying tissue microstructure and 
are sensitive to the effects of prematurity in neonates (Huppi et al. 1998a, Beaulieu 2002).  However, 
these voxelwise metrics are not suitable for tractographic studies as they are rotationally invariant and 
do not account for the direction of the underlying fibre trajectories.  Instead, local anisotropy along 
tracts can be estimated from the diffusive transfer, or ‘information flow’, between adjacent voxels, and 
calculated directly from the partial volume (ball-and-stick) model of diffusion at each voxel (Iturria-
Medina et al. 2008, Robinson et al. 2010).  Importantly, this method provides an estimate of structural 
connectivity independent of tract length and macrostructural differences between subjects, and is 
therefore well suited to studying preterm infants. 

Previously, this approach has been used to trace connections across the whole brain, defining 
connectivity between 83 ROI and identifying age-dependent alterations across the network with 

multivariate statistics (Robinson et al. 2010).  Prior to tractography, each region was defined by 
propagating labels from a set of manually labelled atlases (Hammers et al. 2003, Heckemann et al. 
2006; Gousias et al. 2008).  Few atlases exist for neonatal populations with such extensive labelling (Shi 
et al. 2010, Shi et al. 2011) and none as yet exist for preterm neonates.  As an alternative to anatomic 
parcellations, Hagmann et al. split the cortex into between 500 and 4000 small regions of similar 
surface area to create a dense network of nodes, between which connectivity was estimated (Hagmann 
et al. 2007, Hagmann et al. 2008).  This method allows inter-regional connectivity to be mapped across 

the whole cortex with relatively high resolution. 

Aims 
In this Chapter, a novel method for describing thalamo-cortical connectivity in neonates is proposed.  

By splitting the cortex into small, randomly assigned target regions, and estimating diffusive transfer, 
or mean anisotropy, along tracts that connect a pre-defined thalamic seed to each target, a topographic 

map of connectivity between the thalamus and the whole cortex is constructed for each infant.  As proof 
of principle, a comparison between preterm infants at term-equivalent age and term born controls is 

undertaken, and the effect of prematurity at birth is investigated. 

It is hypothesised that thalamo-cortical connectivity will be significantly different in preterm infants at 

term-equivalent age, and will be adversely affected by increasing prematurity at birth. 
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6.2 Material and Methods 

Ethical permission for this study was granted by the Hammersmith and QCCH Research Ethics 
Committee.  Written parental consent was obtained for each infant. 

Subjects 
All infants born at less than 36 weeks gestational age (as defined by the last menstrual period) between 
March 2005 and October 2008 who successfully underwent 𝑇1- and 𝑇2-weighted MRI and 32-direction 

DTI acquisition at term-equivalent age were eligible for inclusion.  Infants were excluded if cystic PVL 

or HPI was apparent on the term-equivalent MRI.  All infants were included in the studies described in 

Chapter 4 and 5. 

Forty-seven preterm infants (26 male) underwent successful imaging.  The final cohort had a median 

gestational age of 28+3 (range: 23+4 – 34+6) weeks, a median postmenstrual age at scan of 41+3 (38+2 – 

44+1) weeks and median birth weight of 1.11 (0.63 – 2.37) kg.  No infants received postnatal steroids. 

In addition, eighteen term-born infants (7 male) were included to act as controls.  Each successfully 

underwent 𝑇1- and 𝑇2-weighted MRI and 32-direction DTI acquisition between October 2006 and 

February 2011 as part of ongoing studies at QCCH.  Median gestational age at birth was 39+2 (36+0 – 
41+6) weeks, median age at scan was 41+6 (39+0 – 44+4) weeks and median birth weight was 3.20 (2.68 – 
4.20) kg. 

Imaging 
MRI was performed on a Philips 3-Tesla system (Philips Medical Systems, Netherlands) using an 8-
channel phased array head coil.  𝑇1-weighted and 𝑇2-weighted fast-spin echo MRI were acquired as 

described in Chapter 5.  Single shot EPI DTI was acquired in the transverse plane in 32 non-collinear 

directions using the following parameters: TR: 8000 ms; TE: 49 ms; slice thickness: 2 mm; field of view: 

224 mm; matrix: 128 × 128 (voxel size: 1.75 × 1.75 × 2 mm); 𝑏-value: 750 seconds/mm2; SENSE factor of 

2. 

All examinations were supervised by a paediatrician experienced in MRI procedures.  Infants were 
sedated with oral chloral hydrate (25 – 50 mg/kg) prior to scanning and pulse oximetry, temperature 
and electrocardiography data were monitored throughout.  Ear protection was used for each infant, 
comprising earplugs moulded from a silicone-based putty (President Putty, Coltene Whaledent, 

Mahwah, NJ) placed in the external ear and neonatal earmuffs (MiniMuffs, Natus Medical Inc, San 
Carlos, CA). 

Tractography 
Tractography was performed as described in Robinson et al. (2010).  Each infant’s diffusion weighted 
images were affine-registered to the respective non-diffusion weighted image to correct for subject 

motion and geometric distortions due to eddy currents.  Bayesian estimation was used to fit the 
parameters of a two-compartment partial volume model of diffusion, fitting up to two fibres per voxel, 



91 

and distributions on the principal directions of diffusion were generated based on Metropolis Hastings 
Markov Chain Monte Carlo sampling of the diffusion data using BedpostX (implemented as part of FSL; 

Behrens et al. 2003a, Behrens et al. 2007).   

Streamlines were propagated from a thalamic seed mask and at each step, followed the direction of a 
sample drawn from the posterior distribution on diffusion direction at a given voxel; the probability of 

sampling a voxel was given by the weighted proximity of the streamline trajectory to the centre of 
nearby voxels.  Around 500 000 streamlines were propagated from each thalamic seed mask (one mask 
per cerebral hemisphere), for a total of 2000 steps of 0.5mm in length, tracking stopped when 
streamlines reached a target region, left the brain mask (or entered CSF), breached a curvature 
threshold of 0.1 (reduced from the default 0.2) or crossed into the contralateral hemisphere.  Regions of 
CSF were defined by tissue segmentation based on age-specific tissue probability priors (Kuklisova-
Murgasova et al. 2011). 

