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a b s t r a c t 

The preterm brain has been analysed after birth by a large body of neuroimaging studies; however, few studies 

have focused on white matter alterations in preterm subjects beyond infancy, especially in individuals born at 

extremely low gestation age - before 28 completed weeks. Neuroimaging data of extremely preterm young adults 

are now available to investigate the long-term structural alterations of disrupted neurodevelopment. We examined 

white matter hierarchical organisation and microstructure in extremely preterm young adults. Specifically, we 

first identified the putative hubs and peripheral regions in 85 extremely preterm young adults and compared them 

with 53 socio-economically matched and full-term born peers. Moreover, we analysed Fractional Anisotropy (FA), 

Mean Diffusivity (MD), Neurite Density Index (NDI), and Orientation Dispersion Index (ODI) of white matter in 

hubs, peripheral regions, and over the whole brain. Our results suggest that the hierarchical organisation of 

the extremely preterm adult brain remains intact. However, there is evidence of significant alteration of white 

matter connectivity at both the macro- and microstructural level, with overall diminished connectivity, reduced 

FA and NDI, increased MD, and comparable ODI; suggesting that, although the spatial configuration of WM 

fibres is comparable, there are less WM fibres per voxel. These alterations are found throughout the brain and are 

more prevalent along the pathways between deep grey matter regions, frontal regions and cerebellum. This work 

provides evidence that white matter abnormalities associated with the premature exposure to the extrauterine 

environment not only are present at term equivalent age but persist into early adulthood. 
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. Introduction 

Preterm babies are born at fewer than 37 completed weeks of gesta-

ion. In 2010, the World Health Organization estimates that more than

ne in ten babies are born preterm worldwide, and this number is ris-

ng Organization (2012) . In developed countries, better socioeconomic

actors and improved neonatal care have strengthened the ability to

reat babies born at immature gestational ages; increased survival rates,

owever, have not paired with equal decrease in neonatal morbidity

osteloe et al. (2012) ; Moore et al. (2012) ; Organization (2012) and

eduction of cases with cognitive impairment. In fact, it is well estab-

ished that decline in cognitive performance is associated with preterm

irth Ball et al. (2015) ; Hedderich et al. (2020) ; Marlow et al. (2005) ;

oore et al. (2012) ; O’Reilly et al. (2020) ; Sølsnes et al. (2016) . Sur-

ivors suffer complications in multiple organs, of which brain and lungs

re the most vulnerable Saigal and Doyle (2008) . Effects are not limited

nly to infancy but extend in the long term Saigal and Doyle (2008) . This

s of great concern since the absolute number of subjects with a broad

pectrum of neurologic and cognitive disability is increasing, with as-
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ociated costs for society, health care systems, and education Frey and

lebanoff (2016) . Evaluating the extent of any impairment, and identi-

ying which brain areas or neurological networks are most compromised

nables prediction of the long-term effect of prematurity on the brain.

his is crucial to inform personalised treatments and targeted therapies

t an early stage. 

Evidence suggests that the preterm brain manifests anatomical

all et al. (2014, 2012) ; Hedderich et al. (2020) , microstructural

all et al. (2013b) and functional impairments Moore et al. (2012) ;

’Reilly et al. (2020) from early years. Although diffuse White Matter

WM) abnormalities are the most common hallmark of the prematurity

all et al. (2012) , early exposure to the extrauterine environment is also

ssociated with long-term alterations of the brain’s cortical complexity

edderich et al. (2020) , smaller subcortical and cerebral WM volumes,

nd larger ventricles Sølsnes et al. (2016) . Findings from Magnetic Reso-

ance Imaging (MRI) suggest that core WM connectivity may be formed

efore the time of normal birth, establishing a backbone structure for the

ormation of additional and later connectivity Ball et al. (2014) . Diffu-

ion MRI studies on preterm infants reveal that this process is influenced
pril 2021 

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.neuroimage.2021.118112
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuroimage
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2021.118112&domain=pdf
mailto:hassna.irzan.17@ucl.ac.uk
https://doi.org/10.1016/j.neuroimage.2021.118112
http://creativecommons.org/licenses/by/4.0/


H. Irzan, E. Molteni, M. Hütel et al. NeuroImage 237 (2021) 118112 

b  

n  

a  

a  

d  

u  

c  

l  

r  

i  

d  

n  

c  

n  

t  

i  

l  

b  

A  

B  

h  

F  

I  

c  

Y

 

D  

J  

D  

h  

c  

C  

i  

c  

r  

i  

t

 

s  

Y  

h  

t  

(  

b  

c  

a  

e  

s  

d  

g  

m  

w  

G  

h  

g

 

t  

t  

a  

t  

fl  

p  

o  

b  

t  

m  

Table 1 

Characteristics of the participants with the total number of Extremely Preterm 

(EP) and Full-Term (FT) born subjects, the proportion of females and males in 

the cohort, and the number of subjects with respect to their gestational age at 

birth in completed Weeks (W). 

Participants characteristics EP FT 

Number of subjects 𝑁 85 53 

Sex (female/male) 49/36 32/21 

Completed Weeks of gestation 

23: = 22–23 W (female/male) 7∕2 −∕− 
24: = 24 W (female/male) 14∕8 −∕− 
25: = 25 W (female/male) 28∕26 −∕− 
40: = from 37 W (female/male) −∕− 32∕21 
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y premature birth, resulting in disrupted cortical-subcortical WM con-

ectivity Ball et al. (2014) and microstructure Ball et al. (2013b) . In

ddition, WM connectivity in highly connected brain areas such as hubs

nd rich club regions Zhao et al. (2019) and connections to and from

eep grey matter areas Batalle et al. (2017) exhibit most prominent mat-

ration with increasing gestational age. The preterm brain, having to

ope with a scarcity of WM resources, might therefore favour the estab-

ishment and the maturation of core connectivity at the expense of pe-

ipheral connectivity Batalle et al. (2017) ; Karolis et al. (2016) . Sudden

nterruption of typical brain maturation after preterm birth alters the

evelopment of WM structure Ball et al. (2014, 2012) leading to altered

etwork architecture, reduced network capacity Ball et al. (2014) , de-

reased global efficiency, decreased network integration, and increased

etwork segregation de Almeida et al. (2021) . In addition, earlier gesta-

ional age is associated with lower weighted nodal strength, character-

stic path length, clustering coefficient Brown et al. (2014) , global, and

ocal efficiency Batalle et al. (2017) . The preterm brain is characterised

y altered cortical microstructure inferred by changes in Fractional

nisotropy (FA) and Mean Diffusivity (MD) at term-equivalent age

all et al. (2013b) , and reduced FA in major WM matter tracts in child-

ood and early adulthood Batalle et al. (2017) ; Eikenes et al. (2011) ;

ischi-Gómez et al. (2015) ; Young et al. (2019) . Orientation Dispersion

ndex (ODI) and Neurite Density Index (NDI) parameters are signifi-

antly altered in preterm born neonates Batalle et al. (2017) , children

oung et al. (2019) , and adolescents Eaton-Rosen et al. (2016) . 

