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Abstract

Purpose Diffusion magnetic resonance imaging (dMRI) studies report altered white matter (WM) development in preterm
infants. Neurite orientation dispersion and density imaging (NODDI) metrics provide more realistic estimations of neurite
architecture in vivo compared with standard diffusion tensor imaging (DTI) metrics. This study investigated microstructural
maturation of WM in preterm neonates scanned between 25 and 45 weeks postmenstrual age (PMA) with normal
neurodevelopmental outcomes at 2 years using DTI and NODDI metrics.

Methods Thirty-one neonates (n = 17 male) with median (range) gestational age (GA) 32+ weeks (247%-36%*) underwent 3 T
brain MRI at median (range) post menstrual age (PMA) 35" weeks (257°-43*!). WM tracts (cingulum, fornix, corticospinal tract
(CST), inferior longitudinal fasciculus (ILF), optic radiations) were delineated using constrained spherical deconvolution and
probabilistic tractography in MRtrix3. DTI and NODDI metrics were extracted for the whole tract and cross-sections along each
tract to assess regional development.

Results PMA at scan positively correlated with fractional anisotropy (FA) in the CST, fornix and optic radiations and neurite density
index (NDI) in the cingulum, CST and fornix and negatively correlated with mean diffusivity (MD) in all tracts. A multilinear
regression model demonstrated PMA at scan influenced all diffusion measures, GA and GAXPMA at scan influenced FA, MD and
NDI and gender affected NDI. Cross-sectional analyses revealed asynchronous WM maturation within and between WM tracts.).
Conclusion We describe normal WM maturation in preterm neonates with normal neurodevelopmental outcomes. NODDI can
enhance our understanding of WM maturation compared with standard DTI metrics alone.

Keywords Neonate - Preterm - Tractography - Diffusion magnetic resonance imaging (AMRI) - Neurite orientation dispersion and
density imaging (NODDI) - High-angular resolution diffusion MR imaging (HARDI)

Introduction

Supplementary Information The online version of this article (https:// o o ) ] ]
doi.org/10.1007/500234-020-02584-9) contains supplementary material, ~ The incidence of preterm birth is increasing, impacting around

which is available to authorized users. 12-13% of all live births in the United States of America (USA)
and 5-9% in other developed countries [1]. Survivors of preterm
D4 8. J. Counsell birth have a high prevalence of neurodevelopmental impair-
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disorder and behavioural problems [2, 3]. Diffusion magnetic
resonance imaging (dMRI) studies have identified altered white
matter (WM) development in preterm infants [4, 5], which is
associated with neurodevelopmental impairments [6, 7].
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informative to identify early markers of abnormal WM develop-
ment and those at risk of adverse neurodevelopmental outcomes.

WM development begins in the foetal brain around 13—
18 weeks post-conception with limbic, projection and com-
missural pathways, followed by thalamocortical and associa-
tion pathways around 24-32 weeks and continues to rapidly
develop during the first 2 years of life [8]. Histological studies
have identified several distinct stages of WM development:
axonal formation, neuronal and synaptic overproduction (pre-
serving neuronal plasticity), elimination and pruning (creating
more organised and streamlined networks), pre-myelination
(the maturation of oligodendrocytes forming the myelin
sheath) and finally myelination (the ensheathment of oligo-
dendroglial processes around the axons to provide rapid and
efficient conduction of nervous impulses improving brain
connectivity) [9-11].

Whilst histological studies describing WM maturation are
informative, they can only be performed ex vivo. dMRI and
tractography enable quantitative measures of WM tract micro-
structure to be determined through non-invasive, in vivo imag-
ing methods. These measures include fractional anisotropy
(FA) (a measure of how restricted water molecular motion is
in one direction compared with other directions) and mean
diffusivity (MD) (the directionally averaged magnitude of wa-
ter diffusion). Previous neonatal dMRI tractography studies
have reported a negative correlation between FA and MD
[12], increasing FA and decreasing MD with increasing age at
scan [12—16] and preterm infants scanned at term have a higher
MD compared with healthy term controls [17], as well as higher
MD and lower FA in later childhood [18]. WM FA and MD
may help to predict neurodevelopmental outcomes in preterm
infants in early childhood [18-21] and neuropsychiatric condi-
tions in later childhood, for example, autism spectrum disorder
[22] and attention-deficit hyperactivity disorder [23].

