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Objective—To use structural connectivity to (1) compare brain networks between typically and 

atypically developing (very preterm) children, (2) explore associations between potential perinatal 

developmental disturbances and brain networks, and (3) describe associations between brain 

networks and functional impairments in very preterm children.

Methods—26 full-term and 107 very preterm 7-year-old children (born <30 weeks’ gestational 

age and/or <1250 g) underwent T1- and diffusion-weighted imaging. Global white matter fiber 

networks were produced using 80 cortical and subcortical nodes, and edges created using 

constrained spherical deconvolution-based tractography. Global graph theory metrics were 

analysed, and regional networks were identified using network-based statistics. Cognitive and 

motor function were assessed at 7 years of age.

Results—Compared with full-term children, very preterm children had reduced density, lower 

global efficiency and higher local efficiency. Those with lower gestational age at birth, infection or 

higher neonatal brain abnormality score had reduced connectivity. Reduced connectivity within a 

widespread network was predictive of impaired IQ, while reduced connectivity within the right 

parietal and temporal lobes was associated with motor impairment in very preterm children.

Conclusions—This study utilized an innovative structural connectivity pipeline to reveal that 

children born very preterm have less connected and less complex brain networks compared with 

typically developing term-born children. Adverse perinatal factors led to disturbances in white 

matter connectivity, which in turn are associated with impaired functional outcomes, highlighting 

novel structure-function relationships.
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Introduction

Graph theory is a sophisticated model for understanding complex networks. A graph 

consists of discrete objects (“nodes”) and estimates of the degree of connectedness (“edges”) 

between the objects. Graph theory has recently been applied to assess WM fiber networks 

(structural connectivity), allowing investigation of communication flow throughout the 

whole brain rather than isolated fiber tracts (Sporns et al., 2004). In the current study of 

structural connectivity, the “nodes” of the graph represent different brain regions, including 

both cortical and subcortical gray matter structures. The “edges” of the graph are the 

connecting WM fiber tracts (Bullmore and Sporns, 2012). Graph theory estimates of 

structural connectivity have been successfully applied to understand typical (Dennis et al., 

2013; Hagmann et al., 2010) and atypical (Cao et al., 2013) brain development. In addition 

to global brain topology, connectomes (maps of WM connections in the brain) can be 

analysed for regional sub-network differences using network-based statistics (NBS) (Zalesky 

et al., 2010).

The very preterm (VP) population (<32 weeks’ gestational age) provides a model to 

understand atypical connectome development, considering such infants are born during an 

important period involving rapidly developing neurobiological processes, including cell 

migration and white matter (WM) myelination (Volpe, 2008). This places VP infants at an 
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increased risk for brain injury compared with their full-term (FT) peers. The cerebral WM is 

particularly vulnerable to injury, which may be associated with, primary or secondary 

neuronal deafferentation (Volpe, 2009). Both neonatal brain injury and alterations in early 

and later brain development in VP children are associated with neurodevelopmental 

impairments in attention (Murray et al., 2014), memory (Omizzolo et al., 2014), language 

(Reidy et al., 2013), and motor functioning (Williams et al., 2010). The functional 

challenges that VP children face are likely due in part to altered WM connectivity and neural 

processing. While there has been much investigation into microstructural WM differences in 

isolated WM fiber tracts between VP and FT infants (Anderson et al., 2015; Pannek et al., 

2014b), the investigation of large-scale global connectivity and regional differences in the 

connectome of VP children, and their relationship to perinatal factors and later outcomes is 

limited.

Previous studies in this field have used the diffusion tensor model to estimate local axonal 

orientations and obtain connectivity metrics, however this model has inherent limitations 

(Jones et al., 2013). In the current study, crossing fibers were explicitly modelled with 

constrained spherical deconvolution (Tournier et al., 2007). Furthermore, previous studies 

examining brain networks using structural connectivity have often neglected to include 

subcortical nodes, which are important relay stations in the brain (Hagmann et al., 2008), 

and are known to be particularly vulnerable to developmental disturbances such as 

prematurity (Boardman et al., 2006; Srinivasan et al., 2007). The structural connectivity 

pipeline utilized in the current study includes both cortical and subcortical nodes, and edges 

estimated using crossing fiber tractography, with constraints to exclude anatomically 

implausible tracts.

The current study will address unanswered questions about how cerebral WM networks 

differ during atypical development in VP compared with FT children, with the following 

aims: (1) To compare structural connectivity (both global measures and regional sub-

networks within the connectome) between VP and FT children at 7 years of age; (2) To 

determine if structural connectivity is associated with perinatal factors that have been 

previously related to functional outcomes in the VP group; (3) To determine relationships 

between concurrent structural connectivity and functional impairments in VP children. We 

hypothesized that VP children would have developmentally delayed or disrupted brain 

connectivity (reduced density and global efficiency, higher local efficiency, and reduced 

connection strength within local sub-networks) compared with FT children, and that male 

sex, earlier gestational age at birth, lower birthweight standard deviation (SD) score and 

perinatal complications such as bronchopulmonary dysplasia, infection and brain 

abnormality would be associated with delayed or disrupted brain connectivity in VP 

children. We also hypothesized that reduced connection strength within regional brain sub-

networks would be associated with functional impairments in VP children.