The microstructure and the WM tract architecture is characterised by

iffusion Tensor Imaging (DTI). Models such as spherical deconvolution

eurissen et al. (2014) ; Tournier et al. (2007) and Neurite Orientation

ispersion and Density Imaging (NODDI) Zhang et al. (2012) , which

ave higher specificity and biological plausibility, are available to over-

ome some of the inherent limitations of the diffusion tensor Jones and

ercignani (2010) . NODDI proposes three compartments to model the

ntra-cellular, extra-cellular, and cerebrospinal fluid environments. To

haracterise WM, two parameters are of interest: ODI and NDI. As a

esult, NODDI offers the prospect of improved specificity when measur-

ng changes in tissue microstructure and network architecture related

o prematurity. 

The majority of studies investigate the preterm brain in the early

tages after birth Ball et al. (2014, 2012, 2013b) and in childhood

oung et al. (2019) , while less is known about subjects beyond child-

ood Eikenes et al. (2011) ; Fischi-Gómez et al. (2015) , especially ex-

remely preterm born individuals Eaton-Rosen et al. (2016) ; Irzan et al.

2020b,d) . Therefore, as the long-term effect of preterm birth on the

rain is incompletely explored and not fully understood, it remains un-

lear how the pathophysiology of early WM impairment impacts brain

rchitecture in adulthood and how brain abnormalities of early life

volve into adulthood. In this study, we address the lack of long-term

tudies and investigate the impact of extremely preterm birth on the

evelopment of whole-brain WM. The analysis is carried out using a

raph-based description, which enables the application of graph theory

easures. With such description, the brain is represented as a graph

ith nodes denoting the brain regions and edges the WM connectivity.

raph theory measures describe anatomical properties of the brain and

ave been observed to quantify differences between patient and control

roups Bullmore and Sporns (2009) . 

Hubs are highly connected brain regions with a crucial role in the

ransfer of information in the network and are therefore closely linked

o the concept of centrality Rubinov and Sporns (2010) . Brain regions

re usually defined as either hub or peripheral regions depending on

he specific centrality measure used. Since each centrality measure re-

ects a region’s topological characteristic, different types of hubs or

eripheral regions can be specified. For example, defining hubs based

n high nodal strength would identify regions that connect to many

rain regions, defining hubs following high nodal efficiency would iden-

ify regions that mediate network integration and delivery of infor-

ation, and defining hubs according to high betweenness centrality
2 
ould identify regions that lie on many shortest path. To identify hubs

ith several topological characteristics, we use a consensus-based ap-

roach van den Heuvel et al. (2010) by combining rankings across cen-

rality measures. Since hubs are essential to maintain network wide-

nformation flow, a potential dysfunction or loss after preterm birth

ight have disproportional effects on the integrity and functionality

f the remainder of the network. Although the presence of adult-like

rain network architecture is observed in infants before term birth

an Den Heuvel et al. (2015) , including the existence of the small-world

odular organisation and the presence of hubs Ball et al. (2014) , the de-

eloping preterm brain may be required to reorganise its WM connectiv-

ty due to its anatomical limitation. Hence, the identification of hubs and

eripheral regions would inform about the long-term effects of extreme

rematurity on the brain’s hierarchical architecture. We investigate the

icrostructural parameters (FA, MD, ODI, NDI) along these tracts and

est the hypothesis that extreme prematurity is associated with altered

icrostructural outcome. Finally, we investigate the extent to which

he alteration of the microstructural properties might be linked to ges-

ational age and inspect which sub-networks of the brain are mainly

ffected. 

. Methods 

We describe the participants and data acquisition in Section 2.1 , the

teps to complete data preprocessing in Section 2.2 , the steps to per-

orm tractography in Section 2.3 , and microstructural features estima-

ion in Section 2.4 . Section 2.5 outlines how we calculate the struc-

ural network, and the microstructural networks weighted by FA, MD,

DI, and ODI. In Section 2.6 , we introduce the node centrality mea-

ures and compare them between a group of Extremely Preterm born

ubjects (EP) and a group of Full-Term born subjects (FT) in Section 2.7 .

e use nodes centrality measures to perform identification of hub re-

ions in Section 2.8 and peripheral regions in Section 2.9 . Moreover,

e investigate the microstructural features along these sub-networks in

ection 2.10 . Fig. 1 outlines the main steps of the methodology. 

.1. Participants and data acquisition 

One hundred thirty-eight participants are recruited from the EPI-

ure study of infants born extremely preterm at 26 completed weeks of

estation or less between March and December 1995 in the United King-

om and the Republic of Ireland. The cohort includes a group of 53 FT

ho are socio-economically matched with 85 EP O’Reilly et al. (2020) .

able 1 reports the details of the cohort. 

T1-weighted MRI and diffusion weighted MRI (dWMRI) acquisitions

re performed on a 3T Philips Achieva system at subjects’ 19 th birthday.

PRAGE T1-weighted MRI images are acquired at Repetition Time (TR)

f 6.93 ms, Echo Time (TE) of 3.14 ms with 1 mm isotropic resolution.

olumes of dWMRI are acquired at (2 . 5 × 2 . 5 × 3) mm resolution across

 -values of (0,300,700,2000) s/mm 

2 , and n: 4,8,16,32 directions. The

cquisitions are performed at TE: 70 ms, TR: 3500 ms, field of view:

240 × 240 × 150) mm, flip angle: 90 ◦, and SENSE factor of one. 
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Fig. 1. Outline of the main steps of the methodology to estimate and analyse the structural networks and networks weighted by the microstructural parameters FA, 

MD, NDI, and ODI. We use Anatomically Constrained Tractography (ACT) Smith et al. (2012) to evaluate the white matter streamlines. We evaluate the structural 

network by quantifying the white matter connectivity between brain areas obtained from Geodesic Information Flow (GIF) parcellations Cardoso et al. (2015) . We 

measure maps of the microstructural parameters and estimated FA, MD, NDI, and ODI -weighted networks. We compare Extremely Preterm (EP) and Full-Term (FT) 

born subjects on measures of node centrality ( 𝑆 𝑖 , 𝐸 𝑖 , 𝐵 𝑖 ) and investigate how these measures are influenced by Total Brain Volume (TBV) and being born extremely 

preterm. Moreover, by combining rankings of 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 , we estimate hub and peripheral brain regions on the average EP and FT network. In addition, we evaluate 

the microstructural parameters along the hub and peripheral sub-network, and over all the brain. 
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Data from three EP are rejected from the analysis because they have

isconnected structural networks (i.e. one or more regions are not con-

ected to other brain regions). Note that these subjects do not show an

vident WM injury. All participants gave informed consent before taking

art in the experiment. Ethical approval was granted by the South Cen-

ral - Hampshire A Research Ethics Committee (reference 13/ SC/0514).