To date, most studies assessing preterm brain development
have used diffusion tensor imaging (DTI). However, there are
two major drawbacks to DTL. First, DTI cannot resolve more
than one fibre population in a voxel. To overcome this, high-
angular resolution diffusion MR imaging (HARDI)
tractography can be used in combination with constrained
spherical deconvolution (CSD) to identify complex fibre con-
figurations and orientations within each voxel and delineate
WM tracts that traverse regions of crossing fibres [24].
Second, whilst DTI metrics are sensitive to WM changes, they
lack specificity. For example, changes in FA may reflect many
changes in several axonal properties including its diameter,
dispersion, density, membrane permeability or myelination
or even properties of non-white matter tissue types such as
cerebrospinal fluid (CSF) [25]. Neurite orientation dispersion
and density imaging (NODDI) is a more advanced imaging
analysis technique that provides a three-compartment model
that accounts for intra- and extracellular volume fractions, as
well as CSF [26]. NODDI can discriminate between different
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components of WM microstructure and provide more specific
markers of neurite architecture that are more biologically rel-
evant than DTI metrics [26, 27] and consistent with histology
[28]. For example, neurite density index (NDI) reflects
myelination, axonal growth or axonal density, whilst orienta-
tion dispersion index (ODI) describes the dispersion of
neurites, providing information about coherence and geome-
try. Both NDI and ODI contribute to the measured FA value in
varying quantities. Increased FA is typically associated with
increased NDI and decreased ODI [26]. NODDI metrics have
been used to characterise WM microstructure in neonates [29,
30] and may be associated with neurodevelopmental out-
comes [31] and intelligence quotient (IQ) [18] in childhood.

NODDI and DTI metrics can be used to assess WM matu-
ration along an entire WM tract; however, this may mask
important spatial changes in WM maturation within the tract.
Regional analyses can be performed at regular intervals along
WM tracts in cross-sectional planes to examine the homoge-
neity of WM development within the tract [32]. This concept
has been used to identify age-related changes in healthy vol-
unteers using DTI [33—37] and NODDI [38] but has not been
performed in preterm infants scanned in the neonatal period.

The aim of this study was to investigate normal WM mi-
crostructural development between birth and term-equivalent
age in a population of preterm infants with normal
neurodevelopment in early childhood. We chose a range of
WM tracts to represent limbic (cingulum and fornix), projec-
tion (corticospinal tract (CST), optic radiations) and associa-
tion (inferior longitudinal fasciculus (ILF)) tracts. We obtain-
ed DTI and NODDI metrics for each WM tract, as well as at
regular cross sections within each tract to assess regional mat-
uration. We investigated how DTI and NODDI metrics
changed with postmenstrual age (PMA) at scan, the relation-
ship between DTT and NODDI metrics, factors that influenced
diffusion measures within the tract (gestational age, PMA at
scan, gender, type of tract, side of the tract) and regional dif-
ferences in WM maturation.

Methods
Participants

This was part of a wider study investigating brain develop-
ment in preterm infants and was conducted following
Research Ethics Committee approval (09/H0707/98 and 12/
LO/1247). Participants were prospectively recruited from the
neonatal unit, and written parental consent obtained.
Participants were included in the study if they were born <
37 weeks GA and excluded if they were > 46 weeks PMA at
scan; had congenital malformations; there was severe motion
artefact or focal lesions on MRI. The study cohort included
MR images from 31 participants with a median (range) GA at
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birth of 32%" weeks (range 24"*-36™) and median (range)
PMA at scan of 35% weeks (25"°-43*") (Table 1).

Magnetic resonance imaging acquisition

Neuroimaging data were acquired using a 3-Tesla Philips
Achieva system (Best, The Netherlands) situated in the neo-
natal intensive care unit using a 32-channel head coil. MRI
sequences included T1-weighted 3D MPRAGE (repetition
time (TR) =17 ms, echo time (TE)=4.6 ms, flip angle 13°,
voxel size 0.82 x 0.82 x 0.8 mm); T2 weighted fast spin echo
(TR=8670 ms, TE =160 ms, flip angle 90°, slice thickness
2 mm with 1 mm overlapping slices, in plane resolution
1.14 x 1.14 mm) and diffusion MRI (2-mm isotropic resolu-
tion and SENSE factor of 2 in 2 shells; 64 non-collinear di-
rections, b =2500 s/mm?, 4 non-diffusion-weighted image
(b=0) with TR 9000 ms and TE 62 ms; 32 non-collinear
directions, b=750 s/mm?, 1 non-diffusion-weighted image
(b=0) with TR 9000 ms and TE 49 ms).

