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Abstract

Inroduction White matter injury and abnormal maturation are
thought to be major contributors to the neurodevelopmental
disabilities observed in children and adolescents who were
born preterm. Early detection of abnormal white matter matu-
ration is important in the design of preventive, protective, and
rehabilitative strategies for the management of the preterm
infant. Diffusion-weighted magnetic resonance imaging (d-
MRI) has become a valuable tool in assessing white matter
maturation and injury in survivors of preterm birth. In this
review, we aim to (1) describe the basic concepts of d-MRI;
(2) evaluate the methods that are currently used to analyse d-
MRI; (3) discuss neuroimaging correlates of preterm brain
injury observed at term corrected age; during infancy, adoles-
cence and in early adulthood; and (4) explore the relationship
between d-MRI measures and subsequent neurodevelopmental
performance.

Methods References for this review were identified through
searches of PubMed and Google Scholar before March 2013.
Results The impact of premature birth on cerebral white mat-
ter can be observed from term-equivalent age through to
adulthood. Disruptions to white matter development, identi-
fied by d-MRI, are related to diminished performance in
functional domains including motor performance, cognition
and behaviour in early childhood and in later life.
Conclusion d-MRI is an effective tool for investigating pre-
term white matter injury. With advances in image acquisition
and analysis approaches, d-MRI has the potential to be a
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biomarker of subsequent outcome and to evaluate efficacy
of clinical interventions in this population.
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Introduction

Preterm birth constitutes a major public health concern. With
more than one in ten babies in the USA now being born preterm,
the incidence is high and projected to increase (WHO 2012).
The healthcare and societal burden attributed to the associated
mortality and morbidity is considerable [1]. Financial costs
including medical treatment, days spent in hospital, long-term
care and specialist education are estimated annually at £3 billion
in the UK [2] and $26.2 billion in the USA [3]. In addition, there
are profound negative emotional and psychosocial effects on
both the individual and the supporting family [4].

Due to advances in neonatal care, mortality after preterm
birth has decreased. However, preterm survivors are at risk of
several adverse outcomes including neurodevelopmental im-
pairments [4]. These include severe disabilities such as devel-
opmental delay, cerebral palsy (CP) and sensory impairments
but also milder, persistent neurological deficits. Infants born
premature have, on average, a 12-point reduction in 1Q [5],
reduced linguistic and motor abilities [6, 7], poor attention and
social skills [8] and a reduced likelihood of completing higher
education [9]. These latter problems can occur in the absence
of severe disability and are inversely associated with gesta-
tional age at birth, with extremely premature infants being the
most afflicted.

Pathogenesis of white matter injury

Cerebral white matter injury (WMI) is common after preterm
birth and may underly the neurological impairments observed
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in this population [10]. Periventricular leukomalacia (PVL)
typically consists of focal, cystic necrotic lesions surrounded
by diffuse abnormalities and represents a severe manifestation
of WMI. Cystic PVL is associated with serious disabilities
such as CP but is relatively uncommon, affecting less than 5 %
of preterm infants. In contrast, diffuse and focal, non-cystic
changes are prevalent in the preterm population [11] and are
likely to explain the more extensively observed, mild to mod-
erate neurological deficits. Whilst focal lesions have relatively
precise imaging correlates, diffuse WMI is more difficult to
identify using conventional neuroimaging techniques. Fortu-
nately, diffusion-weighted magnetic resonance imaging (d-
MRI) shows greater sensitivity to these subtle changes and
has become the tool of choice to study white matter (WM)
microstructure in the preterm brain (see later).

The next section offers a concise summary of the key
pathological events underlying preterm WMI. For reviews on
this subject, we refer the reader to [12, 13]. Perinatal hypoxia—
ischemia and/or infection can initiate a destructive cascade [14,
15], which results in exposure to excitotoxicity [16], oxidative
stress [17] and inflammation [18, 19]. These processes take
place in a developmentally sensitive window that would nor-
mally span the late second and third trimester. In this gestational
period, the brain is vulnerable to these destructive influences.
The fetal cerebrovascular system is particularly underdevel-
oped. Preterm neonates posess a poorly developed cerebral
circulation [20], with low WM vascularity [21] and some
evidence suggest that it is pressure-passive [22] with impaired
auto-regulation [23]. In addition, preterm neonates are at risk of
hypocarbia with attendant reductions in cerebral perfusion [24]
and hyperoxia, due to the withdrawal of physiological hypoxia
existing in utero, which can affect neurogenesis [25].

Some important cell populations are vulnerable to these
deleterious influences. Premyelinating oligodendrocytes
(preOLs), subplate neurons and late migrating GABAergic
neurons show a heightened suceptibility to mediators of path-
ogenicity, namely, extracellular glutamate [16, 26], free radi-
cals [17] and proinflammatory cytokines [27]. Microglia play
akey role in this cascade; becoming activated after cytokine or
glutamate exposure and, thereafter, serving to potentiate inju-
rious processes [28, 29]. The loss or maturational delay of
cellular targets results in hypomyelination or axonal damage,
potentially causing conduction delay [30] and diminished
neural function.

Areas of crossing WM tracts are proximal to affected
periventricular sites and are vulnerable to WMI [31, 32]. Since
these areas contain a variety of fibre populations with multiple
cortical and subcortical targets, WMI has the potential to be
extensive and, consequently, affect several functional do-
mains. Grey matter structures such as the cortex, thalamus
and basal ganglia, and the cerebellum are also affected by
prematurity [12] and damage to these structures appears to
occur in conjunction with WMI [33, 34].
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Exploring premature white matter injury with neuroimaging

The high rate of neurocognitive impairment in the preterm
population underscores the importance of early identification
of individuals with WMI, both to prepare families for potential
difficulties and for consideration of therapeutic intervention.
Various neuroimaging modalities can detect WM abnormali-
ties that predict adverse neurodevelopmental outcomes in
preterm-born neonates. In the clinical setting, established
methods include cranial ultrasound (c-US) and conventional
(T; and T,-weighted) MRI. c-US is routinely used and is both
accessible and cost-effective. Although it can successfully
identify cystic WMI, it lacks sensitivity in recognising more
diffuse, non-cystic pathology [35, 36].

