Universitat
de Barcelona

Brain connectivity network models based on
multi-modal MRI to study brain reorganization of
prenatal origin using intrauterine growth
restriction as a model

Dafnis Batallé Bolafo

©0Co

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement- NoComercial —
SenseObraDerivada 3.0. Espanya de Creative Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento - NoComercial — SinObraDerivada
3.0. Espana de Creative Commons.

This doctoral thesis is licensed under the Creative Commons Attribution-NonCommercial-
NoDerivs 3.0. Spain License.




Brain connectivity network models
based on multi-modal MRI to study
brain reorganization of prenatal
origin using intrauterine growth

restriction as a model

Dafnis Batallé Bolano







9 Universitat de Barcelona

DOCTORAL THESIS

Programa de Doctorat en Biomedicina
Universitat de Barcelona

Brain connectivity network models based on multi-modal

MRI to study brain reorganization of prenatal origin

using intrauterine growth restriction as a model

Dafnis BATALLE BOLANO

Supervised by

Dr. Elisenda EIXARCH ROCA
Prof. Eduard GRATACOS SOLSONA

Fetal and Perinatal Medicine Research Group
Hospital Clinic — IDIBAPS — University of Barcelona

2014

CLINIC - = FETAL MEDICINE
fetal it RESEARCH CENTER

Hospital Universitari

BAPS



Cover art illustration by Salomé Bolafio.

© Copyright of the articles published in Neurolmage journal retained by Elsevier.

Rest of the work (including cover art) under a Creative Commons CC BY-NC-ND 4.0 license.

(Attribution — Non Commercial — No Derivatives)

©0C0



Barcelona, July 2014

This thesis is submitted by Dafnis Batallé Bolafio for the PhD degree of Doctor in Biomedicine of the
University of Barcelona, including the mention of “International Doctor” under the direction of
Eduard Gratacdés Solsona, MD, PhD, Professor of Obstetrics and Gynecology at University of
Barcelona and Elisenda Eixarch Roca, MD, PhD, Senior Researcher at Fetal and Perinatal Medicine

Research Group, Hospital Clinic, University of Barcelona.

The co-directors declare that Dafnis Batallé Bolafio has conducted under their supervision the
studies presented in this thesis at the Fetal and Perinatal Medicine Research Group, IDIBAPS,
Hospital Clinic, University of Barcelona. The Thesis has been structured following the normative for
PhD theses as a compendium of publications for the degree of Doctor in Biomedicine of the
University of Barcelona, and consists in three articles published in first quartile international peer-

reviewed journals and one ready for its publication:

e Altered small-world topology of structural brain networks in infants with intrauterine
growth restriction and its association with later neurodevelopmental outcome
Batalle D, Eixarch E, Figueras F, Munoz-Moreno E, Bargallo N, llla M, Acosta-Rojas R, Amat-
Roldan I, Gratacos E
2012, Neuroimage 60, 1352-1366
ISI 2012 IF = 6.252, 2/14 (Neurolmage), 20/144 (Neurosciences)

e Normalization of similarity-based individual brain networks from gray matter MRI and its
association with neurodevelopment in infants with intrauterine growth restriction
Batalle D, Munoz-Moreno E, Figueras F, Bargallo N, Eixarch E, Gratacos E
2013, Neuroimage 83C, 901-911.
ISI 2012 IF = 6.252, 2/14 (Neurolmage), 20/144 (Neurosciences)

e Long-term reorganization of structural brain networks in a rabbit model of intrauterine
growth restriction
Batalle D, Mufioz-Moreno E, Arbat-Plana A, Illa M, Figueras F, Eixarch E, Gratacos E
2014, Neuroimage, In Press

ISI 2012 IF =6.252, 2/14 (Neurolmage), 20/144 (Neurosciences)



e Altered resting-state whole-brain functional brain networks of neonates with intrauterine
growth restriction
Batalle D, Mufioz-Moreno E, Tornador C, Bargallo N, Deco G, Eixarch E, Gratacos E

Ready to be submitted.

The co-directors confirm that Dafnis Batallé substantially contributed to all the studies presented.
He participated into the study design, pre- and post-processed the data, developed algorithms and
scripts, analyzed the results, wrote first drafts and revised the final version of all the presented

papers.

The co-directors also confirm that none of the co-authors has used, or is going to use any of the

articles here presented in another PhD Thesis.

Prof. Eduard Gratacds Solsona Dr. Elisenda Eixarch Roca Dafnis Batallé Bolafio



“This is the greatest damn thing about the universe.
That we can know so much, recognize so much,

dissect, do everything, and we can’t grasp it.”

Henry Miller






TABLE OF CONTENTS | i

TABLE OF CONTENTS
Y I 21U 10 I U 1 2 PSR 1
2. GENERAL INTRODUCTION ....cuuuiririreririiiniinererereresesessnereresesssesessnsnenesesesssesssnsnenesesssesensnes 5
2.1. Intrauterine Srowth reStriCtion ............ceeeeeeeeeeeeeeenennnsrnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnns 7
2.2, Magnetic Resonance IMaging......cccccvvviiiiiiiiiiiiiiiiiiiiiiiiiiis s s s s s s s s 7
2.2.1. D1 T o T Y PSSR 8
2.2.2. FUNCEIONAT IMIR L.ttt sttt s ettt et sae e e b e sb et e b e e beeanesanes 9
2.3. Magnetic Resonance IMaging in ITUGR ........cccuuiiiiiiiiiiinniiiiiiiiiiniimiiiiiiinsmsssismssssee, 10
24, Brain Networks based in MRl ........cccccvvueriiiiiiiiiiiinnniiiiiinneeeeisssssee s ssssses s ssansss s s s e 11
24.1. SEruCtUral Brain NETWOIKS .....cocviiieiieiie et s 11
2.4.2. FUuNCtional brain NETWOIKS ......cocuiiiiiiiieect e 14
3. HYPOTHESIS AND OBJECTIVES....ccottiiiiiiirieeee e eeeereteee e e seiereee e e s e se s nereneeeeesesenanns 17
3.1. HYPOTNESHS «.oeeeeeeeiiiiiiiiiiececitireene et rereee s e e e s e s e snnsssssessseesnnsssssssssesennssssssssseeennnsssssssssesennnnssnnsns 19
3.2 [0 oY1= ot 4LV PPNt 21
4. SUMMARY OF THE METHODOLOGY ...ccccetiiiinireeiieeeenriinrereeeeesesesnereeesesesesesnnrenesesenas 23
4.1. U] o 1Tt £SO U PO TUPR 25
4.2, Neurobehavioral and neurodevelopmental assesSSMENt .........cceeeeeeemennnnnnnnnnnrsssssssssssssssssssssssssssnns 26
4.3. Automatic brain segmentation.........cceeeeuiiiiiiiiic e e e e e e s na e s e s e s e e e nnnnnns 27
4.4. Connectivity inference and brain network construction.........ccccccccciiiiiiiiiiiiiiiiineeeeeeeee, 28
4.5, NEtWOIK @NalYSiS....cuuuueuuemummmmmmmnnnnnnnnnnisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 29