A paediatrician experienced in MR imaging attended all
scans. Neonates < 37 weeks PMA at scan were scanned dur-
ing natural sleep and > 37 weeks PMA at scan were sedated
prior to scanning with oral chloral hydrate (25-50 mg/kg).
Neonates had continuous monitoring during the scan includ-
ing pulse oximetry, temperature and heart rate monitoring.
Auditory protection was provided using earplugs moulded
from a silicone-based putty (President Putty, Coltene,
Whaldent, Mahwah, NJ, USA) placed in the external auditory
meatus and neonatal earmuffs (MiniMuffs, Natus Medical
Inc., San Carlos, CA, USA).

Pre-processing

T2-weighted images were bias corrected [39], brain ex-
tracted and segmented into WM, grey matter, deep grey
matter and CSF using a neonatal-specific algorithm
[40]. The brain was parcellated using a block matching

non-linear regression using a version of the standard
anatomical automatic labelling (AAL) atlas adapted to
the neonatal brain [29]. Parcellation of the atlas was
propagated into each subject’s native space based on
nearest neighbour propagation. In addition, an inter-
hemispheric mask was delineated manually for each
subject.

dMRI images were visually inspected for motion ar-
tefact, and corrupted volumes removed. Subjects includ-
ed in the study had a maximum of 8 volumes (median
3, range 0-8) excluded from the higher shell, and 6
volumes (median 2, range 0-6) excluded from the lower
shell. Volumes were corrected for EPI phase encoding
distortions and eddy current—induced artefacts using
FSL5.0 top up-eddy algorithm using a T2 volume rig-
idly registered to the b0 images and assuming a band-
width of 0 (no phase encoding). This process was per-
formed separately for the two acquired shells and their
corresponding 5 =0 volumes, and then the lower shell
was rigidly registered to the averaged b=0 volumes
acquired with the higher shell. Gradient directions were
rotated accordingly. All rigid registrations were per-
formed with IRTK software.

Tractography

To reconstruct the WM tracts, the higher shell data was used to
estimate fibre orientation distribution (FOD) at each voxel using
constrained spherical deconvolution (CSD) implemented in
MRTrix3 (www.mrtrix.org) [24]. Whole-brain tractography
was performed on the FODs using an anatomically constrained
tractography (ACT) probabilistic algorithm [29], producing 100
million streamlines per subject. Specific WM tracts (cingulum,
CST, fornix, ILF, and optic radiations) were segmented from the
100 million streamlines obtained for each participant using ana-
tomically defined regions of interest from the parcellation previ-
ously calculated (Online Resource 1).

Table 1 Clinical characteristics

of the study population Clinical characteristic

Sex (male/female)

GA at birth (median, range) (weeks + days)

PMA at scan (median, range) (weeks + days)

Age at scan (median, interquartile range) (days)

More than 2 days of respiratory support (number, percentage)

Necrotising enterocolitis (number, percentage)

Birth weight (median, range)
Birth weight < 10th centile (n)
Twins (n)

Bayley’s III scale for cognition (median, interquartile range)
Bayley’s III scale for motor (median, interquartile range)

17/14

3240 4*2736”)
35+2 (25+343+1)
10 (7-35)

9 (29%)
3(10%)

1570 g (710-2940 g)
7

14

95 (90-100)

97 (94-100)
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Estimation of microstructural features

DTI metrics (FA and MD) were obtained using
MRTrix3 from the lower shell (b=750 s/mm?).
NODDI metrics (NDI and ODI) were obtained using
the NODDI toolbox from a combination of the higher
(b=2500 s/mm?) and lower (h=750 s/mm?) shells.
Data were normalised by »=0 volumes to account for
differing TE/TR times between lower and higher shell
[29]. DTI and NODDI metrics were obtained for each
of the delincated WM tracts and at 6 equally spaced
cross-sectional regions along each tract (Fig. 1) [32].

Outcome data

Standardised neurodevelopmental assessment was carried
out by an experienced paediatrician or developmental
psychologist with the Bayley Scales of Infant and
Toddler Development, Third Edition (BSID-III), at a
median (range) corrected age of 25.5 months (24—
32.5 months). Participants were included in the study
if they achieved a score of 85 or more on both cogni-
tive and motor categories.

Statistical analyses
Correlation analysis

The relationship between PMA at scan with FA, MD,
NDI and ODI in each tract was analysing using
Pearson’s correlation in SPSS (v.24). Results were
corrected for multiple comparisons using the
Bonferroni correction for multiple significance testing;
p<0.00125 was considered significant, given that there
were 5 tracts x 2 sides x 4 diffusion measures (0.05/40).