Qualitative MRI findings include white matter abnormali-
ties (WMA) such as focal regions of T, signal shortening or
diffuse T, hyper-intensity, evidence of cystic change, lateral
ventricular enlargement, corpus callosum thinning and a re-
duction in WM volume [35]. Increasing severity of WMA at
term has been associated with WM microstructural disruption
and poorer cognitive and motor performance at 2 years
[37—-42] and neonates with moderate-to-severe WMA are
more likely to face serious cognitive and motor delays, in-
cluding CP [43]. This approach, however, is limited by its
subjective nature and lack of specificity in identifying infants
with adverse outcomes.

Quantitative MRI studies of the WM have examined volu-
metric changes both gloablly across the whole brain as well as
specific regional variation. During normal development, WM
volume increases up to the fourth or fifth decade and is gener-
ally uniform between cortical lobes [44, 45]. This increase
corresponds with continued axonal growth, glial proliferation
and myelination, critical for the development of neurological
function. In preterm-born individuals, the normal trajectory of
cerebral WM growth is significantly diminished and specific
differences are present in bilateral frontal, temporal, and parietal
regions [46]. Volumetric differences have been identified in
preterm infants through childhood and adolescence and have
been related to neurodevelopmental aptitude [6]. Regionally,
the corpus callosum has received much attention and reductions
have been found in cross sectional area in preterm infants at
term [47] and during adolescence [48, 49]. The splenium and
other posterior regions appear to display the greatest differences
and have been associated with tests of vocabulary [49] and
verbal 1Q [48]. The predominance of these posterior callosal
regions is likely due to a number of factors including its late
maturation [50] and proximity of susceptible periventricular
oligodendrocytes [11]. Evidence suggests however, that gross
WM damage in preterm infants is more widespread. Indeed,
global WM volume reductions have been demonstrated in
preterm children and adolescents compared to term-born con-
trols, and have been associated with decreased intelligence and
increased behavioural difficulties [S1, 52]. In a large study of
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preterm adolescents, WM loss was found in several regions
including the brainstem, internal capsule, fronto-temporal re-
gions and major fasciculi and was independently associated
with cognitive and language impairments [53]. Still, volumetric
WM changes are likely to be secondary to hypomyelination
and axonopathy in preterm-associated WMI. Methods that
examine WM microstructure should therefore provide a better
approximation of the underlying neuropathology, and accurate
quantification of microstructural damage may successfully pre-
dict neurological impairment.

d-MRI is particularly well placed as a neuroimaging bio-
marker to examine WM disruption in prematurity. The purpose
of this paper is to review the use of d-MRI in prematurity. First,
we define the key indices used in d-MRI and how these relate to
normal and abnormal WM microstructure. Second, we outline
the main analytical strategies currently employed in the preterm
literature to quantify diffusion-based measures of WM micro-
structure and structural connectivity. Third, we offer a summary
of findings of d-MRI related changes in preterms at term,
during infancy, adolescence and adulthood and discuss how
WM development is altered after premature birth. Finally, we
explore the functional correlates of d-MRI based markers of
WMI and their use in predicting later neurological impairment.

Diffusion MRI
Concepts and measures

Diffusion is the process which describes the random, thermal-
ly driven movement, or Brownian motion, of molecules over
time. The diffusion profile of water molecules can vary across
the brain due to highly complex biological structures. In the
cerebro-spinal fluid (CSF), water molecules are allowed to
move relatively freely. Diffusion is described here as being
isotropic; that is, the average displacement of water molecules
is equal in all directions. In the WM, water movement is
restricted in certain directions by the presence of cellular
architecture, causing diffusion to be anisotropic. The influ-
ence of cerebral tissue on water movement enables d-MRI to
be highly sensitive to microstructural changes, including those
changes associated with premature development and disease.
Our attention is first given to the key diffusion indices used to
assess cerebral microstructure and how they are generated.

In a sufficiently large and isotropic sample at a fixed
temperature, diffusion can be described using the following
equation [54]:

= 6Dt (1)

where r, a Gaussian distributed random variable, describes
displacement of the water molecules over time ¢, and D is the

diffusion coefficient of the medium. Since in vivo diffusion
cannot be separated from other potential sources such as
active transport and physiological pressure gradients, the dif-
fusion coefficient is termed apparent diffusion coefficient
(ADC) and is typically estimated through rearrangement of
the following equation:

p--tn(?) .

where S and S are the signal intensity values in the diffusion-
weighted and reference (no diffusion encoding gradients) im-
ages, respectively, obtained from the phase gradient spin echo
(PGSE) sequence. D is the diffusion coefficient (ADC) and
can be calculated on a voxel by voxel basis. b is the diffusion-
weighting variable and is calculated using Eq. 3 [55]:

b= PGS (a—i) (3)

where + is the gyromagnetic ration for 'H nuclei, and G, 8, and
A are the strength, duration and time between diffusion
gradients.

In the WM, ADC is strongly dependent on the direction of
the encoding gradient [56]. The organisation of long neuronal
axons in the white matter preferentially inhibits water diffu-
sion such that it appears relatively unhindered when the
encoding gradient is placed along the direction of a tract, but
restricted when the gradient is placed orthogonal to the tract.
The anisotropic signal reveals the ordered nature of the un-
derlying structure of the WM (Fig. 1). Due to this rotational
variance, capturing the behaviour of water molecules in the
WM with a single gradient direction is inadequate. With a
minimum of six gradient directions, the diffitsion tensor offers
us a more appropriate model to portray Gaussian diffusion, as
shown in Eq. 4:

D)oc ny sz
D=D, D, D, (4)
sz Dzy Dzz

In this 3x3 symmetrical matrix, the diagonal elements of
the tensor (D, D,,, D..) correspond to diffusivities along the
orthogonal axes of the scanner. Isotropic diffusion can be
modelled as a sphere, the size of which corresponds to the
amount of displacement in a given time. In contrast, anisotro-
py is depicted with a skewed ellipsoid where the longest axis
denotes the direction in which diffusion is greatest (Fig. 1).
The values along each axis of the ellipsoid can be separated
into directional and scalar components. The average diffusion
distance along an axis is represented by a scalar magnitude
known as the eigenvalue. The axes with the longest, middle
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Fig. 1 Isotropic and anisotropic diffusion in the brain. Fractional anisot-
ropy image of a preterm born child reveals the nature of water diffusion
within different brain tissue compartments (a). In the white matter of the
corpus callosum (red), diffusion occurs preferentially along the axonal
fibres, resulting in anisotropic diffusion (b). In the ventricular cerebro-
spinal fluid (CSF;; green), diffusion is unhindered and can be described as

and shortest magnitudes are denoted by 1;, 4, and 15 eigen-
values, respectively, and eigenvectors vy, v, and vz are their
corresponding directional components. The average diffusiv-
ity across all three directions is known as the ‘total ADC’ or
mean diffusivity (MD), as demonstrated in Eq. 5.