5. RESULTS ettt r e s s s aa s e s a s e s ba s e sbas e e 33




ii | ABBREVIATIONS

5.1. PROJECT 1: COPY OF PUBLISHED PAPER ......ccccoovvumrrrriinisissssnnennsssissssssssssenssssssssssssssssssssssssssssssssssas 35
5.2. PROJECT 2: COPY OF PUBLISHED PAPER .....cccccitttuiiitenniiiieniiinnesisisnsssisnssssisnssssisnssssssnssssssnsssssansans 59
5.3. PROJECT 3: COPY OF PUBLISHED PAPER ......ccccoovvumrrrriiniiissssnneeesssssssssssnssenssssssssssssssssssssssssssssssssssss 79
5.4. PROJECT 4: COPY OF PRE-SUBMITTED PAPER........cccccttiiiiiiinnnnnniiiiiisnnnnenssissssssssssessssssssssssssssssss 101
6.  SUPPLEMENTARY RESULTS....ciiiiiiiiiiririniririsiseseseseseseseseseseseseseseresenonsneseseseseresesesesssesnes 119
6.1. Supplementary results of PROJECT 1 (1)...ccceeeiiiiiiiiieeieieeeeeeeeeeeeeeeeeeeeeeeeeeeesessssmsssssssssssssssssssnssssssnns 121
6.2. Supplementary results of PROJECT 1 (l1)..ccceeeeieiiiiiiiiieieeieeeeeeeeeeeeeeeeeeeeeeeeesessssssssssssssssssssssssssssssnnns 124
6.3. Supplementary results of PROJECT 4.......ccciiiiiiiiiiiiiiiiiiiiinininiiiiieiieeeeeeeessessssssssssssssssssssssssssssssssssss 127
7. SUMMARY OF RESULTS ....ei e s s s s s e s se s s e s s s e s e s e s s s s s s s s s s s s s s s s 131
8. GENERALDISCUSSION .. .cciiiiiiiiiiiieeeeeeeeeeeeeee et e e e e e e e e e s e s e e e e e s e e e s e s e s eseaeas 139
8.1. Global brain NetWork fEatUres ........ccovvveeriiiiiiiiiinertiniissneeee s sassse s ss s s sssssnsssesssssssssssnnns 141
8.2. Regional brain NetWOrk fEAtUIES .........eeeeeeeeeeeeeeeeeeeennsssssssssssssssssssssssssssssssssssssssssanses 146
8.3. Association with altered neurobehavior and neurodevelopment ........ccccceveieieeerneeneeenenneennnneennnes 150
8.4. LIMIEALIONS ceueeeiii s s s s s s s s 153
8.5. Concluding remarks and fUtUIre WOrK .......ccccceiiiiiiiiiiiiiiiiiiiiiiieessssseesssseeeeeseeeeeesseeeeseeeeseesessssessssenns 157
9. CONCLUSIONS ... e e e e e e e e e e e e e e e aeaeas 159
10. BIBLIOGRAPHY .....cuuititiieiiii it scsirenere s e s sesesererese s e s s s ssnsanenesesssessnsnnnenenessnes 163

11. ACKNOWLEDGEMENTS.....ciiitiiiiiiiiiniic st 175




TABLE OF CONTENTS | iii

12.  APPENDIX I: SUMMARY IN CATALAN (RESUM EN CATALA) ..o, 179
3 T 11 4o o 1o o] T N 181
12.1.1.  Restriccid de creixement iNErauteri.............ccoooviiiiiiiiiiiiiic e 181
12.1.2. Imatge per ressonancia MagNEtiCa...........ccocuiiriieriiiiiiie et 181
12.1.3. Imatge per ressonancia magneética en la restriccié de creixement intrauteri ....................... 183
12.1.4.  Xarxes cerebrals basades en imatge per ressonancia magnetica...............ccccceecvveeeecree e, 184
12.2.  HipOtesis i ODJECHIUS ....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiriitirrr s e e s s s s s e e e s s s e s e s e s s e s e s sessessssesasannannns 187
12,21, HIPOTESIS ... uieiiieiiie ettt sttt st e e bt e st e s bt e st e s bt e sttt bt e st e e bee e be e e bneeneeen 187
i 2 T 1+ Yot o [ T3S SRR 189
12.3. Resum dels articles pUblIiCats. . ... e e e e e e e e s e e e sesseeeeessseeassnens 191
12.3.1. 24 200 1 7 =T o 1 e RN 191
12.3.2. 24 200 1 1 = ot 1 RN 193
12.3.3.  PROUJECTE 3.ttt iiee et sttt st st e s tee st e s beesabe e sbeesabeesabaesabeesabeeeabeesabaesabeeenbaesnbaessaesnseees 194
12.34. 24 200 1 1 = o 1 RN 196
12.4. Resum esquematic dels resultats ... 198
12.5.  DISCUSSIO tieeeeerrunnerenisiiisssssnneesssisssssssnnsenssssssssssnsssssssssssssssssssssssssssssssnssssssssssssssnsssssssssssssnnsesssssssssnns 202
7 o T 1] 1 ' T3 204

13.  APPENDIX I1: CURRICULUM VITAE.......cceirierernrierinieiessiesesssie st sssaess st ssssssssssesenes 207




iv | ABBREVIATIONS

ABBREVIATIONS

AAL: anatomical automatic labeling

ADHD: attention deficit hyperactive disorder
ASD: autism spectrum disorder

BOLD: blood-oxygen-level dependent
BSID-III: Bayley scale for infant and toddler development, third edition
CSF: cerebrospinal fluid

DSI: diffusion spectrum imaging

DTI: diffusion tensor imaging

FA: fractional anisotropy

FD: fiber density

fMRI: functional magnetic resonance imaging
FN: fiber number

GA: gestational age

GFA: general fractional anisotropy

GM: gray matter

ICA: independent component analysis

IUGR: intrauterine growth restriction

MRI: magnetic resonance imaging

NBAS: neonatal behavioral assessment scale
RSN: resting state networks

WM: white matter




1. STRUCTURE






STRUCTURE | 3

This PhD Thesis is mainly structured in four projects, covering brain networks of different
modalities (structural, diffusion and functional MRI) and different sets of population
representing the evolution of IUGR at different ages (neonates, one-year-old infants, and
an animal model of long-term IUGR equivalent to pre-adolescent age). With these means,
we aimed to assess systematically the information that can be obtained from the analysis
of brain networks of IUGR, and to propose potential biomarkers of altered
neurodevelopment in such population. Each project has led to a publication accepted, or

ready to be submitted, in international peer-reviewed journals:

e PROIJECT 1: Brain networks of diffusion MRI in one-year-old infants with IUGR

Altered small-world topology of structural brain networks in infants with intrauterine growth
restriction and its association with later neurodevelopmental outcome

Batalle D, Eixarch E, Figueras F, Mufioz-Moreno E, Bargallo N, llla M, Acosta-Rojas R, Amat-Roldan I,
Gratacos E

2012, Neuroimage 60, 1352-1366

e PROIJECT 2: Brain networks of GM morphology similarity in one-year-old infants

with IUGR

Normalization of similarity-based individual brain networks from gray matter MRI and its association
with neurodevelopment in infants with intrauterine growth restriction

Batalle D, Muiioz-Moreno E, Figueras F, Bargallo N, Eixarch E, Gratacos E

2013, Neuroimage 83C, 901-911.

e PROIJECT 3: Brain networks of diffusion MRI in a rabbit model of IUGR at pre-

adolescent age

Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
restriction

Batalle D, Mufioz-Moreno E, Arbat-Plana A, Illa M, Figueras F, Eixarch E, Gratacos E

2014, Neuroimage, In Press
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e PROIJECT 4: Brain networks of functional MRI in neonates with IUGR

Altered resting-state whole-brain functional brain networks of neonates with intrauterine growth
restriction
Batalle D, Mufioz-Moreno E, Tornador C, Bargallo N, Deco G, Eixarch E, Gratacos E

Ready to be submitted.