.2. Data pre-processing 

T1-weighted images are bias-corrected using the N4ITK algorithm

ustison et al. (2010) . Tissue parcellations of the bias-corrected T1-

eighted volumes are obtained using the Geodesic Information Flow

GIF) version 2.0 Cardoso et al. (2015) . GIF uses a multi-atlas label prop-

gation and fusion strategy to propagate voxel-wise annotations into

ach subject’s native space, producing 144 labels. Before inclusion in

he study, all the scans and parcellations are visually inspected for as-

essing the quality of the data. All parcellations are judged acceptable,

nd no data is rejected at this stage. 

The preprocessing of the dWMRI volumes is completed using MRtrix3

ackage Tournier et al. (2019) . The volumes of dWMRI are first cor-

ected for thermal noise by removing data redundancy based on eigen-

pectrum of random covariance matrices approach Veraart et al. (2016) .

ibbs-ringing artefacts are addressed by sampling the ringing pattern at

he zero-crossings of the oscillating sinc-function Kellner et al. (2016) .

urthermore, dWMRI volumes are corrected for eddy current-induced

istortion and subject movements artefacts by comparing the predicted

WMRI volumes to the observed data; the resulting difference updates

he estimate of the eddy-current-induced field and the position of the

ubject Andersson and Sotiropoulos (2016) . In addition, we compare

ead motion between EP and FT. Therefore, we first estimate head dis-

lacement and rotation for each subject by calculating the maximum

ranslation and rotation in each scan; we then compare these between

P and FT. The statistical test for difference in the mean shows that
3 
here is no evidence of a significant difference in displacement ( 𝑝 = . 49 )
r rotation ( 𝑝 = . 11 ) between the two groups. 

.3. Tractography 

The response function of each tissue type (cerebrospinal fluid, WM,

nd GM) is estimated using a Multi-Shell Multi-Tissue (MSMT) approach

eurissen et al. (2014) . The orientation distribution of the WM fibres

FOD) is then evaluated in each voxel through Constrained Spherical

econvolution (CSD) Tournier et al. (2007) . The intensity of the FODs

s normalised for inter-subject comparisons. Whole-brain streamlines

robabilistic tractography is performed using dynamic seeding with

acktrack Smith et al. (2015) . Within the dynamic seeding strategy, the

ifference between the reconstructed streamlines density and the FOD

mplitudes is employed to update the probability of seeding from each

OD lobe dynamically. To ensure that the tracts terminate in GM, the

eed location is checked by the Anatomically Constrained Tractography

ACT) framework Smith et al. (2012) . The estimated tracks consist of

en million streamlines per subject. To best approximate the apparent

bre density, the tracks are filtered with Spherical-deconvolution In-

ormed Filtering of Tractograms (SIFT2) procedure Smith et al. (2015) .

he SIFT2 algorithm ascribes weights to each streamline to achieve pro-

ortional correspondence between FOD and reconstructed streamlines.

omputation of the whole-brain tractogram and brain network estima-

ion are performed using MRtrix3 package Tournier et al. (2019) . 

.4. Estimation of microstructural features 

Diffusion data are fitted to the DTI Basser et al. (1994) and NODDI

hang et al. (2012) models. From DTI, the voxel-wise parameters FA and

D are estimated. FA describes the normalised variance of the eigen-

alues of the diffusion tensor about their mean; MD is the mean of the

igenvalues of the diffusion tensor. While FA is a measure related to
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spects of fibre geometry and integrity, including density, myelination,

ispersion, and crossings; MD is the average diffusivity over all direc-

ions and it relates to many of the same factors as FA. From NODDI

odel, NDI and ODI are considered: NDI measures the proportion of

he space inside the neurites membrane, while ODI refers to the pattern

f neurite orientations Zhang et al. (2012) . 

.5. Brain networks reconstruction 

A total of 121 Regions Of Interest (ROIs) are defined on the basis of

IF Cardoso et al. (2015) parcellation and are located within the neo-

ortex, subcortical structures, cerebellum, pons, and brainstem. Struc-

ural white matter pathways are defined between these regions. The

tructural network is defined based on WM connectivity only. Math-

matically, this is specified by a graph 𝐺 𝑛 = ( 𝑉 , 𝐿 ) with 𝑉 the set of

ndividual ROIs and 𝐿 the set of edges (or links) connecting the indi-

idual ROIs. Each edge ( 𝑖, 𝑗) connects two brain regions 𝑖 and 𝑗 with

trength of connectivity 𝑤 𝑖𝑗 , which is defined by the weighted (SIFT2

mith et al. (2015) ) contribution of each streamline connecting 𝑖 and 𝑗.

or each subject and each microstructural map, a graph 𝐺 𝑚𝑖𝑐𝑟 = ( 𝑉 , 𝐸)
s defined with 𝑉 the set of individual ROIs and 𝐸 the set of edges con-

ecting the individual ROIs. Each edge ( 𝑖, 𝑗) connecting a pair of nodes

 and 𝑗 is defined as the mean sampled value of the specific microstruc-

ural parameter along each streamline connecting 𝑖 and 𝑗. It is worth

oticing that the graphs 𝐺 𝑛 and 𝐺 𝑚𝑖𝑐𝑟 are isomorphic since they contain

he same nodes connected in the same way. Defining the graphs in such

 manner guarantees a one-to-one correspondence between the entries

f the adjacency matrices associated with each graph for each subject. 

.6. Measures of node centrality 

The topology of each structural network is investigated. The weighted

onnectivity strength 𝑆 𝑖 of the node 𝑖 is defined as the sum of edge weights

or edges that connect node i to all other nodes j . Formally: 

 𝑖 = 

∑
𝑖 ≠𝑗 

𝑤 𝑖𝑗 (1)

he total connectivity strength 𝑆 is the sum of 𝑆 𝑖 for all the nodes 𝑖 ∈V.