MD:I:W (5)

Diftusivity along the principal axis is known as principal or
axial diffusivity (1)), whilst the average of 1, and A3 is known
as perpendicular or radial diffusivity (1,). Fractional anisot-
ropy (FA) captures the degree to which the tensor ellipsoid is
isotropic or anisotropic [57]. The calculation of FA is
performed as shown in Eq. 6, and is normalized such
that it takes values from zero (purely isotropic) to one
(purely anisotropic).

N 2 0 ) .

VO + (2 + Gs)

The tensor model represents one way of characterising
diffusion among many; albeit still the most frequently used.
It has certain limitations including its inability to account for
non-Gaussian diffusion or detect anisotropy in regions of
complex fibre organisation. In particular, in regions where
multiple fibre populations converge or cross, other models
of diffusion are better able to resolve the contribution of each
to the anisotropic signal and account for uncertainty in the
data. As an example, the ‘ball and stick’ model is a simplified
partial volume representation of local diffusion and assumes
that the anisotropic signal within a voxel exists along a single
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isotropic (c¢). Diffusion tensor ellipsoids representing anisotropic and
isotropic diffusion are shown in b and ¢, respectively. Each tensor is
expressed by three eigenvectors with values A;, A, and A3. In isotropic
diffusion A; A,=A3, whereas in anisotropic diffusion the long axis of the
ellipsoid aligns with the underlying white matter, and A, is greater than A,
and A3

dominant direction while the remainder represents isotropic,
unhindered diffusion [58]. In voxels where multiple fibres are
detected, the model extends naturally by including multiple
‘sticks’ in the model [59].

Neurobiological correlates of diffusion

The correlation between diffusion measures and the underly-
ing neurobiology of WM is complex. Here, we offer examples
from both WM development and disease, which relate micro-
structural components to specific diffusion measures.

ADC decreases exponentially during WM development,
remains stable in adulthood and then gradually increases dur-
ing senescence [60]. The developmental decrease in total water
diffusivity is mainly due to loss of water, reduction in extra-
cellular volume and increase in contentration of macromole-
cules such as myelin [61]. The increase in ADC in senescence
is suggestive of demyelination, loss of axonal integrity, and a
corresponding increase in extracellular volume [60].

Several intra- and extracellular factors appear responsible
for the anisotropy observed in the WM. The axonal membrane
is considered to be the primary and neccesary determinant of
anisotropy. Axons that are: normally non-myelinated; in a state
prior to myelination; or are not forming myelin due to genetic
mutations, all show anisotropy [62—64]. Myelin likely modu-
lates the existing anisotropy: significant reductions in anisot-
ropy are present in animal models of dysmyelination [62, 65]
and elevated anisotropy corresponds to increased myelination
in the developing postnatal WM [66, 67]. Pre-myelination
processes such as the recruitment of oligodendrocyte precur-
sors and the production of proteins required in myelination are
also associated with elevated anisotropy [68]. Myelin associ-
ated changes in FA are principally due to alterations of A,
rather than . In contrast, axonal integrity is mostly associated



Neuroradiology (2013) 55 (Suppl 2):S65-S95

S69

with 4. Acute axonal damage is typically characterized by
axonal degeneration with comparative myelin preservation and
is related to reductions in A but not in A, [69], and decreased
axonal area is associated with reductions in A [70].

In summary, these findings demonstrate that diffusion mea-
sures are a sensitive but unspecific marker of the neurobio-
logical environment of WM.

Analysis methods

There are several analysis methods used to compare d-MRI
measures between different groups or in the same group over
time. A key consideration in all these methods is to ensure that
a ‘like for like’ comparison is made (i.e., that the examined
areas are anatomically correspondent). d-MRI studies may
investigate differences in one or more well-defined regions
or fibre tracts, or across the entire WM. Below, we discuss the
main approaches which have been applied in d-MRI studies of
preterm-born individuals and highlight the key advantages
and limitations of each.

Region of interest (ROI) approaches compare d-MRI mea-
sures in specific anatomical areas, defined a priori. Regions
are usually delineated manually by an expert and can serve as
a gold standard for comparison against other methods. ROI
approaches are widely available, applicable for use in individ-
ual patients and avoid a multiple comparison problem when
studying a limited number of regions. In spite of these bene-
fits, manual delineation can be very time consuming in large
samples, and can suffer from low repeatability and high var-
iability [71, 72], the latter being a salient concern in the
preterm population [73]. Automated segmentation methods
overcome some of these limitations. ROIs are delineated by
mapping the anatomical information from an atlas, or previ-
ously manually segmented brain, onto a target or subject
brain. Underpinning this mapping procedure are registration
algorithms, which attempt to align the anatomy of the atlas
with the target; and the propogation of label information from
the atlas to the target image. By combining the information of
multiple atlases to segment each subject, ROIs created by
automated approaches can show a high degree of similiarity
to manual gold standards [74].

Voxel-based morphometry (VBM) can be applied to diffu-
sion data and permits a global survey of WM, where diffusion
parameters in homologous voxels are compared across subject
images [75]. Applying registration methods, images are first
spatially normalised to a common stereotactic space. Nor-
malised images are then partitioned according to tissue class,
and the cerebral white matter is extracted [76]. This area is
subsequently thresholded to ensure that grey matter or CSF do
not cause partial voluming errors and is corrected for registra-
tion errors by smoothing: a process which averages the values
from a single voxel with its nearest neighbours. Statistical
analyses are performed at a voxel-wise level to localise and

make inferences about group differences or detect associations
with particular effects under study. Given the number of white
matter voxels and therefore the large number of tests, multiple
comparison correction is needed to find areas with significant
differences and reduce Type I error. VBM methods are effec-
tive in exploring local WM differences, which are not
hypothesised a priori and like other global methods, it can
be automated and is time-efficient. However, this approach is
susceptible to artefacts and errors of normalisation and lacks a
principled way of choosing the degree of smoothing.

