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Abstract: Background: Very preterm birth (VPT, <32 weeks’ gestation) is associated with altered white
matter fractional anisotropy (FA), the biological basis of which is uncertain but may relate to changes
in axon density and/or dispersion, which can be measured using Neurite Orientation Dispersion and
Density Imaging (NODDI). This study aimed to compare whole brain white matter FA, axon disper-
sion, and axon density between VPT children and controls (born �37 weeks’ gestation), and to investi-
gate associations with perinatal factors and neurodevelopmental outcomes. Methods: FA, neurite
dispersion, and neurite density were estimated from multishell diffusion magnetic resonance images
for 145 VPT and 33 control 7-year-olds. Diffusion values were compared between groups and corre-
lated with perinatal factors (gestational age, birthweight, and neonatal brain abnormalities) and neuro-
developmental outcomes (IQ, motor, academic, and behavioral outcomes) using Tract-Based Spatial
Statistics. Results: Compared with controls, VPT children had lower FA and higher axon dispersion
within many major white matter fiber tracts. Neonatal brain abnormalities predicted lower FA and
higher axon dispersion in many major tracts in VPT children. Lower FA, higher axon dispersion, and
lower axon density in various tracts correlated with poorer neurodevelopmental outcomes in VPT chil-
dren. Conclusions: FA and NODDI measures distinguished VPT children from controls and were asso-
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ciated with neonatal brain abnormalities and neurodevelopmental outcomes. This study provides a
more detailed and biologically meaningful interpretation of white matter microstructure changes asso-
ciated with prematurity. Hum Brain Mapp 37:3080–3102, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Very preterm (VPT) birth (<32 weeks’ gestation) is a sig-
nificant public health concern. VPT birth is a leading cause
of neonatal mortality and morbidity worldwide, and many
VPT survivors develop long-term delays in multiple neu-
rodevelopmental domains including cognition, movement,
academic performance, and behavior [Anderson, 2014;
Arpino et al., 2010; Hutchinson et al., 2013; Spittle and
Orton, 2014; Sutton and Darmstadt, 2013]. Studying brain
injury and development in VPT children is of high prior-
ity, as knowledge of the underlying neurobiological
changes is necessary for: (1) establishing biomarkers for
identifying at-risk VPT children who warrant close surveil-
lance and early intervention; (2) assessing the efficacy of
interventions to treat or prevent neurodevelopmental dis-
abilities; (3) reducing the overall burden of VPT birth on
infant health and development and health-care resources
[Counsell et al., 2014; Duerden et al., 2013].

Brain injury in VPT infants primarily targets pre-
myelinating oligodendrocytes within the developing cere-
bral white matter [Volpe et al., 2011], but can also involve
the thalamus, basal ganglia, cerebral cortex, brainstem,
and cerebellum in a constellation referred to as the ence-
phalopathy of prematurity [Volpe, 2009]. Diffusion mag-
netic resonance imaging (MRI) analysis techniques such as
diffusion tensor imaging (DTI) provide a method for prob-
ing brain tissue microstructure non-invasively [Jones et al.,
2013]. DTI generates whole brain, voxelwise quantitative
parameters such as fractional anisotropy (FA), which
measures the degree to which diffusion is directionally
restricted [Jones et al., 2013]. FA is generally high within
cerebral white matter, where diffusion is restricted along
the length of fibers due to the presence of barriers such as
axon membranes and myelin. Previous studies of FA val-
ues within the white matter of preterm groups have gener-
ally found that FA is lower in preterm groups compared
with control groups born at term (�37 weeks’ gestation) in
widely distributed fiber tracts in infancy and through to
early adulthood, as recently reviewed in detail [Ment
et al., 2009; Pandit et al., 2013]. In line with this, previous
studies by our group and others have also found that
lower FA in preterm children is predicted by perinatal
medical factors relating to preterm birth [particularly neo-
natal brain abnormalities, lower gestational age (GA) at
birth and lower birthweight], and is associated with neuro-
developmental delays [Kelly et al., 2015a, 2015b, 2014;

Ment et al., 2009; Pandit et al., 2013; Pannek et al., 2014;
Thompson et al., 2014b,].

While FA has proven to be sensitive to changes in brain
white matter microstructure, interpretation of FA changes
on the cellular scale is ambiguous. This is because the
degree to which diffusion is directionally restricted within
white matter depends on numerous microstructural prop-
erties, including the axon diameter, axon density, mem-
brane permeability, myelination, axon orientation
distributions (e.g., whether there are bending, fanning, or
crossing axons), and contributions from non-white matter
tissue types such as cerebrospinal fluid (CSF) [Jones et al.,
2013]. Therefore changes in FA cannot be attributed
directly to changes in any single aspect of white matter
microstructure [Jones et al., 2013; Vos et al., 2011, 2012].
Given this, there has been recent focus on developing dif-
fusion MRI analysis techniques that can relate the diffu-
sion signal more directly and specifically to underlying
cellular microstructural properties. One such technique,
Neurite Orientation Dispersion and Density Imaging
(NODDI), enables the analysis of two key factors that may
contribute to changes in FA—the orientation dispersion
and the density of neurites (axons or dendrites in the
white matter or gray matter, respectively) [Zhang et al.,
2012]. Lower FA values within white matter are expected
to be caused by increases in the dispersion of axons, or
decreases in the density of axons, or both (among other
factors) [Zhang et al., 2012]. Indeed, from preliminary
work in the adult brain, FA within white matter shows a
strong negative correlation with axon dispersion and a
slightly weaker positive correlation with axon density
[Zhang et al., 2012]. Therefore, lower white matter FA val-
ues associated with VPT birth, perinatal complications and
neurodevelopmental delays could be due at least in part
to increases in axon dispersion and/or decreases in axon
density, but until now this hypothesis has not been tested.

The overall aim of this study was to apply NODDI to
brain MRI scans of VPT children, in order to assess the
contributions of axon dispersion and axon density to the
white matter microstructure changes seen in this vulnera-
ble population. Specifically, the first aim was to compare
whole brain white matter FA, axon dispersion and axon
density between VPT children and controls. We hypothe-
sized that VPT children would have lower FA in widely
distributed white matter fiber tracts compared with con-
trols, which would be accompanied by increased axon dis-
persion and decreased axon density. The second aim was
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to identify potential perinatal predictors of whole brain
white matter FA, axon dispersion and axon density in
VPT children. The hypothesis was that neonatal brain
abnormalities, lower GA at birth and lower birthweight
would predict lower FA in widespread fiber tracts in VPT
children, along with increased axon dispersion and
decreased axon density. The third aim was to investigate
whether whole brain white matter FA, axon dispersion,
and axon density are associated with neurodevelopmental
outcomes in VPT children. The hypothesis was that lower
FA in widespread fiber tracts in VPT children would be
associated with poorer neurodevelopmental outcomes
(worse IQ, motor function and academic performance, and
more behavioral and emotional problems), which would
be related to increases in axon dispersion and decreases in
axon density.

MATERIALS AND METHODS

Participants

224 VPT infants (born <30 weeks’ GA and/or <1250 g
birthweight) and 46 controls (born �37 weeks’ GA) were
recruited during the neonatal period, between July 2001
and December 2003, from the Royal Women’s Hospital,
Melbourne into a prospective longitudinal study, as previ-
ously described [Thompson et al., 2007]. Infants with
genetic or congenital abnormalities likely to affect develop-
ment were excluded. At 7 years of age, participants were
invited to attend a follow-up involving MRI and neurode-
velopmental assessments. Of the originally recruited par-
ticipants, 198 (88% of those recruited) VPT and 43 (93% of
those recruited) control participants attended the 7-year
follow-up, of whom 159 VPT and 36 control participants
underwent MRI following mock MRI training. Diffusion
MRI data could be analyzed in the current study for 145
VPT children (65% of the original sample) and 33 controls
(72% of the original sample); that is, 14 VPT participants
and 3 controls who underwent MRI were not included in
the current study because: (1) they did not have diffusion
images acquired (n 5 2); (2) they had only one diffusion
shell (either the b 5 1200 s/mm2 shell or the b 5 3000 s/
mm2 shell but not both) (n 5 11); (3) their diffusion images
were incomplete due to excessive participant motion
(n 5 1); or (4) they were scanned with an incorrect diffu-
sion sequence (n 5 3).