In contrast to Behrens et al. (2003a), local diffusion anisotropy was estimated along each streamline 
that reached a cortical target.  This measure incorporates information pertaining to both diffusional 
anisiotropy at each voxel (in a similar way to FA) and fibre coherence between remote regions (Iturria-
Medina et al. 2008).  Using a modified version of the ProbtrackX algorithm, orientation distribution 
functions (ODF) were calculated from the partial volume model of diffusion as described in Equation 6.1 
(Melie-Garcia et al. 2008): 
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𝑛
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 [6.1] 

where 𝑛 is the total number of fibres, 𝑁𝑠 is the total number of Monte Carlo samples drawn from the 

diffusion data and 𝑓𝑘𝑙
(𝜃,𝜙) is the fractional volume of anisotropic diffusion along orientation (𝜃,𝜙) for 

iteration 𝑙 and fibre direction 𝑘.  The ODF 𝜓 along orientation (𝜃,𝜙) is equivalent to the probability of 
diffusion in that direction. 

The proportion of the ODF which overlaps between adjacent voxels on the streamline trajectory 
approximates the probability of diffusive exchange between voxels.  Mean anisotropy between connected 
regions is calculated by averaging the diffusive exchange between adjacent voxels connected by a 
streamline multiplied by the number of times each voxel is sampled during tractography (Robinson et 
al. 2010). 

In Robinson et al., region-to-region measures of anisotropy were collated into a whole-brain connectivity 

matrix (Robinson et al. 2010).  In the present study, under the prior hypothesis that thalamo-cortical 

connectivity is vulnerable following preterm birth, tractography was performed only between the 
thalamic seed and each cortical target region.  All streamlines that reached a cortical target were used 
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to estimate tract anisotropy.  Mean thalamo-cortical anisotropy was then mapped back onto each target 

region to create a cortical map of connectivity (see Figure 6.2). 

Cortical parcellation 
Cortical tissue segmentation was performed on individual 𝑇2 images as described in Chapter 5 using an 

expectation-maximisation segmentation method driven by age-specific tissue probability priors followed 

by an automatic three-step segmentation algorithm to remove mislabeled partial volume voxels at the 

interface of the grey matter and CSF (Xue et al. 2007, Kuklisova-Murgasova et al. 2011). 

Calculating connectivity between the thalamus and every cortical voxel would require significant 
computational time, and is beyond the capabilities of even a high-end desktop PC.  Therefore, it is 

necessary to group voxels together into regions, the size of which determine the resolution of the 
connectivity map.  Each region needs to be large enough to ensure that a representative number of 
streamlines pass through it, yet small enough so that the map retains the spatial variation across the 
cortex at a reasonable resolution (Hagmann et al. 2007).  For the purpose of this study, each cortical 
hemisphere was parcellated into around 500 regions (Left hemisphere: median (range) = 507 (391 – 

703); Right hemisphere: median (range) = 505 (386 – 676); see Figure 6.2). 

Cortical parcellations were performed using Matlab 7.10 (MathWorks, Natick, MA, USA) with code 
supplied by Dr. P. Aljabar.  Poisson disk sampling describes a method used to randomly place points 
across a grid, while ensuring that no two placements are within a set distance of each other, producing 
an evenly distributed but random set of points (Cook 1986, Bridson 2007; Figure 6.2).  By defining each 

voxel in the cortical mask on a 3 dimensional grid, it is possible to use Poisson disk sampling to select a 
set of evenly distributed centroids, about which other voxels are clustered according to their proximity.  
This produces a randomly generated set of labels, each with similar size to act as targets for 
tractography (Figure 6.2).  Hemispheres were labelled separately to ensure that no labels incorporated 
voxels from both. 

Unlike Hagmann et al. (2007), this labelling method is not underpinned by an initial anatomic 
parcellation, therefore it is possible that labelled regions may contain topographically close, but 
functionally distinct regions or cross over anatomical features such as sulci (see Figure 6.2D).  This 
means that, as each cortical mask is labelled separately, corresponding regions across individuals will 
not be labelled in the same way.  As such, connectivity maps based on a single parcellation are not 
directly comparable across subjects.  To account for this, cortical masks were re-parcellated a number of 

times to produce a set of connectivity maps for each subject. 

Assuming that the labels are distributed evenly and randomly each time, connectivity at each voxel can 
be estimated from a distribution constructed by performing tractography between the thalamus and 
each set of cortical labels (Figure 6.3).  With enough parcellations, averaging each infant’s set of cortical 
connectivity maps will produce a final map with single voxel resolution. 
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Figure 6.2:  Cortical parcellation using Poisson disk sampling.  A set of points generated with 

random sampling (A) and Poisson disk sampling (B).  Note the even distribution of points in 
(B).  Labels are generated by clustering voxels about centroids within the cortical mask 

generated with Poisson disk sampling (C).  A single voxel (crosshairs) was chosen to 
demonstrate the spatial distribution of co-labelled voxels after 25 parcellations (D).  The colour 

bar indicates how often surrounding voxels are clustered within the same labels as the chosen 

voxel. 

Figure 6.3 shows that as few as 10 parcellations can produce an estimate of mean anisotropy at a voxel 
level which does not differ significantly with additional re-parcellations.  However, for this study, 25 

were chosen to ensure an accurate estimation of connectivity with reasonable computational demands.  
To confirm that the connectivity estimates were stable after 25 parcellations, connectivity maps were 
constructed from 25 and 100 separate parcellations in 10 infants.  Each map was transformed into a 
common reference space and smoothed with a Gaussian kernel (full-width-at-half-maximum (FWHM) = 

8mm) and a paired t-test performed across the whole cortex with Randomise.  No significant differences 

between mean anisotropy were detected. 