Supplementary results that cover brain networks from diffusion MRI in neonatal subjects
and brain networks from functional MRI in one-year-old infants are also provided for the
sake of completeness. A general introduction and a summary of the methodology used are
included prior to the presentation of the results, which consist in a copy of each published
paper. A section summarizing the results obtained in the four projects and a general

discussion and conclusions of the projects are included as well.
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2.1. Intrauterine growth restriction

Intrauterine growth restriction (IUGR) due to placental insufficiency affects 5-10% of all
pregnancies and it is a leading cause of fetal morbidity and mortality (Jarvis et al., 2003;
Kady and Gardosi, 2004). Reduction of placental blood flow results in sustained exposure to
hypoxemia and undernutrition (Baschat, 2004) and this has profound consequences on the
developing brain (Rees et al., 2011). A substantial number of studies have described
associations between IUGR and neurodevelopmental and cognitive dysfunctions in
neonatal period (Bassan et al., 2011; Figueras et al., 2009), childhood (Bassan et al., 2011;
Eixarch et al., 2008; Feldman and Eidelman, 2006; Geva et al., 2006a; Geva et al., 2006b;
Leitner et al., 2007; McCarton et al., 1996; Scherjon et al., 2000), and adulthood (Lghaugen
et al., 2013). Hence, the characterization of underlying brain alterations supporting this
dysfunctions and the prediction of the subset of the population with a higher risk of altered
neurodevelopmental outcomes are among the challenges of modern fetal medicine and
pediatrics. Importantly, the development of imaging biomarkers is an urgent clinical and
experimental need (Ment et al.,, 2009). However, this goal is hampered by the limited
understanding of the brain reorganization processes leading to poor neurodevelopment in

IUGR children and the lack of suitable imaging biomarkers in fetal or early life

2.2. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-invasive technique that allows studying tissue
properties and structures based on their response to radio-frequency pulses. Acquisition
parameters can be tuned to obtain different contrast in the images, highlighting specific
features of the tissue. Since the seminal work of Carr (Carr, 1953), Damadian (Damadian,
1971), Lauterbur (Lauterbur, 1973) and Mansfield (Mansfield and Maudsley, 1977), MRI has
significantly evolved into one of the main imaging techniques applied widely both for clinical
practice and research. Briefly, generation of images from magnetic resonance is based on
the detection of radio-frequency signal of excited nuclei in response to radio frequency
pulses applied at a given frequency of resonance. MRI acquisition requires submitting the

tissue to a constant strong magnetic field. Importantly, given the good contrast provided




8 | GENERAL INTRODUCTION

between gray matter (GM) and white matter (WM), and its non-invasive nature, during the
last decades MRI has become one of the main techniques used to obtain neuroimaging data
and has been a useful tool to improve scientific understanding of structure and function of

the brain.

Typical MRI techniques rely on the spin-lattice relaxation time (T1) or spin-spin relaxation
time (T2) in order to obtain an anatomical map of the tissue under study. Given that
different tissues have different magnetic properties (relaxation times), they gave different
intensities in the acquired images. These contrast images have been widely used to identify
different regions and tissues of the brain in a manual or automatic manner, allowing the
systematic study of different features of the brain including volume and shape of different
areas in health and disease. But MRI has huge potential besides anatomical mapping using
“classical” MRI neuroimaging, and in the last decades two different specific MRI techniques
have arisen, being demonstrated to be very relevant for the better understanding of brain

structure and function: diffusion MRI and functional MRI.

2.2.1. Diffusion MRI

Based on the work of Stejskal and Tanner (Stejskal and Tanner, 1965), that defined an
experiment to measure diffusion by means of magnetic resonance, Le Bihan developed the
idea that diffusion of liver tumors would result in low values due to movement restriction
of water molecules (Le Bihan and Breton, 1985). This seminal idea evolved into what today
is known as diffusion MRI, a technique that allows measuring the restriction of water
diffusion at each point (voxel) of different tissue, but especially important for the study of
the brain, where myelinated WM strongly restricts water diffusion. Besides using the
information obtained with diffusion MRI to assign contrasts in cross sectional images,
mathematical models of the restriction of water diffusion can be applied in order to
reconstruct neural tracts. The most used of these models up today has been diffusion tensor
imaging (DTI). This model describes the diffusion in each point (voxel) by a second order
symmetric tensor: the diffusion tensor, providing information about the diffusion direction

and amount. From this tensor, the anisotropy or isotropy of the diffusion of the water in a
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given tissue can be assessed, a feature that has been related with the myelination and
density of axons in WM tissue (Pierpaoli and Basser, 1996). There are different ways of
measuring anisotropy, being one of the most common parameter the fractional anisotropy
(FA) (Basser and Pierpaoli, 1996). Diffusion tensor model assumes a Gaussian distribution
for diffusion, an assumption that fails when modeling different fiber population crossing at
the same point. For this reason, other techniques have been developed to characterize the
diffusion in each point of the brain with a higher angular resolution (Hagmann et al., 2006),
involving both different diffusion models and advanced acquisition protocols. This is the
case of Q-Ball imaging (Tuch, 2004), or diffusion spectrum imaging (DSI) (Wedeen et al.,
2005), that overcome some of the limitations of DTI, including the ability to solve fibers
crossings in the same point. Besides the model or acquisition scheme used, one of the main
advantages of modeling diffusion is the possibility to obtain useful information of the
structural connectivity of the brain, being diffusion orientation related to WM fiber tract
pathways. Therefore, using the diffusion information at each voxel, a three-dimensional
map of streamlines associated to WM fiber trajectories can be estimated, what is known as
a tractography. Importantly, integrating the information of the estimated streamlines with
anatomical information of the regions of the brain it is possible to generate a structural

brain network.

2.2.2. Functional MRI

In the other hand, roughly based on 19th century ideas of Angelo Mosso of measuring the
redistribution of blood during emotional and intellectual activity (Sandrone et al., 2014),
three studies in the 1990s suggested the use of a blood-oxygen-level dependent (BOLD)
signal to assess blood flow at each point of the brain, associating these measures with
neuronal activation (Bandettini et al., 1992; Kwong et al., 1991; Ogawa et al., 1990). These
experiments lead to the technique today known as functional MRI (fMRI). The main idea is
to use statistical models to assess changes in magnetization between tissues with high and
low level of oxygen. Briefly, hemoglobin behaves as a diamagnetic material when is
oxygenated but as a paramagnetic material when is deoxygenated. In the presence of an

external magnetic field, atomic spins of paramagnetic material align with the field direction,
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observing an increase in the magnetic signal, while atomic spins of diamagnetic material
aligns perpendicularly to the magnetic field, observing a decrease in the measured signal.
Measuring this BOLD signal among several instants of time allows to obtain time series of
the evolution of oxygenation-deoxygenation at each point of the brain, which has been
associated with neural activity (Logothetis et al., 2001). fMRI studies of health and disease
have proliferated during the last years, using a variety of techniques in order to statistically
assess brain activity individually and at group level. Importantly, one of the techniques with
highest success has been the use of block and event-related designs (Donaldson and
Buckner, 2001), allowing to assess the spatial specific brain activations produced by a
cognitive or emotional response based on the comparison of baseline versus activity
conditions. Of notably importance was the developing of resting-state fMRI (rs-fMRI), based
on the evaluation of regional interactions that are produced when the brain is not
performing an explicit task. This technique has its fundamentals on the seminal study of
Biswal and colleagues showing low frequency fluctuations in resting brain with a high
degree of temporal correlation and suggesting its association with functional connectivity
of the brain (Biswal et al., 1995). Posterior analysis of these signals with different
techniques, including independent component analysis (ICA), showed the existence of anti-
correlated differentiated spatial relations between different areas of the brain suggesting
the existence of functional brain networks active at rest, including the well-known default
mode network (Fox et al., 2005). Importantly, low-frequency fluctuations have also been
used to model whole-brain functional brain networks based on partial correlations of

averaged BOLD signal (Salvador et al., 2005).