Compared with VPT non-participants (who were origi-
nally recruited but did not contribute data to the current
study; n 5 79), VPT participants (who contributed data to
the current study; n 5 145) had slightly lower neonatal
brain abnormality scores [median (25th–75th percentile)5
5 (4–9) vs. 5 (3–7.5) for VPT non-participants and VPT par-
ticipants, respectively]. Fewer VPT participants were
exposed to postnatal corticosteroids compared with VPT
non-participants (6% vs. 16%). Other perinatal characteris-
tics [GA at birth, birth weight, birth weight standard devi-

ation (SD) score, and proportions of males, cystic
periventricular leukomalacia (PVL), intraventricular hem-
orrhage (IVH) grade 3/4, postnatal infection, antenatal cor-
ticosteroid exposure, bronchopulmonary dysplasia, and
small for GA births] were similar between VPT partici-
pants and VPT non-participants. Perinatal characteristics
were also similar between control participants (n 5 33) and
control non-participants (n 5 13).

Ethical approval for the study was obtained from the
Human Research Ethics Committees of The Royal Wom-
en’s Hospital and The Royal Children’s Hospital, Mel-
bourne. Written informed consent for the study was
obtained from parents.

Perinatal Data

Perinatal data were collected by chart review during the
primary hospitalization. Clinically relevant perinatal fac-
tors of interest in the current study were GA at birth and
birthweight SD score, which was computed relative to the
British Growth Reference [Cole et al., 1998]. Additionally,
neonatal brain abnormality was scored qualitatively from
T2-weighted structural images acquired at term-equivalent
age (37–44 weeks’ GA), and a total neonatal brain abnor-
mality score was calculated, as previously described and
validated [Kidokoro et al., 2013].

MRI Acquisition

At 7 years of age, participants underwent MRI in a 3T
scanner (Siemens Magnetom Trio, Tim system). Diffusion-
weighted images were acquired based on twice-refocused
echo planar imaging sequences. Two diffusion shells were
acquired: (1) b-values ranging up to 1,200 s/mm2, 25 non-
collinear gradient directions in total, one b 5 0 s/mm2 vol-
ume; sequence parameters were: repetition time
(TR) 5 12,000 ms, echo time (TE) 5 96 ms, field of view
(FOV) 5 250 3 250 mm, matrix size 5 144 3 144, voxel
size 5 1.7 mm3; 2) b-values of 3,000 s/mm2, 45 non-
collinear gradient directions in total, six b 5 0 s/mm2 vol-
umes; sequence parameters were: TR 5 7,400 ms, TE 5 106
ms, FOV 5 240 3 240 mm, matrix size 5 104 3 104, voxel
size 5 2.3 mm3.

Pre-Processing and Model Fitting

DTI fitting was performed using the b 5 1,200 s/mm2 shell.
Prior to fitting, this shell was corrected for motion and eddy
current induced distortions using the Functional MRI of the
Brain Software Library (FSL) version 5.0.8, and the b-vectors
were reoriented following motion correction [Leemans and
Jones, 2009]. The weighted linear least squares tensor fitting
method was employed using FSL [Veraart et al., 2013], from
which FA images were generated.

NODDI fitting was performed using the b 5 1,200 s/
mm2 and b 5 3,000 s/mm2 shells. The NODDI model
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separates the diffusion signal into three compartments:
intracellular, extracellular, and CSF [Zhang et al., 2012].
The intracellular compartment is modeled as sticks (cylin-
ders of zero radius), to reflect diffusion that is restricted
by neurites (any projection from a neuronal cell body;
axons or dendrites in the brain white matter or gray mat-
ter, respectively). The orientation distribution of the sticks
in the intracellular compartment is modeled by a Watson
distribution, and provides an index of the orientation dis-
persion of neurites. In the brain white matter, this neurite
orientation dispersion index (range 0–1) characterizes the
spectrum of axon orientation patterns, from coherently
aligned axons with low dispersion to bending, fanning or
crossing axons with high dispersion. The volume fraction
of the intracellular compartment (range 0–1) provides an
index of the density of axons in the white matter (Fig. 1).

Prior to NODDI model fitting, the b 5 3,000 s/mm2 shell
was registered to the b 5 1,200 s/mm2 shell using the Linear
Image Registration Tool (FLIRT) within FSL [Jenkinson et al.,
2002]. The aligned b 5 3,000 s/mm2 shell was then merged
with the b 5 1,200 s/mm2 shell, and motion and eddy cur-
rent distortion correction was performed on the combined
volumes using FSL. Additionally, to account for the different
TE and TR between the two shells, each shell was normal-
ized by the b 5 0 s/mm2 image for that shell as per the devel-
opers’ recommendation, which involved dividing every
voxel in each shell by the average b 5 0 s/mm2 measurement
for that shell [Owen et al., 2014]. NODDI model fitting and
parameter estimation were performed using the NODDI
Matlab toolbox version 0.9 [Zhang et al., 2012], generating
neurite dispersion and density images.

For 42 (29%) of the VPT participants and 9 (27%) of the
control participants, non-optimal b 5 3,000 s/mm2 images
were acquired with diffusion gradient directions that were
distributed non-uniformly on the sphere. NODDI images
generated from the b 5 3,000 s/mm2 data acquired with
versus without non-uniform gradient directions appeared
qualitatively similar. However, statistical analyses were

repeated for a subset excluding those participants whose
b 5 3,000 s/mm2 images were acquired with non-uniform
directions to ensure the non-uniform directions did not
influence the results. The statistical analyses did not need
to be repeated for the FA images, as the FA images were
generated from the b 5 1,200 s/mm2 data, which were
acquired with uniform gradient directions.

Tract-Based Spatial Statistics

FA, neurite dispersion, and neurite density images were
analyzed using Tract-Based Spatial Statistics (TBSS), part
of FSL [Smith et al., 2006]. Steps performed included: (1)
aligning each participant’s FA image to every other partici-
pant’s FA image using FSL’s nonlinear registration tool
(FNIRT) [Andersson et al., 2007a,b]; (2) identifying the sin-
gle most representative FA image as the study-specific tar-
get FA image; (3) aligning the study-specific target image
to MNI152 1 3 1 3 1 mm standard space; (4) bringing all
FA images to MNI152 1 3 1 3 1 mm standard space by
combining their registration to the target with the registra-
tion from the target to MNI152 1 3 1 3 1 mm standard
space; (5) generating a mean FA image and mean FA skel-
eton with an FA threshold of 0.2 (the generally recom-
mended FA threshold, which based on visual inspection
was shown to retain the major white matter tracts whilst
minimizing inclusion of non-white matter voxels and vox-
els at the outermost edges of the images that have high
inter-subject variability); (6) projecting each aligned FA
image onto the mean FA skeleton; (7) applying the original
nonlinear registrations to the neurite dispersion and den-
sity images and projecting the aligned neurite dispersion
and density images onto the mean FA skeleton.

Neurodevelopmental Assessment

Neurodevelopmental assessments were conducted at 7
years corrected age. Neurodevelopmental domains assessed

Figure 1.

Examples of images produced by NODDI (neurite dispersion and neurite density), shown for

comparison against a fractional anisotropy (FA) image.
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and of interest in the current study included IQ estimated
using the 4-subtest Wechsler Abbreviated Scale of Intelli-
gence (WASI) [Wechsler, 1999], motor function using the
Movement Assessment Battery for Children-2nd Edition
(Movement ABC-2) [Henderson et al., 2007], academic per-
formance (math computation and reading) using the Wide
Range Achievement Test-4th Edition (WRAT-4) [Wilkinson
and Robertson, 2006], and behavioral and emotional prob-
lems using the Strengths and Difficulties Questionnaire
(SDQ) [Goodman, 1997]. For the WASI, Movement ABC-2
and WRAT-4 assessments, age standardized scores were
used with higher scores indicating better performance. For
the SDQ, the total raw score was used with higher scores
indicating more behavioral/emotional problems.

Statistical Analysis

Voxelwise statistical analyses of the skeletonized FA, neu-
rite dispersion, and neurite density images were performed
using Randomise (version 2.9), FSL’s tool for nonparametric
permutation based testing of neuroimaging data [Nichols
and Holmes, 2002; Winkler et al., 2014]. Firstly, groupwise
(VPT vs. controls) comparisons of FA, neurite dispersion
and neurite density across the skeleton were conducted,
using two-sample unpaired t-test designs. Interactions
between group (VPT vs. controls) and sex of the child (male
vs. female) were also tested for. Secondly, correlations
between perinatal factors and FA, neurite dispersion and
neurite density across the skeleton in VPT children were
investigated separately for each perinatal factor. When corre-
lations were identified, the remaining perinatal variables
were added into the model in order to adjust for their effect
and identify independent perinatal predictors. Thirdly, cor-
relations between FA, neurite dispersion and neurite density
in VPT children and neurodevelopmental outcomes were
investigated separately for each measure. In all statistical
tests, 5,000 permutations were performed and age at MRI
(corrected for prematurity) was included as a covariate of no
interest to adjust for its potential effect. All results are
reported at P< 0.05 after threshold-free cluster enhancement
(TFCE) [Smith and Nichols, 2009] and family-wise error rate
correction. Regions of statistical significance (P< 0.05, after
TFCE and family-wise error rate correction) were localized
to white matter tracts using the John Hopkins University
(JHU) white-matter tractography atlas and the JHU ICBM-
DTI-81 white-matter labels atlas [Hua et al., 2008].

