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ABSTRACT

Preterm birth causes significant disruption in ongoing brain development, frequently resulting in adverse neu-
rodevelopmental outcomes. Brain imaging using diffusion MRI may provide valuable insight into micro-
structural properties of the developing brain. The aim of this study was to establish whether the recently in-
troduced fixel-based analysis method, with its associated measures of fibre density (FD), fibre bundle cross-
section (FC), and fibre density and bundle cross-section (FDC), is suitable for the investigation of the preterm
infant brain at term equivalent age. High-angular resolution diffusion weighted images (HARDI) of 55 preterm-
born infants and 20 term-born infants, scanned around term-equivalent age, were included in this study (3 T, 64
directions, b = 2000 s/mm?). Postmenstrual age at the time of MRI, and intracranial volume (FC and FDC only),
were identified as confounding variables. Gestational age at birth was correlated with all fixel measures in the
splenium of the corpus callosum. Compared to term-born infants, preterm infants showed reduced FD, FC, and
FDC in a number of regions, including the corpus callosum, anterior commissure, cortico-spinal tract, optic
radiations, and cingulum. Preterm infants with minimal macroscopic brain abnormality showed more extensive
reductions than preterm infants without any macroscopic brain abnormality; however, little differences were
observed between preterm infants with no and with minimal brain abnormality. FC showed significant reduc-
tions in preterm versus term infants outside regions identified with FD and FDC, highlighting the complementary
role of these measures. Fixel-based analysis identified both microstructural and macrostructural abnormalities in
preterm born infants, providing a more complete picture of early brain development than previous diffusion
tensor imaging (DTI) based approaches.

1. Introduction

anisotropy (FA), mean diffusivity (MD; sometimes also referred to as
apparent diffusion coefficient, ADC), and axial and radial diffusivity.

Preterm birth occurs at a critical time during brain development.
Exposure to the extra-uterine environment causes disturbances in the
balance of developmental processes of apoptosis, synaptogenesis, and
myelination (Volpe, 2009). Infants born prematurely are therefore at an
increased risk of motor, cognitive, and behavioural problems (Allen
et al., 2011; Saigal and Doyle, 2008). Earlier identification of infants at
high risk of developing adverse outcomes would enable earlier, targeted
intervention.

Diffusion magnetic resonance imaging (MRI) can provide unique
insights into the microstructural development of the brain. Diffusion
tensor imaging (DTI) is the most commonly used diffusion MRI method
in neonates. Typical measures obtained from DTI include fractional
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During early brain development, ongoing processes of fibre organisa-
tion, membrane proliferation, and (pre-)myelination are thought to
impact the DTI measures (Dubois et al., 2008). Indeed, previous studies
have shown that DTI measures vary across the lifespan (Hasan et al.,
2008; Lebel et al., 2012), with rapid increases in FA and decreases in
MD over the first few weeks and years of life (Braga et al., 2015;
Kidowaki et al., 2016; Kersbergen et al., 2014; Nossin-Manor et al.,
2013; Akazawa et al., 2015). Furthermore, regional patterns of brain
development can be observed with DTI (Rose et al., 2014; Wu et al.,
2017).

A major limitation of DTI, however, is its inability to resolve
crossing fibres. It has been shown previously that between 63 and 90%
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Table 1
Acquisition parameters.
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Contrast Sequence Details

T2 HASTE Acquired in axial, coronal, and sagittal; TR/TE 2000/101 ms; in-plane resolution 0.56 X 0.56 mm; slice thickness 4.8 mm
T2 (quantitative) Multi-echo TSE axial TR/TE1/TE2/TE3 10,580/27/122/189 ms; in-plane resolution 0.70 X 0.70 mm,; slice thickness 2 mm

T1 MPRAGE TR/TE/TI 2100/3.18/1500 ms; resolution 1.3 x 1.25 X 1.25 mm

T1 TSE axial TR/TE 1490/12 ms; in-plane resolution 0.7 x 0.7 mm; slice thickness 2 mm

Perfusion EPI axial TR/TE/TI1/TI2 3427.5/21/700/1800 ms; in-plane resolution 4.0 X 4.0 mm; slice thickness 5 mm

Field map GRE axial TR/TE1/TE2 488/4.92/7.38 ms; in-plane resolution 2.5 x 2.5 mm; slice thickness 3.25 mm