2.3. Magnetic Resonance Imaging in IUGR

With the significant advance of MRI in the recent years, the brain alterations and
reorganization underlying neurodevelopmental alterations associated with IUGR are
starting to be elucidated. It has been suggested that brain reorganization starts in utero,
where different patterns of cortical development (Egafia-Ugrinovic et al., 2013) and altered
guantitative MRI texture (Sanz-Cortes et al., 2013) have been shown in IUGR, being related

with later altered neurodevelopment. At neonatal period IUGR has been reported to have
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decreased volume in GM (Tolsa et al., 2004) and hippocampus (Lodygensky et al., 2008) and
discordant patterns of gyrification (Dubois et al., 2008). Persistence of structural changes at
one year of age has also been described, demonstrating reduced volumes of GM in the
temporal, parietal, frontal, and insular regions (Padilla et al., 2011) and decrease in fractal
dimension of both GM and WM which correlates with specific developmental difficulties
(Esteban et al., 2010). Studies on IUGR later in life have reported changes in regional brain
volumes and cortical thickness in 4 to 7-year-old children (De Bie et al., 2011), reduced
volumes for thalamus and cerebellar white matter (Martinussen et al., 2009), and thinning
of corpus callosum together with a general WM reduction (Skranes et al., 2005) in
adolescents. However, despite these studies are useful to demonstrate disease-related
differences, the ability to use MRI information to generate individual predictive biomarkers
in IUGR is limited, existing a necessity to better characterize the brain reorganization

underlying neurodevelopmental and cognitive dysfunctions in [UGR.

2.4. Brain Networks based in MRI

The use of brain network models based in different modalities of MRI is an emerging
approach to extract information associated with brain organization. Based on anatomical
and diffusion MRI acquisitions it is possible to obtain structural brain networks, while
functional brain networks are obtained from fMRI. In addition, the use of graph theory
analyses of brain networks from both a structural and a functional origin has been a useful
tool to characterize brain organization by use of a few comprehensible parameters. Graph
theory tools have been proposed to allow quantifying brain network infrastructure (average
degree and strength), integration (global efficiency) and segregation (local efficiency) of the
global functioning of a brain network (Rubinov and Sporns, 2009). Of further interest is the
ability to explore regional differences by assessing graph theory characteristics of the

regional networks associated to a given region.

2.4.1. Structural brain networks

Diffusion MRI brain networks are based in the assessment of the structural macroscopic

connectivity of the brain obtained from the reconstruction of WM tracts with a
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tractography. This approach has been coined “connectomics” (Hagmann, 2005), and allows
exhaustively mapping inter-regional structural connectivity within the brain to build a graph
model of its neural circuitry known as brain network or connectome (Sporns et al., 2005).
Particularly, connectomics extracts a number of "image features" after intensive processing
that integrates structural information of the individual, related to anatomical brain regions
and neuronal connectivity, to compute adjacency matrices that represent brain networks
or graph models of a particular subject brain. Connectomics has been successfully utilized
to construct structural brain networks in healthy populations (Gong et al., 2009; Hagmann
et al., 2008; lturria-Medina et al., 2008), being its network properties associated with sex
and brain size (Yan et al., 2010), intelligence (Li et al., 2009), and specific cognitive abilities
in old age (Wen et al., 2011). It also has been used to report altered group network topology
features in adults and adolescents suffering different pathologies such as schizophrenia
(Wang et al., 2012), Alzheimer's disease (Lo et al., 2010; Wee et al., 2010), multiple sclerosis
(Shu et al.,, 2011), and early blindness (Shu et al., 2009). These studies suggest the potential
of brain networks based in diffusion MRI to develop biomarkers for disease diagnosis and
treatment effects monitoring. Concerning the use of brain network analysis in pediatric
subjects, it has been applied to assess normal development of the human brain during
infancy with a longitudinal cohort of 2 weeks, 1 year and 2 years of age (Yap et al., 2011)
and childhood and adolescence in subjects from 2 to 18 years of age (Hagmann et al., 2010).
However, no studies in infants with perinatal conditions had been conducted prior to the

first study presented in this thesis (PROJECT 1).

Whether brain reorganization produced by IUGR persists at long-term (adolescence and
adult period) and whether connectomic analysis could be a suitable tool to characterize the
patterns induced by this condition is still unknown. Indeed, the assessment of long-term
effects produced by IUGR in the human brain is a challenging task, limited by the influence
of uncontrolled environmental factors (Hall and Perona, 2012) and the difficulty of
obtaining sufficiently large sample sizes. Notwithstanding, the induction of IUGR in rabbit
models has been proven to reproduce major features of human IUGR (Bassan et al., 2000;

Eixarch et al., 2009; Eixarch et al., 2011). Importantly, white matter maturation process in
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rabbit is closer to humans than other species, since it starts in intrauterine period (Derrick
et al., 2007). Hence, albeit their obvious limitations, the rabbit model of IUGR may be a
useful tool to analyze long-term brain remodeling associated to this condition. Importantly,
animal models could play a key role in the definition of image biomarkers for early diagnosis
that are critical to demonstrate changes after the application of experimental therapies,
especially when those should be tested in fetuses or neonates. Besides highly reproducible
experimental conditions, high quality MRI with long acquisition times can be performed in
isolated whole brain preparations. Using this IUGR rabbit model, regional brain changes in
fractional anisotropy, correlated with poorer outcome in neurobehavioral tests has been
reported in newborns (Eixarch et al., 2012), some of them persisting in preadolescent
period, where changes in the connectivity of anxiety, attention and memory networks has
also been shown (llla et al., 2013). With the recent development of an MRI rabbit brain atlas
(Mufioz-Moreno et al., 2013), the possibility to obtain whole brain structural networks
based on diffusion MRI arises. This opens the opportunity to assess long-term network
reorganization associated with functional impairments without a priori hypothesis, taking
advantage of the huge potential of graph theory measures to characterize brain functioning
and organization (Bassett and Bullmore, 2009). Hence, we were able to assess long-term
brain reorganization produced by IUGR with a rabbit animal model (PROJECT 3),

complementing the first study in one-year-old infants with IUGR presented in this thesis.