Tract-based spatial statistics (TBSS) shares some key fea-
tures of VBM: it studies WM across the whole brain and
detects differences at a voxel-wise level [77]. In TBSS, the
FA images of group individuals are aligned to a common
space and averaged. A WM skeleton is created which contains
voxels at the centre of fibre tracts, common to all group
members. This common skeleton is thresholded such that
regions with low mean FA and high inter-subject variability
are excluded. An FA skeleton for each subject is produced by
performing a perpendicular search for the maximum FA value
and local tract centre, and projecting it onto the common
skeleton (Fig. 2). Voxel-wise statistics are then performed
across subjects on the skeleton space FA data. TBSS shares
many of the advantages that VBM offers, and also demon-
strates low variability and high confidence that FA values are
taken from relevant voxels. Examining a sparse number of
voxels in a tract skeleton as compared to the entire white
matter allows TBSS to have increased statistical power. How-
ever, this comes at the cost of restricting the examination to the
major WM pathways.

Diffusion tractography estimates and visualises the trajec-
tory of WM fibres. By inferring the fibre orientation from
directional information at individual voxels, a ‘tract’ can be
sequentially pieced together. Tractography algorithms start
tracing from a set of voxels known as a seed region, and arrest
upon contact with a farget set of voxels or by meeting a
stopping criterion such as contact with GM or CSF. There
are two principal methods by which tractography can be
performed. Deterministic algorithms propagate streamlines
from seed regions along the principal orientation (eigenvector
vy) in a voxel by voxel manner [78] (Fig. 3a). Streamlines
terminate upon reaching a point where anisotropy is too low or
when the angle created by the principal orientations of adjacent
voxels in the path of the streamline voxels exceeds a critical
threshold. Although this approach is able to reconstruct tracts
with high accuracy and fidelity [79], it is limited in regions
where there are crossing fibre populations or where the orien-
tation of the fibre population is uncertain. Probabilistic ap-
proaches can deal with this limitation by calculating a distri-
bution of probable fibre orientations for each voxel after esti-
mating the uncertainty between the diffusion model and the
signal [59] (Fig. 3b). Tractography enables a comparison of
corresponding fibre populations between individuals, even if
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Fig. 2 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

the precise location of a tract varies. To calculate diffusion
measures in all or part a tract, the space occupied by the fibre
bundle is parameterised and an average is taken across voxels.
The estimated volume of a tract and the characterstics of its
spatial trajectory are also frequently reported. Some ap-
proaches may be combined together. For instance, VBM or
TBSS may first be employed to survey the white matter for
areas of significant change. These areas in turn may be further

Fig. 3 Deterministic and probabilistic tractography. The cortico-spinal
tract is delineated in a preterm infant at term-equivalent age with deter-
ministic (a) and probabilistic (b) tractography. Diffusion is modelled
voxelwise with the diffusion tensor in a, and with constrained spherical
deconvolution, to account for multiple fibre directions, in b
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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
misregistration (¢). Modified from Fig. s2 in [77]

examined using ROI methods, or one may wish to perform
tractography to accurately identify the affected tracts which
pass through this area.

Diffusion MRI and preterm birth
Effect of prematurity at birth or term-equivalent age

d-MRI studies assessing preterm infants shortly after birth or at
term-equivalent age (TEA) have detected several WM structures
that appear to be affected by prematurity (Table 1). These WM
areas undergo extensive maturation and myelination ap-
proaching the time of birth [80, 81] and are potentially vulnera-
ble to pathology associated with prematurity. A whole-brain
study of late preterm neonates shortly after birth, found that FA
in the thalami, posterior and anterior limbs of the internal capsule
(ALIC, PLIC), centrum semiovale (CSO) and optic radiations
(OR) was positively associated with gestational age (GA) [82].
At TEA, reduced FA was found in the CSO, frontal white matter,
sagittal striatum and corpus callosum (CC) as compared to term-
born controls [83—85] and extended to the PLIC, external cap-
sule (EC) and posterior aspects of the CC with greater prematu-
rity [83]. Region- and tract-specific approaches were consistent
with these findings. Increased ADC and reduced anisotropy
were associated with the length of prematurity in the PLIC, CC
and thalamo-cortical pathways [66, 85-87] (Fig. 4). In the above
studies, preterm-born subjects with focal abnormalities on struc-
tural MRI or had positive findings using cUS were excluded.
This suggests that microstructural WM changes are associated
with the degree of prematurity, independent of the presence of
WM lesions or macrostructural pathology.

WMI has also been found to impact upon the rate of WM
development. Two studies found that the normal tempo of
WM development in this population is also affected. A small
sample study found that the normal maturational increase in
anisotropy was absent in the frontal WM of infants with mild
conventional imaging abnormalities and in several regions in
infants with moderate abnormalities [88]. A longitudinal study
examining the cortico-spinal tract (CST), revealed that
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Fig. 4 Thalamocortical
connectivity is significantly
reduced in preterm infants.
Regions of significantly lower
thalamocortical connectivity in
preterm infants at term-equivalent
age, compared to term-born
controls, are shown. Statistical
images are displayed on a
population-based T,-weighted
template and are corrected for
multiple comparisons at p<0.001
FDR-corrected (colour bar
indicates -statistic). Reproduced
from [156]

premature newborns with abnormal conventional MRI
showed a diminished rate of increasing FA as compared to
those with normal imaging [38]. This reduced rate was prin-
cipally due to changes in A, and was negatively affected by the
presence of postnatal infection.