Diffusion (DTI) EPI axial TR/TE 9500/130 ms; 30 directions; b = 1000 s/mm?; in-plane resolution 1.75 x 1.75 mm; slice thickness 2 mm
Diffusion (HARDI) EPI axial TR/TE 9500/130 ms; 64 directions; b = 2000 s/mm?; in-plane resolution 1.75 x 1.75 mmy; slice thickness 2 mm

of white matter voxels in the adult human brain contain crossing fibres
(Jeurissen et al., 2013). High angular resolution diffusion weighted
imaging (HARDI), in conjunction with advanced models of re-
construction, can be used to overcome this limitation by estimating
multiple fibre orientations within each voxel. Today, HARDI is still
primarily used to improve the delineation of white matter pathways
using tractography, and only rarely to examine local microstructural
features in preterm-born infants (Eaton-Rosen et al., 2015; Shi et al.,
2016; Gao et al., 2016).

In the current work, we employ a recently developed statistical
analysis technique for HARDI data, termed fixel based analysis (FBA;
(Raffelt et al., 2016)). A “fixel” describes the different fibre bundles
(with different orientations) that may be present within a voxel (Raffelt
et al., 2015). Akin to DTI, where each voxel contains information about
local FA, MD, and other measures, each fixel carries microstructural (or
macrostructural) information which, in contrast to DTI voxels, is spe-
cific to the fibre orientation in question. The fixel metrics fibre density
(FD), fibre-bundle cross-section (FC), and a combined measure of fibre
density and cross-section (FDC) were introduced by Raffelt et al.
(2016).

These metrics are thought to provide insight into the different me-
chanisms that can lead to an alteration in a connection's ability to relay
information. A reduction in the total number of axons, according to
Raffelt et al. (2016), can manifest in 3 different ways: a) through
changes in tissue microstructure (i.e. fewer axons per voxel, however
occupying the same spatial extent), b) through changes in tissue mac-
rostructure (i.e. the same number of axons per voxel, however occu-
pying a decreased spatial extent), and c) through a combination of the
former two (i.e. fewer axons per voxels occupying a decreased spatial
extent). Changes in tissue microstructure (case a) are reflected in the
measure fibre density (FD), which is a surrogate marker of the intra-
axonal restricted compartment of a fibre bundle. In contrast, fibre-
bundle cross-section (FC) refers to the cross-sectional area that is oc-
cupied by a fibre bundle, and measures changes in local tissue macro-
structure (case b). During early brain development, both tissue micro-
structure and macrostructure change markedly and in conjunction (case
c¢), which can be assessed using the combined measure of fibre density
and bundle cross-section (FDC).

Our aim was to establish the utility of FBA in preterm-born infants
scanned at term equivalent age (TEA). We investigated (i) whether FD,
FC, and FDC are correlated with postmenstrual age (PMA) at the time of
MRI and gestational age (GA) at birth; (ii) whether differences in pre-
term-born infants compared to term-born infants in these measures can
be observed; and (iii) whether these differences are more pronounced in
the presence of mild macroscopic brain abnormality.

2. Materials and methods
2.1. Participants
Participants for this study were selected from a larger project in-

vestigating neurodevelopmental outcomes following very preterm birth
(George et al., 2015). Preterm infants born at < 31 weeks completed

gestation, admitted to the Royal Brisbane and Women's Hospital Neo-
natal Intensive Care Unit between January 2013 and April 2016 were
eligible for recruitment. Infants were excluded if known genetic or
chromosomal abnormality was present, their parents or caregivers did
not speak English, or they lived > 200 km from the hospital. A re-
ference sample of healthy term-born infants was also recruited. Term-
born infants were eligible if they were born between 38 and 41 weeks
gestation following an uncomplicated pregnancy and delivery, had a
birth weight above the 10th percentile, were not admitted to the neo-
natal intensive or special care units, and had a normal neurological
examination at the time of the MRIL

The study was approved by the Human Ethics Research Committees
at the Royal Brisbane and Women's Hospital (HREC/12/QRBW/245)
and The University of Queensland (2012001060).