Although the use of diffusion MRI is being more frequently applied, this technique is still
not very common in clinical practice compared with conventional anatomical T1
acquisitions. In addition, the requirement of higher acquisition times and the extreme
sensitivity to motion artifacts of diffusion MRI is critical when scanning subjects where
control of movements cannot be ensured, such as fetuses or infants. Based on the concept
that correlations of GM features such as volume or cortical thickness across groups of
individuals are associated with brain connectivity (He et al., 2007), anatomical T1
acquisitions have been used to obtain group connectomes that allow a better
understanding of brain circuitry in health and disease (Bassett et al., 2008; Fan et al., 2011;

He et al., 2008). However, in order to develop individual biomarkers, it is indispensable to
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extract individual brain networks, which typically requires diffusion and/or functional MRI.
Recently, a number of published reports have suggested approaches to extract individual
brain networks based on the analysis of the similarities of GM features (Raj et al., 2010;
Tijms et al., 2013; Tijms et al., 2012; Zhou et al., 2011). These methodologies can benefit
from the power of brain network analysis to predict individual neurological outcome, albeit
using conventional T1 acquisitions. To which extent these networks resemble anatomical
brain networks is an issue that remains to be elucidated. But regardless of whether the brain
networks reconstructed resemble actual anatomical networks or just serve to analyze
cortical pattern similarities, this approach has the potential to become a powerful tool in
clinical practice if it allows obtaining features associated with the neurological outcome of
different diseases. Its potential to assess alterations in a condition of perinatal origin is

demonstrated in the second study presented in this thesis (PROJECT 2).

2.4.2. Functional brain networks

Several studies have demonstrated the feasibility to use rs-fMRI to characterize the
functional organization of the healthy neonatal brain, opening the opportunity to also
characterize the alterations in brain organization produced by pathologies of prenatal origin
such as IUGR. Using ICA, the emergence of synchronized spontaneous low-frequency fMRI
BOLD signals exhibiting resting state networks spatially matching some of those previously
described in the adult brain has been demonstrated in studies of cross-sectional term and
preterm infants both during light sedation and natural sleep (Fransson et al., 2009; Fransson
et al.,, 2007). Both ICA and seed-based correlation approaches have also been used in
longitudinal studies of preterm and term infants showing the emergence of connections
partially or completely matching several resting state networks (RSN) during neonatal
development, including the default mode network (Doria et al., 2010; Gao et al., 2009; Lin
et al., 2008; Smyser et al., 2010). Notwithstanding, studies considering whole-brain
functional brain networks of the neonatal brain are scarce in the literature. Neonatal
networks composed of selected ROIs were studied by Gao et al. (Gao et al., 2009), while
voxel-wise networks obtained in a normalized space were obtained by Fransson et al.

(Fransson et al., 2011), showing the presence of cortical hubs and sub-networks associated
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to those hubs. In the present thesis, we present a study based on partial correlations of the
rs-fMRI BOLD signals averaged into 90 brain regions of neonatal subjects for the first time,

allowing the assessing of functional brain reorganization produced by IUGR at neonatal age

(PROJECT 4).







3. HYPOTHESIS AND OBJECTIVES
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3.1. Hypothesis

The main hypothesis of this PhD Thesis is that abnormal neurodevelopment in children who

had suffered IUGR has a substrate in their structural and functional connectivity

organization.

The specific hypotheses are:

1. Structural brain networks from diffusion MRI can characterize the structural brain

reorganization produced by IUGR at one year of age, being associated with

neurodevelopmental alterations observed later in life.

a.

Techniques to obtain brain networks from diffusion MRI can be adapted to
pediatric population.

Infants with IUGR present a structural brain reorganization that can be
assessed with global and regional graph theory features.

Changes in structural brain connectivity at one year of age produced by IUGR

are associated with neurodevelopmental alterations observed later in life.

2. Individual structural brain networks based on morphology features of GM from

anatomical MRI can demonstrate differences produced by IUGR, being associated

with neurodevelopmental alterations observed later in life.

a.

Existing techniques to obtain structural brain networks based on
morphology features of GM can be adapted to pediatric population.

These techniques can be further developed in order to obtain networks of a
fixed size for all individuals, based on an anatomical atlas.

The brain networks obtained with this technique can assess differences in
the brain organization produced by IUGR.

Changes in network features obtained with this technique are associated

with neurodevelopmental alterations observed later in life.
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3. Structural brain networks based on diffusion MRI can characterize brain

reorganization persisting at long-term in a rabbit model of IUGR, being associated

with neurobehavioral performance.

a.

Techniques to obtain structural brain networks from diffusion MRI can be
adapted to pre-adolescent rabbit.

Structural brain reorganization produced by IUGR can be assessed at pre-
adolescence period in a rabbit model of IUGR.

Changes in structural brain connectivity at pre-adolescence age can be

associated with neurobehavioral outcomes in a rabbit model of IUGR.

4. Functional brain reorganization produced by IUGR can be assessed at neonatal age

with functional brain networks obtained with acquisition during natural sleep, being

associated with neurobehavioral outcomes.

a.

Methods to obtain whole-brain functional brain networks based in an
anatomical atlas can be adapted to neonatal age.

Global and regional functional brain network features can assess the
functional reorganization produced by IUGR at neonatal age.

Changes in functional brain connectivity can be associated to altered

neurobehavior.
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3.2

Objectives

The main objective of this PhD thesis is to use graph theory features of brain networks in

order to assess brain reorganization produced by perinatal brain damage and to associate

this reorganization with abnormal neurodevelopment.

The specific objectives are:

1. To assess the structural brain reorganization of one-year-old infants who suffered

2.

3.

IUGR and its association with neurodevelopmental alterations observed later in life.

a.

b.

To adapt state-of-the-art techniques to a pediatric population.

To assess differences in global and regional structural network features in a
one-year-old population who suffered IUGR when compared with controls.

To associate structural network features obtained at one year of age with

altered neurodevelopment at two years of age.

To assess the alterations in structural brain networks based on morphology features

of GM from anatomical MRI in one-year-old infants who suffered IUGR and its

association with neurodevelopmental alterations observed later in life.

a.

b.

To adapt existing techniques to a pediatric population.

To further develop existing techniques in order to obtain networks of a fixed
size for all the individuals based on a brain atlas (AAL).

To characterize alterations in global and regional brain network features
obtained with this technique in a one-year-old population of infants who
suffered IUGR.

To associate the network features obtained with this technique with altered

neurodevelopment at two years of age.

To assess the alterations in structural brain networks based on diffusion MRI in a

rabbit model of IUGR at long-term and its association with neurobehavioral

performance.
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a.

b.

To adapt existing techniques to the rabbit brain at pre-adolescence age.

To characterize alterations in global and regional structural network features
of the long-term rabbit model of IUGR in pre-adolescent period.

To associate structural network features obtained in the rabbit model of

IUGR with altered neurobehavioral scores.

4. To characterize functional brain network reorganization produced by IUGR at

neonatal age and its association with altered neurobehavior.

a.

To adapt methods used in adulthood to neonatal population in order to
obtain whole-brain functional brain networks based on a brain atlas (AAL).
To characterize alterations in global and regional functional brain network
features in a population of neonates who suffered IUGR.

To associate functional network features obtained with altered

neurobehavior.
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Most of the methodology of the present Ph.D. Thesis is transversal in several of the projects;
however, having to be adapted for the specific population and MRI modality used. This is
the case of brain parcellation (adapted to one-year-old infants, neonates and rabbit animal
model), brain network computation and graph theory analysis (slightly different depending
on the use of structural, diffusion or functional MRI). Here the most important points of the

methodology used are summarized.