Materials and methods

Participants and scanning

224 VP (born at <30 weeks’ gestational age and/or birthweight <1250 g) and 46 FT (born 

from 37 to 42 weeks’ gestational age and ≥2500 g) infants were recruited during the 

Thompson et al. Page 3

Neuroimage. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neonatal period into the Victorian Infant Brain Studies (VIBeS) cohort. Perinatal data were 

collected from chart review at the time of discharge on gestational age at birth, sex, 

birthweight SD score computed relative to the British Growth Reference data (Cole et al., 

1998), bronchopulmonary dysplasia (oxygen dependency at 36 weeks’ corrected age), 

infection (defined as one or more episodes of necrotising enterocolitis and/or culture positive 

sepsis) and total brain abnormality score based on magnetic resonance imaging (MRI) at 

term equivalent age (40 weeks ± 2 weeks) which was graded qualitatively (with a total 

possible score of 52), as previously described and validated (Kidokoro et al., 2013). At 

approximately 7 years of age, 198 VP and 43 FT children were followed up with 

neurodevelopmental assessments and MRI. Of those who were followed up, 160 VP and 36 

FT children underwent MRI, but 63 of these either did not have complete diffusion or 

structural datasets acquired, or their scans were unusable primarily due to movement artifact. 

Thus, 49% (n= 133: 107 VP, 26 FT) of the original cohort had scans at age 7 years of 

sufficient quality for analysis in the current study. MRI was undertaken in unsedated 

participants in a Siemens 3T Magnetom Trio scanner at the Royal Children’s Hospital, 

Melbourne. Children underwent 3-D T1 weighted (0.85 mm sagittal slices, flip angle = 9°, 

repetition time = 1900 ms, echo time = 2.27 ms, field of view = 210 × 210 mm, matrix = 256 

× 256) and single-shot twice-refocused echo-planar diffusion weighted imaging (45 gradient 

directions, b = 3000 s/mm2, repetition time = 7600 ms; echo time = 110 ms; matrix = 104 × 

104; field of view = 240 × 240 mm; voxel size = 2.3 mm isotropic).

Parental consent was obtained for all subjects, and ethics approval was obtained from the 

Royal Children’s Hospital Human Research Ethics Committee prior to recruitment.

Magnetic Resonance Image analysis

WM connectivity graphs were constructed using segmentations of T1 images into 

anatomical regions of interest, called nodes, with interconnecting WM fibers used to 

compute the edges.

Anatomical images were preprocessed by using Freesurfer to parcellate the cortex into 66 

regions (Desikan et al., 2006) and 14 subcortical gray matter structures (Fischl et al., 2002), 

yielding graphs with N = 80 nodes. Whole intracranial volumes were also obtained using 

FreeSurfer. Individual subjects’ node label images were then aligned with their 

corresponding diffusion weighted images using nonlinear registration with Advanced 

Normalisation Tools (ANTS) (Avants et al., 2008) following initial linear registration with 

the Functional MRI of the Brain Software Library’s (FSL) linear registration tool (Jenkinson 

et al., 2002). This was achieved by initial registration of the non-diffusion weighted image to 

the T1 image that had been intensity-inverted to better match the non-diffusion weighted 

image, followed by inversion of the non-linear warp field and affine matrix, enabling 

subsequent processing in diffusion space.

Diffusion images were preprocessed by performing eddy current and motion correction 

using a modified version of the ‘eddy_correct’ tool available in FSL. This modification 

restricts the mutual information-based registration cost function to brain voxels, by applying 

a weighting function. Therefore, the bias introduced by peripheral cerebrospinal fluid is 

minimized, thereby reducing excess scaling common for data acquired at b-values of 3000 
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s/mm2 and higher (Adamson et al., 2013). The constrained spherical deconvolution model 

was used to represent the voxel-wise fiber orientation distribution estimates (Tournier et al., 

2007), where the maximum harmonic order was chosen to be 6. MRtrix software was used 

to perform constrained spherical deconvolution-based probabilistic tractography with the 

FreeSurfer WM mask as the seed, and node masks as the endpoints (Tournier et al., 2012). 

Tractography parameters were: step size 1 mm, radius of curvature threshold 1.9 mm 

(maximum bending angle of 30° per mm). A common seeding voxel size was used for all 

subjects to ensure a consistent density of streamlines per mm3 across subjects. Streamlines 

were seeded in the WM at a density of 2 streamlines per 0.7 mm3. This resulted in dense 

coverage of the WM, enabling a close estimate of the underlying configuration of WM 

bundles based on the fiber orientation distributions. Streamlines were terminated if they left 

the combined gray and WM mask or reached the gray matter mask. This combination leads 

to termination on reaching cerebrospinal fluid, for example, and allows the ends of 

streamlines to lie within the gray matter mask but without allowing further propagation 

through it. Only streamlines with both ends in gray matter nodes contributed to graph edges, 

and those connecting the same node or with erroneous interhemispheric connections 

between deep gray nuclei were discarded.

Connectivity matrix generation

The connectivity matrix for each subject was denoted as: W = [wij], i, j ∈ 1 … N, i ≠ j where 

for each node pair (i, j) the undirected edge weights (wij = wji) were computed according to 

streamline count normalized by streamline length and average node volume (Hagmann et al., 

2008), as follows:

Where lh denotes the arc length of streamline h, Vi and Vj denote the volume of the seeds i 
and j, respectively, and h cycles through all streamlines interconnecting nodes i and j. In 

order to remove connections deemed to arise from spurious streamlines, edges were 

discarded beginning at the weakest streamline count, until 1% of the total streamline count 

were discarded. The 1% of streamlines discarded does not represent the same number of 

edges in each subject, and therefore does not produce a uniform density across subjects.