RESULTS

Participants

Characteristics of the 145 VPT participants and 33 con-
trol participants are shown in Table I. As expected, the
VPT group differed from the control group in relation to
several perinatal characteristics, including having higher
rates of postnatal and antenatal corticosteroid exposure,

bronchopulmonary dysplasia, postnatal infection, small for
GA births and patent ductus arteriosus, lower rates of sin-
gleton births, and longer stays at hospital. Median neona-
tal brain abnormality score was higher in the VPT group
compared with controls, as expected. There were higher
rates of major neonatal brain injury [cystic PVL and/or
IVH grade 3/4] in the VPT group compared with controls,
although overall relatively few VPT children had major
neonatal brain injury. For characteristics at the 7-year
assessment, the VPT group performed poorer than con-
trols in the measures of IQ, motor ability, math computa-
tion, reading, and behavioral/emotional problems.

VPT Children Compared with Controls

There was a cluster of voxels that had lower FA in VPT
children compared with controls, which was located within
parts of the white matter tracts listed in Table II and shown
in Figure 2A. There were no voxels where FA was higher in
VPT children compared with controls. In addition, there
were many voxels that had higher axon dispersion in VPT
children compared with controls, located within the same
tracts that had lower FA in VPT children compared with con-
trols, as well as several other tracts (Table II, Fig. 2B). There
were no voxels where axon dispersion was lower in VPT chil-
dren compared with controls. When the participants whose
b 5 3,000 s/mm2 diffusion images were acquired with non-
uniform gradient directions were excluded from the analy-
ses, there remained many voxels where axon dispersion was
higher in VPT children compared with controls, although
these voxels were slightly less widespread across the white
matter and the significance of the differences was reduced
(Supporting Information Table I; Supporting Information Fig.
1A). There were no voxels where axon density differed
between VPT children and controls, and there were no inter-
actions between birth group and sex of the child (i.e., the
VPT vs. control group differences were similar for the sexes).
FA, axon dispersion and axon density values, from the clus-
ter of voxels that had significantly lower FA in the VPT group
compared with controls, are plotted in Figure 3 and summar-
ized in Table III. As Supporting Information to aid the reader
in understanding the FA and NODDI values, we have also
provided axial, radial and mean diffusivity values within the
cluster that had lower FA in the VPT group (Supporting
Information Fig. 2; Supporting Information Table II). This
supplementary material shows that within the cluster that
had lower FA in the VPT group, axial diffusivity was lower
and radial and mean diffusivities were higher.

To investigate the effect of prematurity independent of
children who had major brain injury in the neonatal
period, we repeated the VPT versus controls analyses
excluding the 10 VPT children who had IVH grade 3/4
and/or cystic PVL. The results were similar to the original
analysis including all children, in that there remained
lower FA and higher axon dispersion in VPT children
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compared with controls in the same tracts as the original
analysis (data not shown).

Perinatal Predictors in the VPT Group

GA at birth

There were several voxels where GA at birth correlated
positively with FA in VPT children, located within the
fiber tracts listed in Table IV. These correlations between
GA at birth and FA disappeared when birthweight SD
score and neonatal brain abnormality were included in the
model. There were no voxels where GA at birth correlated
with axon dispersion or density in VPT children.

Birthweight SD score

There were no voxels where birthweight SD score correlated
with FA, axon dispersion, or axon density in VPT children.

Neonatal brain abnormality

There were many voxels where neonatal brain abnormality
scores correlated negatively with FA in VPT children, encom-

passing many major fiber tracts (Table IV, Fig. 4A). There
were also many voxels where neonatal brain abnormality
scores correlated positively with axon dispersion in VPT chil-
dren; these voxels were generally co-located within the same
fiber tracts as the voxels where neonatal brain abnormality
scores correlated with FA (Table IV, Fig. 4B). There were no
voxels where neonatal brain abnormality scores correlated in
the opposing directions to those stated with FA or axon dis-
persion. Analogous results were found when GA at birth and
birthweight SD score were included in the models. However,
the correlations between neonatal brain abnormality scores
and axon dispersion disappeared when the participants
whose b 5 3,000 s/mm2 diffusion images were acquired with
non-uniform gradient directions were excluded from the
analyses. There were no voxels where neonatal brain abnor-
mality scores correlated with axon density in VPT children.

Correlations with Neurodevelopmental

Outcomes in the VPT Group

IQ

There were many voxels where FA correlated positively
with IQ in VPT children, located within most major fiber

TABLE I. Participant characteristics

VPT, n 5 145 Controls, n 5 33

Gestational age at birth (weeks), mean (SD) 27.5 (1.9) 38.9 (1.3)
Birthweight (g), mean (SD) 974 (226) 3,244 (501)
Birthweight SD score, mean (SD) 20.5 (0.9) 0.0 (0.9)
Males, n (%) 71 (49) 16 (48)
Neonatal brain abnormality score, median (25th–75th percentile) 5 (3–7.5)a 1 (1–2.5)
Intraventricular hemorrhage grade 3/4, n (%) 5 (3) 0 (0)
Cystic periventricular leukomalacia, n (%) 5 (3) 0 (0)
Postnatal corticosteroids, n (%) 8 (6)b 0 (0)
Antenatal corticosteroids, n (%) 127 (88)b 0 (0)
Bronchopulmonary dysplasia, n (%) 45 (31) 0 (0)
Postnatal infection,c n (%) 46 (32) 1 (3)
Small for gestational age, n (%) 12 (8) 1 (3)
Singleton, n (%) 74 (51) 31 (94)
Patent ductus arteriosus, n (%) 68 (47) 0 (0)
Length of hospital stay (days), median (25th–75th percentile) 78 (65.5–95.5) 5 (4–6)
Age at 7-year scan (years), mean (SD) 7.5 (0.2) 7.6 (0.2)
WASI IQ, mean (SD) 99.1 (13.0) 109.5 (11.4)
Movement ABC-2 total standardized score, mean (SD) 9.0 (3.2)d 11.2 (2.7)e

WRAT4 Math computation, mean (SD) 91.5 (17.4)b 98.7 (14.5)
WRAT4 Reading, mean (SD) 100.4 (18.3)b 108.6 (17.8)
SDQ total score, mean (SD) 9.9 (6.4)f 6.8 (5.2)g

Movement ABC-2, Movement Assessment Battery for Children-2nd Edition; SD, standard deviation; SDQ, Strengths and Difficulties Question-
naire; VPT, very preterm; WASI, Wechsler Abbreviated Scale of Intelligence; WRAT4, Wide Range Achievement Test 4th Edition.
an 5 141.
bn 5 144.
cProven sepsis and/or necrotizing enterocolitis.
dn 5 137.
en 5 32.
fn 5 138.
gn 5 30.
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tracts (Table V, Fig. 5A). There were also many voxels
where axon density correlated positively with IQ in VPT
children, which were co-located within many of the same
tracts as the correlations between FA and IQ (Table V, Fig.
5B). When the participants whose b 5 3,000 s/mm2 diffu-
sion images were acquired with non-uniform gradient
directions were excluded from the analyses, there
remained many voxels where axon density correlated posi-
tively with IQ in VPT children, although these voxels
became less widespread across the white matter (Support-
ing Information Table I, Supporting Information Fig. 1B).
There were no voxels where axon dispersion correlated
with IQ in VPT children.

Motor function

FA correlated positively with motor scores within most
major fiber tracts in VPT children (Table V, Fig. 6A). Addi-

tionally, there were many voxels where axon dispersion
correlated negatively with motor scores in VPT children.
These voxels were co-located within most of the same
tracts as the correlations between FA and motor scores,
although they were somewhat less extensive over the
white matter skeleton (Table V, Fig. 6B). There were also
many voxels where axon density correlated positively
with motor scores in VPT children, again co-located within
many of the same tracts as the correlations between FA
and motor scores, although they were spread less exten-
sively across the skeleton (Table V, Fig. 6C). When the par-
ticipants whose b 5 3,000 s/mm2 diffusion images were
acquired with non-uniform gradient directions were
excluded from the analyses, the correlations between axon
dispersion and motor scores disappeared; however, the
correlations between axon density and motor scores
became more widespread (Supporting Information Table I;
Supporting Information Fig. 1C).

