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Abstract

Children born very preterm (VPT) at less than 32 weeks’ gestational age (GA) are prone to disrupted white matter maturation
and impaired cognitive development. The aims of the present study were to identify differences in white matter microstructure
and connectivity of children born VPT compared to term-born children, as well as relations between white matter measures
with cognitive outcomes and early brain injury. Diffusion images and T1-weighted anatomical MR images were acquired
along with developmental assessments in 31 VPT children (mean GA: 28.76 weeks) and 28 term-born children at 4 years
of age. FSL’s tract-based spatial statistics was used to create a cohort-specific template and mean fractional anisotropy (FA)
skeleton that was applied to each child’s DTI data. Whole brain deterministic tractography was performed and graph theo-
retical measures of connectivity were calculated based on the number of streamlines between cortical and subcortical nodes
derived from the Desikan-Killiany atlas. Between-group analyses included FSL Randomise for voxel-wise statistics and per-
mutation testing for connectivity analyses. Within-group analyses between FA values and graph measures with 1Q, language
and visual-motor scores as well as history of white matter injury (WMI) and germinal matrix/intraventricular haemorrhage
(GMH/IVH) were performed. In the children born VPT, FA values within major white matter tracts were reduced compared
to term-born children. Reduced measures of local strength, clustering coefficient, local and global efficiency were present
in the children born VPT within nodes in the lateral frontal, middle and superior temporal, cingulate, precuneus and lateral
occipital regions. Within-group analyses revealed associations in term-born children between FA, Verbal 1Q, Performance
IQ and Full scale IQ within regions of the superior longitudinal fasciculus, inferior fronto-occipital fasciculus, forceps minor
and forceps major. No associations with outcome were found in the VPT group. Global efficiency was reduced in the chil-
dren born VPT with a history of WMI and GMH/IVH. These findings are evidence for under-developed and less connected
white matter in children born VPT, contributing to our understanding of white matter development within this population.
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Introduction

Premature birth affects cortical and cognitive development
by perturbing the critical foundations of early neurodevel-
- - i - ) opment. Children born very preterm [VPT, <32 weeks ges-
Electronic supplementary material The online version of this . | GA sk for developine difficulties i
article (https://doi.org/10.1007/500429-018-1614-4) contains tational age (GA)] are at risk for developing difficulties in
supplementary material, which is available to authorized users.
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aspects of cognitive function including intelligence, visual
and perceptual abilities, language, attention, learning and
memory, processing speed and executive function (Ander-
son 2014). By 4 years of age, almost half of those with one
developmental impairment also have difficulties in multiple
developmental domains (Woodward et al. 2009). Lower cog-
nitive scores in children born preterm have been found to be
generally stable beginning from 4 years of age through early
adolescence, yet with greater intra- and inter-individual vari-
ability (Mangin et al. 2017). Additional behavioural prob-
lems such as hyperactivity/inattention, emotional symptoms
and peer problems are also associated with cognitive impair-
ments, which become apparent by 5 years of age (Delobel-
Ayoub et al. 2009). As cognitive difficulties children born
VPT experience are widespread, it is likely that there is a
global pattern of cortical dysmaturation involving multiple
brain regions.

Disturbances of grey matter development have been asso-
ciated with the preterm brain. Beginning from infancy, those
born VPT have reduced subcortical and cortical grey matter
volumes (Ball et al. 2012; Boardman et al. 2006) as well
as altered diffusion properties in grey matter compared to
term-born infants (Ball et al. 2013). Explanations for these
findings in grey matter have been attributed to dysmatura-
tion of white matter. Animal models of the preterm brain
have revealed delayed dendritic arborisation and synaptic
formations of projection neurons, which undergo critical
development during the preterm period (Dean et al. 2013;
Mcclendon et al. 2014). In particular, the thalamocortical
projections of sensory systems have an intricate relationship
with preterm birth (Krsnik et al. 2017). Ingrowth of axons
from the thalamus to the somatosensory, frontal and occipi-
tal regions are especially active during the time of VPT birth
(23-34 post conception weeks) and are vulnerable to early
brain injury such as hypoxia—ischaemia induced white mat-
ter injury (Krsnik et al. 2017).

Diffusion imaging facilitates the study of white matter
microstructure on a voxel-wise level by modelling a dif-
fusion tensor to measure water diffusion within the brain
(Jones et al. 2013). Fractional anisotropy (FA) quantifies
the degree of restricted water diffusion based on the rela-
tion between axial diffusivity (AD) and radial diffusivity
(RD), which represent the extent of water mobility along
the principle and perpendicular directions of the fibre axis,
respectively (Jones et al. 2013). With increasing GA and
ongoing development, FA is found to increase while RD
and mean diffusivity (MD) decrease, due to contributing fac-
tors such as increasing myelination, improved coherence of
fibres, increasing axonal density and reduced axonal caliber
(Beaulieu 2002; Jones et al. 2013; Pannek et al. 2014).