Global Connectivity Measures

The global measures of connectivity employed were: raw density, global efficiency, local 

efficiency, and small-worldness. Raw density is a measure of gross connectedness, global 

efficiency is used as a measure of integration within the brain, local efficiency is a measure 

of clustering or segregation of brain regions and small-worldness is a measure of the balance 

between local efficiency (segregation) and global efficiency (integration), where a complex 

small-world topology consists of clusters of nodes connected via ‘hub’ nodes (Achard and 

Bullmore, 2007; Bullmore and Sporns, 2012).

Raw density was defined as the proportion of edges present to the number of edges in a 

completely dense graph, as follows:
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where 1wij>0 denotes an indicator function that equals 1 for wij>0 and zero otherwise.

The remaining measures (global efficiency, local efficiency, and small-worldness) are 

dependent on network density (van Wijk et al., 2010). Therefore, to avoid bias, edges were 

culled in order of increasing weight so that the top 30% of connections were retained for 

each subject. This maintained the highest density possible, while producing a uniform 

number of edges between subjects. In addition, these weight matrices were transformed into 

adjacency matrices denoted A = [aij], where aij = 1wij>0. All graph theory metrics were 

calculated using the unweighted adjacency matrix A.

Global efficiency was defined as (Achard and Bullmore, 2007):

where Lij denotes the shortest path length between nodes i and j on the adjacency matrix A.

Local efficiency was defined as (Achard and Bullmore, 2007):

where Ljh( i) denote the shortest path length between nodes j and h in the subgraph 

containing only the neighbours of node i.

Small-worldness, σ, was defined as the ratio of clustering coefficient, λ, to characteristic 

path length, γ, defined as (Watts and Strogatz, 1998):

where λrand, γrand, denote characteristic path lengths and clustering coefficients from 

randomly generated networks of the same number of nodes and density. The characteristic 

path length was defined as the average of shortest path lengths for all node pairs as follows:

The clustering coefficient was defined as the mean of ratios of triangles to triples as follows:
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where ki denotes the degree of node i:

Graph metrics were computed using the python networkx package (http://

networkx.github.io), and normalized metrics, such as small-worldness, were computed using 

randomized graphs which preserved degree distribution. Random graphs were generated 

using 5000 double-edge swaps, and 10 repeats.

Neurodevelopmental assessments

During the follow-up assessments at age 7 years, participants undertook an extensive battery 

of neurodevelopmental tests. Standardized scores were obtained for all assessments. The 

Wechsler Abbreviated Scale of Intelligence (WASI) was used to estimate general 

intelligence with a standardized mean of 100 and SD of 15 (Wechsler, 1999). Basic 

academic skills (word reading and math computation, mean= 100, SD= 15) were assessed 

using the Wide Range Achievement Test 4 (WRAT4) (Wilkinson and Robertson, 2005). 

Attention was assessed using the Score subtest (mean= 10, SD= 3) of the Test of Everyday 

Attention for Children (TEACh) (Manly et al., 1999). General language ability was 

measured using the Core Language scale (mean= 100, SD= 15) from the Clinical Evaluation 

of Language Fundamentals - 4th Edition Australian (CELF-IV) (Semel et al., 2006). 

Working memory was assessed using the Backward Digit Recall subtest (mean= 100, SD= 

15) from the Working Memory Test Battery for Children (WMTB-C) (Pickering and 

Gathercole, 2001). Visual perceptual skills were estimated using the Visual Closure subtest 

(mean= 10, SD= 3) of the Test of Visual Perceptual Skills - 3rd Edition (TVPS-3) (Martin, 

2006). Motor functioning was assessed using the Movement Assessment Battery for 

Children – version 2 (MABC2, mean= 10, SD= 3) (Henderson et al., 2007). Impairment 

variables were calculated for each outcome measure and used for all analyses, where 

impairment was defined as scoring more than 1 SD below the normative mean. The non-

impaired comparison group were children who were not impaired on any of the above 

measures.

Statistical analyses

Statistical analyses were performed using Stata 13.1. Sample characteristics were compared 

between children included in the current study vs. those originally recruited but not included 

in this study separately for the VP and FT groups, and between FT and VP participants using 

means and SD, or numbers and percentages as appropriate.

For global network measures, group differences (VP vs. FT) and perinatal associations were 

assessed using separate linear regression models for each network measure, fitted using 
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generalized estimating equations and reported with robust standard errors to allow clustering 

of multiple births (i.e. allowing for the fact that multiple births are not independent). All 

estimates were adjusted for age at scan and intracranial volume. Group and the perinatal 

factors (gestational age at birth, sex, birthweight SD score, bronchopulmonary dysplasia, 

infection, and neonatal brain abnormality) were the independent predictor variables, while 

the network connectivity measure was the dependent or outcome variable. Perinatal 

predictors were assessed in the VP group only. The association between global connectivity 

measures and neurodevelopmental impairment was assessed using logistic regression, with 

impairment as the dependent variable and connectivity as the independent predictor variable, 

fitting separate regression models for each outcome-predictor combination. Again models 

were fitted using generalized estimating equations, and reported with robust standard errors 

to allow clustering of multiple births, and age at assessment and intracranial volume were 

included as covariates in the model.