Cingulum Corticospinal

Coronal

Sagittal

Fornix

Multiple regression model

To analyse the contribution of different covariates (extremely/
very preterm (GA < 32/40) vs moderate/late preterm (> 32/40
but <37/40 GA), PMA at scan, gender, side of the tract, type
of tract) on diffusion measures (FA, MD, NDI, ODI), a mul-
tiple regression with bootstrap was performed in Stata v.13.
Results with p < 0.05 were considered significant.

Graphs were generated using R (www.r-project.org/) and
PowerPoint. Tractography images were created using
MRTrix3 (www.mrtrix.org) and PowerPoint.

Results

Association between PMA at scan and DTl metrics in
each tract

Increasing PMA at scan was associated with decreasing MD
and increasing FA and NDI. The relationship with ODI was
less clear (Online Resources 2a-d, Table 2).

Correlation between DTl and NODDI metrics in each
tract

Please refer to Online Resources 3—7.

Association of FA with MD, NDI and ODI

FA was significantly negatively correlated with MD and sig-
nificantly positively correlated with NDI for the left and right
side in all the tracts except the ILF. There were significant
negative correlations between FA and MD in the left and right
ILF but no significant correlations between FA and NDI.
There were no significant correlations between FA and ODI
in any of the tracts.

Inferior longitudinal Optic radiations
fasciculus

Sagittal

Fig. 1 Location of the regional analysis in each of the segmented white matter tracts
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Table 2 Correlation analysis for

PMA at scan and average Side  Diftusion Correlation coefficient
diffusion measures for each tract measure
Cingulum  CST Fornix Inferior longitudinal Optic
fasciculus radiations
Left FA 0.515 0.764* 0.783* 0.347 0.569%
MD —0.625% —0.785%  —0.789* —0.555* —0.735%
NDI 0.675* 0.769* 0.755% 0.053 0.537
ODI 0.516 0.264 0.090 0.401 0.456
Right FA 0.344 0.800%* 0.758%* 0.509 0.631%*
MD —0.582* —0.822%  —0.901* —0.633* —0.756*
NDI 0.563* 0.794* 0.855% —0.079 0.482
ODI 0.589* 0.282 0.449 0.198 0.449

*Significant p < 0.00125 (0.05/40)

Association of MD with NDI and ODI

MD was significantly negatively correlated with NDI in all
tracts bilaterally, except for the ILF where there was only a
significant negative correlation between the left ILF MD vs
left ILF NDI. For ODI and MD, there were significant nega-
tive correlations bilaterally in the cingulum, ILF and optic
radiations, but in the CST, only the left MD was significantly
negatively correlated with left ODI, and there were no signif-
icant correlations in the fornix.

Multiple regression model

The multiple regression model assessed the impact of different
variables (gestational age, PMA at scan, gender, type of tract,
side of the tract) on diffusion measures (Online Resources
Tables 8-11). FA was not normally distributed on the
Shapiro-Wilk test or Q-Q plot, so outliers were removed and
data transformed using 1/square transformation (z = 309 in the
base analysis and n =295 after the transform and outlier
removal).

Increasing PMA at scan significantly influenced all the
diffusion measures: FA (p =0.000), MD (p =0.009), NDI
(p=0.012) and ODI (p =0.008). GA also significantly influ-
enced FA (p=0.000), NDI (p=0.000) and MD (p =0.002)
but not ODI (p = 0.442). The interaction between GA x PMA
at scan significantly influenced FA (p =0.000), MD (p =
0.002) and NDI (p = 0.000) but not ODI (p = 0.269).

Gender influenced NDI, as a main effect (p=0.014)
and through interacting with PMA at scan (p=0.009),
but it did not affect any of the other diffusion measures.
Side did not significantly affect any diffusion measures
as a main effect (FA p=0.829, MD p=0.717, NDI p=
0.829 and ODI p=0.607) or through interacting with
PMA (FA p=0.772, MD p=0.669, NDI p=0.838 and
ODI p=0.626).

The rate of change of the diffusion measures with increas-
ing PMA significantly differed between tracts. The rate of
change in the cingulum was used as a baseline and compared
with the other tracts. The rate of change significantly differed
between the cingulum and the CST for FA (p =0.006); MD
(p=0.004) and NDI (p =0.022); fornix for MD (p = 0.040),
NDI (p=0.041) and ODI (»p=0.011) and ILF for NDI (p =
0.001). Post hoc tests provide further information about which
tracts differ from each other (Online Resources 8-11).