TABLE II. Very preterm (VPT) children vs. controls

FA Axon dispersion Axon density

Direction of group

differences

VPT<Controls VPT>Controls No differences

Total number of voxels

(% skeleton)

227 (0.1) 43,793 (22) N/A

White matter tracts Cingulum (hippocampal part) R Cingulum (gyral and hippocam-
pal parts)

N/A

Inferior longitudinal fasciculus R Inferior longitudinal fasciculus
Inferior fronto-occipital fasciculus R Inferior fronto-occipital

fasciculus
Uncinate fasciculus R Uncinate fasciculus
Anterior thalamic radiation R Anterior thalamic radiation
External capsule R External capsule

Internal capsule
(anterior limb, posterior limb,
retrolenticular part)
Corticospinal tract
Superior longitudinal fasciculus

(including temporal part)
Corpus callosum (body, genu,

splenium)
Forceps major and minor
Cerebellar peduncle (middle,

inferior, superior, pontine
crossing tract)

Fornix (column and body, cres/
stria terminalis)

Posterior thalamic and optic
radiation

Corona radiata
(anterior, posterior, superior)
Cerebral peduncle
Medial lemniscus
Superior fronto-occipital

fasciculus
Sagittal stratum

FA, fractional anisotropy. Significant regions were located in both the left (L) and right (R) hemispheres of the brain unless otherwise
stated.
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Academic performance

FA within many widespread fiber tracts correlated posi-
tively with math computation and reading scores in VPT
children (Table V, Fig. 7A and B, respectively). There were
no voxels where axon dispersion or axon density corre-
lated with math computation or reading scores in VPT
children.

Behavioral/emotional problems

FA in most major fiber tracts correlated negatively with
behavioral/emotional scores in VPT children (Table V,
Fig. 8A). There were also many voxels where axon density
correlated negatively with behavioral/emotional scores in
VPT children, which were co-located within most of the
same fiber tracts as the correlations between FA and
behavioral/emotional scores (Table V, Fig. 8B). Axon dis-
persion also correlated positively with behavioral/emo-
tional scores in VPT children; these correlations were

restricted to a small area (Table V, Fig. 8C). The correla-
tions between axon density and axon dispersion and
behavioral/emotional scores were similar when the partic-
ipants whose b 5 3,000 s/mm2 diffusion images were
acquired with non-uniform gradient directions were
excluded from the analyses (data not shown).

DISCUSSION

Summary

Applying DTI and NODDI to study brain white matter
microstructure in VPT children and controls, we found: (1)
lower FA and higher axon dispersion, but no difference in
axon density, in major white matter tracts in VPT children;
(2) significant associations between neonatal brain abnor-
mality and lower FA and higher axon dispersion in wide-
spread tracts in VPT children; (3) significant associations
between FA, axon dispersion and axon density in various
tracts and neurodevelopmental outcomes in VPT children.

Figure 2.

Regions where white matter diffusion values [A. fractional ani-

sotropy (FA); B. axon dispersion] differed between the very pre-

term and control groups. The P-value images, displayed in red-

yellow, have been thickened for visualization and overlaid on the

standard space (MNI152) T1-weighted image. Only P< 0.05,

after threshold-free cluster enhancement (TFCE) and correction

for the family-wise error rate (FWE), are shown. [Color figure

can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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VPT Children Compared with Controls

VPT children had a cluster of lower FA compared with
controls. Despite the difficulties in interpreting FA due to
its low biological specificity, FA is generally considered a
useful biomarker of the overall microstructural organiza-
tion and coherency of brain white matter [Jones et al.,
2013]. In white matter, FA increases with age in typical
development, and is higher in the early maturing white
matter tracts such as the internal capsule and corpus cal-
losum compared with later maturing white matter tracts
[Mukherjee and McKinstry, 2006]. This suggests that lower
FA in white matter in VPT children reflects delayed and/
or disrupted white matter development. Several previous
studies that compared FA between preterm children/ado-
lescents and term-born controls using whole brain meth-
ods such as TBSS found that FA is lower in the preterm

groups in many white matter tracts [Allin et al., 2011;
Eikenes et al., 2011; Skranes et al., 2007; Vangberg et al.,
2006], however some studies found no FA group differen-
ces [Feldman et al., 2012; Loe et al., 2013]. For the studies
that found lower FA, this was located in some of the same
white matter tracts as the current study, including the
cingulum [Eikenes et al., 2011], external capsule [Eikenes
et al., 2011; Skranes et al., 2007], inferior fronto-occipital/
longitudinal fasciculus [Eikenes et al., 2011; Skranes et al.,
2007], uncinate fasciculus [Eikenes et al., 2011], and tha-
lamic region [Eikenes et al., 2011]. Lower FA was also
reported previously in the corpus callosum [Allin et al.,
2011; Eikenes et al., 2011; Skranes et al., 2007; Vangberg
et al., 2006], internal capsule [Skranes et al., 2007; Vang-
berg et al., 2006], superior longitudinal fasciculus [Allin
et al., 2011; Eikenes et al., 2011; Skranes et al., 2007],
corona radiata [Allin et al., 2011; Eikenes et al., 2011], and

Figure 3.

Scatterplots of fractional anisotropy (FA), axon dispersion and axon density values in the very

preterm (VPT) and control groups. The values are averaged from within the cluster of voxels in

which FA was significantly lower in the VPT group compared with controls (P< 0.05, after

threshold-free cluster enhancement and correction for the family-wise error rate). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE III. Diffusion values in the very preterm (VPT) and control groups

Diffusion measure Controls, mean (SD) VPT, mean (SD) Mean difference (95% CI) P

FA 0.51 (0.04) 0.46 (0.04) 20.04 (20.06, 20.03) <0.001
Dispersion 0.19 (0.02) 0.21 (0.02) 0.02 (0.02, 0.03) <0.001
Density 0.43 (0.03) 0.42 (0.03) 20.007 (20.02, 0.006) 0.3

The values are averaged from within the cluster of voxels where fractional anisotropy (FA) was significantly lower in the VPT group
compared with controls (P< 0.05, after threshold-free cluster enhancement and correction for the family-wise error rate). CI, confidence
interval; SD, standard deviation.
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TABLE IV. Perinatal predictors in the very preterm group

FA Axon dispersion Axon density

GA at birth Direction of correlations Positive No correlations No correlations
Total number of voxels

(% skeleton)

2,317 (1) N/A N/A

White matter tracts Cerebral peduncle L N/A N/A
Corticospinal tract L
Inferior fronto-occipital

fasciculuis
Inferior longitudinal fasciculus
Uncinate fasciculus
Anterior thalamic radiation
Internal capsule (anterior limb,

posterior limb, retrolenticular
part L)

Forceps minor
Cingulum (hippocampal part R)
Fornix (cres/stria terminalis L)
Superior longitudinal fasciculus

(including temporal part)
Corona radiata (anterior)
External capsule
Sagittal stratum

Birthweight

SD Score

Direction of correlations No correlations No correlations No correlations
Total number of voxels

(% skeleton)

N/A N/A N/A

White matter tracts N/A N/A N/A
Neonatal brain

abnormality

Direction of correlations Negative Positive No correlations
Total number of voxels

(% skeleton)

17,546 (9) 7,589 (4) N/A

White matter tracts Corticospinal tract Corticospinal tract
Inferior fronto-occipital

fasciculus
Inferior fronto-occipital

fasciculus
Inferior longitudinal fasciculus Inferior longitudinal

fasciculus
Uncinate fasciculus Uncinate fasciculus
Anterior thalamic radiation Anterior thalamic radiation
Internal capsule
(posterior limb and retrolenticu-
lar part)

Internal capsule
(retrolenticular part R)

Corpus callosum
(body, genu, splenium)

Corpus callosum
(body, genu, splenium)

Forceps minor and major Forceps minor and major
Cingulum (gyral and hippocam-

pal parts)
Cingulum (gyral and hippo-

campal parts)
Fornix (column and body, cres/

stria terminalis)
Fornix (column and body,

cres/stria terminalis)
Posterior thalamic and optic

radiation
Posterior thalamic and optic

radiation
Superior longitudinal fasciculus

(including temporal part)
Superior longitudinal fascicu-

lus (including temporal
part)

Corona radiata (anterior, supe-
rior, posterior)

Corona radiata (anterior,
superior, posterior)