The weighted nodal efficiency 𝐸 𝑖 describes how well a brain region is

ntegrated within the whole brain via its shortest path 𝑙 𝑖𝑗 . The weighted

odal efficiency 𝐸 𝑖 of node 𝑖 is defined as the normalised sum of the

eciprocal of the shortest path 𝑙 𝑖𝑗 between node 𝑖 and all other nodes

 ∈ 𝑉 : 

 𝑖 = 

1 
|𝑉 | − 1 

∑
𝑖 

1 
𝑙 𝑖𝑗 

(2)

The weighted global efficiency 𝐸 𝑔𝑙𝑜𝑏 is the normalised sum of the re-

iprocal of all shortest paths in the network ( Latora, Marchiori, 2001 ),

 𝑔𝑙𝑜𝑏 = 

1 
|𝑉 |( |𝑉 | − 1) 

∑
𝑖 ≠𝑗 

1 
𝑙 𝑖𝑗 

(3)

While 𝐸 𝑔𝑙𝑜𝑏 quantifies how well information flows in a parallel sys-

em via shortest path over the entire network, 𝐸 𝑖 localises such effect on

pecific brain regions ( Latora, Marchiori, 2001 ). 

The weighted betweenness centrality 𝐵 𝑖 is defined as the sum of the

atio of shortest path 𝜎( ℎ, 𝑗|𝑖 ) between any pair of nodes j and h that

asses through node i and the overall shortest path 𝜎( ℎ, 𝑗) between nodes

and ℎ ( Freeman, 1977 ). This is normalised by the total number of nodes

𝑉 | as: 

 𝑖 = 

1 
( |𝑉 | − 1)( |𝑉 | − 2) 

∑
ℎ ≠𝑖,ℎ ≠𝑗 ,𝑗 ≠𝑖 

𝜎( ℎ, 𝑗|𝑖 ) 
𝜎( ℎ, 𝑗) 

(4)

Given the assumption that the information travels through the brain

long the shortest path, the brain region with high 𝐵 𝑖 represents a piv-

tal element in the brain as that region lies on many shortest path and

ence mediates a high amount of information traffic. 
4 
For simplicity, we omit the term ”weighted ” from the graph

easures. For each brain network graph 𝐺 𝑛 , we compute

 𝑖 , 𝑆, 𝐸 𝑖 , 𝐸 𝑔𝑙𝑜𝑏 , and, 𝐵 𝑖 as defined above. 

.7. Statistical analysis 

Changes in the node-specific measures of node centrality between FT

nd EP are examined. Each node is analysed by comparing node-specific

 𝑖 , 𝐸 𝑖 , 𝐵 𝑖 distributions between FT and EP using student’s t -test. The con-

ucted inferences are corrected for multiple comparisons (Bonferroni

orrection. We use Cohen’s ds to analyse the effect size for comparing

wo populations means. 

As a previous analysis Irzan et al. (2020d) on this dataset detected

rain volume differences between FT and EP, to ensure a meaningful

omparison between the two groups and assess the effect of brain vol-

me as well as extreme preterm birth on graph theory measures, we

nclude the Total Brain Volume (TBV) and preterm birth (categorical

ariable of group membership) as nuisance regressors in a General Lin-

ar Model (GLM). The sum of the whole-brain GM and WM volumes,

ncluding the cerebellum and the brainstem, represents TBV. GLM is fit-

ed to each graph theory metric using TBV and group membership as

ovariates. 

.8. Consensus identification of hubs 

Hubs display high level of connectivity strength 𝑆 𝑖 van den Heuvel

nd Sporns (2013) , high betweenness centrality 𝐵 𝑖 van den Heuvel

t al. (2010) , and high nodal efficiency 𝐸 𝑖 van den Heuvel and

porns (2013) . We derive the average structural network for EP and

T, as their structural network arithmetic average, and compute 𝑆 𝑖 , 𝐵 𝑖 ,

nd 𝐸 𝑖 of the average EP and FT networks. For each average network,

ach node is assigned a score of one each time 1) the node is in the top

5% of nodes with strongest 𝑆 𝑖 , or 2) it is placed in the top 25% of nodes

ith highest 𝐵 𝑖 , or 3) it is in the top 25% of nodes with highest 𝐸 𝑖 . With

 maximum score of three, nodes that score two or higher are classified

s hubs. The threshold for assigning a hubness score, although similar to

revious work van den Heuvel et al. (2010) , is arbitrary. Therefore, we

nvestigate the extent to which the identified hubs in each group remain

omparable while changing threshold cut from 10% to 50% . Fig. 2 dis-

lays a toy network where regions with high 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 are defined

s hubs. In this work, we refer to the set of edges connecting the hubs

s the hub sub-network. 

.9. Consensus classification of peripheral regions 

Peripheral nodes present low 𝐵 𝑖 , 𝑆 𝑖 and 𝐸 𝑖 . Based on each measure,

 region is assigned a score of one if it is in the 25% of nodes with low-

st 𝑆 𝑖 , 𝐸 𝑖 , or 𝐵 𝑖 . With a maximum score of three, we label regions with

cores of two or above as peripheral regions. As mentioned for the iden-

ification of hub regions, the threshold of 25% is arbitrary. Therefore, we

xamine comparability of the peripheral regions for EP and FT by chang-

ng threshold cut from 10% to 50% . Fig. 2 shows a toy network where

egions with low 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 are characterised as peripheral. The set

f edges connecting the peripheral nodes are referred to as peripheral

ub-network. 

.10. Microstructural features 

Using the microstructural networks derived in Section 2.5 , we ex-

mine FA, MD, NDI, and ODI properties of the identified hub and

eripheral sub-networks between EP and FT. We investigate the link

etween the pattern of microstructural connectivity and the gesta-

ional age of EP. A GLM with TBV and group membership as co-

ariates is fitted to each microstructural property. Moreover, EP are

plit into three groups according to their gestational age at birth (see

able 1 ) and compared in terms of their measures of microstructural
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Fig. 2. Node-specific values of connectivity strength 𝑆 𝑖 , nodal efficiency 𝐸 𝑖 , and betweenness centrality 𝐵 𝑖 for a toy network where WM connectivity 𝑤 𝑖𝑗 between two 

brain regions is one. Under our definition of hub and peripheral regions, hub and peripheral regions are displayed in red and yellow respectively. 
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arameters. The analysis is conducted across both the WM of the hub

nd the peripheral sub-networks. We analysed the group mean dif-

erences by running Kruskal-Wallis statistical test. We reported the

ean and computed the confidence intervals for populations differ-

nces using the approach suggested by Campbell and Gardner (1988) .

he inferences are corrected for multiple comparisons (Bonferroni

orrection). 