In children born VPT, differences in diffusion properties
compared to full-term children have been identified across
infancy, late childhood and adolescence. At term-equivalent
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age, preterm infants exhibited reduced FA as well as elevated
RD within frontal white matter regions (Anjari et al. 2007).
Furthermore, voxel-wise whole brain analyses have identi-
fied measures of FA and RD in regions of the corpus cal-
losum, internal and external capsule to be correlated with
global developmental measures of cognitive and motor out-
comes at 18 months and 2 years of age (Counsell et al. 2008;
Duerden et al. 2015; van Kooij et al. 2012). In late child-
hood, reduced FA has also been reported in regions includ-
ing the external capsule, superior longitudinal fasciculus,
uncinate fasciculus and inferior fronto-occipital fasciculus
(Duerden et al. 2013). Altered FA within these regions in
addition to the corpus callosum and internal capsule persists
into adolescence (Constable et al. 2008; Loe et al. 2013;
Mullen et al. 2012; Travis et al. 2015; Vangberg et al. 2006).

Tractography methods and graph theoretical analyses
using diffusion imaging have contributed to our understand-
ing of topological characteristics of structural brain connec-
tivity across development. The organization of grey mat-
ter regions (nodes) and their connections (edges) in white
matter can be described through graph measures such as
strength, how connected nodes are to adjacent nodes and
global efficiency, how integrated and efficient networks are
within the whole brain (Bullmore and Sporns 2012; Rubinov
and Sporns 2010). Local efficiency and clustering coefficient
describe segregation, based upon the path length and clus-
tered connectivity between a node’s adjacent neighbours,
respectively (Achard and Bullmore 2007). Increased integra-
tion and decreased segregation as well as changes towards a
more organized network construction are hallmark features
of typical brain development (Cao et al. 2016, 2017a, b).
Accordingly, changes in network properties due to early
brain maturation occur in conjunction to changes in whole
brain FA (Huang et al. 2015; Yap et al. 2011).

Premature birth impacts the organization of structural
connections beginning from birth. Infants imaged within
the preterm period demonstrated associations between local
connectivity and GA involving the thalamus, cerebellum,
superior frontal and cingulate gyrus (Batalle et al. 2017).
At preterm birth and childhood, greater GA was related
to higher connection strength, clustering coefficient and
global efficiency as well as lower local efficiency (Brown
et al. 2014; Pandit et al. 2014; Thompson et al. 2016). With
respect to cognitive outcomes, children born VPT at 7 years
of age were found to have associations between impaired
performance on intelligence testing with lower connection
strength in nodes primarily within the right hemisphere
(Thompson et al. 2016).

At present, there is a distinct gap in the literature of chil-
dren born VPT during early childhood and before school-
age. Delayed white matter maturation and impaired out-
comes at 4 years of age provide important indications of
children who may experience persistent cognitive difficulties



Brain Structure and Function (2018) 223:2129-2141

2131

as they enter school-age as well as those who begin learning
at a disadvantage. The primary aim of the present study was
to characterise altered maturation of white matter micro-
structure and connectivity in children born VPT compared
to full-term children at 4 years of age. We employed a
whole brain approach, utilizing tract-based spatial statistics
(TBSS) to analyse DTI metrics and deterministic tractog-
raphy to analyse graph theoretical measures of connectiv-
ity such as strength, clustering coefficient, local and global
efficiency between groups. Furthermore, our secondary aim
was to examine relations between whole brain white matter
measures with developmental outcomes within each group
separately. The impact of early brain injury on white mat-
ter maturation, such as those with a history of white matter
injury (WMI) and germinal matrix/intraventricular haemor-
rhage (GMH/IVH) detected at birth, was tested in the chil-
dren born VPT.

Methods
Participants

At 4 years of age, 53 participants born at <32 weeks GA
were recruited as a part of a larger longitudinal study, con-
ducted between 2009 and 2014 at the Hospital for Sick
Children in Toronto, Canada. Exclusion criteria included
those with any known chromosomal or major congenital
abnormalities. Twenty-eight full-term children born> 37
weeks GA were also recruited at 4 years of age. Exclusion
criteria for full-term children included prematurity, learning,
language, neurological or developmental disabilities as well
as MRI incompatibility based on a screening interview. An
informed consent to the study was signed by parents and
informed assent was provided by the children. The research
ethics board at the Hospital for Sick Children approved the
study protocol.

Perinatal clinical and radiological measures

The children born VPT have clinical information from their
stay in the neonatal intensive care unit. Characteristics such
as GA, birth weight, head circumference, sex and delivery
type (caesarean-section or vaginal) are described. Signifi-
cant events during pregnancy were also recorded such as
premature rupture of membranes (PROM) and intrauterine
growth restriction (IUGR). Measures of illness included
Apgar scores at 1 and 5 min, the Clinical Risk Index for
Babies II, patent ductus arteriosis, necrotizing enterocolitis
and sepsis (defined as a positive blood or cerebrospinal fluid
culture and antibiotic therapy for more than 5 days). Medical
treatments including the number of days on positive pressure
ventilation, endotracheal tube, continuous positive airway

pressure, supplemental oxygen and total parenteral nutrition
were also collected. These data are summarised in Table 1.