Registration 
Each infant’s 𝑇1- and 𝑇2-weighted and non-diffusion weighted 𝐵0 images were co-registered with IRTK.  

Although a 6 DOF registration was used to align corresponding 𝑇1- and 𝑇2-weighted images, due to 

geometric distortions present in the EPI-acquired 𝐵0 images, nonlinear registration was used to align 

each to the corresponding 𝑇2-weighted image.  A manually defined thalamic seed mask (Chapter 5; 

Figure 5.1) was transformed into the space of each infant’s diffusion data via the co-registered 𝑇1 and 𝑇2 

images.  Similarly, cortical parcellations were transformed from 𝑇2 into diffusion space for tractography, 
nearest neighbour interpolation was used to preserve mask labelling for both seed and target masks. 
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Figure 6.3:  Connectivity estimates after repeated parcellations.  The left hemispheric cortical 

mask from a single infant was parcellated and tractography was performed between the 

thalamus and each labelled region 100 times.  Mean tract anisotropy, as an estimate of 
connectivity, was calculated across the cortex and the distribution of mean anisotropy 

estimated at a single voxel (crosshairs) from 10, 20, 50 and 100 connectivity maps is shown in 
(A), mean (± SD) anisotropy at this voxel, estimated from each set of maps is shown in (B). 

Processing pipeline 
Figure 6.4 summarises the processing pipeline used in this Chapter.  Cortical segmentations were 
extracted from each 𝑇2-weighted image and randomly parcellated 25 times.  Each parcellation, along 

with a thalamic seed mask, was transformed into the individual diffusion space.  Probabilistic 
tractography was performed between the thalamus and each labelled cortical region and the mean 
anisotropy of the connecting tracts calculated as an estimate of structural connectivity.  Twenty-five 

connectivity maps were constructed by mapping mean anisotropy back onto each cortical region and a 
final voxelwise map created by averaging connectivity across them.  Individual maps were then aligned 
to a common template, smoothed and merged into a 4D volume for statistical analysis. 

For statistical analysis, cortical connectivity maps were transformed into a common reference space.  A 
population-average atlas, constructed from a large (n=204) cohort of preterm infants, was used as the 

template (Serag et al. 2011).  Each 𝑇2-weighted image was aligned with the template using rigid, affine 
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and nonlinear registration in a coarse-to-fine manner, as described in Chapter 5.  A single iteration of 

nonlinear registration was used. 

As previously noted, this method of nonlinear registration does not necessarily ensure precise cortical 
alignment, particularly if the ensuing transformations are required to be smooth and invertible.  To 
account for residual misalignment in the cortex following registration, the aligned connectivity maps 
were smoothed with a Gaussian kernel (FWHM = 8 mm) prior to statistical analysis.  

Statistical analysis 
Voxelwise cross-subject statistical analysis of mean tract anisotropy was performed with Randomise 

(v2.5).  All statistical images were subject to FDR correction for multiple comparisons. Further 
statistical analysis was performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA).   

 

Figure 6.4:  Processing pipeline used for assessing thalamo-cortical connectivity in neonates. 

6.3 Results: Comparison to Term-Born Controls 

Figure 6.5 shows cortical regions with significantly lower connectivity to the thalamus in preterm 
infants at term-equivalent age compared to term-born controls, as represented by mean anisotropy 

estimated along connective tracts (FDR-corrected, p < 0.001).  Connectivity was significantly reduced 

bilaterally between the thalamus and the lateral frontal cortex.  This pattern extended partially into 
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the insula and into the superior temporal gyrus on the left side.  Additionally, large bilateral clusters 
were seen in the medial wall, including medial supplementary motor areas, and the medial occipital 
lobe with smaller unilateral clusters in the parahippocampal gyrus, inferior temporal gyrus, temporal-
occipital junction and precuneus.  Connectivity was not significantly increased in any region in the 
preterm group.  Significant clusters of voxels in three anatomical regions were identified and are shown 
in Figure 6.6 (medial occipital, green; medial wall, red; frontal, purple); each region was bilaterally 

represented but manually defined in the left hemisphere only.  Within each of these regions, mean 
anisotropy estimates were extracted from each infant’s connectivity map and are shown for preterm and 
term cohorts in Figure 6.6B.  Mean anisotropy was between 15 and 35% greater in term infants.  The 
largest difference was in thalamo-cortical connections to the occipital lobe (Term: mean anisotropy ± SD 

= 0.122 ± 0.022; Preterm: 0.091 ± 0.017), followed by the frontal (Term: 0.154 ± 0.014; Preterm: 0.126 ± 

0.013) and medial regions (Term: 0.167 ± 0.023; Preterm: 0.144 ± 0.020). 

 

Figure 6.5:  Thalamo-cortical anisotropy is significantly lower in preterm infants.  Regions of 

significantly lower thalamo-cortical connectivity in preterm infants, compared to term born 

controls, are shown.  Statistical images are displayed on a population-based 𝑇2 template and 

are corrected for multiple comparisons at p < 0.001 FDR-corrected (colour bar indicates t-
statistic). 

To visualise the pathways that connect the thalamus to each ROI, standard probabilistic tractography 
was performed (Behrens et al. 2003a).  The thalamic seed and each ROI mask were transformed into 
individual diffusion space to act as seeds and targets.  Tractography was performed by seeding first 
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from the thalamus, and then from the cortical ROI, the resulting connectivity distributions were 
combined to give probability maps, where the intensity of each voxel reflects the certainty of it lying on 
the diffusive pathway from seed to target, or from target to seed.  Each map was thresholded to include 
only voxels with a greater than 5% chance of belonging to a given tract, and binarised to create a tract 
mask.  Each mask was transformed back into the template space and combined to show the spatial 
extent, across the whole cohort, of tracts connecting the thalamus to each cortical ROI (Figure 6.7). 