2.2. MRI

Magnetic Resonance Imaging was performed using a 3T Siemens
TIM Trio (Siemens, Erlangen, Germany). Infants were scanned during
natural sleep without sedation, using an MR compatible incubator with
a dedicated 8-channel neonatal head coil (Lammers LMT, Liibeck,
Germany). Neuroimaging was performed around 30 weeks post-
menstrual age and again term equivalent age, and included T1- and T2-
weighted structural imaging, multi-echo T2-weighted imaging for es-
timation of quantitative T2, perfusion imaging, diffusion tensor ima-
ging (DTL; 30 directions, b = 1000s/mm?), high angular resolution
diffusion weighted imaging (HARDI; 64 directions, b = 2000 s/mm?),
and a field map to assist in the correction of susceptibility distortions on
the diffusion images. Acquisition parameters are detailed in Table 1. If
signal dropouts were observed during the acquisition of the DTI or
HARDI data, acquisition was repeated in the same session when pos-
sible. For the current analysis, only structural and HARDI data acquired
around term equivalent age were used.

2.3. Scoring of structural images

Structural images were scored by a child neurologist with training
in MRI radiology (SF) using the semi-quantitative scoring system of
Kidokoro et al. (2013) with modified cut-points for regional measure-
ments (George et al., 2017). The scoring system assesses the domains of
white matter, cortical grey matter, deep grey matter, and cerebellum.
Scores for a subset of infants included in this study have been presented
previously (George et al., 2017). For the current study, only infants
with a global score < 3 (indicating none or minimal brain abnormality)
were included. The preterm infant group was further subdivided into
groups of infants with a global score of 0 (indicating no abnormality in
any of the domains), and a global score of 1-3 (indicating mild-to-
moderate brain abnormality in at least one of the domains).

2.4. Diffusion image processing

Diffusion data were visually inspected, and datasets were excluded
if they contained spike artefacts. Volumes containing motion between
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the odd and even subvolumes of the interleaved acquisition were au-
tomatically detected using a registration-based approach (Pannek et al.,
2017) and removed from further analysis. In cases where multiple re-
peats of the HARDI data were acquired, the repeat with the best image
quality was selected and, when possible, any remaining volumes with
head motion in this repeat were replaced with those of the other repeat
(s). Datasets containing > 10 rejected volumes were excluded.

Preprocessing of diffusion images included denoising (Manjon et al.,
2013), correction for head motion using rigid registration, correction
for susceptibility distortions using the field map, removal of non-brain
tissue, detection and replacement of signal intensity outliers prior to
resampling (Pannek et al., 2012; Morris et al., 2011) and removal of
intensity inhomogeneities. Note that denoising was used only to im-
prove registration accuracy; all other corrections were carried out on
the original data.

To perform fixel-based analysis, overall image intensity was nor-
malised across subjects using the median b = 0 intensity within white
matter. The single fibre response function was estimated after intensity
normalisation for each subject using the “Tournier” algorithm im-
plemented in MRtrix (Tournier et al., 2012) (www.mrtrix.org). A group
response function was calculated by averaging all individual response
functions. Preprocessed diffusion weighted images were upsampled by
a factor of 2, and fibre orientation distributions (FOD) were estimated
using constrained spherical deconvolution (Tournier et al., 2007), im-
plemented in MRtrix.

A study specific, unbiased FOD template was generated from a
subset of infants (10 preterm-born and 10 term-born, selected ran-
domly), using linear and non-linear registration of the FOD images
(Raffelt et al., 2011), Fig. 1. Every subject's FOD image was subse-
quently registered to this template (Raffelt et al., 2011; Raffelt et al.,
2012).

Fixel measures of fibre density (FD), fibre cross-section (FDC), and a
combined measure of fibre density and cross-section (FDC) were cal-
culated in template space using MRtrix (Raffelt et al., 2016).

2.5. Statistical analysis

Fixel-based statistical analysis was carried out using MRtrix. An
analysis mask was created by applying a threshold of 0.33 on the
average FOD amplitude. Measures of Fibre Cross-section (FC) were log-
transformed prior to statistical analysis, as described previously (Raffelt

FOD template

Fig. 1. FOD template and analysis mask. Top: A study specific FOD template was gen-
erated from 10 preterm and 10 term infants (selected randomly). Bottom: fibre density,
fibre cross-section, and fibre density and cross-section metrics were statistically analysed
for fixels with an FOD amplitude exceeding 0.3. Note that fixels perpendicular to the
plane of view are not visible (e.g. in the corpus callosum in mid-sagittal view). Colour
indicates the orientation of the FOD/fixel orientation (red: left-right, blue: inferior-su-
perior, green: anterior-posterior). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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et al., 2016). Correction for multiple comparisons was performed using
connectivity-based fixel enhancement (Raffelt et al., 2015) with 5000
permutations.