Paediatric neuroradiologists and neurologists assessed
each of the structural T1- and T2-weighted images for the
children born VPT shortly following birth. White matter
injury was graded on a scale of 1-3 for no injury, mild to
moderate (T1 signal abnormalities in three or fewer areas)
and severe (T1 signal abnormalities in > 5% of hemisphere)
levels of injury (Miller et al. 2003). Presence and grades of
germinal matrix/intraventricular haemorrhage (GMH/IVH)
on a scale from 0 (no haemorrhage) to 4 (periventricular
venous haemorrhagic infarction associated with IVH) cor-
responding to levels of bleeding within the germinal matrix
of the brain were also determined. This was based on the
Papile scale (GMH 1-4) for computed tomography findings
(Papile et al. 1978) and Volpe scale for cranial ultrasonog-
raphy findings adapted to MRI findings (IVH 1-3, PVHI)
(Volpe 2008). More specifically, GMH1/IVH1 is haemor-
rhage limited to the germinal matrix, GMH2/IVH?2 includes
an intraventricular haemorrhagic component, GMH3/IVH3
additionally includes ventriculomegaly and GMH4/PVHI
is characterized by periventricular venous haemorrhagic
infarction associated with IVH (Raybaud et al. 2013). At
4 years of age, paediatric neuroradiologists also assessed
each of the children’s structural T1-, T2-weighted and

Table 1 Perinatal clinical and radiological characteristics

Characteristic Mean (SD) or number (%)
Gestational age (weeks) 28.62 (1.75)
Males 18 (58%)
Birth weight (g) 1152 (257.8)
Head circumference (cm) 254 (2.1)
Intrauterine growth restriction 5 (16%)
Caesarean-section delivery 18 (58%)
Multiple births 5 (16%)
Apgar score at 5 min 7.38 (1.5)
CRIB I 6.59 (2.26)
Endotracheal tube days 12..67 (18.32)
Oxygen administration days 15.1 (24.79)
Positive pressure ventilation 13.3 (11.06)
Patent ductus arteriosus (treated) 14 (45.2%)
Sepsis (cultures positive) 10 (32.3%)
Premature rupture of membranes 3(9.7%)
Necrotizing entercolitis (stage 2 and 3) 3(9.7%)
Bronchopulmonary dysplasia 4 (12.9%)
GMH/IVH (grade 1-2) 7 (22.6%)
GMH/IVH (grade 3-4) 6 (19.4%)
White matter lesions 9 (29%)

CRIB II Clinical Risk Index for Babies, GMH germinal matrix haem-
orrhage, /VH intraventricular haemorrhage
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FLAIR images when collected. Any incidental findings
were noted.

Maternal education

Levels of maternal education were obtained for all the chil-
dren. Two categories of education levels were distinguished:
the first as those with high school and non-university post-
secondary school education and the second as those with
university and post-graduate school education.

Developmental assessments

Developmental assessments were performed at 4 years of
age for the children born VPT who returned for follow-up
as well as the recruited controls. For each assessment, raw
scores were converted into standardized scores with a popu-
lation mean of 100 (50th percentile of typical development)
and a standard deviation of 15. Intelligence quotients (IQ)
were determined by the Wechsler Preschool and Primary
Scales of Intelligence-Third Edition (WPPSI-III; Wechsler
2002) using Canadian norms. Four measures of cognitive
abilities were obtained: verbal 1Q (VIQ), performance 1Q
(PIQ), processing speed (PSQ) and full-scale 1Q (FSIQ). The
Clinical Evaluation of Language Fundamentals-Preschool,
Second Edition (CELF-Pre-2; Semel et al. 2004) evaluated
receptive and expressive language, yielding a core language
(CL) summary score. Visual-motor integration (VMI) ability
and supplemental tests of visual perception (VP) and motor
coordination (MC) were assessed by the Beery-Buktenica
Test of Visual Motor Integration (VMI; Beery et al. 2010).

MRI data acquisition

MRI scans were acquired with a 3.0T Siemens Trio scanner
and 12 channel head coil. Sixty-direction diffusion (SE-EPI,
b value =1000) and T1-weighted (MPRAGE) anatomical
images (repetition/echo time: 8.8/0.087 and 2.3/0.00296 s;
field of view: 244 x 244 % 140 and 192 X 240 x 256 mm; reso-
lution: 2 mm isotropic and 1 mm isotropic; scan time: 20
and 5 min, respectively) were obtained when the children
were awake while watching a movie or naturally asleep in
the evening. All images were inspected for gross motion
artefacts and anatomical abnormalities. We obtained
T1-weighted images in 43 children born VPT and diffu-
sion images in 34 children. One child was identified with
ventriculomegally and excluded from analyses. Due to the
susceptibility of the diffusion sequence to motion, two chil-
dren had diffusion data with too much motion. Within the
group of children born VPT, 31 of the diffusion scans were
determined to be useable. All 28 full-term children obtained
usable diffusion scans.