Effect of prematurity from infancy to adulthood

d-MRI studies that assess the effect of prematurity in infancy
and childhood are outlined in Table 2. These studies affirm
some of the WM microstructural changes detected around
birth. Preterm-born infants with corpus callosal thinning show
significant reductions in FA in the posterior CC, PLIC and
CSO at 1 year, in the genu of the CC and CSO at 2 years and in
the genu, isthmus and splenium of the CC at 3 years compared
with term-born infants of matching ages [89, 90]. Several
studies in this age group suggest that the effects of prematurity
are more extensive. Yung et al. showed significantly lower
whole-brain FA in a VBM study in healthy preterm children as
compared to term-born controls [51], whilst an ROI and
tractography-based study in young preterm children with con-
firmed PVL, found FA reductions across a range of commis-
sural, projection and association tracts [91]. Similarly, a
whole-brain tractography approach in children between 1
and 3 years, suggested that prematurity affects anisotropy in
tracts connecting all cortical lobes and several sub-cortical
structures after accounting for age at imaging [92] (Fig. 5).
Differences between the above studies may possibly be due to
variation in the study populations and sensitivity of the
analyses.

t statistic
10

2.87

d-MRI studies that assess the effect of prematurity in
adolescence are outlined in Table 3. Widespread preterm-
associated white matter changes are readily demonstrated at
this age. Indeed, preterm born adolescents show reductions in
FA; encompassing tracts such as the genu and splenium of the
CC, ALIC, PLIC, inferior fronto-occipito fasciculus (IFOF),
uncinate fasciculi, superior longitudinal fasciculus (SLF), in-
ferior longitudinal fasciculus (ILF), cingulum bundle, EC,
CSO and precentral and frontal subcortical white matter as
compared to term-born controls [93-96]. However, pervasive
FA reductions may not reflect the broader preterm-born ado-
lescent population as preterm subjects in these studies showed
diverse neurological impairment. A recent TBSS study in
normal functioning preterms found no significant FA reduc-
tions, but actually revealed widespread increases in FA [97].
Increases may be artefactual, due to compensatory changes
needed in order to maintain normal neurological function [96],
or represent a relative increase due to reduction in WM vol-
ume, crossing fibres or dendritic branching [97].

There are a limited number of reports which perform
diffusion MRI in preterm-born adults (Table 4). Despite ex-
amining cohorts of similar ages, they apply differing method-
ologies, yet confirm that WM microstructural changes are
persistent in adulthood. Kontis et al. compared microstructural
values in the corpus callosum in preterm and term-born adults
using diffusion tractography and observed significant differ-
ences in MD in the genu and whole CC between preterm and
term-born females [98]. Applying a whole-brain VBM ap-
proach, Allin et al. [99] demonstrated FA reductions in the
CC, bilateral SLF and SCR in a VLBW preterm-born adult

@ Springer
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Fig. 5 Effect of prematurity on whole-brain structural connectivity in
childhood. Connections are unweighted (a) or weighted according to their
predictive importance with respect to post-conceptional age at birth
(prematurity, b). Increased thickness and coloration of lines (legend)
indicates higher selection probability of connections being in the predic-
tive model. Regions of interest (ROIs) are divided in blocks according to
lobe (red: frontal, cyan: insula, yellow: limbic, purple: temporal, green:
parietal, blue: occipital, grey: subcortical structures) and shown in relative
anatomical location (anterior and posterior correspond to the fop and
bottom of each connectogram). Reproduced from [92]. A full list of
abbreviations for individual ROIs are provided in [92]

group as compared to term-born controls. In this study, GA
was shown to be positively associated with FA in the right
SLF, whilst birth weight was positively related with the body
and splenium of the CC and bilateral SLF. This report also
noted increased FA in preterms in several tracts including
bilateral IFOF, UF, ACR (which were all negatively correlated
with GA) and the SLF. In contrast to Allin and colleagues,
Eikenes et al. [100] explored whole-brain diffusion changes
using TBSS and noted more widespread effects of prematuri-
ty, in line with the evidence from adolescent studies [100].
Reduced FA in very low birth weight (VLBW) preterm-adults
was found in the cerebellar peduncles, CST, CPT, superior and
posterior CR, UF, SLF, ILF, IFOF, cingulum, posterior tha-
lamic radiations (PTR), fornix, thalamus, CC, EC and stria
terminalis on both sides. These extensive reductions were
principally due to the increase in the second and third eigen-
values and were maintained after removal of subjects with CP.
Similar to the previous study, areas with increased FA were
also found and these included the superior CR, CST, CPT and
superior TR on the right side.

In summary, the impact of premature birth on cerebral WM
is significant and observable across all stages of life: from
TEA through to adulthood. The presented studies vary widely
in methodology but largely affirm WM anisotropy reductions
in preterm-born individuals.

Relationship between diffusion MRI and neurological
function

Neurological function and dysfunction are related to varia-
tions in WM microstructure [101]. The disruption of WM
connections and associated structures following WMI likely
underly the neurological impairments observed after preterm
birth. In the next section, we aim to chart the relationship
between d-MRI markers and neurodevelopmental outcome in
preterm-born individuals across the lifespan. We collate stud-
ies which explore structure—function associations in preterms,
and focus on five key domains known to be affected by
preterm birth: neurosensory ability, cognition, language, mo-
tor ability and behaviour.

Neurosensory ability

Although now less common, neurosensory impairments in-
volving vision or hearing still continue to affect individuals
born preterm [4]. Several studies have associated visual per-
formance with FA in the OR of premature neonates
[102—105]. Glass et al. [104] performed diffusion tractography
in a small sample of normal functioning, late preterm neonates
shortly after birth and then tested their visual-evoked response
amplitudes in early infancy. Peak response amplitudes for

@ Springer
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spatial frequency sweeps were associated with increasing FA,
increasing A, diffusivity and decreasing ADC in the OR. This
association was not altered after adjusting for GA, time of
imaging or exclusion of infants with detectable WMI on
standard imaging [104]. In a study of preterm neonates at
TEA, we used probabilistic tractography to examine FA in
the OR and assess its relationship with a visual assessment
score encompassing a battery of items assessing different
aspects of visual ability [102] (Fig. 6). Increasing FA in the
OR was associated with better visual assessment score and this
correlation was independent of GA at birth, PMA at scan and
presence of WM lesions. In addition, a secondary TBSS
analysis was performed that confirmed this correlation was
isolated to the OR and not mediated via other sub-cortical
visual pathways. Associations between FA in the OR and
visual ability have been detected in other large sample studies
of preterm neonates at term [103, 105]. In the study of Groppo
etal. [105], a subset of subjects with serial imaging at birth and
at term was also studied. In these subjects we found that visual
function was predicted by FA in the OR at term and also by the
rate of increase in FA between scans but not by FA at birth
[105]. This indicates that microstructural maturation during
the late preterm period is neccesary for normal visual function
in preterm infants. In adolescence, a VBM study found that
visual acuity was positively associated with FA and negatively
associated with A, in WM areas such as the splenium and
midbody of the CC and frontal WM [106].