The following analyses were performed:

e correlations in preterm-born infants:

e with postmenstrual age at the time of MRI. We hypothesise that
PMA at the time of MRI has a global effect on FD, FC, and FDC,
indicating ongoing processes of maturation.

e with estimated intracranial volume at the time of MRI. In their
work in adults, Raffelt et al. used the estimated intracranial vo-
lume as a nuisance covariate for FC and FDC (but not FD) to re-
move global effects of brain scaling resulting from the registration
to a template (Raffelt et al., 2016). In a neonatal population, in-
tracranial volume is strongly related to postmenstrual age.
Therefore, we explicitly investigated whether intracranial volume
constituted a confounding variable that was not already ac-
counted for by postmenstrual age. Intracranial volume was esti-
mated indirectly using the brain masks obtained during pre-
processing: brain masks were transformed non-linearly to the
study-specific template space using the transformations obtained
from the FOD registration, the overlap of brain masks of all sub-
jects was calculated, and this mask back-transformed to the in-
dividual subject's space for volume estimation. This process en-
sured that inaccuracies of the individual brain masks did not
impact the estimates of intracranial volume; however, we ac-
knowledge that brain volumes may be underestimated due to the
required overlap of all brain masks.

e with gestational age at birth. We hypothesise that the degree of
prematurity impacts on white matter microstructure; specifically,
we hypothesise that there will be a positive correlation between
GA and FD, FC, and FDC in the same brain regions where differ-
ences between preterm-born and term-born infants are identified
(see below).

e group comparisons:

® between preterm-born infants (with or without brain abnormality
in any of the domains), and term-born infants. We hypothesise
that preterm-born infants will show delayed maturation and/or
injury of the white matter compared to term-born infants, which
will manifest as reduced FD, FC, and FDC in the preterm group.

® between preterm-born infants without brain abnormality in any of
the domains, and term-born infants. We hypothesise that differ-
ences between preterm-born and term-born infants will be present
even in the absence of brain abnormality, which will manifest as
reduced FD, FC, and FDC in the preterm group.

® between preterm-born infants with brain abnormality in any of the
domains, and term-born infants. We hypothesise that preterm-
born infants with brain abnormalities will have greater white
matter differences compared to term born infants, than preterm-
born infants without brain abnormality, which will manifest as
more extended reductions in FD, FC, and FDC.

® between preterm-born infants with and without brain abnormal-
ities in any of the domains. We hypothesise that preterm-born
infants with minimal brain abnormalities on structural imaging
will show reductions in FD, FC, and FDC compared to preterm
infants without brain abnormality.

We found that PMA at the time of MRI has a profound effect on
microstructural measures (see Results section); therefore, PMA was
used as a confounder in all analyses. FC and FDC were found to be
influenced by brain volume (see Results section), which was therefore
included as an additional confounder in the statistical analysis of these
measures.

The splenium of the corpus callosum emerged as an important
structure in the above analyses (see Results section). To depict corre-
lations and group differences in detail, we manually delineated the
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splenium of the corpus callosum on the midsagittal plane, and extracted
average measures of FD, FC, and FDC for the primary fibre orientation.

3. Results
3.1. Participants

A total of 105 preterm and 21 term born infants underwent MRI at
term equivalent age as part of the prospective cohort study (George
et al., 2015). In the current work, we included only infants with a global
MRI classification of “normal” based on structural imaging (63 preterm
and all term born infants). Data obtained of 8 preterm infants were
excluded due to motion artefacts (> 10 volumes removed). Data of 1
term-born infant were excluded due to intrauterine growth restriction.
Therefore, 55 preterm (36 male, 19 female, GA at birth
23+6_30" % weeks) and 20 term born infants (12 male, 8 female, GA at
birth 38 72-41 "3 weeks) were included in the analysis. Infants under-
went MRI between 38*2 and 44 *© weeks PMA. While all infants had a
global MRI classification of “normal”, 26 preterm-born and 2 term-born
infants were classified as having mild or moderate abnormalities in at
least one of the domains (WM, deep GM, cortical GM, cerebellum) of
the scoring system. Here, we consider infants with mild or moderate
abnormalities in any of the domains as “minimal abnormality” group,
while other infants are considered the “no abnormality” group.