@ Springer

Diffusion processing

The diffusion data were pre-processed, which included the
alignment of all volumes to a reference volume using FSL
tools (Jenkinson et al. 2012) as well as b-vector realignment
using custom scripts. Following visual inspection, volumes
corrupted with motion were excluded from an individual’s
dataset. We allowed up to 30 volumes of the 60-direction
sequence to be excluded. Two children were excluded whose
data exceeded this threshold. Across groups, the median
number of excluded volumes was 3 with a range of 0-24
volumes. The RESTORE algorithm (Chang et al. 2005) was
applied to exclude outliers on a voxel-wise basis.

Tract-based spatial statistics (TBSS)

DTI metrics (FA, MD, AD, RD) were calculated and
extracted from the output of the RESTORE algorithm
(Chang et al. 2005). Analyses of the DTI metrics were con-
ducted using TBSS (Smith et al. 2006). A cohort-specific
template of the diffusion data was created following co-reg-
istration of all the children’s diffusion images to each other.
Subsequently, a mean fractional anisotropy (FA) skeleton
was generated and thresholded at 0.25 to represent the cen-
tre of major white matter tracts within the whole brain. The
skeleton was applied to each child’s FA, MD, AD and RD
data.

Connectivity measures

Structural T1-weighted and diffusion images were co-regis-
tered using FSL tools (Jenkinson et al. 2012). The structural
images were parcellated to obtain 34 cortical and 7 subcorti-
cal regions in MNI space using the Desikan—Killiany atlas
(Desikan et al. 2006; Fischl et al. 2002). Whole-brain deter-
ministic tractography was performed on the pre-processed
diffusion images between each region pair using the fibre
assignment by continuous tracking (FACT) algorithm (Mori
et al. 1999) with a 45° angular threshold using Diffusion
Toolkit and TrackVis (http://www.trackvis.org; Wang et al.
2007). The number of streamlines (edges) between parcel-
lated regions (nodes) was extracted using the UCLA Multi-
modal Connectivity Package (UCMP) (Brown et al. 2012)
and normalized by the average volume of region pairs for
estimates of fibre density. A weighted connectivity matrix
was generated containing fibre densities between all pairs of
regions. All nodes were organized by their respective lobes.
Figure 1 provides a visual representation of methods used
to obtain connectivity matrices for each child.

Local and global graph measures of connectivity
were calculated using the Brain Connectivity Toolbox in
MATLAB (The MathWorks, Inc., Natick, Massachusetts,
USA). Local strength, the weighted variant of degree, was
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Fig. 1 Visual representation of the processing steps to obtain connec-
tivity matrices for each child based on deterministic tractography

calculated by summing all of the edge weights of each node
together to quantify how nodes are connected to adjacent
nodes (Rubinov and Sporns 2010). Weighted local and
global efficiency was also calculated (Rubinov and Sporns
2010). Local efficiency is the average of the inverse mini-
mum path length of each node and global efficiency is the
average minimum path length (Achard and Bullmore 2007).
Higher global efficiency indicates more complex networks
with short mean path length (Bullmore and Sporns 2012).
Weighted clustering coefficient, the proportion of the node’s
neighbours that are also neighbours to each other, was also
calculated (Rubinov and Sporns 2010).

Statistical analysis
Participant characteristics

Differences in the sex ratio and age at scan between the chil-
dren born VPT and full-term children were tested using a
Chi-square and ¢ test. Additional ¢ tests were used to assess
differences in maternal education levels with developmental
outcomes in the two groups separately as well as differences
between groups for each of the developmental outcomes.
Significance values were held at p <0.05.

TBSS analyses

Between and within-group voxel-wise analyses were per-
formed with FSL Randomise (Anderson and Robinson
2001) to determine significance, with 5000 permutations and
threshold-free cluster enhancement (Smith and Nichols 2009).
Significance was defined to be p <0.05 following corrections
for multiple comparisons. Between-group analyses were con-
ducted using a general linear model with group, age at scan,
sex and number of excluded volumes due to motion corruption

as explanatory variables. This was performed for all DTI met-
rics: FA, MD, AD and RD. Within the preterm group, addi-
tional voxel-wise regression analyses were performed between
FA and GA, presence of white matter injury, GMH/IVH and
developmental measures. Within the full-term group, voxel-
wise regression analyses were performed between FA and
developmental measures.

To visualize significant results based upon the voxel-wise
regression analyses, the JHU DTI-based tractography atlas
(Mori et al. 2005) was applied to the FA skeleton to plot FA
values within defined white matter tracts and developmental
measures with significant voxels based on the TBSS group
difference analysis.