4.1. Subjects

This Ph.D. Thesis is part of a larger prospective research program on IUGR involving fetal
assessment and short- and long-term postnatal follow-up at Hospital Clinic of Barcelona. In
this context, the present thesis uses the existent large database of MRI data of our research
group that includes more than 100 IUGR and 100 control fetuses appropriate for gestational
age born between October 2007 and December 2010 that were scanned at one year of age.
Structural and diffusion MRI acquisitions of this population were used for PROJECT 1 and
PROJECT 2. In addition, from April of 2012, our group started a new protocol to acquire
neonatal brain MRI during natural sleep, having acquired around 30 controls and 30
subjects with IUGR having structural, diffusion, and/or functional MRI. 13 controls and 20
IUGR with a successful anatomical and functional MRI acquisition of this population were
used for PROJECT 4. IUGR was defined as a fetal estimated weight below 10th centile
according to local reference standards (Figueras et al., 2008) confirmed at birth. Control
subjects were defined as fetuses with fetal estimated weight between the 10th and 90th
customized centiles according to local reference (Figueras et al., 2008) confirmed at birth
and were sampled from our general pregnant women population. Pregnancies were dated
according to the first-trimester crown-rump length measurements (Robinson and Fleming,
1975). Infants with chromosomal, genetic, or structural defects and signs of intrauterine
infection or neonatal early onset sepsis as defined by positive blood culture within the first
72 h of life were excluded. Neonatal data were prospectively recorded including:
gestational age (GA), birth weight, gender, Apgar at 5 min, umbilical artery pH and neonatal
complications including late-onset sepsis, necrotizing enterocolitis and chronic lung disease

(defined as oxygen need at 36 weeks postmenstrual age). Maternal education was recorded
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as low, intermediate or high educational level. Maternal smoking status during pregnancy
and breastfeeding were also recorded. Growth parameters (weight, length, body mass
index and head circumference) were recorded at 12 months and were normalized for local
standards (Sobradillo et al., 2004). In PROJECT 2 and PROJECT 4 only subjects with late-
onset IUGR were included, defined as those infants meeting the requirements to be
considered IUGR as previously described, and in addition, were delivered after 34 weeks of

pregnancy.

PROJECT 3 is based on a rabbit animal model of [IUGR that our group has developed (Eixarch
et al., 2009; Eixarch et al., 2011). Briefly, IUGR was induced by means of a ligation of 40-50%
of uteroplacental vessels at 25 days of gestation. Cesarean section was performed at 30
days of gestation and living pups were obtained. On the 70" postnatal day, which is
considered to be equivalent to pre-adolescense period in humans in terms of sexual
maturity, neurobehavioral tests were applied and the rabbits were sacrificed thereafter.
The brains were collected and fixed with 4% paraformaldehyde phosphate-buffer saline
(PBS) and ex-vivo MRI acquisition was performed, including anatomical and diffusion MRI
sequences with 126 gradient direction, which allowed to perform a high angular

tractography reconstruction, with Q-Ball (Tuch, 2004).

4.2. Neurobehavioral and neurodevelopmental assessment

In PROJECT 1 and PROJECT 2 neurodevelopment during early infancy was assessed at 24
months of corrected age with the Bayley scale for infant and toddler development, third
edition (BSID-IIl), which evaluates five distinct scales: cognitive; language; motor; socio-
emotional behavior; and adaptive behavior. The scales have scores with a mean of 100 and
S.D. of 15. Abnormal BSID-IIl is defined as a score below 85 in any of the five different scales

(Anderson et al., 2010).

In PROJECT 4 neurobehavioral outcome of newborns was assessed with neonatal behavioral
assessment scale (NBAS) (Nugent and Brazelton, 2000), which evaluates cortical and
subcortical functions in 35 items grouped into 6 clusters: habituation, motor, social-

interactive, organization of state, regulation of state, autonomous nervous system and
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attention (Sagiv et al., 2008). Cluster scores were defined as abnormal if they have a z-score
below minus one. NBAS severity score was defined as the number of abnormal NBAS

clusters for each subject.

In the rabbit animal model of IUGR (PROJECT 3), neurobehavior was assessed at +70
postnatal days by means of the Open Field Behavioral Task which evaluates anxiety and
attention and the Object Recognition Task that evaluates short-term memory as well as

attention (llla et al., 2013).

4.3. Automatic brain segmentation

In human subjects (PROJECT 1, 2 and 4) Anatomical Automatic Labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) was used to parcellate each subject brain. It has recently been
adapted to a pediatric population (Shi et al., 2011) and is available online

(http://bric.unc.edu/ideagroup/free-softwares/unc-infant-0-1-2-atlases/). In order to

automatically parcellate each subject brain using this atlas, we have used a customized
software implementing a consistent version (Tristan-Vega and Arribas, 2007) of a block
matching algorithm (Warfield et al., 2002), allowing to obtain an elastic transformation
matching the template with each subject anatomical T1 or T2 volume. The labels of AAL
atlas were propagated to each structural MRI acquisition of our subjects using this elastic
transformation, and transformed to diffusion native space with the previously calculated
affine transformation. Discrete labeling values were preserved by nearest neighbor

interpolation for both transformations.

In order to automatically parcellate rabbit brain MRI acquisitions (PROJECT 3), we have used
an MRI atlas developed by our group, including 44 regions of cortical and deep GM (Mufioz-
Moreno et al., 2013). The same block matching algorithm used to register human brain
volumes was also used in the animal model, being able to estimate an elastic transformation

matching the rabbit brain atlas with each individual.
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4.4. Connectivity inference and brain network construction

The connectivity inference between regions of the brain was performed with different
techniques depending on the MRI modality used. The gold standard to obtain structural
brain networks is tractography from diffusion MRI data which estimate white matter tracts
that connect each pair of cortical regions. We used DTI reconstruction for human subjects

(PROJECT 1) and Q-Ball for the experimental animal model (PROJECT 3).

Structural connectivity has also been inferred from conventional anatomical MRI (T1
weighted volumes) by means of the correlation of morphological features, specifically by
inter-individual correlation of cortical thickness or GM volumes of each pair of regions (He
et al.,, 2007). This approach has the advantage of allowing the construction of brain
networks from a much simpler and faster acquisition, but the inconvenient of only allowing
obtaining group brain networks, which makes it unpractical for individualized prediction of
abnormal neurodevelopment. Notwithstanding, recently it has been proposed an approach
to obtain individual structural brain networks from morphological features (Raj et al., 2010;
Tijms et al., 2012). One of the objectives of the proposed PhD thesis was to adapt and
implement Tijms’ methodology in our one-year-old infants’ data with some novel
modifications in order to normalize the size of the brain network obtained based on an

anatomical atlas, and hence being able to fairly compare between subjects (PROJECT 2).

Functional resting-state brain networks have been previously calculated in pediatric
population from the analysis and correlation of resting-state functional BOLD MRI time
series (Doria et al., 2010; Fransson et al., 2011; Fransson et al., 2007; Smyser et al., 2011),
however, to the best of our knowledge, it has never been performed a whole brain
connectivity network based on pair-to-pair regional correlation of a neonatal or infant
population (hence allowing a graph theory characterization). In the present Ph.D. Thesis,
we adapted the methodology used with this goal in adults (Zeng et al., 2012) to our neonatal
population, in order to assess the effects of IUGR in the neonatal functional brain network
(PROJECT 4). Briefly, T2-weighted volumes were skull-striped (Smith, 2002) and segmented
into WM, GM and cerebrospinal fluid (CSF) (Ashburner and Friston, 2005) using neonatal
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tissue probability maps (Shi et al., 2011). AAL atlas (Tzourio-Mazoyer et al., 2002) adapted
to neonatal population in a T2-weighted template (Shi et al., 2011) was used to parcellate
each subject’ brain into 90 regions based on an elastic transformation. Image preprocessing
included correction of intra-volume time differences and inter-volume geometric
displacements, regression of head motion effects in the signal, average of time series
corresponding to each ROl and band pass filtering (0.01 — 0.15 Hz). Network edges were
calculated as the partial correlation coefficients obtained between the average signals of

each pair of ROIs excluding the effects of the signal of the other 88 ROls.