Tapetum R Tapetum R
Cerebral peduncle
External capsule R

Sagittal stratum L

FA, fractional anisotropy; GA, gestational age; SD, standard deviation. Significant regions were located in both the left (L) and right (R)
hemispheres of the brain unless otherwise stated.
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occipital white matter/optic radiation [Eikenes et al., 2011;
Vangberg et al., 2006], which the current study surpris-
ingly did not find. Discrepancies between studies are
likely due to different sample characteristics and imaging
methods. The studies that reported lower FA were older
studies including participants born in the 1980s [Allin
et al., 2011; Eikenes et al., 2011; Skranes et al., 2007; Vang-
berg et al., 2006], for example, the studies by Vangberg,
Skranes, and Eikenes were based on the same cohort born
between 1986 and 1988, whereas the studies that did not
find FA differences included participants born in the 1990s
[Feldman et al., 2012; Loe et al., 2013], and the current
study included participants born in the early 2000s. Neo-
natal intensive care has greatly improved over time, partic-
ularly with the introduction of surfactant treatment in
1991 and increased use of antenatal corticosteroids [Doyle,
2004], which may influence white matter microstructural
development. Rates of major neonatal brain injury may
also influence FA group differences in childhood. The

studies by Feldman et al. and Loe et al. included children
who had low levels of neonatal brain injury, which the
authors postulated may explain their lack of FA group dif-
ferences [Feldman et al., 2012; Loe et al., 2013]. Unfortu-
nately rates of neonatal brain injury were not reported in
all previous studies [Allin et al., 2011; Eikenes et al., 2011;
Skranes et al., 2007; Vangberg et al., 2006]. Rates of major
neonatal brain injury were relatively low (�5%) in the cur-
rent study (Table I). Furthermore, VPT participants had
slightly lower neonatal brain abnormality scores than VPT
non-participants, and so FA group differences may have
been stronger if all participants had been included. The
current study included 7-year-old children, whereas the
previous studies included older children or adolescents
(9–16 years [Feldman et al., 2012; Loe et al., 2013]; 15 years
[Skranes et al., 2007; Vangberg et al., 2006]; 18–22 years
[Eikenes et al., 2011]; 17–22 years [Allin et al., 2011]), and
FA group differences may vary from childhood to early
adulthood, although this is yet to be investigated in

Figure 4.

Regions where neonatal brain abnormality correlated with white

matter diffusion values [A. fractional anisotropy (FA); B. axon

dispersion] in very preterm children. The P-value images, dis-

played in red-yellow, have been thickened for visualization and

overlaid on the standard space (MNI152) T1-weighted image.

Only P< 0.05, after threshold-free cluster enhancement (TFCE)

and correction for the family-wise error rate (FWE), are shown.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

r Kelly et al. r

r 3090 r

http://wileyonlinelibrary.com


T
A

B
L

E
V

.
C

o
rr

e
la

ti
o

n
s

w
it

h
n

e
u

ro
d

e
v
e
lo

p
m

e
n

ta
l

o
u

tc
o

m
e
s

in
th

e
v
e
r
y

p
re

te
rm

g
ro

u
p

F
A

A
x

o
n

d
is

p
er

si
o

n
A

x
o

n
d

en
si

ty

IQ
D

ir
e
ct

io
n

o
f

co
rr

e
la

ti
o

n
s

P
o

si
ti

v
e

N
o

co
rr

el
at

io
n

s
P

o
si

ti
v

e
T

o
ta

l
n

u
m

b
e
r

o
f

v
o

x
e
ls

(%
sk

e
le

to
n

)

52
,3

75
(2

7)
N

/
A

19
,0

49
(1

0)

W
h

it
e

m
a
tt

e
r

tr
a
ct

s
C

er
eb

el
la

r
p

ed
u

n
cl

e
(m

id
d

le
,

in
fe

ri
o

r,
su

p
er

io
r,

p
o

n
ti

n
e

cr
o

ss
in

g
tr

ac
t)

N
/

A
C

er
eb

el
la

r
p

ed
u

n
cl

e
(m

id
d

le
,

in
fe

ri
o

r
R

,
su

p
er

io
r)

C
er

eb
ra

l
p

ed
u

n
cl

e
C

er
eb

ra
l

p
ed

u
n

cl
e

C
o

rt
ic

o
sp

in
al

tr
ac

t
C

o
rt

ic
o

sp
in

al
tr

ac
t

In
fe

ri
o

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

In
fe

ri
o

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

In
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

L
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
A

n
te

ri
o

r
th

al
am

ic
ra

d
ia

ti
o

n
A

n
te

ri
o

r
th

al
am

ic
ra

d
ia

ti
o

n
E

x
te

rn
al

ca
p

su
le

E
x

te
rn

al
ca

p
su

le
In

te
rn

al
ca

p
su

le
(a

n
te

ri
o

r
li

m
b

,
p

o
st

e-
ri

o
r

li
m

b
,

re
tr

o
le

n
ti

cu
la

r
p

ar
t)

In
te

rn
al

ca
p

su
le

(a
n

te
ri

o
r

li
m

b
,

p
o

st
e-

ri
o

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t
L

)
C

o
rp

u
s

ca
ll

o
su

m
(b

o
d

y
,

g
en

u
,

sp
le

n
iu

m
)

C
o

rp
u

s
ca

ll
o

su
m

(b
o

d
y

,
sp

le
n

iu
m

)

F
o

rc
ep

s
m

aj
o

r
an

d
m

in
o

r
F

o
rc

ep
s

m
aj

o
r

an
d

m
in

o
r

C
in

g
u

lu
m

(g
y

ra
l

an
d

h
ip

p
o

ca
m

p
al

p
ar

ts
)

C
in

g
u

lu
m

(g
y

ra
l

p
ar

t,
h

ip
p

o
ca

m
p

al
p

ar
t

L
)

F
o

rn
ix

(c
re

s/
st

ri
a

te
rm

in
al

is
)

F
o

rn
ix

(c
o

lu
m

n
an

d
b

o
d

y
,

cr
es

/
st

ri
a

te
rm

in
al

is
L

)
P

o
st

er
io

r
th

al
am

ic
an

d
o

p
ti

c
ra

d
ia

ti
o

n
P

o
st

er
io

r
th

al
am

ic
an

d
o

p
ti

c
ra

d
ia

ti
o

n
L

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
iu

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

S
ag

it
ta

l
st

ra
tu

m
S

ag
it

ta
l

st
ra

tu
m

L
S

u
p

er
io

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

L
S

u
p

er
io

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

R
M

ed
ia

l
le

m
n

is
cu

s
T

ap
et

u
m

R
M

o
to

r
fu

n
ct

io
n

D
ir

e
ct

io
n

o
f

co
rr

e
la

ti
o

n
s

P
o

si
ti

v
e

N
eg

at
iv

e
P

o
si

ti
v

e
T

o
ta

l
n

u
m

b
e
r

o
f

v
o

x
e
ls

(%
sk

e
le

to
n

)

77
,8

13
(4

0)
17

,4
95

(9
)

7,
52

8
(4

)

W
h

it
e

m
a
tt

e
r

tr
a
ct

s
C

er
eb

el
la

r
p

ed
u

n
cl

e
(m

id
d

le
,

in
fe

ri
o

r,
su

p
er

io
r,

p
o

n
ti

n
e

cr
o

ss
in

g
tr

ac
t)

C
er

eb
el

la
r

p
ed

u
n

cl
e

(s
u

p
er

io
r

L
)

C
er

eb
el

la
r

p
ed

u
n

cl
e

(m
id

d
le

)

C
o

rt
ic

o
sp

in
al

tr
ac

t
C

o
rt

ic
o

sp
in

al
tr

ac
t

C
o

rt
ic

o
sp

in
al

tr
ac

t
In

fe
ri

o
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s

In
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

In
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
R

A
n

te
ri

o
r

th
al

am
ic

ra
d

ia
ti

o
n

A
n

te
ri

o
r

th
al

am
ic

ra
d

ia
ti

o
n

A
n

te
ri

o
r

th
al

am
ic

ra
d

ia
ti

o
n

In
te

rn
al

ca
p

su
le

(a
n

te
ri

o
r

li
m

b
,

p
o

st
e-

ri
o

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t)
In

te
rn

al
ca

p
su

le
(a

n
te

ri
o

r
li

m
b

,
p

o
st

er
io

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t)

In
te

rn
al

ca
p

su
le

(a
n

te
ri

o
r

li
m

b
,

p
o

st
e-

ri
o

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t)

r Prematurity and Axon Density and Dispersion r

r 3091 r



T
A

B
L

E
V

.
(c

o
n

ti
n

u
e
d

).