We identified only one study which related the risk of
sensorineural hearing loss to prematurity. In a small cohort of
VLBW preterm infants, Reiman et al. evaluated the relation-
ship between microstructure in the inferior colliculus and brain
stem auditory-evoked potentials and found that shorter wave
latencies (faster transmission) and greater wave amplitude
were associated with higher FA values and lower ADC [107].

Cognition

Cognitive functions encompass a number faculties including,
but not limited to, executive function, attention and working
memory. They are dependent on the efficient communication
between several cortical and sub-cortical regions, transmitted
over an extensive WM network, embracing inter and
intrahemispheric WM connections [108—110]. Predictably,
studies of individuals born preterm have indicated that the
integrity in a extensive set of WM areas is related to cognitive
impairments. Whole-brain approaches in preterm infants iden-
tified a positive relationship between FA and IQ in bilateral
clusters in the occipito-temporal, tempero-parietal and frontal
WM [111] and also across the whole brain [51]. Specific
relations between cognition and WM FA in preterm infants
were identified in the splenium, whole CC and right cingulum
bundle, which were associated with performance 1Q and tests
of cognitive function [112, 113]. In addition, preterm-born
infants with PVL exhibited strong correlations between FA
and cognition in the bilateral ALIC, SLF, ACG, PTR, GCC
and SCC [91]. In adolescence, Skranes et al. [94, 114] found
that arithmetic and block-design 1Q subtests were associated
with the longitudinal fasciculi and right IC, respectively, and
executive function was associated with the left cingulum and
bilateral IFOF. Feldman et al. [97] examined two groups of
high functioning, adolescent preterms from different sites. In
the first group, FA, A and ADC were associated with 1Q in
WM clusters within bilateral projection, association and com-
missural tracts, but no significant relationship between diffu-
sion parameters and 1Q was observed in the second. In a study
of VLBW preterm-born adults, positive correlations were
observed between FA in central and peripheral WM tracts
and total IQ [100]. Negative correlations between MD and
1Q were also reported, but were limited to the splenium, body

0.28

0.26 A

0.24

FA Value

0.22 1

0.20

O ® w0 me e
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0.18

Fig. 6 Fractional anisotropy predicts visual function in preterm
neonates. Fractional anisotropy was sampled from the optic radi-
ations (a) and was found to be associated wth visual assessment
score (a low visual assessment score represents good vision) (b).
The optic radiations were delineated by probabilistic tractography

@ Springer

0 2 4 6 8
Visual assessment score
and are here demonstrated in an infant born at 26 weeks gesta-
tional age and imaged at term. In b, black circles indicate infants
with no evidence of abnormality on MRI and white circles indi-
cate infants with evidence of focal lesions. Reproduced from
[102]
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and genu of the CC, UF, IFOF, ILF and SLF. Finally, an adult
study that had initially identified FA reductions in the CC,
bilateral SLF and left SCR also found that FA in these clusters
was positively associated with performance 1Q and memory
[99]. Despite the heterogeneity within these data, the relation-
ship between cognitive impairments and WM structure shows
a predilection for several inter- and intra-hemispheric path-
ways implicated in cognitive function.

Language

Language encompasses both primary functions, such as the
processing of incoming speech and production of meaningful
speech output, and secondary functions such as reading and
writing [115]. WM tracts that have been implicated in lan-
guage function in healthy subjects include the ‘dorsal path-
way’ or arcuate fasciculus (connecting Wernicke's and Broca's
area in the left hemisphere) and the ‘ventral pathways’
consisting of the bilateral IFOF, ILF and uncinate fasciculi
[116, 117]. There are also other regions thought to be involved
in language function such as the corpus callosum [118]. Ex-
tensive evidence suggests that structural language correlates
are lateralised. Left lateralisation is found in the arcuate fas-
ciculus, and the degree to which this tract is lateralised is
associated with language performance [119, 120]. Alterations
of diffusion measures in several listed tracts are present in
preterm-born subjects, and are related to predictable function-
al impairments. Several reports have investigated the associ-
ation between language skills and WM diffusion properties in
school-aged children and adolescents born preterm. Advanced
language ability was associated with greater FA and this
relationship was identified for phonological awareness and
the bilateral AF; receptive vocabulary and the left UF and
forceps minor; syntactic comprehension and the right IFOF;
word identification and the body and genu of the CC; reading
comprehension and the left UF; verbal memory and the for-
ceps minor and splenium of the CC; language processing
speed and right anterior thalamic radiation (ATR) [94, 96,
121]. Similar to the above associations, Northam et al. found
that preterm-adolescents with collective receptive and expres-
sive language impairment, exhibited reduced FA in the poste-
rior CC and temporal WM and reduced tract volumes in the
UF, posterior CC temporal connections and the direct seg-
ments of the AF as compared to preterms with normal lan-
guage function [122]. Both anterior commissural (AC) size
and the volume of inter-hemispheric temporal lobe connec-
tions predicted language impairment, whereas impairment
severity was only predicted by AC area. This article also
examined the relations of several composite abilities. ‘Com-
plex language’ was positively associated with fibre volume in
bilateral UF, AC and splenium of the CC; ‘phonological
processing’ with bilateral direct segments of the AF and
‘vocabulary’ was associated with AC size [122]. Like healthy

individuals, these findings suggest that the integrity of the
classically defined dorsal and ventral pathways are also asso-
ciated with language function in preterms. However, several
departures from the normal model of language architecture are
apparent in this population. There is a lack of left-sided
lateralisation and increased recruitment of right hemispheric
white matter tracts, which are positively associated with abil-
ity. This may be indicative of compensatory WM changes [96,
121, 122].