. Results 

.1. Statistical analysis 

The analysis of 𝑆 𝑖 reveals overall reduced strength of connectivity in

he EP brain as shown in the top left of Fig. 3 . Reductions are mainly

riven by the cerebellum, deep nuclei, mid-temporal area, precentral

yrus and, precuneus, which also demonstrate the largest effect sizes

 Fig. 4 ). The global connectivity 𝑆 is significantly reduced ( 𝑝 = 6 . 5 𝑒 −5 )
n EP ( 𝑆 = 500 ± 67 ) compared to FT ( 𝑆 = 554 ± 76 ). Similarly, the net-

orks of EP show decreased 𝐸 𝑖 in the cerebellum, deep nuclei, and pre-

entral gyrus as illustrated in the top right of Fig. 3 , which is in line

ith larger effect sizes in the same regions ( Fig. 4 ). To a smaller ex-

ent the 𝐸 𝑔𝑙𝑜𝑏 is reduced ( 𝑝 = 9 . 8 𝑒 −3 ) with 𝐸 𝑔𝑙𝑜𝑏 = 0 . 15 ± 0 . 02 in EP and

 𝑔𝑙𝑜𝑏 = 0 . 16 ± 0 . 02 in FT. The EP network reveals trends of reduced 𝐵 𝑖 

n the precentral, and increased 𝐵 𝑖 in the middle frontal and postcentral

yri, especially medially. As displayed in the bottom of Fig. 3 , the differ-

nces in 𝐵 𝑖 are not significant after Bonferroni correction and the effect

izes are smaller ( Fig. 4 ). In general, effect sizes are small to medium for

 𝑖 , with EP having larger 𝐵 𝑖 than FT; effect sizes are small to large, with

P having reduced 𝑆 𝑖 and 𝐸 𝑖 than FT. Tables 1, 2, and 3 of the Supple-

entary Material (SM) report the means, statistics, and the effect size

or each brain region. 

The TBV of EP ( 𝜇 = 1019 . 7 ± 23 . 4 cm 

3 ) is significantly ( 𝑝 = 8 𝑒 −6 ) re-

uced compared to FT ( 𝜇 = 1112 . 0 ± 30 . 4 cm 

3 ) (see Figure 1 of the SM ).

he analysis of the covariates reveals that the regions with significantly

educed 𝑆 𝑖 in EP are influenced both by TBV and premature birth (top

f Fig. 5 ). The variation of 𝑆 𝑖 in bilateral thalamus, bilateral putamen,

ilateral caudate, left occipital pole, right pallidum, right post central

yrus medial segment, right posterior cingulate gyrus, and right cuneus

s explained by premature birth. Correspondingly, bilateral thalamus,

audate, pallidum, and posterior cingulate gyrus show highest variances

xplained ( Fig. 6 ). As illustrated in Fig. 5 , the regions with significantly

ow 𝐸 𝑖 in EP show both group and TBV effect, which is reflected in sim-

lar amounts of variances explained ( Fig. 6 ). However, the reduction of

 𝑖 in left thalamus, bilateral caudate, right pallidum, and post central

yrus medial segment is mainly explained by premature birth. The vari-

tion of 𝐵 𝑖 ( Fig. 5 ) in left precentral gyrus and right caudate is affected

y being born extremely preterm. Much lower variance explained is ob-

erved accordingly ( Fig. 6 ). There is no statistically significant difference

n TBV, 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 between the subgroups (split by gestational age)

f EP. 
5 
.2. Consensus identification of hubs 

The hubs identified for FT and EP are depicted in Fig. 7 . Nodes in

ed are the brain regions that scored more or equal to two while nodes

n blue are the brain regions that scored less or equal to one. Overall,

6 regions are identified for the FT, 29 for the EP, while the common

egions are 26. Varying the threshold for identifying hubs results in an

verlap, that ranges from 86% to 100% , between the identified regions

n both groups. 

Left superior frontal gyrus medial segment, right supplementary mo-

or cortex, and superior occipital gyrus are identified as hubs only in the

P group. The full list of the identified putative hubs is provided in Table

 of the SM. 

.3. Consensus classification of peripheral regions 

The regions identified as peripheral in the FT and EP average struc-

ural networks are illustrated in Fig. 8 . Thirty-one regions are identified

or the FT and 28 are identified for the EP; 27 of which are common

etween the two groups. 

Anterior orbital gyrus and occipital pole are found only in the FT

etwork, while gyrus rectus is found only in the EP network. The list of

dentified peripheral regions is provided in Table 5 of the SM. 

.4. Microstructural features 

The results of the comparison between microstructural parameters

f EP and FT is illustrated in Table 2 . The table shows a global statis-

ically significant lower FA and NDI and higher MD in EP. The anal-

sis of the microstructural properties on the hub and peripheral sub-

etworks reveals a similar course. ODI is significantly higher in EP

long the peripheral sub-network. Although FA, MD, and NDI show sta-

istically significant difference between the groups, only FA and MD

emain significant after Bonferroni correction with 𝛼 = 0 . 05∕12 (four

icrostructural measures per three types of WM areas) in hubs sub-

etwork ( 𝑝 FA = 1 . 23 𝑒 −3 , 𝑝 MD = 2 . 32 𝑒 −5 ), peripheral sub-network ( 𝑝 FA =
 . 94 𝑒 −4 , 𝑝 MD = 2 . 97 𝑒 −5 ), and global connectivity ( 𝑝 FA = 2 . 60 𝑒 −4 , 𝑝 MD =
 . 13 𝑒 −5 ) (see Table 2 ). 

Table 2 reports the 95% confidence intervals for the difference of

edians between EP and FT. Values are at least one order of magnitude

ower than the values of the parameters, indicating that the difference,

lthough statistically significant, is small. The analysis of the covariates

hows that TBV drives the variations in FA and ODI. The variance ex-

lained by TBV is around 22% and 40% , respectively, for all the three

rain areas. Extreme preterm birth affects the differences in MD (around

1% of variance explained) and to a lesser extent, the differences in NDI

around 3% of variance explained). The details about this analysis are

n Table 6 of the SM. 