By design, preterm infants were born at younger GA and with lower
birth weight than term infants. There was no statistically significant
difference in PMA at time of MRI between preterm and term infants
(p = .143, Wilcoxon's test), and between preterm infants with and
without brain abnormality (p = .761, Wilcoxon's test). Preterm infants
with minimal brain abnormality were born at slightly younger GA
(p = .084, Wilcoxon's test) and with lower birth weight (p = .028,
Wilcoxon's test) than preterm infants without brain abnormality. There
was no statistically significant difference in the number of removed
volumes for included infants; however, more preterm infants than term
infants were removed entirely from the analysis due to excessive mo-
tion.

Demographics are summarised in Table 2. Detailed information for
all participants is provided in Supplementary materials.

3.2. Correlation with postmenstrual age and intracranial volume

Fibre density (FD), FC, and FDC were positively correlated with
postmenstrual age (PMA) at the time of MRI and intracranial volume
(ICV) throughout the white matter (Fig. 2). The correlation between FC
and FDC, and ICV remained statistically significant throughout the
white matter after correction for PMA, while the correlation between
FD and ICV was statistically significant only in the left posterior limb of
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the internal capsule, cerebral peduncle, cerebellar peduncle, and ante-
rior commissure. In all further analysis, PMA was therefore considered
a confounding variable. In addition, for FC and FDC analyses, ICV was
included as a confounding variable.

3.3. Correlation with gestational age

Fibre density (FD), FC, and FDC were positively correlated with GA
at birth only in the splenium of the corpus callosum. This relationship
remained statistically significant when correcting for PMA and ICV
(Fig. 3). The correlation was more widespread and demonstrated lower
p-values for FD and FDC, than for FC. A scatter plot visualising the
association between fixel metrics and GA at birth is provided in Sup-
plementary Fig. 1, for a region of interest drawn on the midsagittal
splenium of the corpus callosum.

3.4. Effect of prematurity and brain abnormality

Results of the group comparisons between preterm and term infants,
as well as preterm infants with and without brain abnormality are
shown in Fig. 4. Example plots for a region of interest drawn in the
splenium of the corpus callosum are provided in Supplementary Fig. 1.

3.4.1. Preterm versus term infants

Fibre density (FD) was significantly reduced in preterm infants
compared to term-born infants within the anterior commissure, the
fornix bilaterally, the genu of the corpus callosum extending bilaterally
to the prefrontal lobe, the midbody of the corpus callosum, and the
splenium of the corpus callosum extending bilaterally to the occipital
and temporal lobes. The FDC was decreased within the same structures
except the anterior midbody of the corpus callosum and the anterior
commisure. Furthermore, FC was decreased in preterm infants in the
genu of the corpus callosum extending to the prefrontal lobes bilat-
erally, and the splenium of the corpus callosum. Reductions in FC were
also observed in the optic radiations bilaterally (more extensive in the
left hemisphere), the cingulum bundle within the temporal lobes bi-
laterally, the cerebral and cerebellar peduncles bilaterally, the white
matter of the right postcentral gyrus, and part of the left superior
longitudinal fasciculus.

3.4.2. Preterm subgroups
The preterm infant group was divided into two groups based on
presence or absence of minimal brain abnormalities on structural MRI.