Motor ability

Preterm-born individuals frequently experience adverse motor
outcomes [4, 123]. Whilst descending motor pathways such as
the CST and PLIC are likely to be affected in preterms, tests of
fine motor function also engage cognitive abilties, thus a
wider set of WM tracts is also implicated. Three studies
imaged preterms at TEA and assessed motor function during
infancy and childhood. A TBSS approach found associations
between gross or fine motor function and diffusion markers in
distributed WM clusters [113]. FA in the left PLIC, thalamus
and fornix were positively correlated with gross motor score,
whereas A, diffusivity in the PLIC, CC, fornix and posterior
cingulum were negatively associated. Fine motor scores were
positively correlated with FA in the whole CC, CST, CR, SLF,
ILF, IFOF, fornix, EC, right UF and cingulum and negatively
associated with A, diffusivity in the right PLIC and left CST.
Probabilistic tractography and ROI methods found that in-
creased FA in the PLIC and lower ADC and A, in the
splenium of the CC were associated with psychomotor func-
tion [40, 124]. Imaging during childhood revealed that eye—
hand coordination was correlated with FA values in the AC,
CC, right UF, cingulum and fornix [112]. By adolescence,
visuo-motor integration was associated with FA in the EC and
PLIC and motor co-ordination was correlated with FA in the
right superior and left middle fasciculi [94]. Fine motor im-
pairment was associated with FA reductions in the PLIC and
superior fasciculi [94] and oro-motor impairment was associ-
ated with FA reductions in the CST and cortico-bulbar tract
(CBT) [125]. Whilst there appeared to be consistency between
motor function and tract integrity in the PLIC and CST,
relations between white matter integrity and other measures
of motor function were variable. This may be because of
differences between motor assessments.

Approximately 10 % of preterm-born infants develop CP
and this group makes up 40 % of those with the condition
[126]. CP describes a non-progressive, heterogenous group of
disorders of movement and posture, occurring in the develop-
ing fetal or infant brain [127]. Like other preterm infants with
neuromotor morbidity, this group shows a similar distribution
of WM microstructural changes. A full appraisal of the use of
d-MRI in CP infants is beyond the scope of this paper,
however, we refer the reader to a recent review by Scheck

@ Springer
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Fig. 7 Respiratory morbidity is
associated with altered white
matter microstructure in preterm
neonates. Using TBSS chronic
lung disease was found to be
associated with significantly
increased A, (a) and decreased FA
(b) but not A, independent of
both gestational age at birth and
postmenstrual age at scan (FWE-
corrected, p<0.05; colour bars
indicate p value). The mean FA
skeleton is shown in dark green.
Reproduced from [87]

and colleagues for more detail [128]. Preterm-born subjects
with CP display decreased FA and increased MD in motor
pathways, principally the CST, and sensory pathways such as
the PTR when compared to healthy controls. Diffusion indices
in these tracts correlate with measures of sensorimotor func-
tion and clinical severity of CP [128]. WMI and posterior
cystic PVL lesions underly many of the sensorimotor deficits
seen in this group [129].

Behaviour

Individuals born preterm are at an increased risk of psychiatric
morbidity. Specific behavioural disorders known to be elevat-
ed among preterm children and adolescents include emotional
impairments, attention-deficit hyperactivity disorder (ADHD)
and autism spectrum disorders (ASD) [130, 131]. Bhutta et al.
showed that preterm born children have an increased risk of
developing ADHD and also frequently manifest externalising
or internalising behaviours during school age [132], whilst
Aarnoudse-Moens and colleagues [133] confirmed in a recent
meta-analysis, the presence of inattention and internalising
behaviour in this group. d-MRI studies which relate WM
microstructural alterations with behavioural assessments are
limited. In a large prospective study, Rogers et al. examined
the relationship between diffusion or volumetric measures at
TEA and socio-emotional outcomes at 5 years. Higher ADC
in the right orbito-frontal cortex, a region implicated in ASD,
was associated with peer-relationship problems in later child-
hood [134]. In a small sample of preterm children with atten-
tion deficits, WM disturbances were detected bilaterally with-
in the IC and posterior CC as compared to term-born controls
[135]. A study in adolescents found that performance in
several tests of mental health were each associated with FA
in distributed WM areas [94]. This is somewhat anticipated,
since psychosocial disorders are associated with poor cogni-
tion [130], which itself is related to extensive WM damage

@ Springer

(see above). Low FA in the bilateral IC, EC and long fascicles
was related to worse overall mental health functioning, and
adolescents diagnosed with ADHD had lower FA values;
predominantly in the left-sided EC, inferior and middle fasci-
cles. In addition, high autistic spectrum screening scores were
correlated with low FA values in the left EC and SF [94].

Perinatal co-morbidities

Perinatal co-morbidities are frequent and have been shown to
have a significant impact on the developing brain. In this
section, we examine studies which utilise d-MRI in assessing
the influence of these diseases on WM. Perinatal infection is
recognised as an important risk factor for cerebral WMI and a
high proportion of neonates born preterm with a confirmed
perinatal infection, suffer neurological impairments at a later
age [136]. A large, recent study by Chau and colleagues found
that postnatal infection in preterm neonates at TEA, was asso-
ciated with widespread microstructural WM abnormalities
[137]. This relationship persisted in infants with infection with-
out positive culture. Reduced FA, increased ADC and A,

Fig. 8 Whole brain tractography obtained using high angular resolution
diffusion imaging (HARDI) and constrained spherical deconvolution
(CSD) in a preterm infant at term eqiavalent age
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diffusivity were found in newborns with infection as compared
to those without, and the greatest differences occurred in the
posterior WM, PLIC and genu of the CC. Postnatal infection
was also found to reduce the rate of FA increase in the CST [38].
In contrast to these findings, studies examining chorioamniotis
and coagulase-negative staphylococcal sepsis found no signifi-
cant interaction with diffusion measures [138, 139].
Respiratory morbidities are also common in the preterm
population [4, 140]. We have applied TBSS to investigate
effects of respiratory distress in two studies. In the first, acute
and chronic lung disease (CLD) were associated with reduced
FA in the genu of the CC and the left ILF, respectively [141].
In the second paper, an optimised TBSS protocol for neonates
and found that decreased FA in the bilateral CC, CSO, ILF and
EC and increased RD in bilateral CC, IC, CSO, ILF and left
EC were associated with CLD [142] (Fig. 7). Length of
respiratory support was also associated with widespread re-
ductions in FA and increases in A, across the WM skeleton.
Differences in result between studies are possibly due to
refinements in the method and larger sample size.