Connectivity analyses

Local graph measures were calculated for each node and each
child, while global graph measures were calculated for each
child. Both local and global graph measures were averaged
across children by group. To assess group differences in local
graph measures, average values from the control group were
subtracted from the average values of the preterm group at each
node (e.g. group difference =preterm — control). Thus, nega-
tive values at any given node represents reduced local graph
measures in the children born VPT compared to full-term
children. To determine statistical significance for individual
metrics, permutation testing was used to shuffle group labels
100,000 times. For each permutation, the difference in group
average was recalculated to obtain a null distribution. The null
distribution was used in a two-tailed z test to determine sig-
nificance of the observed group difference. Significance was
determined based on a false discovery rate (FDR) of 5% to
control for multiple comparisons (Benjamini and Hochberg
1995). To visualize the results, the group difference values of
the graph measures for all the nodes were organized by lobes
and subcortical structures. BrainNet Viewer (Xia et al. 2013;
http://www.nitrc.org/projects/bnv/) was used to further depict
the nodes with group differences that passed FDR correction.

Associations between graph measures with GA and out-
come measures (VIQ, PIQ, FSIQ and VMI) were tested with
Pearson correlations within each group separately. Graph
measures and presence of white matter injury and GMH/IVH
were further tested with t-tests in the preterm group. Signifi-
cance was reported at FDR of 5%. Correlations at p <0.01
uncorrected are reported in Supplemental material. R Stu-
dio (2015) and MATLAB software were used for statistical
analyses.

@ Springer
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Results
Participant characteristics

Of the 53 children born VPT who were tested, 31 chil-
dren (13 females; mean age: 4.2 +0.19 years) completed
developmental assessments and had usable diffusion
images. Perinatal clinical and radiological characteristics
for the children born VPT are provided in Table 1. At
4 years of age, 12 children born VPT had incidental find-
ings involving small, focal white matter hyperintensities.
Twenty-eight full-term children (15 females; mean age
4.6 +0.32 years) were recruited and completed develop-
mental assessments and neuroimaging. No sex differences
were found between groups (p =0.371) but there was a
small difference in age at scan (p <0.05). Of the moth-
ers of the children born VPT, 22.6% had education levels
in the first category and 74.2% in the second category.
The mothers of the full-term children had education levels

Table 2 Developmental assessments

of 14.3% in the first category and 82.2% in the second
category.

Performance on developmental assessments indicated
average levels of ability on most measures, when consid-
ering the mean of each group separately as described in
Table 2. The only subtest where the children born VPT were
below average as a group compared to the general popula-
tion was in motor coordination. However, full-term children
performed significantly higher than the children born VPT
on all the developmental measures (p <0.05) apart from Ver-
bal IQ (see Table 2). There were no differences between the
higher and lower maternal education levels and developmen-
tal assessments in either group (all p > 0.05).

TBSS analyses

Between-group analyses revealed significant differences
between children born VPT and full-term in FA and RD
metrics. Full-term children exhibited significantly higher
FA than children born VPT within voxels of most tracts,
particularly in the left hemisphere (Fig. 2a). These tracts

FSIQ VIQ PIQ PSQ CL VMI VP MC
Preterm  97.0 (12.06)  102.3(14.72) 968 (10.94)  92.7(16.38)  97.9(14.82)  99.5(9.28)  96.2(1842) 83.3(13.78)
Full-term  107.3 (12.89)  107.4 (1324) 105.2(12.78)  109.1 (10.06)  109.3 (12.73)  109.0 (8.84) 105.7 (9.61)  95.8 (9.4)

p value 0.003 0.186 0.005 0.0002 0.005 0.0002 0.021 0.0001

Means and standard deviations are reported

Fig.2 a TBSS analyses of group differences revealed widespread
areas where full-term children have significantly greater measures of
FA compared to children born VPT along the white matter skeleton
(p<0.05). Significant voxels are depicted in red. Colour bars indi-
cate p values. b On the top panel, TBSS analyses identified voxels
(in blue) within the full-term group to be significantly associated
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with VIQ (p <0.05). On the bottom panel, plots indicate the relation
between FA within the forceps minor and right superior longitudinal
fasciculus (SLF) and VIQ for both the preterm and full-term (control)
groups where significant effects were present in the full-term group.
Shaded individuals (in blue) indicate those within the preterm group
who experienced any degree of white matter injury at birth
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included the bilateral anterior thalamic radiation, corticospi-
nal tract, cingulum, inferior fronto-occipital fasciculus, infe-
rior longitudinal fasciculus, superior longitudinal fasciculus,
uncinate fasciculus as well as the forceps major and minor.
Within RD images, children born VPT displayed higher RD
than controls within voxels of the corpus callosum, right
superior longitudinal fasciculus and inferior fronto-occipital
fasciculus (Supplemental Fig. 1). Small clusters within the
forceps minor, right cortical spinal tract, anterior thalamic
radiation and superior longitudinal fasciculus were found to
have differences in FA and RD where more volumes were
removed due to motion corruption (Supplemental Fig. 2 and
Fig. 3). The number of excluded volumes was not significant
between groups (p =0.298). No significant group differences
were found within AD and MD metrics.