4.5. Network analysis

Network analysis of structural brain networks enables a refinement of image features
obtained from MRI. As brain networks are defined by nodes (regions) and edges that
connect pairs of nodes, which are represented mathematically by adjacency matrices or
graphs (Hagmann et al., 2007), it is possible to characterize every subject structural brain
network with a set of graph theory measures (or equivalently, network features) that
summarize the behavior of a network. We mainly studied average degree, global efficiency
and local efficiency of each subject brain network at a global level, and nodal degree,
betweenness centrality and nodal efficiency of all the nodes of each subject at a regional
level. For both global and regional network features, we used the definitions of Rubinov and
Sporns (2009) and Brain Connectivity Toolbox (Rubinov and Sporns, 2009) to calculate most

of them. Briefly, N was defined as the set of all nodes in the network, and n as the number

of nodes, (i,j) was the link between nodes i and j and aj; the connection status between
node i andj: g; =1 when link (i,j) exists and zero otherwise. wj is defined as the weight

of the link (i,j) in weighted networks.

Degree of a node j was calculated as &, = Z VG Shortest path length between nodes i
JE

and j was defined for binary networks as d; = Zaw €8, , where g, . is the shortest

path (geodesic) between i and j. Shortest path length was generalized for weighted
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networks as d;; = Zauv €gi,;J (w,), where s isamap from weight to length (in our case

an inverse map) and gl.vf_>_l. is the shortest weighted path between i and j. Number of

1
triangles around a node j was defined as #, = — Z a.a,a, .
2 — y J
J-he

Clustering coefficient of a node was defined as the fraction of triangles around that
individual node, and is equivalent to the fraction of the node’s neighbors that are also

neighbors of each other (Watts and Strogatz, 1998). The clustering coefficient of a network,
Cp, was defined as the average of each node clustering coefficient (Watts and Strogatz,

1998) :

1 1 2t
C =—=Sc=--y_2 _
r ng\; " onigk (k-1)

Characteristic path length of a network, Lp , was defined as the average shortest path length

between all pair of nodes (Watts and Strogatz, 1998):

d.
Lp Z%ZL; zlz ZjeN,j:ez i

ieN Micn n_l

Normalized clustering coefficient of a network, 7, and normalized characteristic path

. C L .
length, 1, were defined as y =—=_ and 1 =—2_ respectively, were Cpmd and med

Prana Prand
are the mean clustering coefficient and characteristic path length of matched random
networks that preserve the same number of nodes and degree distribution as the real

networks (Maslov and Sneppen, 2002).

Global efficiency was defined as the average inverse shortest path length (Latora and

Marchiori, 2001):

-1
E . 1 ZjeN,j# dij
glob — _Z ’

I’ll«eN I’l—l
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Generalized to weighted networks as:

Z je ¢l( )
gll)b

IEN

Nodal efficiency of a node i was defined as the inverse of the harmonic mean of the
minimum path length between that index node and all other nodes in the network (Achard

and Bullmore, 2007):

Emda,(i)—k i z a,a,[d, ()]

i j heN, j#i

Where djh(N[) is the length of the shortest path between j and h, which contains only

neighbors of i.

Local efficiency was defined as the average of Nodal Efficiency of each node:

1
Ioc ZEnodal(l) ZT Z z, a;, [d/h(N )]

ieN eN 1) J-heN [ j.hl=i

Generalized to weighted networks as (Rubinov and Sporns, 2009):

oy IS W]

IEN j heN, j#i

Importantly, in order to disentangle brain organization from network infrastructure and be
able to study pure organizational components of brain networks, different approaches of
network normalization were performed, including normalization by the total energy of each
network (neutralizing differences in strength), normalization at each level of cost
(neutralizing differences in network density), and a novel approach that normalizes by cost
and energy at the same time presented in PROJECT 4. Particularly, in order to assess the
topology of weighted networks independently of its cost, a set of cost thresholds were
applied to each individual weighted network, obtaining a binary network at each cost level

(Achard and Bullmore, 2007). This approach allows comparing networks with the same
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number of binary connections, and therefore, comparing network features independently
of their cost. This approach, however, increases the number of comparisons and the
complexity of the results interpretation, as the clinical groups must be compared on each
cost threshold level. In order to disentangle connectivity strength from topology in a single
value for each graph theory feature, Ginestet et al. (2011) demonstrated the usefulness of
integrating each network feature over the entire cost regime. The cost-integrated version

of a topological metric T'(-) is defined as (Ginestet et al., 2011):

7,,(G) =NLZ'T(y<G,k,>)

7 t=l

Where G is a given weighted graph, »(G,k) is the graph G binarized at cost k, and NV, is

the cardinal of network costs assessed.

With the goal to assess the pure weighted organizational characteristic of the network
topology, normalized weighted networks were also calculated for each weighting approach.
This normalization was performed by means of dividing each connection weight by the total
weight on the network. Hence, normalized weights were calculated as W)l? (4,j) =
wx(i,))/2vij wx(i,j), where “X” is the weighting of the network. By this means, each
normalized weight w§§ (i,j) corresponds to the percentage of connection weight used in the
link between i and j relative to the total amount of weights in the network. This way the
measures performed on normalized weighted networks were independent to the total
amount of connectivity strength each subject had, and then assessing only its distribution

of weights.

Finally, the effect of differences in strength and density were neutralized at the same time
by means of a combination of both methods, obtaining the weighted network at each

network cost and normalizing it as described in the strength normalization approach.
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Intrauterine growth restriction (IUGR) due to placental insufficiency affects 5-10% of all pregnancies and it is
associated with a wide range of short- and long-term neurodevelopmental disorders. Prediction of neurode-
velopmental outcomes in IUGR is among the clinical challenges of modern fetal medicine and pediatrics. In
recent years several studies have used magnetic resonance imaging (MRI) to demonstrate differences in
brain structure in IUGR subjects, but the ability to use MRI for individual predictive purposes in [UGR is lim-
ited. Recent research suggests that MRI in vivo access to brain connectivity might have the potential to help
understanding cognitive and neurodevelopment processes. Specifically, MRI based connectomics is an
emerging approach to extract information from MRI data that exhaustively maps inter-regional connectivity
within the brain to build a graph model of its neural circuitry known as brain network. In the present study
we used diffusion MRI based connectomics to obtain structural brain networks of a prospective cohort of one
year old infants (32 controls and 24 IUGR) and analyze the existence of quantifiable brain reorganization of
white matter circuitry in [UGR group by means of global and regional graph theory features of brain networks.
Based on global and regional analyses of the brain network topology we demonstrated brain reorganization in
IUGR infants at one year of age. Specifically, IUGR infants presented decreased global and local weighted efficien-
cy, and a pattern of altered regional graph theory features. By means of binomial logistic regression, we also dem-
onstrated that connectivity measures were associated with abnormal performance in later neurodevelopmental
outcome as measured by Bayley Scale for Infant and Toddler Development, Third edition (BSID-III) at two years
of age. These findings show the potential of diffusion MRI based connectomics and graph theory based network
characteristics for estimating differences in the architecture of neural circuitry and developing imaging
biomarkers of poor neurodevelopment outcome in infants with prenatal diseases.