Table 7 of the SM reports the results when comparing the mi-

rostructural parameters at three gestational groups (refer to Table 1 )
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Fig. 3. Statistical comparison using student’s t -test between the Full-Term (FT) and Extremely Preterm (EP) subjects on node-specific Connectivity Strength 𝑆 𝑖 , Nodal 

Efficiency 𝐸 𝑖 and Betweenness Centrality 𝐵 𝑖 . The measures in regions in shades of red colours are significantly increased in the EP born subjects, while the measures 

in regions in shades of blue colours are significantly reduced in the EP born subjects. The regions in grey colour do not show a significant between-group difference. 

Darker shades indicate that the region is significantly different after Bonferroni correction ( 𝛼 = 0 . 0001 ) and lighter colours indicate that the statistic in the region is 

below the standard threshold 𝑝 = . 05 but above the critical Bonferroni threshold. 
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f the EP. Overall, there is no evidence to suggest that there is sig-

ificant change in microstructural parameters with respect to ges-

ational age. However, compared to subjects born at 25 completed

eeks of gestation, subjects born at 24 completed weeks of gesta-

ion have statistically significant lower FA in the hubs sub-network

 𝑝 = . 021; 95% = (−0 . 025 , −0 . 002)) and in peripheral sub-network ( 𝑝 =
 014; 95% = (−0 . 025 , −0 . 003)) , and have a statistically significant higher

DI in the hubs sub-network ( 𝑝 = . 014; 95% = (0 . 001 , 0 . 011)) and in

eripheral sub-network ( 𝑝 = . 003; 95% = (0 . 003 , 0 . 015)) . None of these

ests are significant after multiple comparison correction (Bonferroni

= 0 . 002 ). 

. Discussion 

In this work, we analyse the network structure of a large single-

ite population of extremely preterm and full-term born young adults

o evaluate the long-term influence of prematurity on brain ar-

hitecture and microstructure. Further, we examine the link be-

ween the degree of prematurity and the extent of microstructural

hange. The study is carried out by combining graph theory mea-

ures Rubinov and Sporns (2010) with the state-of-the-art models for

M structure Tournier et al. (2007) and microstructure estimation

asser et al. (1994) ; Zhang et al. (2012) . 

We investigate several features of brain networks; of these, nodal

fficiency 𝐸 indicates how closely nodes are connected to other nodes
𝑖 

6 
n the network, with shorter paths conveying information flow more

fficiently Latora and Marchiori (2001) . The reduced 𝐸 𝑖 in EP ( Fig. 3

op right) might suggest that the integration of information flow in

he connections to precentral gyrus, deep GM regions, and cerebel-

um exterior is altered in EP. Moreover, the strength of connectivity

 𝑖 ( Fig. 3 top left) in the same areas of the brain is significantly di-

inished in EP ; alterations in the same areas are reported by previous

tudies in preterm infants Ball et al. (2013a) and young adults Irzan

t al. (2020a,b) . Our results suggest that the connectivity alterations af-

er preterm birth do not change substantially from infancy to 19-years of

ge. 

Furthermore, the analysis suggests that reduced connectivity 𝑆 𝑖 is

mplicated in the decrease of 𝐸 𝑖 . However, the reduction of the global

onnectivity 𝑆 is not associated with as strong a reduction in global ef-

ciency 𝐸 𝑔𝑙𝑜𝑏 . This result might imply a localised effect of prematurity

estricted to specific regions . Results of decreased connectivity strength

nd global efficiency after preterm birth are reported by previous stud-

es de Almeida et al. (2021) ; Batalle et al. (2017) . The finding of lower

 𝑖 in EP in left putamen, left hippocampus, right caudate, right infe-

ior temporal gyrus, and bilateral precentral gyrus suggests a less cen-

ral role of these regions. All these regions relate to the brain areas of

omato-sensory function. In a typical pregnancy, the primary somato-

ensory functions are developed inside the mother’s womb during the

hird trimester of pregnancy Silbereis et al. (2016) . As the extremely

reterm born individuals develop ex utero , these functions have to be re-
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Fig. 4. Maps of the effect size analysis of the difference between EP and FT on measures of Connectivity Strength 𝑆 𝑖 , Nodal Efficiency 𝐸 𝑖 and Betweenness Centrality 𝐵 𝑖 . 

The regions coloured in shades of blue are the regions where EP have decreased the specific graph measure, while the regions in shades of red are where EP have 

increased the specific graph measure. 

Table 2 

Comparison between Extremely Preterm born subjects (EP) and the Full-Term born subjects (FT) on the microstructural properties in hub and peripheral sub- 

networks, and global connectivity. The statistical analysis is performed using Kruskal-Wallis statistical test; The 𝑝 -values in bold are statistically significant, and 

the ones marked by an asterisk are statistically significant after Bonferroni correction with 𝛼 = 0 . 004 . IQR refers to the interquartile range of the data, and 95% 

CI is the 95% confidence interval for the difference in the median. 

FA FT median (IQR) EP median (IQR) 𝑝 -value 95% CI 

Hubs sub-network 0 . 472 (0 . 020) 0 . 462 (0 . 026) 𝟏 . 𝟐𝟑𝐞 − 𝟑 ∗ (4 . 47 𝑒 −3 , 1 . 81 𝑒 −2 ) 
Peripheral sub-network 0 . 434 (0 . 026) 0 . 420 (0 . 029) 𝟒 . 𝟗𝟒𝐞 − 𝟒 ∗ (6 . 59 𝑒 −3 , 2 . 06 𝑒 −2 ) 
Global connectivity 0 . 461 (0 . 021) 0 . 447 (0 . 025) 𝟐 . 𝟔𝟎𝐞 − 𝟒 ∗ (6 . 09 𝑒 −3 , 2 . 02 𝑒 −2 ) 
MD ∗ 1 𝑒 −3 [ mm$ 2 $∕s ] 
Hubs sub-network 0 . 665 (0 . 031) 0 . 685 (0 . 041) 𝟐 . 𝟑𝟐𝐞 − 𝟓 ∗ (−2 . 93 𝑒 −2 , −1 . 13 𝑒 −2 ) 
Peripheral sub-network 0 . 669 (0 . 028) 0 . 688 (0 . 043) 𝟐 . 𝟗𝟕𝐞 − 𝟓 ∗ (−2 . 66 𝑒 −2 , −9 . 33 𝑒 −3 ) 
Global connectivity 0 . 668 (0 . 028) 0 . 687 (0 . 044) 𝟓 . 𝟏𝟑𝐞 − 𝟓 ∗ (−2 . 70 𝑒 −2 , −9 . 33 𝑒 −3 ) 
NDI 