F
A

A
x

o
n

d
is

p
er

si
o

n
A

x
o

n
d

en
si

ty

C
o

rp
u

s
ca

ll
o

su
m

(b
o

d
y

,
g

en
u

,
sp

le
n

iu
m

)
C

o
rp

u
s

ca
ll

o
su

m
(b

o
d

y
,

g
en

u
,

sp
le

n
iu

m
)

C
o

rp
u

s
ca

ll
o

su
m

(b
o

d
y

,
sp

le
n

iu
m

)

F
o

rc
ep

s
m

aj
o

r
an

d
m

in
o

r
F

o
rc

ep
s

m
aj

o
r

an
d

m
in

o
r

F
o

rc
ep

s
m

aj
o

r
an

d
m

in
o

r
C

in
g

u
lu

m
(g

y
ra

l
an

d
h

ip
p

o
ca

m
p

al
p

ar
ts

)
C

in
g

u
lu

m
(g

y
ra

l
an

d
h

ip
p

o
ca

m
-

p
al

p
ar

ts
)

C
in

g
u

lu
m

(g
y

ra
l

an
d

h
ip

p
o

ca
m

p
al

p
ar

ts
)

F
o

rn
ix

(c
o

lu
m

n
an

d
b

o
d

y
,

cr
es

/
st

ri
a

te
rm

in
al

is
)

F
o

rn
ix

(c
o

lu
m

n
an

d
b

o
d

y
,

cr
es

/
st

ri
a

te
rm

in
al

is
)

F
o

rn
ix

(c
o

lu
m

n
an

d
b

o
d

y
,

cr
es

/
st

ri
a

te
rm

in
al

is
)

P
o

st
er

io
r

th
al

am
ic

an
d

o
p

ti
c

ra
d

ia
ti

o
n

P
o

st
er

io
r

th
al

am
ic

an
d

o
p

ti
c

ra
d

ia
ti

o
n

P
o

st
er

io
r

th
al

am
ic

an
d

o
p

ti
c

ra
d

ia
ti

o
n

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
e-

ri
o

r,
p

o
st

er
io

r)
C

o
ro

n
a

ra
d

ia
ta

(s
u

p
er

io
r,

p
o

st
er

io
r)

T
ap

et
u

m
R

T
ap

et
u

m
R

T
ap

et
u

m
R

E
x

te
rn

al
ca

p
su

le
E

x
te

rn
al

ca
p

su
le

C
er

eb
ra

l
p

ed
u

n
cl

e
C

er
eb

ra
l

p
ed

u
n

cl
e

S
ag

it
ta

l
st

ra
tu

m
S

ag
it

ta
l

st
ra

tu
m

R
S

u
p

er
io

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

R
S

u
p

er
io

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

-
lu

s
R

M
ed

ia
l

le
m

n
is

cu
s

A
ca

d
e
m

ic

p
e
rf

o
rm

a
n

ce

D
ir

e
ct

io
n

o
f

co
rr

e
la

ti
o

n
s

P
o

si
ti

v
e

N
o

co
rr

el
at

io
n

s
N

o
co

rr
el

at
io

n
s

T
o

ta
l

n
u

m
b

e
r

o
f

v
o

x
e
ls

(%
sk

e
le

to
n

)

M
at

h
56

,3
50

(2
9)

;
R

ea
d

in
g

18
,9

47
(1

0)
N

/
A

N
/

A

W
h

it
e

m
a
tt

e
r

tr
a
ct

s
C

er
eb

el
la

r
p

ed
u

n
cl

e
(m

id
d

le
,

in
fe

ri
o

r,
su

p
er

io
r,

p
o

n
ti

n
e

cr
o

ss
in

g
tr

ac
t)

N
/

A
N

/
A

C
er

eb
ra

l
p

ed
u

n
cl

e
C

o
rt

ic
o

sp
in

al
tr

ac
t

In
fe

ri
o

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

In
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
A

n
te

ri
o

r
th

al
am

ic
ra

d
ia

ti
o

n
E

x
te

rn
al

ca
p

su
le

In
te

rn
al

ca
p

su
le

(a
n

te
ri

o
r

li
m

b
,

p
o

st
e-

ri
o

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t)
C

o
rp

u
s

ca
ll

o
su

m
(b

o
d

y
,

g
en

u
,

sp
le

n
iu

m
m

at
h

s
o

n
ly

)
F

o
rc

ep
s

m
aj

o
r

an
d

m
in

o
r

C
in

g
u

lu
m

(g
y

ra
l

an
d

h
ip

p
o

ca
m

p
al

p
ar

t)
F

o
rn

ix
(c

o
lu

m
n

an
d

b
o

d
y

,
cr

es
/

st
ri

a
te

rm
in

al
is

)
P

o
st

er
io

r
th

al
am

ic
an

d
o

p
ti

c
ra

d
ia

ti
o

n
S

u
p

er
io

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
(i

n
cl

u
d

in
g

te
m

p
o

ra
l

p
ar

t)

r Kelly et al. r

r 3092 r



T
A

B
L

E
V

.
(c

o
n

ti
n

u
e
d

).

F
A

A
x

o
n

d
is

p
er

si
o

n
A

x
o

n
d

en
si

ty

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

M
ed

ia
l

le
m

n
is

cu
s

S
ag

it
ta

l
st

ra
tu

m
T

ap
et

u
m

R
S

u
p

er
io

r
fr

o
n

to
-o

cc
ip

it
al

fa
sc

ic
u

lu
s

L
(r

ea
d

in
g

o
n

ly
)

B
e
h

a
v

io
ra

l/

e
m

o
ti

o
n

a
l

p
ro

b
le

m
s

D
ir

e
ct

io
n

o
f

co
rr

e
la

ti
o

n
s

N
eg

at
iv

e
P

o
si

ti
v

e
N

eg
at

iv
e

T
o

ta
l

n
u

m
b

e
r

o
f

v
o

x
e
ls

(%
sk

e
le

to
n

)

61
,9

07
(3

2)
74

(0
.0

4)
55

,5
41

(2
9)

W
h

it
e

m
a
tt

e
r

tr
a
ct

s
C

o
rp

u
s

ca
ll

o
su

m
(b

o
d

y
,

g
en

u
,

sp
le

n
iu

m
)

C
o

rp
u

s
ca

ll
o

su
m

(b
o

d
y

an
d

g
en

u
)

C
o

rp
u

s
ca

ll
o

su
m

(b
o

d
y

,
g

en
u

,
sp

le
n

iu
m

)
F

o
rc

ep
s

m
aj

o
r

an
d

m
in

o
r

F
o

rc
ep

s
m

in
o

r
F

o
rc

ep
s

m
aj

o
r

an
d

m
in

o
r

C
er

eb
ra

l
p

ed
u

n
cl

e
C

er
eb

ra
l

p
ed

u
n

cl
e

L
C

o
rt

ic
o

sp
in

al
tr

ac
t

C
o

rt
ic

o
sp

in
al

tr
ac

t
In

fe
ri

o
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
In

fe
ri

o
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

In
fe

ri
o

r
lo

n
g

it
u

d
in

al
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
U

n
ci

n
at

e
fa

sc
ic

u
lu

s
A

n
te

ri
o

r
th

al
am

ic
ra

d
ia

ti
o

n
A

n
te

ri
o

r
th

al
am

ic
ra

d
ia

ti
o

n
E

x
te

rn
al

ca
p

su
le

E
x

te
rn

al
ca

p
su

le
In

te
rn

al
ca

p
su

le
(a

n
te

ri
o

r
li

m
b

,
p

o
st

e-
ri

o
r

li
m

b
,

re
tr

o
le

n
ti

cu
la

r
p

ar
t)

In
te

rn
al

ca
p

su
le

(a
n

te
ri

o
r

li
m

b
,

p
o

st
e-

ri
o

r
li

m
b

,
re

tr
o

le
n

ti
cu

la
r

p
ar

t)
C

in
g

u
lu

m
(g

y
ra

l
an

d
h

ip
p

o
ca

m
p

al
p

ar
ts

)
C

in
g

u
lu

m
(g

y
ra

l
an

d
h

ip
p

o
ca

m
p

al
p

ar
ts

)
F

o
rn

ix
(c

o
lu

m
n

an
d

b
o

d
y

,
cr

es
/

st
ri

a
te

rm
in

al
is

)
F

o
rn

ix
(c

re
s/

st
ri

a
te

rm
in

al
is

)

P
o

st
er

io
r

th
al

am
ic

an
d

o
p

ti
c

ra
d

ia
ti

o
n

P
o

st
er

io
r

th
al

am
ic

an
d

o
p

ti
c

ra
d

ia
ti

o
n

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

S
u

p
er

io
r

lo
n

g
it

u
d

in
al

fa
sc

ic
u

lu
s

(i
n

cl
u

d
in

g
te

m
p

o
ra

l
p

ar
t)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

C
o

ro
n

a
ra

d
ia

ta
(a

n
te

ri
o

r,
su

p
er

io
r,

p
o

st
er

io
r)

S
ag

it
ta

l
st

ra
tu

m
S

ag
it

ta
l

st
ra

tu
m

S
u

p
er

io
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
R

S
u

p
er

io
r

fr
o

n
to

-o
cc

ip
it

al
fa

sc
ic

u
lu

s
T

ap
et

u
m

R
T

ap
et

u
m

R
C

er
eb

el
la

r
p

ed
u

n
cl

e
(m

id
d

le
,

in
fe

ri
o

r,
su

p
er

io
r,

p
o

n
ti

n
e

cr
o

ss
in

g
tr

ac
t)