Within the preterm group, no significant associations
were found between FA and any of the cognitive measures
(FSIQ, VIQ, PIQ, PSQ, CL, VMI, VP and MC). In addition,
no significant associations were found between FA and GA,
white matter injury or GMH/IVH. Within the control group,
significant positive associations between FA and VIQ, PIQ
and FSIQ were found. Significant clusters of positive asso-
ciations between FA and VIQ were present within areas of
the forceps major and minor, left anterior thalamic radiation,
bilateral inferior fronto-occipital fasciculus and bilateral
superior longitudinal fasciculus (Fig. 2b). To visualize this
association, mean FA measures extracted within white mat-
ter tracts from the JHU-based tractography atlas (Mori et al.
2005) were plotted with VIQ for each group (Fig. 2b). Sig-
nificant clusters of positive associations between FA, FSIQ
and PIQ were present within the left anterior aspects of the

Group difference by node VPT > FT

0.025

e . 3 -0.005

T R ] -0.01

i -0.015
-:

et -0.02

-0.025
VPT<FT

Fig.3 a Connectivity matrix representing group differences in edge
weight, the number of streamlines between parcellated regions nor-
malized by the average volume of region pairs. The blue squares rep-
resent edge weight values that are smaller in the children born VPT
compared to the full-term children. Following permutation testing

inferior fronto-occipital fasciculus, anterior thalamic radia-
tion and forceps minor as well as the right posterior aspect
of the forceps major (Supplemental Fig. 4). There were no
associations with PSQ, CL, VMI, VP or MC.

Connectivity analyses

The average connectivity matrices for each group indicated
that proximal regions were more highly connected to one
another than distal regions. Thus, short-range connections
were much more prevalent than longer-range connections.
The average density of the connectivity matrices was sparse,
with 9.49% of region pairs connected (9.42% for preterms,
9.57% for controls). There was no group difference in den-
sity (p=0.183), (Supplemental Fig. 5). Group differences in
edge weight were calculated and plotted by node in a con-
nectivity matrix. The average of all the nodal differences by
lobe was also plotted in a connectivity matrix as shown in
Fig. 3a, b. Although the pattern of edge weights was one of
consistently reduced connectivity in the children born VPT,
these differences did not survive FDR correction.
Between-group analyses revealed an overall pattern of
reduced strength, local efficiency and clustering coefficient
in the children born VPT compared to the term-born chil-
dren (left panel of Fig. 4a—c). Following FDR correction
across all nodes, strength was significantly reduced in the
children born VPT in the bilateral middle temporal gyrus
(Fig. 4a). Nodes with significantly reduced local efficiency
and clustering coefficient included regions across all lobes,
but with the majority in the left hemisphere as well as fron-
tal and temporal regions (Fig. 4b, ¢c). Common nodes found

b Average group difference by lobe

0.025
F 0.02
0.015
P 0.01
0.005
(o] 0
-0.005
I 1 -0.01
-0.015
SC 1 -0.02
-0.025

F P (o] i 5 SC

and FDR correction, results did not survive multiple comparisons. b
The group differences by node were averaged across lobes, indicating
that children born VPT tend to have reduced edge weights between
and within lobes compared to full-term children
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between measures of local efficiency and clustering coeffi-
cient in the left hemisphere included the lateral orbitofrontal,
isthmus of the cingulate, precuneus, lateral occipital, middle
temporal, superior temporal and accumbens regions. Com-
mon nodes in the right hemisphere included the precentral,
isthmus of cingulate, lateral occipital and banks of superior
temporal sulcus regions. A summary of all the significant
nodes following FDR correction for strength, local efficiency
and clustering coefficient are provided in Table 3. Moreover,
the children born VPT demonstrated significantly reduced
measures of global efficiency (p <0.0045), (Supplemental
Fig. 6).

Within-group analyses for both the children born VPT
and full-term revealed relations between local graph meas-
ures of strength, local efficiency and clustering coefficient
with developmental outcomes at the p <0.01 uncorrected
level (Supplemental Table 1). In the VPT group, correlations
between local graph measures with GA, white matter injury
and GMH/IVH at the p <0.01 uncorrected level are reported
in Supplemental Table 2. With respect to GMH/IVH, there
was a trend for the subcortical structures to have reduced

local connectivity. However, these within-group analyses did
not survive multiple comparisons.

Following FDR correction, significant correlations
between local efficiency and clustering coefficient with GA
remained within the right supramarginal gyrus (¢=0.019
and ¢=0.0073, respectively). Global efficiency was not
found to associate with GA or developmental outcomes.
However, significant reductions in global efficiency were
found in relation to WMI (p =0.0022) and GMH/IVH
(p=0.0138) indicating that brain injury detected at birth
affected the integration of information.

