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Abstract. Preterm birth increases the risk of perinatal brain injury and
is believed to initiate a cascade of processes causing white matter damage
resulting in subsequent neurological deficit; neonatal magnetic resonance
imaging provides a number of potential biomarkers of this deficit. In this
work we unify measures of the cortical folding pattern and of white mat-
ter integrity to establish correlation between grey and white matter de-
rived properties. Diffusion weighted MRI has revealed that the cortical
grey matter in the extremely preterm period exhibits a strong transient
radial organisation suggesting neuronal axons are orientated towards the
underlying white matter. This effect is lost during cortical maturation
and is considered no longer visible on MRI at term equivalent age. Here
we show that, in a group of 19 infants, radial organisation in the cor-
tical grey matter remains detectable at term-equivalent age and that
there is a strong anterior-posterior asymmetry. A group of three infants
with moderate or severe abnormal white matter abnormality have signif-
icantly higher cortical grey matter radial organisation (p < 0.02), higher
grey matter FA (p < 0.01) and a lower measure of cortical complexity
(p < 0.03) than infants with normal or mild abnormal white matter ab-
normality; all measures associated with the preterm phenotype before
term equivalent age. The novel combination of state-of-the-art imaging
techniques, analysing grey-matter based spatial characteristics, may pro-
vide insight into the mechanism of neurodevelopmental deficits seen in
infants with abnormal MR imaging at term equivalent age.

1 Introduction

Preterm brain injury is increasingly recognised to be an amalgamation of specific
brain injury and abnormal brain development [1]. Advances in MR techniques
including volumetric and cortical surface analysis [2] have begun to define dif-
ferences in the brains of preterm infants imaged at term compared to term
born controls and thus can help define biomarkers for prediction of subsequent
neurodevelopment outcome. This preterm brain phenotype extends beyond re-
duction in volume and anisotropy of the cortical white matter to encompass
decreased volume in the cortical grey matter, basal ganglia and cerebellum.
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Very preterm birth coincides with a period of rapid brain growth and develop-
ment [1]. During this period there is proliferation and migration of neurones from
the subventricular zone to the cortex by radial migration. This results in radial
cortical organisation; axons within the cortex lie perpendicular to the cortex, and
this appears to be observed using diffusion tensor imaging as highly organised
directional diffusion with consequent high fractional anisotropy. Examination of
the principal eigenvectors suggest that axons are orientated perpendicular to
the cortical surface towards the underlying white matter [3,4]. During normal
cortical maturation the progressive development of multiple associative cortical
interconnections results in a loss of this diffusion pattern by 35 weeks post men-
strual age [3]. In addition, measures of gyrification are found to correlate with the
underlying grey matter diffusion properties [5], although not after adjustment
for gestational age at birth.

As preterm white matter injury is associated with a reduction in cortical grey
matter volume we hypothesise it may also be associated with abnormal corti-
cal development and organisation including higher cortical fractional anisotropy,
lower white matter fractional anisotropy and the continued presence of cortical
radial organisation visible on MRI at term equivalent age. In addition, measures
of gyrification are found to correlate with the underlying grey matter diffusion
properties [5]. We therefore also aim to correlate these findings to measures of
cortical folding in babies with and without white matter injury on conventional
MR imaging. Here, we develop a novel algorithm to specifically detect residual
radial structure in the preterm cortex and show that its presence may be sig-
nificantly higher in infants with moderate or severe white matter abnormality.
The algorithm uses state-of-the-art image analysis techniques to develop, to the
best of our knowledge, the first description of radial cortical architecture in very
preterm infants at term equivalent age. Addressing this neonate-specific neuro-
science question using such a technique may provide insight into the mechanism
of neurodevelopmental deficits seen in infants with abnormal MR imaging at
term equivalent age.

2 Methods

In this section we describe the steps needed to form the algorithm used for radial
structure detection, comprising image segmentation, cortical surface extraction
and diffusion parameter estimation and provide details of the 19 subject cohort
of preterm infants scanned at term equivalent age.

2.1 Segmentation and Cortical Surface Analysis

Segmentation of the grey and white matter components of each infant is carried
out using an adaptive neonatal-specific segmentation algorithm1 [6]. The segmen-
tation method estimates the cortical grey and white matter regions within an

1 Available as part of the niftyseg package at: sourceforge.net/projects/niftyseg/

sourceforge.net/projects/niftyseg/
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expectation maximisation routine whilst simultaneously spatially relaxing priors
over the tissue classes. The algorithm incorporates a Markov random field for
noise reduction, automated bias field correction and an implicit partial volume
strategy. The interface between the segmented grey and white matter is found
using a level-set technique, extracting a function at the surface upon which the
gradient and curvature are implicitly defined at every position [7]. The boundary
between grey and white matter is optimised using an evolving level set (1);

δφ

δt
+ (λss(x, t)− λcc(x, t))||∇φ(x, t)|| = 0 (1)

solving a partial differential equation for the function φ(x, t) combining a signed
distance function from the boundary, s, and a restriction on the curvature of the
resulting function, c, with scalar weighting parameters λs = 0.1 and λc = 0.4
respectively. The level set is initialised along the white matter boundary and the
result is a map of signed distances from the optimised GM/WM boundary.