Regional connectome analyses of group-wise differences (VP vs. FT), and associations 

between the connectome measures and perinatal factors and neurodevelopmental impairment 

within the VP group were conducted using NBS. Matched-density networks were 

thresholded at 50% so that common edges were present in at least 50% of subjects in the 

cohort, then NBS identified a set of connected components (sub-networks) that differed 

between groups or were associated with outcome, while correcting for Type 1 errors (false 

positives) using permutation testing. NBS first applied a statistical test to each edge in the 

complete network – e.g. a regression using edge weight as a predictor for an outcome 

measure or a t-test comparing edge weights between groups. A new graph was created using 

the test statistic as the edge weight, and edges below a specified threshold were removed. A 

range of t-statistic thresholds were tested (2.0 to 5.0 in increments of 0.25), and results from 

the threshold of 2.25 were presented, as this threshold tended to produce the most stable 

networks (evident over multiple thresholds). The “significance” of connected components in 

the resulting graph was estimated using permutation testing (n= 5000). For each 

permutation, subjects were randomly reallocated into a group, the test statistic was 

recalculated, and connected components were found. The size of the largest connected 

component was recorded for each permutation. If the cluster in the baseline test was larger 

than the largest cluster in 97% of the permutation tests, then it was considered significant at 

a family-wise error corrected level of 0.03. The effects of age at assessment and intracranial 

volume were controlled by including them as covariates in the regression at each edge. Due 

to multiple comparisons, all results were interpreted by identifying overall patterns and 

magnitudes of differences, rather than focusing on individual p-values, according to modern 

statistical practice (Kirkwood and Sterne, 2003).

Results

Sample characteristics

Demographics were generally similar between VP participants (n= 107) and non-

participants (n= 117), except participants were less likely to be male (46% vs. 58%), 

exposed to postnatal corticosteroids (4% vs 15%), singleton (50% vs 66%), or diagnosed 

with intraventricular haemorrhage grade 3/4 (0.9% vs 6%). Characteristics were similar 
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between FT participants and non-participants. The proportion of males was similar between 

the VP and FT participants, but as expected gestational age at birth and birthweight SD score 

were lower and there were higher rates of all other perinatal variables for the VP group 

compared with FT group (Table 1). Brain abnormality scores ranged between 0 and 12 for 

the VP group and 0 and 5 for the FT group. The VP group had smaller intracranial volumes 

and higher rates of impairment on most neurodevelopmental measures at age 7 years 

compared with the FT group (Table 1).

Very preterm vs. full-term

The VP children had a lower density of connections [mean difference (95% confidence 

interval), p: −0.015 (−0.028, −0.001), 0.03], lower global efficiency [−0.002 (−0.003, 

−0.001), 0.001] and higher local efficiency [0.005 (0.002, 0.008), p=0.003] compared with 

FT children (Fig. 1). However, VP and FT children’s brains had similar small-world 

properties [0.001 (−0.016, 0.019), 0.9]. NBS analyses did not find particular sub-networks 

that differed between VP and FT children (results not shown).

Perinatal predictors

Within the VP group, increasing gestational age at birth was associated with a higher density 

of connections, higher global efficiency, lower local efficiency and lower small-worldness 

(Fig 2). VP males had higher global efficiency than VP females. Infection was associated 

with lower density of connections within the whole brain of VP children. There was weak 

evidence for an association between neonatal brain abnormality and reduced density. There 

was little evidence that global connectivity measures in 7-year-old children were associated 

with birthweight SD score or bronchopulmonary dysplasia.

On NBS analysis, as brain abnormality score increased, there was reduced connection 

strength within a sub-network involving the left thalamus and putamen, the left inferior 

parietal cortex, and right cuneus, precuneus, pericalcarine and posterior cingulate cortex, and 

right supramarginal gyrus (p=0.042) (Fig 3A). The main hubs within this network 

component were the left thalamus, and the right supramarginal gyrus.

Infants with bronchopulmonary dysplasia had a trend toward reduced connection strength in 

3 nodes on the left side (inferior temporal connected to both the lateral orbitofrontal and 

amygdala) (p=0.074) (Fig 3B).

There was some evidence that infants who had infection had reduced connection strength 

within a network component involving 9 nodes: bilateral caudal anterior cingulate cortex, 

pars opercularis and pars triangularis, as well as the left rostral middle frontal gyrus, and 

right caudal middle frontal gyrus and right caudate, but only at a lowered t-statistic threshold 

of 2.00 (p=0.0014) (Fig 3C). No clear network components were resolved that had differing 

connection strength between sexes or that were associated with gestational age at birth for 

the VP group on NBS analysis.
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Neurodevelopmental impairment

There was little evidence for associations between global network measures and 

neurodevelopmental impairments in VP children at age 7 years (all p >0.05, data not shown). 

However, regional network analyses using NBS revealed that children with impaired IQ 

exhibited reduced connection strength in a diffuse network component consisting of 33 

nodes, particularly on the right, compared with VP children without impairment (p=0.049). 