Discussion

The impact of very preterm birth on the structural organiza-
tion of white matter during early childhood is widespread
and robust. In the present study, we demonstrated that white
matter microstructure and connectivity are simultaneously
affected in children born VPT compared to children born
full-term. Our results of reduced FA and graph measures of

Table 3 Significant group

) Graph measure Hemisphere  Region Mean difference g value
differences by node

Strength Left Middle temporal —0.0791 0.0216

Right Middle temporal —0.0648 0.0216

Local efficiency Left Lateral orbitofrontal —0.0035 0.0434

Pars triangularis —0.0045 0.0470

Isthmus of cingulate —0.0038 0.0139

Precuneus —0.0031 0.0102

Lateral occipital —0.0030 0.0139

Middle temporal —0.0056 0.0139

Superior temporal —0.0025 0.0434

Caudate —0.0048 0.0434

Accumbens —0.0031 0.0407

Right Precentral —0.0017 0.0470

Isthmus of cingulate —0.0039 0.0434

Lateral occipital —0.0032 0.0139

Banks of superior temporal sulcus ~ — 0.0053 0.0204

Clustering coefficient — Left Lateral orbitofrontal —0.0024 0.0424

Isthmus of cingulate —0.0024 0.0424

Precuneus —0.0016 0.0110

Lateral occipital —0.0013 0.0454

Middle temporal —0.0043 0.0110

Superior temporal —0.0013 0.0454

Accumbens —0.0018 0.0454

Right Precentral —0.0009 0.0454

Isthmus of cingulate —0.0026 0.0454

Lateral occipital —0.0019 0.0110

Banks of superior temporal sulcus ~ — 0.0045 0.0424

Tranverse temporal 0.0043 0.0454

Negative mean difference value: preterm < full-term; ¢ value indicates significance at FDR of 5%
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strength, clustering coefficient, local and global efficiency
support the idea that this atypical profile of white matter
in children born VPT reflects one that is less mature and
less connected than children born at term. Consequently, our
findings suggest that the secondary effects of these structural
alterations are expressed as poorer performance in cognitive,
language and motor abilities that have a high probability of
persisting later in development.

At 4 years of age, white matter maturation is in a period
of flux. It is at the beginning of a protracted period of
modifications in white matter microstructure and network
organization that will persist well into adulthood (Dubois
et al. 2014; Hagmann et al. 2010; Paus et al. 2001). The first
2 years of life are known to be a time of dramatic change in
brain development that children experience due to increases
in myelination, synaptic and axonal pruning that is reflected
in rapid increases of FA and decreases in AD, RD and MD
(Dubois et al. 2014; Young et al. 2017). While the rate of
white matter development is not as steep at 4 years of age
as it is from birth to 2 years of age, the microstructure and
network connections are far from mature. Parallel processes
of myelination will continue to increase as indicated by FA
and RD as well as network reorganization towards a more
integrated and efficient model of the mature brain (Hagmann
et al. 2010; Huang et al. 2015). Children born VPT demon-
strate a delay in these maturational processes, which will
have downstream implications in their development of more
complex and higher-order cognitive abilities as they encoun-
ter more demanding environments and responsibilities.

Differences in white matter microstructure

Understanding the role of white matter in preterm brain
development is integral in elucidating the basis for their cor-
tical and cognitive differences. Both human and animal stud-
ies have supported the hypothesis that overall altered neural
connectivity, rather than the number of cortical neurons, is
the source of reduced cortical growth and adverse outcomes
in preterms (Dean et al. 2014; Kapellou et al. 2006). Our
findings of reduced FA across the whole brain in 4-year-old
children born VPT compared to those born full-term adds
to existing literature that has also found reduced FA within
white matter of individuals born preterm at term-equivalent
age and older children, adolescents and young adults (Allin
et al. 2011; Constable et al. 2008; Duerden et al. 2013).
The extensive differences we found may be amplified by our
inclusion of lower functioning children, who often could not
tolerate the imaging awake and underwent the scans under
natural sleep. This occurred for about a third of the total
scans and enabled high-quality imaging in children who
could otherwise not be scanned.

Our study also found increased RD in the children born
VPT within the corpus callosum and aspects of the right
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superior longitudinal fasciculus and inferior fronto-occipital
fasciculus. These tracts are involved in inter-hemispheric
communication and intellectual abilities (Tamnes et al.
2010). There was an absence of differences in AD and
MD. Thus, as the children born VPT have reduced FA and
increased RD, alterations in white matter are likely due to
myelin (Anjari et al. 2007; Ball et al. 2013; Song et al. 2005).
In addition to reduced myelination, other potential reasons
for the widespread reductions in FA could be explained
by decreased axonal density and fibre coherence as well
as increased axonal size (Jones et al. 2013). Our findings
indicate that children born VPT at 4 years of age continue
to demonstrate altered white matter microstructure that has
been detected with imaging at term-equivalent age (Anjari
et al. 2007) and more importantly do not appear to catch up
to their term-born peers following the accelerated period of
white matter growth between birth and 2 years of age.