Hubs sub-network 0 . 600 (0 . 035) 0 . 584 (0 . 040) 𝟏 . 𝟖𝟓𝐞 − 𝟐 (2 . 03 𝑒 −3 , 2 . 26 𝑒 −2 ) 
Peripheral sub-network 0 . 577 (0 . 031) 0 . 562 (0 . 038) 𝟏 . 𝟎𝟒𝐞 − 𝟐 (2 . 95 𝑒 −3 , 2 . 27 𝑒 −2 ) 
Global connectivity 0 . 592 (0 . 036) 0 . 576 (0 . 040) 𝟏 . 𝟒𝟏𝐞 − 𝟐 (2 . 65 𝑒 −3 , 2 . 27 𝑒 −2 ) 
ODI 

Hubs sub-network 0 . 257 (0 . 010) 0 . 258 (0 . 011) 4 . 74 𝑒 −1 (−3 . 96 𝑒 −3 , 1 . 90 𝑒 −3 ) 
Peripheral sub-network 0 . 279 (0 . 014) 0 . 282 (0 . 015) 𝟑 . 𝟎𝟎𝐞 − 𝟐 (−7 . 80 𝑒 −3 , −3 . 82 𝑒 −4 ) 
Global connectivity 0 . 265 (0 . 010) 0 . 266 (0 . 012) 9 . 08 𝑒 −2 (−5 . 62 𝑒 −3 , 3 . 44 𝑒 −4 ) 
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ned after birth in the extrauterine environment and this might have in-

uced differences. At the same time, the finding of a higher 𝐵 𝑖 in left su-

erior frontal gyrus medial segment, bilateral posterior cingulate gyrus,

eft calcarine cortex, left lingual gyrus, right medial orbital gyrus, right

iddle frontal gyrus, right precentral gyrus medial segment, and right

emporal pole shows higher centrality of these areas in the EP brain.

s these regions undergo late-maturation, our results might suggest a
7 
ong-term plasticity that allowed to reinforce those regions to compen-

ate for the regions of lower 𝐵 𝑖 . A compensatory mechanism might have

riven the increased volume of these regions as suggested by a previ-

us study on this dataset ( Irzan, O’Reilly, Ourselin, Marlow, Melbourne,

020 ) . Although the impact of these results remain unclear, the find-

ngs suggest possible compensatory processes to alleviate the effects of

remature birth. 
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Fig. 5. The significance maps of the effect of TBV and group membership on 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 . The colour scale for statistical significance ranges from grey (node is not 

statistically significance), light red (node is significant at 𝑝 − value lower than 0.05) to dark red (significant after Bonferroni correction). 

8 
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Fig. 6. Maps of the variance explained by TBV and prematurity on 𝑆 𝑖 𝐸 𝑖 and 𝐵 𝑖 . The colour scale ranges from dark red, indicating that the regressor explains little 

variance (from 0 to 3% ), to yellow indicating the regressors larger explain (from 13% to 15% ). 

9 
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Fig. 7. Node-specific hubness scores for the average brain network of Full-Term born subjects (FT) (left) and Extremely Preterm born subjects (EP) (right). Each 

node is assigned a score of one each time it is in the top 25% of nodes with highest 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 . Node with scores equal or higher than two are classified as hub 

and are coloured in red. Regions with lower scores are coloured in blue. 

Fig. 8. Node-specific peripheral scores for the average brain network of Full-Term born subjects (FT) (left) and Extremely Preterm born subjects (EP) (right). Each 

node is assigned a score of one each time it is in the bottom 25% of nodes with lowest 𝑆 𝑖 , 𝐸 𝑖 and 𝐵 𝑖 . Node with scores equal or higher than 2 are classified as 

peripheral regions and are coloured in blue, nodes that scores less are coloured in red. 
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The conducted ANOVA shows that the reduced TBV in EP (Figure 1

f the SM) is principally implicated in inducing lower 𝑆 𝑖 , 𝐸 𝑖 , and 𝐵 𝑖 . To

 minor extent, the prematurity has significant impact too (see Fig. 6 ).

he TBV is significantly related to the connectivity of all the cerebral

ortex regions as well as to the deep WM regions, while the prematurity

ppears to explain mainly the changes in connections to the deep GM

egions and somato-sensory areas. 
F  

10 
The consensus identification of hubs aims to capture distinct aspects

f topological paths centrality of the putative hub regions: 𝑆 𝑖 captures

he centrality of nodes that have multiple and strong connections with

he assumption that these exert more influence on brain function. Under

he hypothesis that the information travels through the brain’snetwork

ia the shortest path, 𝐵 𝑖 describes the centrality of nodes that lie on many

hortest path and hence mediate high proportion of traffic information

reeman (1977) . 𝐸 𝑖 Latora and Marchiori (2001) describes the central-
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ty of a node with the intuition that a node with a short average path

ength mediates network integration and delivery of information more

fficiently. Therefore, the identified putative hubs have strong connec-

ions to many other nodes and mediate traffic information with other

odes via shortest paths. The regions with a hub score of three that

re common between the groups included bilateral thalamus, putamen,

recuneus, middle frontal gyrus, superior parietal lobule, angular gyrus,

recuneus, precentral gyrus, superior frontal gyrus, and cerebellum ex-

erior. The results are similar to previous findings on healthy subjects

 van den Heuvel, Mandl, Stam, Kahn, Pol, 2010 ). The comparable hub

rchitecture between EP and FT suggests that the establishment of such

rchitecture is perhaps minimally affected by the premature exposure

o the extrauterine conditions. This confirms the result of earlier stud-

es in which the authors found that there is an intact densely connected

ub architecture in preterm born infants, concluding that such architec-

ure might be a property of complex brain networks ( Ball, Aljabar, Ze-

ari, Tusor, Arichi, Merchant, Robinson, Ogundipe, Rueckert, Edwards,

ounsell, 2014 ). 

The overall trend suggested by Table 2 is that the FA and NDI are

igher in hub sub-network than in peripheral sub-network, while MD

nd ODI are higher in peripheral sub-network than in hub sub-network.

his is consistent with our definition of hubs and peripheral connectiv-

ty, as the hubs are the areas of the brain of packed WM fibre bundles

hich are more scarce in the peripheral areas. 