M
ed

ia
l

le
m

n
is

cu
s

L

F
A

,
fr

ac
ti

o
n

al
an

is
o

tr
o

p
y

.
S

ig
n

ifi
ca

n
t

re
g

io
n

s
w

er
e

lo
ca

te
d

in
b

o
th

th
e

le
ft

(L
)

an
d

ri
g

h
t

(R
)

h
em

is
p

h
er

es
o

f
th

e
b

ra
in

u
n

le
ss

o
th

er
w

is
e

st
at

ed
.

r Prematurity and Axon Density and Dispersion r

r 3093 r



longitudinal cohorts using whole brain methods. Several
previous studies used voxel-based morphometry (VBM)
rather than TBSS [Allin et al., 2011; Skranes et al., 2007;
Vangberg et al., 2006]. Unlike TBSS, VBM does not restrict
analyses to a white matter skeleton, and so results
obtained using VBM are likely to be more influenced by
partial voluming [Bach et al., 2014; Smith et al., 2006]. On
the other hand, the skeletonization step in TBSS restricts
analyses to regions with FA above a certain value (typi-
cally 0.2 as in the current study), which generally corre-
sponds to the centers of major white matter tracts, and so
FA differences may be missed in regions with lower FA
such as at the tract perimeter when using TBSS [Bach
et al., 2014].

Given the low biological specificity of DTI, lower FA in
VPT children could be due to changes in numerous white
matter microstructural properties, including axon density,
axon diameter, membrane permeability, myelination, and
axon orientation distributions [Jones et al., 2013]. Further

analysis with NODDI provided increased biological speci-
ficity by disentangling two key factors potentially contrib-
uting to FA changes within white matter, the axon
density, and axon dispersion [Zhang et al., 2012]. Using
NODDI, the current study found that VPT children had
increased axon dispersion in many white matter tracts
compared with controls, including within those tracts in
which FA was lower in VPT children, while there was no
significant difference in axon density between groups. This
suggests that low FA in VPT children in certain white mat-
ter tracts is due at least in part to increases in axon disper-
sion. Furthermore the current results suggest that NODDI
may be even more sensitive to detecting group differences
than FA, given that many more tracts were found to have
increased dispersion compared with the tracts found to
have lower FA. Within the adult brain, dispersion values
are relatively low in the white matter (compared with
other brain tissue types, i.e., gray matter and CSF), which
is due to the presence of axons that are generally

Figure 5.

Regions where white matter diffusion values [A. fractional ani-

sotropy (FA); B. axon density] in very preterm children corre-

lated with IQ. The P-value images, displayed in red-yellow, have

been thickened for visualization and overlaid on the standard

space (MNI152) T1-weighted image. Only P< 0.05, after

threshold-free cluster enhancement (TFCE) and correction for

the family-wise error rate (FWE), are shown. [Color figure can

be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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coherently oriented and aligned [Zhang et al., 2012].
Within the white matter itself, the lowest dispersion values
are found in tracts that have more coherently oriented and
organized axons such as the corpus callosum and internal
capsule, while the highest dispersion values are found in
tracts that have less coherently organized axons (more
bending and fanning axons) such as the centrum semi-

ovale [Zhang et al., 2012]. Therefore, it is possible that
when comparing VPT children with controls, higher axon
dispersion in many of the major white matter tracts may
be less favorable as it may indicate a reduction in the nor-
mal coherent organization of axons.

The original NODDI study showed that FA and axon
dispersion are strongly inversely correlated with each

Figure 6.

Regions where white matter diffusion values [A. fractional ani-

sotropy (FA); B. axon dispersion; C. axon density] in very pre-

term children correlated with motor scores. The P-value images,

displayed in red-yellow, have been thickened for visualization

and overlaid on the standard space (MNI152) T1-weighted

image. Only P< 0.05, after threshold-free cluster enhancement

(TFCE) and correction for the family-wise error rate (FWE), are

shown. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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other (i.e., the lowest values of axon dispersion within the
most coherently organized white matter tracts correspond
to the highest values of FA) [Zhang et al., 2012]. Addition-
ally, in the original NODDI paper axon density showed a
weaker positive correlation with FA, suggesting that FA is
more sensitive to axon dispersion than axon density
[Zhang et al., 2012]. This is similar to the results of the
current study, in which we found that the areas of
decreased FA in the VPT group corresponded with
increased axon dispersion, but not density. NODDI has
not been applied previously to study brain white matter in
preterm cohorts, although studies have applied NODDI to
the developing neonatal brain white matter [Kunz et al.,
2014; Melbourne et al., 2013]. These studies reported that
NODDI parameters could distinguish early from later
maturing fiber tracts in the neonatal period; for example,
the partially myelinated posterior limb of the internal cap-
sule had lower dispersion and higher density compared
with the non-myelinated anterior limb of the internal cap-

sule [Kunz et al., 2014]. This finding supports the interpre-
tation that higher dispersion values observed in VPT
children in the current study reflect altered and/or
delayed white matter maturation. Other applications of
NODDI include patients with specific genetic variants
(16p11.2 deletions) [Owen et al., 2014], neurofibromatosis
[Billiet et al., 2014], and classic galactosemia [Timmers
et al., 2015]. In all of these previous studies, NODDI was
able to provide more detailed information regarding brain
white matter microstructure changes than FA alone.
NODDI has also recently been used to study gray matter
(cortical and thalamic) microstructure in preterm infants
shortly after birth and at term-equivalent age [Eaton-Rosen
et al., 2015].

As a secondary analysis, we showed that the group dif-
ferences in FA and axon dispersion persisted when VPT
children who had IVH grade 3/4 and/or cystic PVL in the
neonatal period were excluded. This finding indicates that
the group differences were not restricted to VPT children

Figure 7.

Regions where fractional anisotropy (FA) in very preterm chil-

dren correlated with academic outcomes [A. math computation;

B. reading]. The P-value images, displayed in red-yellow, have been

thickened for visualization and overlaid on the standard space

(MNI152) T1-weighted image. Only P< 0.05, after threshold-free

cluster enhancement (TFCE) and correction for the family-wise

error rate (FWE), are shown. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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with major brain injury. Additionally, to further aid the
reader in interpreting the current FA and NODDI results,
we provided axial, radial, and mean diffusivity values for
the VPT and control groups. Within the region in which
FA was lower in the VPT children compared with con-
trols, axial diffusivity was lower and radial and mean dif-

fusivities were higher. This is similar to previous studies
of DTI values in various white matter tracts in the same
cohort as the current study, in which we have shown that
white matter radial and mean diffusivities are increased in
the VPT group compared with controls [Murray et al.,
2015; Thompson et al., 2015, 2014b]. However, similar to

Figure 8.

Regions where white matter diffusion values [A. fractional ani-

sotropy (FA); B. axon density; C. axon dispersion] in very pre-

term children correlated with behavioral/emotional outcome.

The P-value images, displayed in red-yellow, have been thickened

for visualization and overlaid on the standard space (MNI152)

T1-weighted image. Only P< 0.05, after threshold-free cluster

enhancement (TFCE) and correction for the family-wise error

rate (FWE), are shown. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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FA, the biological interpretation of changes in the diffusiv-
ities is unclear; therefore, it is important to use techniques
such as NODDI, which provides greater biological specific-
ity compared with DTI.

Perinatal Predictors

GA at birth predicted lower FA in VPT children,
although this finding disappeared after adjusting for birth-
weight SD score and neonatal brain abnormalities, sug-
gesting that GA at birth is not an independent predictor of
white matter microstructure at age 7 years. Neonatal brain
abnormalities predicted lower FA and increased axon dis-
persion in VPT children in widespread tracts, independent
of GA at birth and birthweight SD score. This suggests
that VPT children who had neonatal brain abnormalities
tend to have less coherently organized axons. Previous
studies have found associations between neonatal brain
injury and later white matter DTI values. Feldman et al.
found that neonatal white matter injury was associated
with lower FA in childhood, particularly in the corpus cal-
losum and the posterior and periventricular white matter
[Feldman et al., 2012]. Allin et al. reported differences in
white matter FA between adolescents who did and did
not have abnormalities on neonatal ultrasound (periven-
tricular hemorrhage and ventricular dilation) [Allin et al.,
2011]. We have also previously shown that neonatal brain
abnormality is associated with widespread lower FA and
increased diffusivities in infancy in the same cohort as the
current study [Thompson et al., 2014a]. The current study
builds on previous studies, suggesting that correlations
between neonatal brain abnormalities and white matter
DTI values could reflect changes in axon dispersion.