3.4.2.1. Fibre density (FD). In preterm infants without any brain
abnormality compared to term-born infants, FD was reduced in the
genu, midbody, and splenium of the corpus callosum, and a small area

Table 2
Demographics.
Term Preterm
All No abnormality Minimal abnormality
n (male/female) 20 (9/11) 55 (19/36) 29 (9/20) 26 (10/16)

39+3 (38+2—41 +3)
3500 (2932-3940)
4076 (39724274

GA at birth [weeks " 92*]
Birth weight [grams]®
PMA at MRI [weeks * 9]

ICV at MRI" 511.0 (455.6-540.6)
MRI classification (normal/mild/moderate/severe)
WM 20/0/0/0
dGM 20/0/0/0
cGM 19/1/0/0
cerebellum 19/1/0/0
global 20/0/0/0

28+0 (24+3_30+6)
1243 (584-1886)
405 (38+3_42+1)
511.2 (446.7-651.0)

28+5 (23+6_30+6)
1188 (584-1886)
40*5 (38+3-44"9)
508.6 (382.6-651.1)

29+0 (23+6_30+6)
1035 (598-1649)
40" (38+6_44%6)
490.8 (382.6-651.1)

52/3/0/0 29/0/0/0 23/3/0/0
44/8/3/0 29/0/0/0 15/8/3/0
48/2/5/0 29/0/0/0 19/2/5/0
45/9/1/0 29/0/0/0 16/9/1/0
55/0/0/0 29/0/0/0 26/0/0/0

GA: gestational age; PMA: postmenstrual age; MRI: magnetic resonance imaging; ICV: intracranial volume; WM: white matter; dGM: deep grey matter; cGM: cortical grey matter.

@ Reported are median and range.
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PMA pvalue ——————

Fig. 2. Correlation between fixel metrics and postmenstrual age (PMA) and intracranial volume (ICV). p-values are overlaid on the total voxelwise FD map. FD, FC, and FDC are positively
correlated with PMA and ICV. The correlation between FC and FDC and ICV remains significant throughout the brain when correcting for PMA.

Fig. 3. Correlation between fixel metrics and gestational age (GA) at birth. p-values are overlaid on the total voxelwise FD map. FD, FC, and FDC are positively correlated with GA in the
splenium of the corpus callosum. For all measurements, PMA was included as a confounding variable. For FC and FDC, intracranial volume was additionally included as a confounding
variable.
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Fig. 4. Comparison between infant groups. p-values are overlaid on the total voxelwise FD map. Top panel: fibre density (FD), middle panel: fibre cross-section (FC), bottom panel: fibre
density and cross-section (FDC). In each panel: A: preterm infants compared to term-born infants; B: preterm infants with no brain abnormality compared to term-born infants; C: preterm
infants with minimal brain abnormality compared to term-born infants; D: preterm infants with minimal brain abnormality compared to preterm infants with no brain abnormality.

of the right fornix. Reductions in FD in these areas in preterm infants
with minimal brain abnormalities were more spatially extended; in
addition, FD was reduced in the anterior commissure extending to the
temporal lobes. There was a small area within the splenium of the
corpus callosum that showed statistically significant differences in FD in
preterm infants without brain abnormalities compared to preterm
infants with minimal brain abnormalities.

3.4.2.2. Fibre density and bundle cross-section (FDC). In preterm infants
without brain abnormalities, FDC was reduced compared to term-born
infants in the splenium of the corpus callosum, and a small area of the
midbody of the corpus callosum. Preterm infants with minimal brain
abnormalities had reduced FDC compared to term-born infants in the
genu of the corpus callosum, the splenium of the corpus callosum, and
the anterior commissure. There were no statistically significant
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differences in FDC between preterm infants without brain abnormality
and those with minimal brain abnormality.

3.4.2.3. Fibre-bundle cross-section (FC). In preterm infants without brain
abnormality compared to term-born infants, FC was reduced in the
right cerebral peduncle, the right cingulum bundle in the temporal lobe,
the splenium of the corpus callosum, and the white matter of the right
postcentral gyrus. In contrast, in preterm infants with minimal brain
abnormality, FC was reduced compared to term-born infants in the left
cerebral peduncle, the cingulum bundle in the temporal lobes
bilaterally, the left optic radiation, and the genu and splenium of the
corpus callosum. There were no statistically significant differences in
FC between preterm infants without brain abnormality and those with
minimal brain abnormality.