 

 

 

Figure 6.6:  Mean anisotropy extracted from three regions-of-interest.  Three large clusters 

identified in Figure 6.5 were manually defined and are shown in (A).  For each group, mean 

anisotropy was extracted from the medial wall (red), medial occipital lobe (green) and frontal 
lobe (purple) and are plotted in (B).  Coloured plots represent the preterm group.   
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Figure 6.7:  Spatial extent of specific thalamo-cortical tracts that appear significantly affected 

in preterm infants.  Tractography was performed in each infant (both term-born and preterm) 

between the thalamus and each cortical ROI shown in Figure 6.6.  Population-average maps, 

indicating the spatial overlap of each tract across the whole group, are shown overlaid on the 

template.  The colour bar indicates the degree of overlap across the group, thresholded at 5% 
(i.e. voxels are shown that formed part of the tract in at least 5% of the cohort).  Regions are 

defined as in Figure 6.6.  Tractography was performed in the left hemisphere only. 

6.4 Results: Effect of Prematurity on Connectivity 

Linear regression was performed in the cohort of 47 preterm infants at term-equivalent age to 

determine if thalamo-cortical connectivity was dependent on gestational age at birth.  Figure 6.8 shows 

regions where a trend-level association between prematurity and connectivity exists (uncorrected p < 

0.01).  Bilateral clusters were seen in the precuneus, orbitofrontal and anterior temporal lobes but these 
regions did not survive correction for multiple comparisons with FDR.   
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Figure 6.8:  Association between thalamo-cortical connectivity and prematurity at birth.  

Regions where diminished connectivity to the thalamus was associated with increasing 

prematurity at birth, after correction for the age of each infant at scan are shown.  Images are 
uncorrected for multiple comparisons, and are shown at voxelwise p < 0.01.  No regions 

survived FDR correction.  

6.5 Discussion 

Using a novel processing pipeline, this study has shown that thalamo-cortical connectivity is 

significantly diminished in preterm infants compared to term-born controls.  Connections between the 

thalamus and the frontal cortices, supplementary motor areas and medial occipital lobe appear to be 
most significantly affected, with additional regions identified in the superior temporal and parietal 
lobes.  Performing tractography between three sites of altered connectivity demonstrated that specific 
thalamo-cortical tracts are disrupted, apparently originating from discrete regions of the thalamus.  

Although no significant association with gestational age at birth was detected in the preterm cohort, 
this supports the hypothesis that the thalamo-cortical system is vulnerable following preterm birth.  

This study represents the first time that thalamo-cortical connectivity has been comprehensively 

mapped in a neonatal population, and the tractographic framework described represents a novel 
method for analysing system connectivity that does not rely on atlasing, or manual placement of ROI 
and can be readily applied to other populations and to investigate other neural systems. 

Diffusion imaging enables in vivo tracing of neural pathways through the brain and provides 
complementary evidence to that derived from experimental animal studies, or post mortem histology 
and dissection (Goldman-Rakic and Porrino 1985, Morel et al. 1997, Scannell et al. 1999, Behrens et al. 
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2003b).  Recently, diffusion tractography has been used to map cortical connections in the human 
thalamus that mirror histological observations and are reliably reproduced across cohorts (Morel et al. 
1997, Behrens et al. 2003b, Johansen-Berg et al. 2005, Traynor et al. 2010).  Other studies have 

exploited diffusion datasets to infer dense structural networks of information flow across the whole 
brain that are sensitive to aging and disease state (Stam et al. 2007, Hagmann et al. 2008, Rubinov et 
al. 2009, Robinson et al. 2010).  In this Chapter, these approaches were combined and thalamo-cortical 

connections were mapped using a modified probabilistic tractography algorithm designed to estimate 
the mean anisotropy along connective paths as measure of structural connectivity (Robinson et al. 2008, 
Robinson et al. 2010).  In addition, a novel method for cortical labelling was employed alongside tissue 
segmentation and nonlinear registration techniques previously optimised for neonatal analysis 
(Rueckert et al. 1999, Boardman et al. 2006, Xue et al. 2007).  This enabled regional estimates of 
connectivity to the thalamus to be compared between preterm and term infants across the whole cortex 
for the first time. 

Using DBM, Boardman et al. observed regional tissue loss in the thalamus of preterm infants compared 
to term-born controls and hypothesised that it reflected a disconnection between the thalamus and 

cortex in these infants (Boardman et al. 2006).  In a later study, this tissue loss was localised to the 
mediodorsal thalamus and presumed to reflect altered connectivity to the frontal cortex via the anterior 
thalamic radiations (Boardman et al. 2010).  Focal thalamic tissue loss was also accompanied by 
reduced white matter volume and increased ADC in central corona radiata and centrum semiovale.  In 
Chapter 5, a significant association was described between prematurity and volume in the frontal and 
temporal lobes that corresponded to thalamic and cortical volume loss.  In this Chapter, connectivity 
between the thalamus and the lateral frontal cortex was shown to be significantly reduced in preterm 
infants.  Subsequent tractography (Figure 6.7) demonstrated that the most likely path of connection 
between these structures originates from the medial aspect of the thalamus and travels via the anterior 
thalamic radiation towards the frontal lobe.  Connectivity to the medial paracentral gyri, encompassing 
the supplementary and pre-motor areas, was also significantly decreased.  These connections follow the 

superior thalamic radiation from the lateral portion of the thalamus through the central corona radiata. 