Nodes included the bilateral paracentral lobule, pars opercularis, posterior cingulate, and 

precuneus cortices, bilateral rostral middle frontal, superior frontal, and supramarginal gyri, 

and bilateral caudate regions, left pars orbitalis, and right banks of superior temporal sulcus, 

and pars triangularis, right cuneus, inferior parietal, lateral occipital, and superior parietal 

cortices, right caudal middle frontal, fusiform, inferior temporal, middle temporal, 

postcentral, precentral and superior temporal gyri, and right temporal pole, thalamus, and 

hippocampus (Fig 4A).

In contrast to VP children without impairment, VP children with impaired motor functioning 

displayed some evidence for reduced connection strength in a sub-network involving the 

right precuneus as the hub connected to the right inferior parietal, inferior temporal, middle 

temporal, and superior temporal gyri, at a raised t-statistic threshold of 3.0 (p=0.051) (Fig 

4B). There were no network components associated with reading, mathematics, attention, 

language, visual perception or working memory impairments in VP children.

Discussion

This study reveals less complex brain connectivity in VP compared with typically 

developing term-born children, suggesting delay or disruption to brain development. 

Interestingly however, these global network differences did not appear to be associated with 

impaired functional outcomes in VP children. Rather, we discovered more targeted 

structure-function relationships, where differences in connectivity within particular regional 
sub-networks were associated with specific functional impairments in VP children. 

Furthermore, this study describes perinatal factors that predict white matter connectivity 

disturbances in VP children, including younger gestational age at birth, female sex, perinatal 

infection, and brain abnormality.

This study demonstrates that VP children have a less connected, less complex brain topology 

than FT children. The results indicate that the VP brain handles information efficiently 

within functional clusters, but overall the system is less efficient, requiring more steps to 

transfer information between distal brain regions than in FT children. These findings suggest 

that the VP brain has more segregated and less integrated networks than the FT brain at age 

7 years, consistent with a less developed structural brain network. Other studies of healthy 

subjects have shown that increasing integration and decreasing segregation occur as the 

brain develops (Hagmann et al., 2010; Tymofiyeva et al., 2013). Such changes may be 

related to pruning and reinforcement of WM connections, i.e. the strengthening of long-

range connections, but also the weakening of short-range connections (Hagmann et al., 

2010). Our study is the first to demonstrate that there are differences in global structural 

connectivity metrics between VP and FT populations. However, we did not find regional 

sub-network differences in the connectome (on NBS) between groups at age 7 years. 
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Similarly, an infant connectome study by Ball et al. did not find differences between the 

preterm (<35 weeks’ gestational age) and FT groups on the most highly connected set of 

cortical hubs (the ‘rich club’) (Ball et al., 2014). However, the same group demonstrated 

reduced thalamocortical connectivity in preterm compared with FT infants (Ball et al., 

2013). Pannek et al. also performed a connectome study in a small group of infants using 

NBS, revealing a specific fronto-temporal cortical network that differed between groups 

(Pannek et al., 2013). Differences between these infant findings and the current findings in 7 

year-olds may be due to compensatory mechanisms during early childhood, or population 

and methodological differences between studies, as both previous infant studies used 

anisotropy to weight edges rather than normalized probabilistic streamline count. 

Alternatively, our finding of altered global structural connectivity in VP vs. FT children may 

suggest that the VP brain has more widespread immaturity, rather than specifically 

vulnerable regions. This is consistent with our previous findings where there were no 

specific regional vulnerabilities for VP compared with FT infants when assessing eight WM 

regions per hemisphere using diffusion tensor imaging (Thompson et al., 2014). Previous 

studies of WM structure have tended to focus on individual WM regions using methods such 

as tractography or regions of interest. These previous studies have shown that VP children 

have altered microstructure in specific tracts such as the corpus callosum, corticospinal tracts 

or optic radiations, which often correlate with neurodevelopmental delays (Pannek et al., 

2014b; Thompson et al., 2015). However, in contrast to previous regional studies, the graph 

theory method used in the current study enabled us to provide novel evidence that the 

complexity of the whole brain connectome is altered in VP children.

VP children born at a younger gestational age had a lower density of connections, poorer 

integration and higher segregation, with higher small-worldness, consistent with delayed or 

disrupted development (Dennis et al., 2013; Hagmann et al., 2010; Tymofiyeva et al., 2013). 

In agreement with our findings, lower gestational age has previously been associated with 

poorer integration and higher segregation, when comparing moderately preterm with 

extremely preterm 6 year old children (Fischi-Gomez et al., 2014).

Neonatal brain abnormality was associated with persistent disruption to structural 

connectivity or alterations to WM ‘wiring’ over the first 7 years of life. This highlights the 

important prognostic power of neonatal MRI, as previously suggested (Woodward et al., 