The multiple regression model predicted the following var-
iances for each of the diffusion measures: FA 72 = 0.6706, MD
7> =0.7485, NDI /* = 0.7990, ODI +* = 0.5106.

Regional changes in white matter microstructure
within tracts

Asynchronous development of WM microstructure was ob-
served within all WM tracts (Figs. 2a—d and 3a—d). The CST
had the region with the greatest FA and NDI and lowest ODI
and MD compared with the other tracts, and this was present
in the most central part of the tract. The cingulum also had a
high FA and NDI and low ODI at the centre of the tract, whilst
MD remained similar along the tract. Within the fornix, the
greatest FA and NDI and lowest MD and ODI were anterior
and posteriorly. The ILF had the greatest FA and lowest ODI
at the centre of the tract, MD was greatest anteriorly and NDI
remained low throughout. The OR had the greatest FA and
NDI and lowest ODI and MD anteriorly.

Discussion

We investigated the microstructural maturation of specific
WM tracts in preterm neonates born between 24* and 36*
* weeks GA and scanned between 25 and 43*" weeks PMA
who had normal neurodevelopmental outcomes at 2 years of
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Fig. 2 Average diffusion measures FA (a), MD (b), NDI (¢) and ODI (d) from inferior (segment 1) to superior (segment 6) in the corticospinal tracts

age. Using a combination of NODDI and DTI metrics, we
provided a more specific interpretation of the diffusion data
compared with studies using DTI metrics alone. Unlike most
other studies, we extracted these diffusion metrics at cross-
sectional regions along delineated tracts, as well as for the
whole tract, to elucidate regional patterns of WM maturation.

Using DTl and NODDI to interpret WM microstructural
maturation

WM maturation is associated with increasing axonal organi-
sation, pre-myelination and myelination, which progressively
restricts water diffusion perpendicular to the direction of the
axonal fibre, as represented in our data and previous studies by
increasing FA and decreasing MD [41, 42]. Zhang et al. de-
scribed how changes in FA can be explained by varying com-
binations of NDI and ODI in adults [26]. In our neonatal
cohort, we found that increasing FA was strongly correlated
with increasing NDI rather than decreasing ODI. This sug-
gests that increasing FA in WM tracts during this preterm to
term period is mainly attributed to increasing axonal growth/
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density/packing/diameter or pre-myelination/myelination
changes, rather than changes in axon coherence or geometry.
WM NDI has previously been reported to increase with age in
neonates [29], children [43, 44] and adolescents [45], demon-
strating that WM tracts undergo these changes beyond the neo-
natal period and throughout childhood. Greater NDI in child-
hood has been associated with better neurodevelopmental out-
comes, 1Q [18, 31], visual motor integration [18], motor/behav-
ioural/emotional scores [31], language [20] and maths [46].
With the exception of the right cingulum, ODI did not
correlate with PMA at scan in any tract, and there were no
significant correlations between ODI and FA. Other studies
investigating normal WM development in childhood and ad-
olescence report no [38, 43, 47] or very weak [44] association
between ODI and age. As far as we are aware, there have not
been any other studies using NODDI to investigate normal
WM development in healthy preterm infants with normal
neurodevelopmental outcomes. However, follow-up studies
report reduced FA and greater ODI may be associated with
poorer neurodevelopmental outcomes including 1Q [18], mo-
tor/emotional/behavioural scores [31] and language [20].
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Fig. 3 Average diffusion measures FA (a), MD (b), NDI (¢) and ODI (d) from anterior (segment 1) to posterior (segment 6) in the cingulum, fornix,

inferior longitudinal fasciculus and optic radiations

Comparing WM maturation between and within tracts

The fornix matures earlier than the other tracts, as demonstrated
by its high FA, high NDI and low MD. This finding is supported
by post-mortem studies, which report the fornix as one of the first
tracts to emerge and is evident by 12 weeks GA [48, 49], and that
by 19-24 weeks GA, it is well developed, with entire trajectories
visible on post-mortem foetal brain samples using DTI at
19 weeks GA [50]. Using in vivo foetal DTI tractography, the
fornix can be depicted as early as 13 weeks gestation [51], and by
1-4 months postnatal age, it is one of the most mature WM tracts,
only superseded by the CST [52].