Histological evidence from primates shows that the mediodorsal nucleus of the thalamus shares 
reciprocal projections to the lateral frontal cortex (commonly referred to as the prefrontal cortex), with 
auxiliary connections to the anterior cingulate, insula and supplementary motor cortex (Tanaka 1976, 
Goldman-Rakic and Porrino 1985, Russchen et al. 1987).  The prefrontal cortex (PFC) is linked with a 

myriad of high level cognitive and executive functions, including but not limited to working memory, 
planning and attentional control (Baddeley 1992, Goldman-Rakic 1996, Fuster 2001), damage to which 

produces an assortment of well described cognitive and behavioural deficits (Stuss and Benson 1984, 
Stuss and Levine 2002).  In ex-preterm adolescents, deficits in executive functions have been reported 

that are independently associated with altered cerebral structure (Nosarti et al. 2007, Nosarti et al. 
2008), and the general poor performance of preterm children in tests of cognitive function are well 
reported (Rose and Feldman 1996, Harvey et al. 1999, Anderson, et al. 2004, Marlow et al. 2005, 
Marlow et al. 2007).  Similarly, motor and coordination impairments are prevalent, observed in up to 
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40% of preterm children (Bracewell and Marlow 2002, Foulder-Hughes and Cooke 2003, Goyen and Lui 

2009).  The supplementary motor areas (SMA) of the medial wall and the more anterior pre-SMA 

regions are essential for planning and fluent execution of complex movements and are involved in 
coordinating movements of the hands, and incorporating visual guidance into movement (Goldberg 
1985, Tanji 1994, Picard and Strick 1996).  Histological studies have revealed that the SMA is 
connected to the primary motor cortex (Dum and Strick 1991, He et al. 1995) and the pre-SMA to the 

PFC (Bates and Goldman-Rakic 1993, Luppino et al. 1993).  Additionally, both the SMA and pre-SMA 

receive significant input from the basal ganglia via the ventrolateral nucleus of the thalamus (Schell 
and Strick 1984, Inase et al. 1999, Sakai et al. 2000, Akkal et al. 2007), as part of a complex motor 
feedback loop essential for coordinated movement (Goldberg 1985).  This agrees with the likely path of 
projections to significant voxels in the SMA shown in Figure 6.7 that appears to originate in the 
ventrolateral thalamus (in comparison to the medial aspect of the frontal projections).  Altered thalamo-
cortical connectivity to the medial premotor areas and the lateral frontal cortex may therefore represent 
a neural substrate for the complex and overlapping cognitive and motor coordination disorders 
commonly seen in this population. 

In addition to higher level cognitive functions, primary sensory morbidity is also prevalent following 
preterm birth.  The incidence of retinopathy of prematurity increases with prematurity at birth and 
mild visual impairments have been reported in almost half of extremely preterm infants by 6 years of 
age (Repka 2002, Austeng et al. 2009, Johnson et al. 2009).  In the present study, significant bilateral 
reductions in thalamo-cortical connectivity were also seen in the medial occipital cortex of preterm 

infants.  The medial occipital cortex is the site of the primary visual cortex V1, and the extrastriate 
primary association areas, that receive direct innervation from the lateral geniculate nucleus of the 
thalamus via the optic radiations (see Figure 6.7) (Lund 1988, Felleman and Van Essen 1991), 
indicating that this pathway could be disrupted in preterm infants.  Cortical visual impairment is a 
leading cause of poor vision in childhood but it is predominantly associated with perinatal hypoxic-
ishaemic injury (Repka 2002).  Similarly, in preterm infants, PVL is associated with a range of visual 
impairment including low visual acuity, oculomotor disorders, and reduced visual field, often 
accompanied by thalamic atrophy (Cioni et al. 1997, Ricci et al. 2006).  In the present cohort, no infants 
had focal parenchymal lesions such as PVL but this does not rule out a lesser maldevelopment of the 
visual pathways.  Both human and animal studies have demonstrated that the connections between the 
lateral geniculate nucleus and the visual cortices begin to develop around mid-gestation and are 

established by term-equivalent age (Rakic 1977, Shatz and Rakic 1981, Kostovic and Rakic 1990) and 

early exposure to the extrauterine environment does not appear to affect this timing (Bourgeois et al. 
1989).  In contrast, FA in the optic radiations at term-equivalent age is associated with visual function 

(Bassi et al. 2008), and importantly, it is the rate of development of these pathways, in terms of 
increasing FA, during the neonatal period that best predicts visual function (Groppo et al. 2009).  This 
indicates that delayed or disrupted maturational processes associated with estabilished neural 
connections may underlie the reduction in thalamo-cortical connectivity in preterm infants. 
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Alternatively, the lessened connectivity to the occipital cortex may be suggestive of a confounding 
technical issue.  Due to the high curvature of the optic radiations, particularly through the anterior 
projection of Meyer’s loop, it can be difficult to trace its full extent, even with probabilistic methods 
(Behrens et al. 2003b, Clatworthy et al. 2010).  Reaching the medial wall of the occipital lobe requires 
streamlines to circumvent the entire lateral horn of the ventricles, which are significantly larger in 
preterm infants (Inder et al. 2005, Boardman et al. 2007).  This may have led to a reduction in 
streamlines reaching medial occipital targets, or to increased partial volume effects due to the proximity 
of path trajectories to voxels containing CSF, both of which may have artefactually reduced connectivity 
scores in the preterm cohort.  Further investigation of all the pathways described here, possibly using a 
traditional ROI-based approach, would be required to confirm the observations made in this Chapter. 

As proof of principle, this study has demonstrated that it is possible to describe thalamo-cortical 

connectivity in the neonate in a manner that is sensitive to the effects of preterm birth.  As preliminary 
work, there are a number of technical considerations to note.  A clear limitation is the need for precise 
alignment of cortical connectivity maps in a common space for statistical analysis.  In order to 
accurately resolve regional differences in thalamo-cortical connectivity, it is necessary to align 

structurally correspondent regions across individuals.  The inherent heterogeneity of the cortical 
surface coupled with the additional factors of rapid growth during the neonatal period and significantly 
reduced cortical complexity in preterm infants compared to term born controls present a significant 
technical challenge (Rademacher et al. 1993, Ajayi-Obe et al. 2000, Kapellou et al. 2006, Xue et al. 