Neurodevelopmental Outcomes

The results suggested that FA and NODDI parameters
have functional significance in VPT children, detecting
structure-function relationships with several key neurode-
velopmental outcomes. Lower FA in widespread white
matter tracts was associated with poorer IQ, while lower
axon density in many of the same tracts was also associ-
ated with poorer IQ. This suggests that associations
between low FA and poorer IQ are related to decreases in
axon density. Lower axon density may reflect axon loss
and/or increased space between axons [Billiet et al., 2014].
Additionally, axon density may be a useful marker for
myelination, as it correlates strongly with the intensity of
myelin stain under light microscopy [Jespersen et al.,
2010]. Similar to the current study, previous studies that
have used whole brain methods have also found associa-
tions between FA in widespread tracts and IQ in preterm
children or adolescents [Allin et al., 2011; Eikenes et al.,
2011; Feldman et al., 2012; Skranes et al., 2007]. White mat-
ter tracts consistently identified as being associated with
IQ include the inferior fronto-occipital, inferior longitudi-

nal, superior longitudinal and uncinate fasciculi, and the
corpus callosum/forceps minor, which were also found to
be associated with IQ in the current study [Allin et al.,
2011; Eikenes et al., 2011; Feldman et al., 2012; Skranes
et al., 2007].

Lower FA in widespread tracts was also associated with
poorer motor outcome, while in many of the same tracts
lower axon density and higher axon dispersion were asso-
ciated with poorer motor outcome. The correlations
between motor scores and FA, dispersion and density
were generally co-located in the same tracts. However,
there were some tracts in which motor scores were related
to FA and axon dispersion, but not to axon density; the
corpus callosum genu, left uncinate fasciculus, external
capsule, cerebral peduncle, right sagittal stratum, and right
superior fronto-occipital fasciculus. This supports the abil-
ity of NODDI to disentangle the factors contributing to FA
in particular white matter regions. Overall the associations
between FA, axon dispersion and axon density and motor
outcome in VPT children were widespread, and included
fiber tracts known to be important for motor functioning,
such as the corticospinal tract, the posterior limb of the
internal capsule and cerebral peduncle (regions that the
corticospinal tract fibers pass through), the corpus cal-
losum body (which interconnects the motor cortical areas),
and the corona radiata (which contains projectional motor
fibers) [Duvernoy, 1999]. Similarly, several previous stud-
ies have found that reduced FA in various white matter
pathways, particularly the corticospinal tract, and also the
corpus callosum, is associated with motor delays in chil-
dren born preterm [de Kieviet et al., 2014; Groeschel et al.,
2014; Lee et al., 2011; Skranes et al., 2007; Thompson et al.,
2015].

Additionally, worse behavioral/emotional outcome was
associated with poorer white matter microstructural orga-
nization, including lower FA and axon density in wide-
spread tracts, as well as higher axon dispersion in the
corpus callosum/forceps minor. This is a relatively novel
finding, as only a few previous studies have also found
that lower FA in widely distributed tracts is associated
with behavioral and emotional problems in preterm chil-
dren, including attention and internalizing behavior prob-
lems [Loe et al., 2013], and mild social deficits, inattention
symptoms, and attention-deficit hyperactivity disorder
[Skranes et al., 2007].

LIMITATIONS

We applied NODDI retrospectively to multi-shell diffu-
sion images acquired with different acquisition parameters
(e.g., different TEs, TRs and voxel sizes between diffusion
shells), in line with previous studies [Counsell et al., 2014;
Owen et al., 2014]. However, we acknowledge that this is
a limitation of our study and our results should be inter-
preted with caution given this limitation. Future studies
with equivalent acquisition parameters for all diffusion
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shells are required to validate our results. It is possible
that the different acquisition parameters between diffusion
shells may cause the neurite density maps to show a
weaker contrast between gray matter and white matter
than is usually seen in NODDI maps (Fig. 1). It is also pos-
sible that the different acquisition parameters between
shells may explain the fact that no differences in axon den-
sity were found between the VPT children and controls,
which was contrary to our original hypothesis. While we
have attempted to mitigate the effects of the different
voxel sizes, TEs and TRs between diffusion shells by
resampling the shells to the same resolution and normaliz-
ing each shell by its b 5 0 s/mm2 volume, we acknowledge
that these correction steps do not compensate for all possi-
ble differences between the shells, including differences in
gradient pulse width and separation and differences in the
amounts of partial voluming.

TBSS has several limitations that could complicate inter-
pretation of our findings [Bach et al., 2014]. The skeletoni-
zation step may limit the reliability of the final results as it
introduces a spatial variability and orientational heteroge-
neity of the statistical sensitivity [Edden and Jones, 2011].
An additional drawback of confining the spatial location
of the analysis to a skeleton is the lack of specificity [Jones
and Cercignani, 2010]. In regions where multiple fiber
structures converge, such as the interface of the superior
parts of the corpus callosum and the corticospinal tracts,
the skeleton cannot be defined unambiguously [Van Hecke
et al., 2010]. Recent work suggests that using more
advanced registration methods improves cross-subject
alignment [Schwarz et al., 2014; Van Hecke et al., 2007],
increasing reliability of statistical inferences.

Another potential limitation of our study was the inclu-
sion of a non-uniform gradient scheme for the b-
value 5 3,000 s/mm2 diffusion data in 29% of our VPT
sample and 27% of our control sample, which may intro-
duce an orientation bias affecting the NODDI images. Sec-
ondary analyses excluding images with non-uniform
gradient schemes generally revealed similar results to pri-
mary analyses, where loss of statistical significance in
some regions may be due to reduced statistical power
within the smaller sample. However, some of the NODDI
results should be interpreted with caution as they were
altered after excluding the images with non-uniform gra-
dients, suggesting that they could have been influenced by
the non-uniform gradients.

Although the participants included in the current study
underwent diffusion imaging in the neonatal period, the
neonatal data were of insufficient quality for analysis
using TBSS and NODDI. However, we have previously
described neonatal DTI values for this cohort of children
in the corpus callosum [Thompson et al., 2011, 2012], and
various other regions-of-interest [Thompson et al., 2014a].
We have also previously described change in DTI values
within the corpus callosum between the neonatal period
and 7 years of age [Thompson et al., 2015]. In these previ-

ous studies of neonatal white matter DTI values, we found
that microstructure was altered in VPT children compared
with controls in multiple, widespread white matter regions
(i.e., the corpus callosum [Thompson et al., 2011] and dor-
sal prefrontal, orbitofrontal, premotor, subgenual, sensori-
motor, mid-temporal, parieto-occipital, inferior occipital,
and cerebellar white matter regions [Thompson et al.,
2014a]). Together with the current findings, this suggests
that altered microstructure is present in widespread white
matter regions in VPT children compared with controls in
both the neonatal period and 7 years later (in the form of
lower FA or higher axon dispersion). Some white matter
tracts that appear to display altered microstructure in both
the neonatal period and at age 7 years are the corpus cal-
losum, corticospinal tracts, optic radiations, cerebellar
tracts, and inferior and superior longitudinal fasciculi.
However, it is difficult to compare our previous findings
from the neonatal period with the findings from the cur-
rent study due to the different MRI analysis methods used
and different methods for defining white matter regions
anatomically.

For our statistical analyses relating perinatal factors to
diffusion values at 7 years of age, we chose to focus on
three important perinatal factors (GA at birth, birth weight
SD score, and neonatal brain abnormality score), given
previous studies suggest that these three factors are strong
predictors of white matter DTI values in preterm children
[Pannek et al., 2014; Thompson et al., 2014a,]. However,
we acknowledge that a more detailed analysis of addi-
tional perinatal factors in relation to white matter diffusion
values in preterm children may be beneficial in future
studies.

CONCLUSIONS

This is the first study to apply NODDI to study whole
brain white matter microstructure in children born pre-
term. NODDI revealed that VPT children have higher
white matter axon dispersion compared with controls, that
neonatal brain abnormalities predict higher axon disper-
sion in VPT children, and that higher axon dispersion and
lower axon density in VPT children are associated with
some neurodevelopmental delays. The current study is
also one of the first studies to demonstrate associations
between NODDI and functional outcomes, although some
studies have shown associations between NODDI values
in gray matter and functional outcomes in adults [Morris
et al., 2016; Nazeri et al., 2015]. White matter tracts that
were consistently altered in VPT children included the cor-
pus callosum, internal and external capsules, anterior tha-
lamic radiation and inferior and superior longitudinal
fasciculi. Compared with FA alone, NODDI enabled a
more detailed and biologically meaningful interpretation
of white matter microstructure changes associated with
VPT birth, perinatal medical complications and functional
outcomes.
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