4. Discussion

To our knowledge, this is the first study to employ a fixel-based
analysis in preterm-born infants at term equivalent age. In contrast to
previous studies using voxel-based analyses of diffusion tensor imaging
(DTI) measures such as fractional anisotropy (FA) or mean diffusivity
(MD), fixel-based analysis is based on a model that is able to resolve
crossing fibres, and performs statistical analysis for the individual fibre
populations in the voxel (fixel). In addition, fixel based analysis allows
the assessment of both tissue microstructure (FD), local macrostructure
(FC), and the interaction between microstructure and macrostructure
(FDC). We found that measures of FD, FC, and FDC were correlated
with gestational age at birth, and showed differences between preterm-
born infants and term-born infants. Postmenstrual age at the time of
MRI was identified as a confounding variable for all measures. In ad-
dition, intracranial volume was identified as a confounding variable for
FC and FDC.

Postmenstrual age (PMA) at the time of MRI was significantly po-
sitively correlated with FD, FC, and FDC. At term equivalent age, the
majority of axons are already laid down, with myelination ongoing.
Increasing myelination causes the axons to be pushed apart (Fig. 5); the
more myelinated, the greater the spatial extent taken up by the fibre
bundle and the higher the FC. We would expect to observe a decrease in

mature fibre bundle

immature fibre bundle

FDN
FCA~
FDC ?

FD A~
FCA~
FDC~

Fig. 5. Changes in fixel measures during brain development. Grey circles indicate axons
(grey level indicates degree of diffusion restriction), black circumference indicates mye-
lination. As myelination increases, axons are pushed further apart. Top: If myelination
does not affect the diffusion restriction, a decrease in FD is expected, together with an
increase in FC. Bottom: If myelination increases diffusion restriction (potentially due to a
slowing in the exchange rate between intra-axonal and extra-axonal space), an increase in
FD could be observed.
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FD, because there are now fewer axons present in each voxel. Our ex-
periments, however, showed an increase in FD. A possible explanation
is that the exchange rate between intra-axonal and extra-axonal spaces
are reduced due to the increasing myelination, causing an apparent
increase in the intra-axonal compartment (Cohen and Assaf, 2010), and
hence an increase in FD (Fig. 5). An increase in the intra-axonal com-
partment has previously been observed using NODDI in young children
(Jelescu et al., 2015).

All assessed measures (FD, FC, and FDC) showed a significant po-
sitive correlation with gestational age at birth within the splenium of
the corpus callosum. This result indicates that the splenium of the
corpus callosum is altered both microstructurally and macrostructurally
with increased prematurity. On the other hand, FD, FC, and FDC were
reduced in preterm-born infants compared to term-born infants in a
number of brain regions. While FD and FDC showed largely overlapping
patterns of reduction, decreases in FC were also seen in brain regions
that showed no alterations in FD or FDC (Fig. 4); conversely, not all
areas showing reductions in FD or FDC showed alterations in FC. This
finding highlights that these measures provide complementary in-
formation: FD is thought to be related to microstructural properties of
the white matter, whereas FC pertains to macrostructural properties
(cross-sectional area). Alterations in brain microstructure and brain
macrostructure can occur in conjunction, or independently. We found
that both brain microstructure (i.e. FD) and brain macrostructure (i.e.
FC) were altered in the genu and splenium of the corpus callosum; on
the other hand, brain microstructure - but not macrostructure - was
altered within the body of the corpus callosum, and brain macro-
structure - but not microstructure - was altered within the cerebral and
cerebellar peduncles, the cingulum bundle (within the temporal lobes),
and the optic radiations. We also identified reduced FD, but not FC, in
preterm infants in the anterior commissure; however, as discussed by
Raffelt and colleagues, the relatively coarse resolution of the acquired
diffusion MRI data leads to partial volume effects in this thin white
matter structure, thereby making alterations in FD and FC difficult to
differentiate (Raffelt et al., 2016).

The FDC was reduced only in areas that also demonstrated reduc-
tions in FD, including (but not restricted to) those overlapping with FC
reductions (Fig. 4). FDC is a combined measure of FD and FC (multi-
plicative), and is therefore influenced by both brain microstructural and
macrostructural properties. It is thought that FDC is “more likely to
reflect differences in ‘the ability to relay information’ compared to fibre
density or fibre-bundle cross section alone” (Raffelt et al., 2016). In
preterm infants, FDC was reduced in the genu, posterior midbody,
isthmus, and splenium of the corpus callosum, compared to term-born
infants.

The observed changes with gestational age at birth, as well as the
observed decreases in preterm compared to term born infants, may be
caused either by decreased myelination, a reduced axon number, or
both. Further research, including postmortem histology studies, is re-
quired to establish the relationship between physiological tissue
changes and fixel metrics.