2007).  In TBSS, a skeletonisation step is performed after nonlinear registration that reduces the 
confounding effects of misregistration; here, a smoothing kernel of FWHM 8 mm was applied.  

Smoothing generally serves three functions: increasing signal-to-noise ratio, compensating for 

misalignment and forcing data towards a normal distribution for parametric statistical analysis and, as 
previously noted, the choice of smoothing kernel can influence statistical inference and interpretation 
(Jones and Cercignani 2010).  Specifically, smoothing sensitises statistical analysis to the detection of 
effects with a similar spatial extent to the filter used, thus varying the kernel size can produce 
different, significant effects (Jones et al. 2005).  In this Chapter, multi-scale tests using different kernel 

sizes were eschewed in preference of a single kernel selected a priori.  Although larger than kernels 
previously employed in voxel-based neonatal MR analysis (Lodygensky et al. 2008), 8 mm was selected 

based on the DBM analysis in Chapter 5 where a relatively widespread pattern of regional covariance 
was observed and hypothesised to reflect a corresponding pattern of altered thalamo-cortical 

connectivity.  Correspondingly large regions of altered connectivity were observed in preterm infants 
(Figure 6.5), although this may have come at a cost of spatial resolution and the possible detection of 
smaller clusters in discrete cortical structures. 

In contrast, using the tractographic framework described in this Chapter is advantageous for a number 
of reasons: the data is modelled using a two-compartment, partial volume model, allowing explicit 

modelling of up to two fibre populations per voxel with a clinically feasible acquisition scheme (Behrens 
et al. 2007); the uncertainty of the model is incorporated when tracking, allowing streamlines to be 

seeded in regions of low anisotropy, such as the deep grey matter, and allowed to continue to the cortex 
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(Behrens et al. 2003a, Behrens et al. 2003b); mean anisotropy calculated along the length of each tract 

is weighted both by the underlying microstructural integrity of each voxel passed and the probability of 
each voxel lying on the connective pathway, ensuring that any alterations in tissue microstructure are 
attributed to the most likely fibre population (Iturria-Medina et al. 2008, Robinson et al. 2010).  In 

addition, the cortical parcellation methods employed do not depend on the availability or accuracy of a 
densely labelled anatomical atlas and allow exploratory analysis of thalamo-cortical connectivity 

without prior hypothesis or selection of regions-of-interest. 

Finally, it was hypothesised that connectivity would be associated with increasing prematurity at birth, 
forming a covergent body of evidence with that presented in Chapter 5.  However, no significant 
associations were observed after correction for multiple comparisons.  Uncorrected statistical maps are 
shown in Figure 6.8, indicating that a trend-level association may exist in some regions, including 

bilaterally in the precuneus, although given the non-significant effect size these observations may not 

be robust and are difficult to interpret.  It is likely that the lack of significant association is attributable 
to Type II error due to a lack of statistical power in the relatively small group size (𝑛 = 47, compared to 
71 in Chapter 5, and 93 in Chapter 4).  Thirty-two direction diffusion imaging was acquired in less than 

half of the original cohort, but was required for this study as fewer directions (i.e.: 15) will not support 

multi-fibre modelling for probabilistic tractography (Behrens et al. 2007).  Data collection is ongoing 

and further investigation with a larger cohort will be conducted. 

In conclusion, connectivity in the thalamo-cortical system is significantly reduced in preterm infants by 

term-equivalent age.  This may have consequences for neurodevelopmental outcome in this population. 
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Chapter 7 

Summary 

7.1 Conclusions 

With the increasing burden of preterm birth on health and economic systems and the poor prognosis of 
many preterm infants in later life, much attention is focused on defining the early neural substrates of 
subsequent neurodevelopmental deficits commonly seen in this population.  In recent years, studies 
have shown that up to 75% of preterm infants display diffuse alterations in the developing white matter 
by term-equivalent age (Dyet et al. 2006).  Quantitative MR techniques have revealed that subtle, 

diffuse microstructural disturbances underlie these changes and may be a symptom of early brain 
injury (Huppi et al. 1998a, Counsell et al. 2003, Inder et al. 2003, Counsell et al. 2006).  In addition, 
volumetric analyses have detected that regional tissue loss, primarily in the cortical and subcortical 
grey matter, appears to accompany preterm white matter injury (Inder et al. 1999, Inder et al. 2005, 
Boardman et al. 2006). 

The primary hypothesis of this thesis was that connectivity and growth of developing neural systems is 
adversely affected by preterm birth, this was tested through the application of multi-subject, multi-
modal MRI analysis.  In Chapters 4 and 5, widespread microstructural alterations in the cerebral white 
matter and structural alterations involving both cortical and subcortical grey matter were found to be 
dependent on the degree of prematurity at birth.  Furthermore, thalamic development was shown to be 
related to discrete microstructural alterations in ascending white matter tracts and growth of a number 
of connected regions, including the cortex as a whole.  In Chapter 6, a combination of probabilistic 
tractography, image registration and tissue segmentation revealed significant reductions in thalamo-
cortical connectivity of preterm infants compared to term born controls.  In addition, adverse cerebral 
development was hypothesised to be associated with specific perinatal risk factors. It was found that 
chronic lung disease potentiated microstructural disturbances in this population, and neonatal 
respiratory support requirements were linearly related to white matter development. 