Rapid maturation [53] and early myelination in the CST have
been reported on histological [54] and DTI studies [55-57]. Our
findings corroborate these reports, with the CST displaying the
most rapid increase in FA and NDI with increasing PMA. In

addition, we found a strong positive correlation between FA
and NDI in the left (r=0.921) and right CST (r=0.944) and
between NDI and PMA at scan in the left (»=0.796) and right
(r=0.794) CST. Our within-tract analysis of the CST demon-
strated the greatest increase in FA and NDI, with a corresponding
reduction in MD and ODI, at the level of the internal capsule.
Early maturation and myelination within the CST at the level of
the internal capsule have been reported in DTI [57, 58] and
histological studies [59].

In contrast, the ILF is the least mature tract, based on dMRI
metrics, with the lowest FA and greatest MD. Association
fibres are among the last WM tracts to develop [38, 50, 57,
60, 61], are only visible on foetal DTI tractography at
19 weeks gestation [50, 51, 62] and have the lowest FA
through the foetal life and early infancy [61]. Low FA during
this preterm to term period was associated with a relatively
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low and stable NDI, suggesting that the ILF has low neurite
density and myelination compared with the other tracts. This
is consistent with other studies that report that myelination in
the ILF does not commence until the third postnatal month
[58, 63] but then rapidly increases during the first year of life
[64] and is not fully mature until the third decade [8, 65].
There was inhomogeneous WM development within the
ILF, which has previously been reported in adults [33]. FA
was greatest in the centre of the ILF coinciding with a reduc-
tion in ODI but no change in NDI, implying that changes in
FA are predominantly driven by axonal cohesion.

In the cingulum, FA increased from the anterior cingulate
gyrus towards the midsection, and this coincided with a rise in
NDI and slight reduction in ODI, suggesting the midsection
has the greatest neurite density, myelination and least disper-
sion. MD remained stable along the tract. Assessing the
tractography images visually, the fibres were most cohesive
in the centre but dispersed in the anterior and particularly
posterior pole, consistent with the ODI results. Another DTI
study in adults reported regional changes in WM maturation
along the cingulum, supporting our findings that maturation is
not uniform along the tract [33].

The optic radiations had the greatest FA and NDI and low-
est MD in the most anterior part of the tract, corresponding to
the lateral geniculate nucleus of the thalamus, whilst ODI was
greatest at the most posterior part of the tract at the level of the
visual cortex. Again, suggesting that maturation of the tract
proceeds from central to peripheral regions of the brain [58].

Impact of other variables on WM maturation

Our model provided further information about the influence of
different covariates on diffusion measures. Our model did not
reveal a significant effect of lateralisation on diffusion mea-
sures. Visually inspecting the linear plots in Online Resources
2a-d, the only noticeable difference appeared to be in FA
between the left and right cingulum, a finding previously re-
ported as significantly different in infants [66, 67] and adults
[68, 69]. Other studies have reported lateralisation in some but
not all WM pathways in foetuses [70], infants [15, 66, 67, 71]
and children [72], but results are inconsistent. A systematic
review investigating how DTI metrics vary in preterm neo-
nates scanned before term-equivalent age concluded that
lateralisation may occur, but the evidence is conflicting and
further work is required [15].

Gender influenced NDI but not FA, MD or ODI in our
preterm cohort. Other studies have conflicting results regard-
ing the impact of gender on diffusion measures, both in pre-
term infants [15, 73] and older subjects [43—45, 64, 72, 74].
GA had a significant effect on all our diffusion measures ex-
cept ODI, as a main effect and through interactions with PMA
at scan. Lower GA has previously been identified as a risk
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factor for diffuse WM injury in preterm infants [73], but re-
sults are conflicting [15].

Limitations

This study used cross-sectional data to investigate age-related
differences in WM microstructure, whereas longitudinal data
could provide more accurate data regarding changes over
time. In addition, our study population was small, as we were
investigating normal WM maturation in a population of pre-
term neonates with normal neurodevelopmental outcomes at
2 years. Whilst informative, our model only explains a part of
the variation in the diffusion measures, and there are other
covariates that we have not accounted for.

Conclusion

WM maturation from the preterm to term period is associated
with increasing FA and NDI and decreasing MD, as WM
tracts become increasingly organised, myelinated and increase
in density. WM maturation does not occur uniformly between
WM tracts, with projection tracts maturing more rapidly than
association tracts. Regional differences occur within WM
tracts, with the most mature regions occurring centrally rather
than peripherally (cingulum, OR) and inferiorly rather than
superiorly (CST). Future studies should consider using
NODDI or the recent extension to NODDI (multi-TE
NODDI [75]) to provide a more in-depth interpretation of
the DTI metrics.
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