We analyse the microstructural features of the networks and find

hat EP exhibit significant lower FA in hub and peripheral sub-networks

s well as across the entire brain connectivity compared to their FT

quivalent ( Table 2 ). This finding suggests that the WM connections

o the hub regions of the brain, such as deep GM regions and re-

ions in the frontal cortex, are developmentally altered after preterm

irth. Several previous studies report lower FA in preterm adolescents

llin et al. (2011) ; Eikenes et al. (2011) ; Fischi-Gómez et al. (2015) in

ajor WM tracts passing near the thalamus Eikenes et al. (2011) and

verall reduction FA Fischi-Gómez et al. (2015) . Due to the lack of speci-

city of DTI, changes in FA can result from changes in several WM mi-

rostructural properties such as axonal density, axon orientation disper-

ion, and myelination Jones and Cercignani (2010) . The NODDI model

hang et al. (2012) aims to estimate the axonal density (NDI) and the ax-

nal orientation dispersion (ODI) separately and hence can disentangle

wo fundamental contributors to the FA parameter Colgan et al. (2016) .

n the present analysis, axonal density is significantly lower in EP along

M tracts of hub sub-network, peripheral sub-network and over the

verall networks ( Table 2 ), suggesting that the low FA in EP might be

ue to a reduction in axonal density (NDI). The comparable values for

DI between EP and FT might suggest that the spatial configuration of

he neurites structures is comparable between the two groups. Further-

ore, as shown in Table 2 there is significantly higher MD in the hub, the

eripheral sub-network, and the global connectivity of EP. Higher MD

nd lower NDI might indicate a loss in the neurite density. As observed

y earlier studies, we did not identify any brain areas where prematu-

ity is linked to an increase in either FA or NDI or a decrease in either

DI or MD parameters Batalle et al. (2017) . 

The statistical comparison of microstructural parameters in hub and

eripheral sub-networks between EP sub-groups reveals that the main

ifferences are observed when comparing FA and ODI of subjects born

t 24 and 25 weeks of gestation: lower FA and higher ODI with decreas-

ng gestational age (see Table 7 of the SM). Although the changes are

ot statistically significant after correcting for multiple comparison, the

rend suggests that the degree of alteration of the microstructural prop-

rties might be linked to increased prematurity. It is hard to determine

hether such a result is due to decreased sample size, or it is plausi-

le that at this age (19 years) there are no microstructural differences

etween subjects born extremely preterm. 

The comparable hub topology between the groups may suggest that

ven though hubs promote functional integration processes, they do not

etermine their outcome, which instead might be found in the overall
11 
ynamics of the brain. Although the hubs architecture appears to remain

ntact, there is evidence of a significant alteration of WM connectivity

t both the macro- and microstructural level. It is important to highlight

hat many regions (such deep GM and frontal connections) in the hub

ub-network are found to have altered 𝑆 𝑖 and 𝐸 𝑖 in EP. This provides

urther evidence that WM abnormalities associated with the premature

xposure to the extrauterine environment are present not only at term

quivalent age Ball et al. (2013b) but persist into early adulthood. 

. Technical considerations 

In our statistical analysis, we include TBV and group membership (EP

s FT) as covariates. We do not include sex as a regressor because, from

revious analysis Irzan et al. (2020c,d) ; O’Reilly et al. (2020) on this

ataset, we have little evidence that there is significant difference be-

ween female and male subjects. Moreover, additional regressors would

educe the statistical power of the analysis. 

To test the hypothesis that the volume of ROI would explain some

ariance of the graph measures, we add one further regressor to account

or the volume of ROI in the GLM. We find that such an extended model

as a larger standard error and cannot provide a clear cut in disentan-

ling the effect of TBV and the volume of ROI. Section 3 of the SM

escribes in detail the results of the analysis. 

The interpretation of the statistical results heavily depends on the

ethod employed for adjusting for multiple comparisons and the level

f significance set. In order to correct for type I error due to the signif-

cant number of statistical tests conducted, we use Bonferroni correc-

ion. Other studies adopt other techniques such as false discovery rate

enovese et al. (2002) . Unfortunately, there is no unanimous consensus

n which approach is the most suitable; which may lead to a consid-

rable variation in the results. We are conscious that our approach is

onservative with the risk of increasing false negatives; however, we

re more confident about the plausibility of our findings to be true pos-

tives. 

The graph theory measure which best describes the flow of informa-

ion in the brain is unclear Fornito et al. (2016) , and at present, nodal

fficiency relies on the assumption that each brain region has global

nowledge of the architecture of the brain-network Fornito et al. (2016) ,

hich is hard to test. Moreover, the structural network is far removed

rom the complexity of the rapid biological interactions at the axon level,

nd the flow of information in the ‘static’ structural network is a rather

oarse way of encoding the information flow in a dynamic system such

s the brain. 

The results provide an overview of the impact of extreme prematu-

ity on highly functioning subjects who have completed upper secondary

ducation and are not severely disabled. This analysis could therefore

ive a more optimistic view of the potential outcome of extremely pre-

ature birth. This study might also suffer from possible bias effects due

o the typical consequence of monocentric study such as centre, scan-

er, recruitment, and geographical area; however, the present analysis

as carried out on a large single-site population of 19-year old young

dults with no differences in age, socioeconomic status, and quality of

are. These characteristics of the data allow the analysis to rule out some

idden factors that affect other studies such as MRI scanner, and age at

can. Furthermore, the volume of brain structures and brain networks

re measured in the subject’s native space , reducing from the workflow

dditional uncertainty due to registration error. 

. Conclusions and future work 

In this study of 19-year-old young adults born before 26 weeks of ges-

ation, we have evaluated the long-term effects of extreme preterm birth

n brain network characteristics against a control population. Although

he hierarchical structure of the extremely preterm brain is preserved, it

as significantly less structural connectivity and tissue cellularity, and

he most significant alterations are observed in the connections between



H. Irzan, E. Molteni, M. Hütel et al. NeuroImage 237 (2021) 118112 

t  

a  

fi  

o

C

 

m

 

t

 

o

 

v

 

v

D

 

t  

o  

t

 

t

A

 

t  

F  

D  

o  

l  

 

t

S

 

t

R

A  

 

d  

 

A  

 

B  

 

 

B  

 

B  

 

B  

 

B  

 

 

B  

B  

 

 

B  

 

B  

C  

C  

 

C  

 

 

 

 

C  

 

 

E  

 

 

 

E  

 

 

F  

 

 

F  

F  

F  

 

G  

 

H  

 

 

v  

 

v  

I
 

 

I  

 

I  

 

I  

 

 

J  

 

J  

K  

 

 

K  

L  

M  

 

he central areas of the brain. This MRI-based phenotype is important

nd allows us to investigate performance of the cohort in relation to our

ndings in future studies and help us better predict long-term cognitive

utcomes for extremely preterm born babies born today. 
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