Respiratory morbidity is associated with poor cerebral development and cognitive outcome but 
represents a potentially modifiable neonatal risk factor (Short et al. 2003, Boardman et al. 2007, Anjari 
et al. 2009).  The observed relationship between respiratory morbidity and white matter microstructure 
is concurrent with evidence of damaging inflammatory pathways associated with systemic illness (Back 
2006, Back et al. 2007, Miller and Ferriero 2009) and may provide a possible biomarker for 
investigating alternative ventilation strategies.  Computational MR analysis has already proven 
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powerful in investigating the efficacy of potential therapeutic strategies in neonates (Porter et al. 2010) 
and this approach would complement current experimental models (Loeliger et al. 2009, Verney et al. 
2010).  Indeed, imaging studies are increasingly being employed to support biological and clinical 
research in the discovery of potential biomarkers, establishing a link between early cerebral disruption 
and outcome (Ment et al. 2009).  The substantial power of the methods described in this thesis could 
lead to a number of applications including the study of putative neuroprotectants (Limperopoulos 2010), 
or mapping the influence of specific genetic susceptibilities on preterm cerebral development (Nelson et 
al. 2005). 

The evidence presented in this thesis supports current theories of the injurious mechanisms 
underpinning preterm brain injury (Volpe 2009).  That the thalamo-cortical system was shown to be 

significantly altered by preterm birth is not to say that other neural systems/connections are not 
similarly affected.  TBSS analysis revealed global changes in white matter microstructure are 
dependent on prematurity, whereas DBM showed gestation-dependent volumetric change was generally 

restricted to fronto-temporal regions.  Similarly, thalamo-cortical connectivity to the frontal cortices was 

significantly reduced in preterm infants, as was connectivity to the occipital lobes – a region that 
appeared relatively spared in DBM analysis.  The development of the brain follows a strict spatio-
temporal schedule (Yakovlev and Lecours 1967, Chi et al. 1977, Molnar et al. 2003, Kostovic and 
Jovanov-Milosevic 2006, Bystron et al. 2008) and a number of biological pathways involved in preterm 

brain injury have been shown to be strictly maturation-dependent (Volpe 2001, Back et al. 2007, Deng 

2010).  Some of the disparities in the results presented may be due, in part, to the ongoing evolution 
and varying timescales of the processes that underlie MR-visible structural and microstructural 

disturbances.  Overall, the work presented in this thesis suggests that no single cerebral region or 
tissue type is affected by preterm birth in isolation.   

7.2 Future Work 

Below are summarised some possible directions for future study to extend upon the work presented in 
this thesis. 

Functional outcomes 
Preterm birth is associated with a wide range of neurodevelopmental deficits, the underlying 
mechanisms of which are not yet fully understood.  The results presented here will be most beneficial to 
current understanding when described in the context of developmental outcome.  Previous studies have 
demonstrated that alterations to tissue volume and microstructure quantified at term-equivalent age 

can be predictive of short term measures of developmental performance, and therefore can provide early 
markers for interventional strategies (Inder et al. 2005, Kapellou et al. 2006, Krishnan et al. 2007, 
Boardman et al. 2010, Rathbone et al. 2011).  Neurodevelopmental assessments are currently being 
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undertaken for this cohort and future studies will determine how the alterations and associations 
reported in this thesis influence functional outcome.  This will be essential in order for early, 
quantitative MR analysis to fulfil its substantial potential in the search for early biomarkers of preterm 
brain injury and the design and implementation of future interventional therapies. 

Other perinatal factors 
Alongside chronic lung disease, a number of predictors of altered cerebral developmental and/or poor 
outcome in preterm infants have been identified.  Two of the most commonly studied are neonatal 
infection/inflammation and IUGR.  Preterm infants are at significantly increased risk for contracting 
intrauterine and postnatal infections, often resulting in a systemic inflammatory response, the overall 
rate of which has not decreased significantly in recent years (Adams-Chapman and Stoll 2006).  The 

link between infection, inflammation and cerebral injury is well described (Volpe 2001, Back et al. 2007) 
and studies have demonstrated associations between infection, PVL and subsequent 
neurodevelopmental deficits in preterm infants (Perlman et al. 1996, Leviton et al. 1999, Graham et al. 
2004, Shah et al. 2008).  Similarly, IUGR is associated with cerebral alterations including lower 
cerebral volume and reduced cortical complexity, and adverse neurodevelopment (Thompson et al. 2007, 
Dubois et al. 2008b, Esteban et al. 2010, Torrance et al. 2010, Padilla et al. 2011). 

In order to decouple the complex, and often overlapping, influence of the numerous perinatal factors 
associated with early brain development and preterm birth, large, population-based studies are often 

most appropriate.  With sufficient computing resources, application of the analytical tools and methods 
described in this thesis in such large cohorts could provide valuable insight into the underlying 
pathways and developmental interactions of the wide range of often overlapping complications.  
Furthermore, the availability of such analyses specifically optimised for neonatal cohorts, opens 
immediate lines of investigation to study the effects of specific perinatal factors such as sepsis and 
IUGR on the preterm brain without the need for large scale studies. 

Improving cortical alignment 
Many of the methods used in this thesis to enable quantitative, groupwise analysis of neonatal MRI rely 
upon image registration and require precise alignment of cerebral structures across an anatomically 
heterogeneous cohort.  As noted in Chapters 5 and 6, cortical registration in this population represents 
a significant technical challenge. 

A number of approaches to neonatal cortical registration have been described: Xue et al. used surface 

registration to perform longitudinal cortical registration between images obtained in the same infant at 
three timepoints (Xue et al. 2007).  A similar approach was used by Lefèvre et al. (2009).  In Hill et al., 
intersubject cortical registration was performed in a group of healthy term-born controls by extracting 

cortical surfaces in a semi-automatic fashion and mapping significant sulcal landmarks onto a 

population-average map with spherical registration (Van Essen 2005, Hill et al. 2010).  The additional 

confounding factors of neonatal analysis – namely the difficulty in producing accurate tissue 
segmentation and the rapid development of the cortex over a relatively short time means that these 
methods have so far only been applied in small cohorts.  Combining these techniques with those 
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described in this thesis would allow for more accurate assessment of cortical thickness, to identify 
regional associations rather than treat the cortex as a whole, and precisely map cortical connectivity 
across the group. 