2006). Brain regions with reduced connection strength in the presence of neonatal brain 

abnormality included the left thalamus and right supramarginal gyrus as the main hubs, and 

the left putamen and regions within the occipital and parietal lobe (including right 

precuneus). A reduction in the streamline count in the network comprising those with 

neonatal brain abnormality might reflect white matter pathology owing to altered axonal 

packing density, myelination or axonal diameter. Both intra- and inter-hemispheric 

connections were involved. It is well known that neonatal brain injury in preterm infants, 

such as periventricular leukomalacia, affects many parts of the brain including the corpus 

callosum (Thompson et al., 2012), thalamus and cortex (Volpe, 2009). Our study provides 

further support for the vulnerability of the corpus callosum and thalamocortical connections 

to neonatal brain injury in VP children. Altered thalamocortical connectivity has previously 

been reported in preterm infants, however notably infants in that study did not have any 

overt brain injury (Ball et al., 2013).
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This study found evidence for a relationship between perinatal infection and a lower density 

of white matter connections in VP children. This is the first study to report a relationship 

between perinatal infection and structural connectivity in VP children, however previous 

studies have shown associations between infection and other brain abnormalities (Strunk et 

al., 2014; Volpe, 2009) or WM microstructural alterations (Chau et al., 2012) in preterm 

infants. An interhemispheric frontal sub-network may have been particularly affected. The 

underlying WM tract in this sub-network is likely to be the genu of the corpus callosum, 

which connects frontal regions interhemispherically. We have previously shown that the 

genu of the corpus callosum is compromized in VP infants on diffusion MRI (Thompson et 

al., 2011). Furthermore, associations between infection and lower fractional anisotropy in 

the genu of preterm infants have also been reported (Chau et al., 2012), in line with our 

current study.

VP males appeared to have a more integrated brain network than VP females. This is an 

unexpected finding considering males are generally reported to have more brain 

abnormalities and poorer neurodevelopmental and behavioural outcomes following 

prematurity than females (Ment and Vohr, 2008). Other studies examining graph theory 

metrics have shown that in general, healthy female adults have higher global and local 

efficiency relative to brain size (Gong et al., 2009b). Our study, however, is the first to reveal 

that the normal sexual asymmetry in structural connectivity is altered in VP children, 

suggesting sex-specific atypical development. An alternative explanation is that these 

findings may reflect a compensatory effect in VP males. These findings warrant clarification 

from future studies.

Bronchopulmonary dysplasia was associated with reduced connection strength within a sub-

network connecting the inferior temporal gyrus to both the amygdala and lateral 

orbitofrontal cortex in the left hemisphere. The inferior longitudinal fasciculus is known to 

connect the inferior temporal and amygdala regions (Catani et al., 2003; Kier et al., 2004). 

The connection between the inferior temporal gyrus and lateral orbitofrontal cortex is likely 

to be directly via the inferior fronto-occipital fasciculus (Martino et al., 2010) or indirectly 

via multiple WM fiber tracts. The regions represented in the sub-network incorporate the 

anatomical temporal stem, consisting of multiple crossing-fiber populations from the inferior 

longitudinal fasciculus, the inferior fronto-occipital fasciculus, the uncinate fasciculus, and 

the optic radiation (Kier et al., 2004; Martino et al., 2010; Thiebaut de Schotten et al., 2012). 

Disentangling the connectivity contribution from each WM fiber population is not possible 

at the diffusion MRI voxel resolution used in this study. It has long been known that lung 

disease affects WM microstructure in preterm infants (Ball et al., 2010). However, to date no 

study has found an association between bronchopulmonary dysplasia and structural 

connectivity in childhood.

Despite our hypothesis that poorer intrauterine growth would be associated with altered 

brain networks (Rees et al., 2011), we did not find evidence of a relationship between 

birthweight SD score and structural connectivity within global or regional brain networks. In 

contrast, other studies have shown that intrauterine growth restriction was associated with 

poorer structural connectivity in one year old infants (Batalle et al., 2012) and 6 year olds 

(Fischi-Gomez et al., 2014), which also contributed to poorer neurodevelopmental 
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outcomes. This may reflect inherent perinatal differences in the cohorts reported and further 

research is warranted.

The current study is the first to report an association between a brain sub-network and IQ in 

VP children. This network component was made up of a diffuse set of regions with reduced 

connection strengths, including parts of the orbitofrontal and frontal cortices, cingulate 

cortex, parietal, temporal, and occipital lobes, and thalami and hippocampi. Many of these 

regions connected interhemispherically, implicating the corpus callosum as a contributing 

WM pathway, but thalamocortical and other major tracts may also have been involved. In 

agreement with our results, both the corpus callosum (Caldu et al., 2006) and thalamus 

(Zubiaurre-Elorza et al., 2012) have previously been associated with IQ or cognition in 

preterm populations, as have a range of other WM tracts (Feldman et al., 2012), and the 

hippocampus (Isaacs et al., 2004). Similar to the current study, structural connectivity within 

the cortico-basal ganglia-thalamo-cortical circuit, as well as short cortico-cortical 

connections, has been associated with higher order cognitive and social skills in extremely 

preterm children (Fischi-Gomez et al., 2014). In the current study, poorer connectivity in the 

right side of the brain appeared particularly associated with impaired IQ. The right 

hemisphere generally has more important hub regions, as evidenced by a higher 

betweenness centrality metric in healthy young adults (Gong et al., 2009a), and therefore the 

structural maturity of this hemisphere may be more indispensable for cognitive functioning 

in VP children. We have previously shown that microstructure of the right hemisphere WM 

is more vulnerable than the left in this cohort in infancy (Thompson et al., 2014), and the 

current study may reflect a cognitive consequence of this at 7 years of age.

This study found some evidence that motor impairment may be associated with reduced 

connectivity in a sub-network involving a right precuneus hub connecting to another right 

parietal region (inferior parietal) and the right temporal lobe (inferior, middle and superior). 