We define measures of the gradient and curvature on this implicit surface,
similar to the method used in [7]. The gradient of the level set is defined as
perpendicular to the surface whilst the local Hessian matrix of second order
derivatives can be use to define two curvatures; the eigenvalues of the local
Hessian matrix define the principal curvatures, κ1 and κ2 (with κ1 > κ2) which
summarise the local shape. Explicitly we define the signed shape index, S (2),
describing how cup-like or saddle-like the surface is [8].

S =
2

π
tan−1

(
κ2 + κ1

κ1 − κ2

)
(2)

The distribution of the absolute values of shape index found on the surface
may be summarised by the standard deviation of the absolute values of the
shape index (implying that gyri and sulci are indistinguishable). Briefly, if the
cortex has a complicated folding pattern, this is likely to introduce a larger
range of possible shape-index values, and thus the standard deviation of this
distribution, σS , will also be high. In contrast to global or slice-wise measures like
the gyrification index, defined either automatically or manually [9,5], the shape
index is defined at every position on the cortex, thus the standard deviation
statistic may be defined over any arbitrary region.

2.2 Diffusion Imaging and Registration

Local fibre orientation in each voxel of the cortical grey matter is estimated by
fitting the probabilistic ball and (two) stick model [10], thus each voxel contains a
measure of its diffusivity and an estimate of the principal diffusion direction used
to infer the underlying fibre orientation. Mean diffusivity images are registered
to a single baseline and the diffusion information is then combined with the
segmentation result by affine registration between the T1w image and the mean
diffusivity image. Subsequently the GM, WM and level set segmentations are
propagated to the diffusion space and we define the fractional anisotropy (FA)
image in order to investigate spatial and group trends in the GM and WM FA.



Radial Structure in the Preterm Cortex 259

2.3 Radial Structure Detection

After registration between the level set and the diffusion images, the radial direc-
tion perpendicular to the cortex in the diffusion space is defined by the gradient
of the level set, g (Equation 3). If, at any position, the principal diffusion direc-
tion [10] in the grey matter, p, is parallel to the gradient of the level set function,
the structure of the cortical grey matter can be considered radial (Equation 3).
This measure of radial structure should not be confused with the radial com-
ponent of the directional diffusivity given by the sum of the second and third
eigenvalues of the diffusion tensor which has been shown to correlate with gesta-
tional age at birth [5]. Figure 1c illustrates the technique, relating the principal
diffusion direction found using the ball and stick model to the direction across
the underlying GM/WM boundary.

d = |ĝ · p̂| (3)

Integrating this function over the entire cortex results in a summary measure, D,
of the radial structure for each infant, Equation 4 in spherical polar coordinates2.

D =

∫ π

−π

∫ π

0

∫ ∞

0

|ĝ · p̂|r2sinφδrδφδθ (4)

The measure, D, may also be subdivided into segments, δθ in the axial plane,
θ (D(θ, δθ)), to observe any intra-subject spatial relationship along the medial
lateral and anterior-posterior directions. This direction is expected to show the
major trends in the folding pattern [9] and be sensitive to the known pattern
of white matter myelination [11]. In any region of the cortex, D(θ, δθ) may be
compared with the underlying average grey and white matter FA and also to the
standard deviation of absolute shape index values as described above, thus any
observed radial structure can be correlated with known measures of cortical grey
and white matter maturation. Visualisation of this information is provided using
axially orientated rose plots; data is divided into segments and summary values
found over each segment is presented by angle in the axial plane whilst the radius
at any point represents the magnitude of the associated parameter. This style
of visualisation allows variation in the observed parameters to be contrasted in
the anterior-posterior and medial-lateral directions.

2.4 Data

Twenty infants born very preterm (less than 32 weeks completed gestation)
underwent an MRI at term equivalent age. High-resolution T1-weighted imag-
ing (0.39 × 0.39 × 1mm) and 2x30 directional diffusion tensor imaging (b =
600s.mm−2 at 0.9× 0.9× 3mm) were acquired alongside two unweighted images

2 Analytically, the expected value of the radial structure measure D over any arbitrary
region containing an isotropic random distribution of grey matter diffusion directions
is D = 0.5. Interestingly, this result is a 3D extension of the classic Buffon’s needle
problem.
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Fig. 1. Axial colour-coded FA slices for a) normal white matter appearance and b)
moderate white matter abnormality visible on DTI. Note the suggestion of radially
(perpendicular to the cortex) organised structure in the prefrontal cortex in b). c)
illustrates the relationship between the principal diffusion direction found using the
ball and stick model and the direction of the underlying GM/WM boundary.

and clinical T2 weighted images (3mm slices). One infant was subsequently re-
moved from the study due to the presence of motion artefacts in the diffusion
weighted sequence. Conventional MRI was assessed for WM abnormality using
an established qualitative scoring system based on a grading system of 5 scales
[12]. Images were scored by an experienced neuroradiologist blinded to clini-
cal history and neurodevelopmental outcome. WM abnormality was classified as
normal/mild or moderate/severe [12].