7.3 Summary 

This thesis has presented work quantifying tissue microstructure, volume and connectivity in the 
developing preterm brain; providing evidence that preterm birth is disruptive to cerebral development 

on a systems level and results in a complex pattern of regional micro- and macrostructural alterations 

evident at term-equivalent age.  The evidence provided suggests that connected neural structures are 

affected by preterm birth and future studies into the consequences of prematurity on brain development 
and the therapeutic effects of any possible future treatment strategies should be considered on a whole-
brain level where possible. 
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Appendix A 

MR Pulse Sequences 

Outlined below are examples of three common pulse sequences used for MR acquisition: gradient-echo, 

spin-echo and pulsed gradient spin-echo. 

Gradient-echo 
In gradient-echo MRI (Figure A.1), a RF pulse is applied coincident with a slice-select gradient (𝐺𝑧) to 

selectively excite protons in one section along the 𝑧-axis.  Position within the slice is identified by 

repeating phase- (𝐺𝑦) and frequency (𝐺𝑥) -encoding at multiple phase magnitudes.  Brief dephasing 

gradients are applied prior to signal readout to ensure that spins rephase midway through the 
application of 𝐺𝑥 – producing the ‘gradient echo’ – represented by an oscillating MR signal.  Image 

contrast is achieved by altering the time between consecutive RF excitations pulses (TR) and between 
the RF excitation pulse and signal readout (TE). 

 

Figure A.1:  Gradient-echo pulse sequence. 

Spin-echo 
In spin-echo acquisitions (Figure A.2), the dephasing spins are re-phased with the application of an 

additional 180˚ RF pulse applied at time 𝑡, prior to frequency-encoding and signal readout.  This allows 

for a longer TR and full recovery of longitudinal magnetisation before the next excitation pulse. 
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Figure A.2:  Spin-echo pulse sequence. 

Pulsed gradient spin-echo 
To sensitise MR signal intensity to diffusion, two spatially-varying diffusion gradients (𝐺𝐷) with 

gradient strength 𝐺, duration 𝛿 and spaced ∆ apart are applied either side of a 180˚ RF pulse.  

Stationary spins are refocused by the phase-shift induced by the second gradient.  Spins moving due to 

diffusion are not completely refocused, resulting in MR signal attenuation. 

 

Figure A.3:  Pulsed gradient spin-echo sequence. 
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Appendix B 

Deformation-Based Morphometry: Analyses 

B.1 Effect of Target Choice 

To demonstrate the robust nature of the DBM processing pipeline used in Chapter 5, an additional 
population-based template was produced using a different subjects’s 𝑇1-weighted image as the starting 

point.  Each 𝑇1 image was aligned to the alternative target image (GA = 27+0 weeks; PMA at scan = 41+0 

weeks) using 6 DOF linear registration, followed by 12 DOF affine registration, and an intensity-
average template produced.  Two iterations of affine, followed by nonlinear registrations were then 
performed, updating the template after each (see Chapter 5; Figure 5.3).  Figure B.1 compares the 

regional associations between prematurity at birth and tissue volume at term-equivalent age 

determined using the original and alternative targets.  

 

Figure B.1:  DBM analysis is robust to target choice.  𝑇1-weighted images were registered to 

the original (A) or an alternative (B) target (shown in first column) according to the DBM 

processing pipeline.  The final DBM templates are shown in the second column.  Statistical 
analysis (presented in Chapter 5; Figure 5.5) shows the regional associations between GA at 

birth and the Jacobian determinant, corrected for the age of each infant at scan, after 
registration to each template.  Images are shown FDR-corrected at p < 0.01. 
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B.2 Effect of Increasing Registration Iterations 

In Chapter 5, two iterations of nonlinear registration followed by intensity-averaging were performed in 

the final analysis pipeline prior to statistical analysis.  Figure B.2 shows the statistical associations 
reported in Chapter 5 (Figure 5.5) after one, two and three iterations of nonlinear registration, with 
analysis performed on the Jacobians derived from the deformations of the first, second and third set of 
registrations respectively.  The results do not change significantly after three, compared to two 
iterations. 

 

 

 

 

 

 

 

 

Figure B.2:  Performing further iterations of nonlinear registration when constructing the final 

DBM template does not significantly alter the resulting statistical associations.  Regions where 

the Jacobian determinant was significantly related to GA at birth, after correcting for the age 
of each infant at scan are shown (FDR-corrected, p < 0.01).  All results are overlaid on the 

DBM template used in Chapter 5 (i.e.: constructed from two iterations of registration) for 

comparison. 
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Appendix C 

An Optimised Tract-Based Spatial Statistics 

Protocol for Neonates: Applications to 

Prematurity and Chronic Lung Disease 

Ball, G., Counsell, S.J., Anjari, M., Merchant, N., Arichi, T., Doria, V., Rutherford, M.A., Edwards, A.D, 
Rueckert, D. & Boardman, J.P. 

NeuroImage (2010). 53:1, 984-102  
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Appendix D 

The Effect of Preterm Birth on Thalamic and 
Cortical Development 

Ball, G., Boardman, J.P., Rueckert, D., Aljabar, P., Arichi, T., Merchant, N., Gousias, I.S., Edwards, 
A.D. & Counsell, S.J. 
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Appendix E 

Automatic Segmentation and Parcellation of 
Subcortical White and Grey Matter using DTI 
in the Preterm Neonate 

Ball, G., Counsell, S.J., Gousias, I.G., Aljabar, P., Hajnal, J.V., Rueckert, D., Edwards, A.D. & 
Boardman, J.P. 

Proc. Intl. Soc.Mag. Reson. Med. 19 (2011). Montreal, Abstract 2477 
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