The precuneus has both anatomical cortico-subcortical and cortico-cortical connections, 

including to the inferior parietal and superior temporal regions (Cavanna and Trimble, 

2006), is known to be an important hub from both structural and functional connectivity 

studies, and is implicated in the default mode network (Gong et al., 2009a). Although 

precuneus connections are thought to mediate mainly visuo-spatial imagery, episodic 

memory retrieval and self-processing operations, precuneus connections with the premotor 

and supplementary motor regions are involved in oculomotor functioning and visual 

guidance of movements (Cavanna and Trimble, 2006). Such connections may be the basis 

for the link we found between this precuneus sub-network and motor impairment in VP 

children. The cingulum bundle has projections to the precuneus and is known to be involved 

in motor control (Shima et al., 1991), and is therefore a possible underlying WM tract in this 

sub-network. The associations between motor impairment and a right sided sub-network in 

VP children may relate to known functional asymmetries in preterm populations, reflected 

by almost double the rate of non-right handedness compared with FT populations (Domellof 

et al., 2011). Furthermore, graph theory brain connectivity metrics have revealed 

hemispheric asymmetries during normal development (Dennis et al., 2013), which may 

explain the functional vulnerability of the right side in atypically developing VP children. 

The only study to date using NBS connectomics to find neural correlates of motor 

impairment in children was by Pannek et al., who reported associations between bimanual 
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tasks in children with cerebral palsy and fractional anisotropy within the cortico-spinal and 

thalamo-cortical pathways (Pannek et al., 2014a). However, many previous studies have 

used other diffusion imaging techniques to associate altered microstructure of the corona 

radiata, posterior limb of the internal capsule, corpus callosum and corticospinal tracts with 

motor functioning in preterm populations (de Kieviet et al., 2014; Kaukola et al., 2010; Rose 

et al., 2007; Thompson et al., 2012).

A common limitation associated with paediatric cohorts is motion artifact due to head 

movement, which may bias results toward more short-range rather than long-range 

connections (Satterthwaite et al., 2013), and could possibly affect the calculation of local 

efficiency. The accuracy of connectivity measures relies on precise white matter fiber 

tractography, which is affected by a range of factors, beginning with the diffusion image 

acquisition. Repetition and echo time, voxel size, gradient distribution and number of 

directions, and particularly b-value, all affect connectivity analyses (Xie et al., 2015). At the 

time of acquisition our sequence was optimized for constrained spherical deconvolution, 

however recent advances mean imaging acquisition can be improved even further for future 

connectivity studies. Furthermore, although our twice-refocused echo planar acquisition 

minimized image distortion due to eddy currents, future studies would benefit from 

acquisition and application of phase reversal images to more accurately correct for echo 

planar image susceptibility-induced distortion (Gallichan et al., 2010). Post-acquisition 

processing techniques are also evolving rapidly, and superior techniques are now available to 

correct for biases in streamline count (Smith et al., 2015), and to weight streamlines based 

on higher order models of diffusion (Raffelt et al., 2012), which would benefit future studies. 

In this study, non-linear image registration was used to align diffusion and structural images. 

Although label boundaries appeared to be satisfactorily aligned, any residual misalignment 

may influence subsequent connectivity metrics. We were also limited by the small sample 

size of the FT group, which lowered statistical power. There were very few functionally 

impaired FT children, and therefore investigation of associations between structural 

connectivity and functional outcomes in the normative FT 7-year-old population was not 

possible. Even within our VP group, the evidence for some of the NBS associations with 

perinatal factors and functional outcomes was weak. Further research is required to confirm 

our findings and to determine whether structural connectivity of VP children catches up into 

adolescence, as it has been shown that structure-function correlations increase with age 

(Hagmann et al., 2010), and network characteristics continue to change over adolescence 

and early adulthood (Dennis et al., 2013; Vertes and Bullmore, 2014).

In conclusion, this study utilized an innovative structural connectivity pipeline to reveal that 

adverse perinatal events can adversely affect brain connectivity 7 years later. Findings 

indicated that VP birth is associated with atypical development, disturbing brain 

connectivity, complexity and network structure 7 years later, as revealed by these children 

having less integrated and more segregated brains than FT 7 year olds. In particular, this 

study highlights the potential causes for the developmental vulnerability of VP children. 

Specific perinatal factors affecting the brain in the VP group were younger gestational age at 

birth, female sex, perinatal infection, and brain abnormality, all of which were associated 

with poorer connection strength. This implies that perinatal events have a lasting impact on 

WM connectivity in the brain at 7 years of age. Importantly, we also showed that poorer 
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connection strength in certain brain sub-networks was associated with impairments in IQ 

within VP children. This study suggests that structural connectivity analysis may be useful 

for identifying VP children at risk of neurodevelopmental impairment, enabling 

investigation of large-scale brain networks rather than isolated WM fiber tracts.
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Highlights

• Brain connectivity is less complex in very preterm than full-term children

• Brain networks in childhood are negatively impacted by adverse perinatal 

events

• Altered brain sub-networks are associated with impaired intelligence and 

movement

• We reveal causes and consequences for developmental vulnerability of the 

connectome
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Fig. 1. Comparison of whole brain network measures between very preterm (VP) and full-term 
(FT) children at age 7 years: (A) Density, (B) Global efficiency, (C) Local efficiency, (D) Small 
worldness
Graphs show means and 95% confidence intervals (CI), adjusted for age at scan and 

intracranial volume.
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Fig 2. Perinatal predictors of whole brain network measures for very preterm children
Perinatal predictors of whole brain network measures for very preterm children for (A) 

Density, (B) Global efficiency, (C) Local efficiency and (D) Small-worldness. Graphs show 

regression coefficients (β) and 95% confidence intervals (CI) adjusted for age at scan and 

intracranial volume. β indicates the amount of change in the dependent variable for each unit 

change in the independent variable. Note results are not comparable across perinatal 

predictors and outcomes due to the different scales of both the predictors and the outcomes.