Perinatal interventions

There are few studies which have employed d-MRI measures
to examine the efficacy of perinatal interventions in preterm
infants. Available studies have all employed manually defined
ROIs to assess the structural impact of intervention. Very
preterm infants who received caffeine treatment showed re-
duced ADC and A, in several WM regions as compared to a
placebo group [143]. These regions lay within the superior
occipital and sensorimotor WM and superior and inferior fron-
tal WM. A was also significantly reduced within these regions
but changes in FA were found to be non-significant. A study
from the same group, and using the same anatomical ROIs,
found that preterm infants whose parents received an early
sensitivity training program showed reduced ADC within the
inferior occipital WM, reduced A, in the superior
sensoriomotor but also reduced A in the superior and inferior
occipital WM as compared to controls [144]. Als and col-
leagues applied an environmental intervention in preterm neo-
nates shortly after birth and showed higher relative anisotropy
in the left internal capsule and better neurobehavioural func-
tioning in the intervention group as compared to controls [145].

Discussion
Limitations of diffusion MRI literature in the preterm brain
Important limitations impede the interpretation of d-MRI

studies. First is the lack of precision in d-MRI metrics and
their correlation with neuroanatomical features. Taking the

most commonly used diffusion measure, FA, as an example,
it has been shown to relate with several structural features
including myelin thickness, membrane integrity, packing den-
sity and axonal diameter but also fibre geometry and com-
plexity [101]. As such, there is no one-to-one relationship with
any specific microstructural component. In addition, the ex-
perimental studies which sought a relation between anisotropy
and the underlying neurobiology (see previous) were largely
performed in a controlled environment rather than in the
complex medium of the developing brain. Thus relating
changes in FA in the preterm brain with aspects of WM
pathology must be done with caution. Aj and A, diffusivities
are very useful in the interpretation of anisotropy changes —
particularly when hypomyelination or reductions in axonal
packing need to be differentiated from axonal injury. Howev-
er, even with this additional information, several studies show
reductions in both A and A, diffusivity and FA and axonal
pathology may occur alongside myelin changes.

Second is the comparability in study methodologies. Differ-
ences, apparent at each stage of a d-MRI analysis, can impact
upon the interpretation and context of results. Preterm cohorts
vary widely in their degree of prematurity, local practices on
the neonatal intensive care unit, frequency of lesions and
macrostructural abnormalities, occurrence of comorbidities
and neurodevelopmental ability. Heterogeneity is also apparent
in imaging protocols and analysis methods and can influence
diffusion parameters such as FA, ADC and individual eigen-
values [146].

The future of d-MRI research in preterm cohorts

Having reviewed the preterm d-MRI literature and higlighted
some of its limitations, we recognise several directions and
challenges for future research, and submit recommendations
based on the current literature.

Due to the active and rapid development of imaging acqui-
sition and analysis methods across centres, the impact of using
specific protocols methods on diffusion parameters should be
carefully considered [147, 148] as this is important for both
the interpretation of results and their placement within the
current literature. An evaluation of the sensitivity and speci-
ficity of analysis methods and diffusion parameters is also
needed. This information is essential in determining the use-
fulness and contribution of d-MRI as a clinical biomarker of
preterm WMI as compared to other established neuroimaging
techniques. Determining the power of a given method would
also improve study design by determining an adequate sample
sizes in order to generate results which are likely to be more
clinically meaningful. In order to better interpret diffusion
findings and their relationship with neuroanatomical corre-
lates, use of A and A, diffusivity is recommended wherever
FA is used. Existing measures such as the ‘mode of anisotro-
py’ [149] may give more insight into the relationship with the
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Fig. 9 Modelling of the consensus macroconnectome of preterm born
children as a structural ‘network’ using graph theoretical methods. Re-
gions of interest displayed as circles where the size of the circle corre-
sponds to the degree (number of connections) and shading corresponds to

underlying neurobiology, as would the combined use of d-
MRI with other myelination specific modalities such as Mag-
netization Transfer imaging [150, 151].

We anticipate improvements in acquisition schemes will
increase image spatial and angular resolution to better define
the complex WM architecture. Sequences with high b values
and more gradient directions, which generate high angular
resolution diffusion imaging (HARDI) MR data will be
employed within clinically feasible time frames for preterm
cohorts in the near future. Standard clinical d-MRI techniques
currently used in preterm cohorts, such as the tensor [57] and
ball and stick model [58], will be surpassed by more advanced
methods, which better approximate the underlying tissue mi-
crostructure. For example, characterisation of axonal and den-
dritic morphology can be improved by techniques such as
neurite orientation dispersion and density imaging (NODDI)
[152]. Other methods such as constrained spherical
deconvolution (CSD) significantly improve diffusion
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tractography by providing better estimates of multiple
intravoxel fibre populations [153, 154] (Fig. 8). Advances in
image analysis are also anticipated. Connectome-based ap-
proaches attempt a comprehensive mapping of macrostructur-
al connections across the whole brain [155]. Such approaches
are well suited for characterising and exploring of WM con-
nectivity in preterms without a priori assumptions of expected
WM damage [92, 156, 157] (Fig. 5). Modelling of the
connectome as a structural ‘network’ using graph theoretical
analysis methods [158] (Fig. 9), could provide insight into
complex network interactions during development and the
effects of preterm WMI. Finally, an increasing data pool from
both d-MRI and other quantitative MRI modalities, will drive
machine learning techniques that logically combine multivar-
iate information in order to classify subjects and identify
biologically relevant patterns in complex datasets, that are
associated with outcomes of interest or other clinically rele-
vant information (i.e., genetics) [159].
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Conclusion

In this article, we have presented a comprehensive review of the
use of d-MRI in the study of preterm brain injury. Several
limitations are recognised within the field, most notably the
lack of specificity of the most commonly used diffusion-based
markers for neurobiological or pathological processes, demand-
ing careful consideration of any alterations in the context of
known neurobiology. Despite these limitations, the presented
studies demonstrate consistent diffusion changes indicative of
WM disruption in preterm-born individuals, with poorer
neurocognitive performance related to worse WM integrity in
relevant functional domains. d-MRI also shows utility in the
study of perinatal comorbidities and the efficacy of perinatal
interventions. With advancements in image acquisition and
analysis methods, d-MRI has much scope for use in the inves-
tigation of preterm WMI and as a biomarker to determine
functional outcomes and evaluate clinical interventions.
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