Preterm-born infants in this study were selected from a larger co-
hort: only infants with no or only minimal brain abnormality (based on
the scoring system of Kidokoro et al. with modified cut-points
(Kidokoro et al., 2013; George et al., 2017)) were selected. We subse-
quently dichotomised the preterm infant group based on their MRI
scores for the domains of the scoring system: (i) those infants who
showed no abnormality in any of the domains, and (ii) those who
showed mild-to-moderate abnormality in at least one of the domains
(termed infants with minimal brain abnormality). Preterm infants with
minimal brain abnormality showed larger regions of reduced FD, FC,
and FDC than did preterm infants without brain abnormality; as ex-
pected within the same regions reported above for the comparison of all
preterm infants and term-born infants. When comparing preterm in-
fants with and without minimal brain injury directly, however, there
were little statistically significant differences between the two groups:
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FD was slightly reduced in a small area of the splenium of the corpus
callosum. It should be noted that infants with minimal brain abnorm-
ality had mixed appearances (see Table 2 and Supplementary material):
3 infants had white matter abnormality, 7 had deep grey matter ab-
normality, 6 had cortical grey matter abnormality, 5 had cerebellar
abnormality, and 5 had abnormalities in multiple domains. Considering
this mixed phenotype, as well as the relatively small sample size (29
infants without brain abnormality, 26 with minimal brain abnorm-
ality), it is perhaps not surprising that no differences were observed.
Future research will investigate more selective subgroups (e.g. infants
with only white matter abnormalities of increasing severity), however a
larger sample size will be required.

In this study, we limited inclusion of infants to those with no or only
minimal brain abnormality. We expect that infants with more severe
brain abnormalities would show further reduced FD, FC, and FDC;
however, these infants were excluded from the current study a priori,
because severe brain abnormalities may influence the accuracy of the
image registration that is required for fixel-based analysis. We also only
included MRIs acquired around term-equivalent age. Preterm infants
were scanned on two occasions: early in life (between 29 and 35 weeks
postmenstrual age) and again at term-equivalent age. The preterm brain
develops rapidly, progressing from a relatively smooth appearance of
the cortex to a highly folded cortex; furthermore, during early brain
development, the cortex shows a radial organisation, that can be ob-
served with diffusion MRI (McKinstry et al., 2002). Both factors impact
on the accuracy of the image registration, and need to be addressed in
detail before fixel-based analysis can be applied to preterm infants
scanned early in life. While we acquired diffusion data at 2 b-values (30
directions at b = 1000 s/mm? and 64 directions at b = 2000 s/mm?), in
this study we only used the high b-value data for fixel-based analysis.
Multi-shell data can be used in the estimation of fibre orientations using
constrained spherical deconvolution (Jeurissen et al., 2014), which
provides the advantage of separating tissue types; however, efforts to
validate this method for the neonate brain are still ongoing (Pietsch
et al., 2017). In comparison to adult HARDI data (typical b-value of
3000 s/mm?), our b-value of 2000 s/mm? is relatively low. At this lower
b-value, the suppression of extra-cellular water may still be incomplete,
which may impact the fixel measures. In the neonate brain, the signal
intensity of diffusion weighted images is lower than in the adult brain,
due to the higher water content and lower myelination. A b-value of
2000 s/mm? was used in this study as a trade-off between angular re-
solution and suppression of extra-axonal water, and signal-to-noise
ratio. Finally, in this study we did not investigate the relationship be-
tween the fixel-based measures and neurodevelopmental outcome. In-
fants enrolled in this study are followed up with detailed neurodeve-
lopmental, neurobehavioural, and neurological assessments until
corrected age 2 years, with data collection still ongoing. Future research
will investigate whether fixel-based measures are correlated with neu-
rodevelopmental outcomes, and are suitable biomarkers for prediction
of outcomes.

5. Conclusion

We demonstrated that fixel-based analysis in preterm-born infants
at term equivalent age can be used to identify brain regions of altered
white matter development or injury. Brain regions included those as-
sociated with functions known to be adversely affected in preterm in-
dividuals. Future research will investigate whether fixel-based mea-
sures are directly linked with neurodevelopmental outcomes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.01.003.
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