GA = gestational age (weeks), BWSDS = birthweight standard deviation score, BPD = 

bronchopulmonary dysplasia, BA = brain abnormality.
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Fig 3. Connectivity sub-networks and perinatal predictors in very preterm children
Connectivity sub-networks illustrating connected nodes with reduced edge strength in very 

preterm children at 7 years of age associated with (A) qualitative brain abnormality, (B) 

bronchopulmonary dysplasia, and (C) infection at term-equivalent age. L= left, R= right.
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Fig 4. Connectivity sub-networks and neurodevelopmental impairment in very preterm children
Impaired intelligence (A) or impaired motor ability (B) associated with sub-networks of 

reduced edge strength between connected nodes in very preterm children at 7 years of age. 

L= left, R= right.
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Table 1

Perinatal characteristics and 7 year outcomes for the very preterm (VP) and full-term (FT) groups

Perinatal characteristics VP, n=107 FT, n=26 Mean difference (95% CI)

GA at birth (weeks), mean (SD) 27.4 (1.8) 38.8 (1.3) −11.4 (−12.1, −10.6)

Birth weight (g), mean (SD) 970 (215) 3195 (512) −2225 (−2353, −2097)

Birth weight SD scorea, mean (SD) −0.5 (0.9) −0.06 (1.0) −0.4 (−0.8, −0.02)

Difference in proportion (95% CI)

Male, n (%) 46 (43.0) 12 (46.2) −0.03 (−0.24, 0.18)

Singleton, n (%) 53 (49.5) 24 (92.3) −0.43 (−0.57, −0.28)

Small for GAb, n (%) 9 (8.4) 1 (3.8) 0.05 (−0.05, 0.14)

Antenatal corticosteroids, n (%) 91 (85.8)c 0 (0) 0.86 (0.80, 0.92)

Postnatal corticosteroidsd, n (%) 4 (3.7) 0 (0) 0.037 (0.001, 0.073)

Sepsis, n (%) 31 (29.0) 1 (3.8) 0.25 (0.14, 0.36)

Necrotising enterocolitis, n (%) 6 (5.6) 0 (0) 0.06 (0.01, 0.10)

Infectione, n (%) 34 (31.8) 1 (3.8) 0.28 (0.16, 0.39)

Bronchopulmonary dysplasia, n (%) 33 (30.8) 0 (0) 0.31 (0.22, 0.40)

Intraventricular haemorrhage grade III/IV, n (%) 1 (0.9) 0 (0) 0.009 (−0.009, 0.028)

Cystic periventricular leukomalacia, n (%) 3 (2.8) 0 (0) 0.028 (−0.003, 0.059)

Median difference (95% CI)

Brain abnormality score, median (25th–75th percentile) 5 (3–7)c 1.5 (1–2) 3.0 (1.5, 4.5)

7-year characteristics Mean difference (95% CI)

Age at scan (years), mean (SD) 7.5 (0.3) 7.6 (0.2) −0.07 ( 0.17, 0.04)

Total intracranial volume (cm3), mean (SD) 1326 (120) 1430 (105) −104 (−155, −53)

Age at assessment (years), mean (SD) 7.5 (0.3) 7.6 (0.2) −0.07 (−0.17, 0.03)

Difference in proportions (95% CI)

Impaired intelligence k, n (%) 10 (9.3) 1 (3.8) 0.05 (−0.04, 0.15)

Impaired reading k, n (%) 18 (17.0)c 2 (7.6) 0.09 (−0.03, 0.22)

Impaired mathematics k, n (%) 36 (34.0)c 4 (15.4) 0.19 (0.02, 0.35)

Impaired attention k, n (%) 44 (42.7)f 6 (23.1) 0.20 (0.01, 0.38)

Impaired working memory k, n (%) 50 (48.5)f 3 (12.0)g 0.37 (0.21, 0.53)

Impaired language k, n (%) 21 (20.0)h 1 (4.0)g 0.16 (0.05, 0.27)

Impaired visual perception k, n (%) 23 (23.0)i 2 (8.0)g 0.15 (0.02, 0.28)

Impaired motor ability k, n (%) 13 (12.7)j 2 (7.7) 0.05 (−0.07, 0.17)

CI= confidence interval, GA = gestational age, SD= standard deviation.

a
Computed relative to the British Growth Reference data (Cole et al. 998).

b
birth weight SD score > 2 SD below mean weight for GA.

c
n=106.
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d
Postnatal dexamethasone, usual dose 0.15 mg/kg per day for 3 days, reducing over 10 days: total dose 0.89 mg/kg.

e
Proven sepsis and/or proven necrotising enterocolitis.

f
n=103.

g
n=25.

h
n=105.

i
n=100.

j
n=102.

k
Impairment was defined as scores more than 1 SD below the normative mean.
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