3 Results

Of the 19 babies analysed 11 were males, the average gestation was 25.8 weeks
(range 22.9-30.7) with average birthweight of 822g (range 447-1185g). MR imag-
ing was obtained at 40.8 weeks post menstrual age (range 38.3-44 weeks). Three
babies were classified as moderate / severe white matter injury. The remaining
16 babies were classified as normal / mild using an established white matter
scoring system [12].

Figure 1 shows colour-coded FA maps for four subjects, red colour coding cor-
responds to medial-lateral principal diffusion direction (PDD), green to anterior-
posterior PDD and blue to superior-inferior PDD; pixel intensity represents the
FA value. Figure 1a shows one infant with normal white matter appearance
and little visible radial grey matter organisation. Figure 1b shows one infant
with moderate white matter abnormality. The radial detection measure is calcu-
lated for the 16 infants with normal /mild white matter abnormality and for the
3 infants with moderate/severe white matter abnormality. Figure 2 illustrates
the change in cortical grey and white matter properties with angle in the ax-
ial plane for the normal/mild group when divided into 64 equal angle segments
(the anterior-posterior direction is aligned along the 90− 270o axis). Figure 2a
measures the radial organisation (Equation 3) showing increased radiality in
the frontal and pre-frontal region relative to the occipital region even at term
equivalent age. In addition the pattern is broadly symmetric along the medial-
lateral axis. Figure 2b and c illustrate the corresponding average cortical grey
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Fig. 2. Rose plots of each parameter with angle in the axial plane (normal/mild white
matter abnormality group only): a) radial organisation measure; b) average GM FA
value; c) average WM FA value (with each axial segment) and d) absolute shape index
standard deviation. All plots show the mean in black, the grey region is ±σ.

and underlying white matter FA values (calculated using the propagated seg-
mentations) for each segment. The average grey matter FA is broadly isotropic
around the cortex and appears higher in the pre-frontal region relative to the
occipital region. The corresponding white matter pattern suggests higher FA
along the medial-lateral axis, possibly representing the partial myelination of
the corticospinal tracts. Total average grey and white matter FA are negatively
correlated (r = −0.56, p < 0.02), which concords with the expected trajectories
of white and grey matter maturation; the average FA associated particularly
with the corticospinal tracts increases with gestation age whilst the observed
grey matter FA reduces as a result of increased cortical inter-connectivity [5].
Figure 2d plots the standard deviation of the shape index values found in each
region of the cortex, representing a measure of the cortical folding pattern. The
cortical folding pattern is more complicated posterior than anterior. The total
shape index standard deviation has a non-significant negative correlation with
the grey matter FA (r = −0.30, p = 0.22).

Figure 3a and b show the spatial radial structure measure (Equation 3, μ±σ)
for the normal/mild and moderate/severe white matter abnormality groups
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Fig. 3. Rose plots of radial structure for: a) normal or mild white matter abnormality
(n=16) and b) moderate or severe white matter abnormality (n=3). All plots show
the mean in black, the grey region is ±σ. The value of D (Equation 4) is found to be
significantly higher in the moderate/severe white matter abnormality group than the
normal/mild group (p < 0.02), although the group sizes are disparate.

respectively. The moderate/severe group has a significantly higher measure of
radial structure (D, Equation 4) than does the normal/mild group (p < 0.02),
although the correlation is low. Additionally, the moderate/severe white mat-
ter abnormality group has significantly higher grey matter FA (p < 0.01) and
significantly lower shape index standard deviation (p < 0.03) than infants with
normal/mild white matter abnormality. Each of these features is associated with
the preterm phenotype before term equivalent age, although it is not clear which
is most informative.

4 Discussion

This work has used a combined analysis of segmentation and diffusion proper-
ties in both the grey and white matter to suggest a link between white matter
abnormality on conventional MRI and structural organisation in very preterm
infants scanned at term equivalent age. White and grey matter diffusion prop-
erties correlate with structural cortical folding information and retention of the
preterm radial cortical architecture at term equivalent age in a small group of
babies with moderate to severe white matter abnormality, particularly in the
prefrontal cortex. The presence of this radial organisation in the cortex at term
equivalent age may suggest that moderate to severe white matter abnormality
is associated with a delay or disruption in normal cortical maturation, although
we emphasise that the small group size makes general inference difficult. To
our knowledge this is the first description of radial cortical architecture in very
preterm infants at term equivalent age and may provide insight into the mecha-
nism of neurodevelopmental deficits seen in infants with abnormal MR imaging
at term equivalent age. Further work with serial MR acquisitions through the
preterm period and beyond in combination with long term neurodevelopmental
followup may help identify the nature of these changes and their association with
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outcomes in childhood. Furthermore, formalisation of this technique into a ro-
bust analysis of grey-matter based spatial statistics may be a useful complement
to existing white-matter techniques.
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