The children born VPT included in the present study had
non-uniform neonatal clinical courses and incidences of
brain injury, representative of the preterm population. Inter-
estingly, we did not find that white matter injury or GMH/
IVH directly affected DTI measures following multiple com-
parisons in our preterm cohort. Furthermore, we did not find
a linear relation between DTI metrics and neurodevelopmen-
tal outcome measures in the children born VPT at 4 years of
age. This finding contrasts others who have found relations
in children born VPT between FA at term-equivalent age and
early childhood cognitive outcomes (Counsell et al. 2008;
Duerden et al. 2015; Keunen et al. 2017; Salvan et al. 2017;
Ullman et al. 2015; van Koojj et al. 2012), as well as FA and
cognitive measures in late childhood, adolescence and adult-
hood (Allin et al. 2011; Constable et al. 2008; Feldman et al.
2012, 2013). This may be due to the timing of sampling, as
4 years of age is a dynamic stage of development and more
heterogeneous in preterm children than typically develop-
ing children. Furthermore, the children born VPT displayed
more variability in both their DTT and outcome measures.
Associations were found in the term-born group between
areas of the forceps major and minor, left anterior thalamic
radiation, bilateral inferior fronto-occipital fasciculus and
bilateral superior longitudinal fasciculus and VIQ. These
tracts facilitate inter-hemispheric communication, connect
the thalamus to the frontal lobes and link the frontal and pos-
terior lobes, which have been shown to be related to verbal
intelligence abilities in typically developing individuals from
late childhood to adulthood (Tamnes et al. 2010).

Network alterations in children born VPT

Connectivity within the infant brain facilitates local informa-
tion transfer such that structural networks are highly segre-
gated into localized clusters with short path lengths between
nodes (Cao et al. 2017). Over time, long-range connections
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begin to form to allow for greater integration of information
between more distal structures while short-range connec-
tions are simultaneously fortified (Cao et al. 2017). This
common developmental phenomenon has been character-
ized in normative studies (Hagmann et al. 2010) and should
also be present in children born VPT as they follow similar
trajectories of white matter microstructural maturation and
functional connectivity (Cao et al. 2016; Doria et al. 2010;
Young et al. 2017). Our results indicate, however, that those
who are born VPT experienced weaker connections relative
to term-born children, as reflected in their reduced pattern
of connections based on graph measures of strength, cluster-
ing coefficient, local efficiency and global efficiency. Hence,
children born VPT have network properties that are not only
less integrated but also less segregated. It is possible that
the VPT children had weaker network segregation than
term-born children following birth and are behind in their
development of long-range connections. Thus, in our study,
children born VPT demonstrated less efficient networks and
a potential maturational lag for the integration of networks,
even if they eventually mature in a similar pattern to term-
born children. Thompson et al. (2016) reported that children
born VPT had reduced density, global efficiency, yet higher
local efficiency at 7 years of age while we found that our
preterm group demonstrated reduced local efficiency. This
discrepancy may be due to differences in age or balance
between increasing integration and decreasing segregation
between the two groups (Hagmann et al. 2010).

The specific nodes that displayed reduced connectivity
in the children born VPT were relatively consistent between
the graph measures. The left middle temporal region was
affected between strength, local efficiency and clustering
coefficient. We would expect agreement between local effi-
ciency and clustering coefficient, as they are related meas-
ures of local information transfer between neighbouring
nodes (Achard and Bullmore 2007). There were also more
nodes with group differences in the left hemisphere indicat-
ing a weaker connectivity pattern in the left hemisphere,
which is typically dominant. Interestingly, the bilateral dif-
ferences in local efficiency and clustering coefficient were
mostly specific to nodes that involved the language network,
such as regions within the pars triangularis, middle tempo-
ral, superior temporal and banks of the superior temporal
sulcus. Moreover, the right supramarginal region was the
most affected node with increasing prematurity. In combi-
nation, these findings could provide a structural premise for
children born VPT to develop compensatory atypical lan-
guage lateralization involving the right-hemisphere, which
has been identified in school-age and adolescent preterms
(Gozzo et al. 2009; Schafer et al. 2009).

There are some limitations to consider with the present
study. The impact of excluding motion corrupted volumes
from the data may have impacted the tractography results.

In addition, our sample size may have lacked the power to
detect associations between connectivity measures and DTI
metrics with cognitive outcomes. We were unable to acquire
diffusion images for 41% of the children born VPT who were
recruited at 4 years of age. This was due to a combination of
reasons such as parental decline to participate in neuroimag-
ing, the diffusion scans being highly sensitive to motion, as
well as noisy and long scan durations. Thus, improved scan
protocols with shorter scan times would be highly beneficial
in this young population.

Conclusions

In conclusion, we have demonstrated that the pattern of
white matter in children born VPT, at 4 years of age, is less
mature and less connected than term-born children, likely
driven by myelination differences. Their white matter devel-
opment does not appear to catch up following the rapid mat-
uration of white matter in the first years of life. Furthermore,
their structural abnormalities reach beyond locally reduced
diffusion metrics and encompass network-level architectural
differences. Our study provides evidence for both altered
brain development and poorer cognitive profiles in children
born VPT at this young age, such that they are already dis-
advantaged and show signs of delay behind their peers. The
relation between white matter and cognitive outcomes may
involve multiple DTT and connectivity measures, warrant-
ing future multivariate analyses with appropriate sample
sizes. Importantly, our findings support the need for these
children to be followed closely in their first years of life
and also provided services such as enrichment programs and
early interventions given their poorer cognitive profiles and
altered white matter.
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