© 2012 Elsevier Inc. All rights reserved.

Introduction

fetal morbidity and mortality (Jarvis et al., 2003; Kady and Gardosi,
2004). Reduction of placental blood flow results in sustained expo-

Intrauterine growth restriction (IUGR) due to placental insuffi-
ciency affects 5-10% of all pregnancies and it is a leading cause of
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trauterine growth restriction; MRI, Magnetic resonance imaging; WM, White matter.
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sure to hypoxemia and undernutrition (Baschat, 2004) and this has
profound consequences on the developing brain (Rees et al., 2011).
A substantial number of studies have described associations between
IUGR and short (Bassan et al., 2011; Figueras et al., 2009) and long-
term neurodevelopmental and cognitive dysfunctions (Bassan et al.,
2011; Eixarch et al., 2008; Feldman and Eidelman, 2006; Geva et al.,
2006a,b; Leitner et al., 2007; McCarton et al., 1996; Scherjon et al.,
2000). Prediction of neurodevelopmental outcomes in IUGR is
among the clinical challenges of modern fetal medicine and pediat-
rics. This goal is currently hampered by the limited understanding
of the brain reorganization processes leading to poor neurodevelop-
ment in IUGR children and the lack of suitable imaging biomarkers
in fetal or early life.
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In recent years several studies have used magnetic resonance
imaging (MRI) to demonstrate differences in brain structure in [IUGR
subjects. Studies in term neonates have reported decreased volume
in gray matter (Tolsa et al., 2004) and hippocampus (Lodygensky
et al., 2008), and major delays in cortical development, with discor-
dant patterns of gyrification and a pronounced reduction in cortical
expansion (Dubois et al.,, 2008). Persistence of structural changes at
1-year of age has been recently reported demonstrating reduced
volumes of gray matter (GM) in the temporal, parietal, frontal, and in-
sular regions (Padilla et al,, 2011) and decrease in fractal dimension of
both gray and white matter (WM) which correlate with specific de-
velopmental difficulties (Esteban et al., 2010). Despite these studies
are useful to demonstrate disease-related differences, the ability to
use MRI information to generate individual predictive biomarkers in
IUGR is limited.

Recent research suggests that MRI in vivo access to brain connectiv-
ity might help understanding cognitive and neurodevelopment pro-
cesses (Sporns et al, 2005). Connectomics (Hagmann, 2005) is an
emerging approach to extract information from different modalities,
including MRI data, exhaustively mapping inter-regional connectivity
within the brain to build a graph model of its neural circuitry known
as brain network or connectome (Bullmore and Sporns, 2009; Sporns
et al,, 2005). Particularly, connectomics extracts a number of “image
features” after intensive processing that integrates structural informa-
tion of the individual, related to anatomical brain regions and neuronal
connectivity, to compute adjacency matrices that represent brain
networks or graph models of a particular subject brain. Connectomics
provides a framework to compare architecture of brain circuits among
different individuals in a direct and elegant manner. In order to assess
brain organization, graph theory tools have been proposed to allow
quantifying brain network infrastructure, integration and segregation
of the global functioning of a brain network (Rubinov and Sporns,
2009). Of further interest is the ability to explore regional differences
by assessing graph theory characteristics of the regional networks asso-
ciated to a given region.

Connectomics has been successfully utilized in different sets of data,
including functional MRI, structural MRI and diffusion MRI, to report
altered group connectivity parameters in adults and adolescents under-
going diseases such as schizophrenia (Alexander-Bloch et al., 2010;
Bassett et al., 2008; Liu et al., 2008), Parkinson's disease (Wu et al.,
2009), Alzheimer's disease (He et al., 2008, 2009a; Lo et al, 2010),
attention deficit hyperactivity disorder (Wang et al, 2009), and in
non-clinical samples as in the study of synesthesia (Hdnggi et al,
2011). These studies suggest the potential of MRI based connectomics
to develop biomarkers for disease diagnosis and treatment effects
monitoring. Among the above MRI modalities diffusion imaging can
be of particular interest for the study of the developing brain. Diffusion
MRI allows non-invasively assessing in-vivo WM fiber orientation in
the brain. In recent years diffusion MRI based connectomics has been
used to construct structural brain networks in healthy populations
(Gong et al., 2009; Hagmann et al., 2008; Iturria-Medina et al., 2008),
being its network properties associated with sex and brain size (Yan
et al,, 2010), intelligence (Li et al., 2009) and specific cognitive abilities
inold age (Wen et al., 2011) and to report altered group network topol-
ogy features in Alzheimer’'s disease (Lo et al., 2010; Wee et al.,, 2010),
multiple sclerosis (Shu et al., 2011), schizophrenia (Wang et al., 2012)
and early blindness (Shu et al., 2009). Connectomics from diffusion
MRI has been applied to assess normal development of the human
brain during childhood and adolescence, including subjects from 2 to
18 years of age (Hagmann et al., 2010). Diffusion MRI connectomics in
younger children has been used to study a healthy longitudinal cohort
of 2 weeks, 1 year and 2 years of age (Yap et al,, 2011), but no studies
in infants with perinatal conditions have been conducted.

In the present study, we evaluated the hypothesis that diffusion
MRI based connectomics could determine quantifiable changes
resulting from the existence of brain reorganization in children who

suffered TUGR. We used diffusion MRI based connectomics to obtain
structural brain networks in one year old infants with and without
growth restriction. We analyzed global and regional graph theory
features of brain networks explored in previous studies such as infra-
structure, integration, segregation and centrality. We evaluated the
ability of diffusion MRI based connectomics to demonstrate group
differences in global brain network features and localize altered
regional networks. Finally, we also explored whether brain network
features at one year would be associated with neurodevelopmental
outcome at two years of age.

Methods
Subjects

This study was part of a larger prospective research program on
IUGR involving fetal assessment and short- and long-term postnatal
follow-up at Hospital Clinic (Barcelona-Spain). The study design in-
volved recruitment of a consecutive sample of 83 fetuses: 42 IUGR
singleton infants and 41 control fetuses appropriate for gestational
age. All individuals were born between October 2007 and November
2009. IUGR was defined as a fetal estimated weight below 10th cen-
tile according to local reference standards (Figueras et al., 2008) con-
firmed at birth. Control subjects were defined as fetuses with fetal
estimated weight between the 10th and 90th customized centiles
according to local reference (Figueras et al., 2008) confirmed at
birth and were sampled from our general pregnant women popula-
tion during the same period. Pregnancies were dated according to
the first-trimester crown-rump length measurements (Robinson
and Fleming, 1975). Infants with chromosomal, genetic, or structural
defects and signs of intrauterine infection or neonatal early onset sep-
sis as defined by positive blood culture within the first 72 h of life
were excluded from this study. Neonatal data were prospectively
recorded including: gestational age (GA), birth weight, gender, Apgar
at 5 min, umbilical artery pH and neonatal complications including
late-onset sepsis, necrotizing enterocolitis and chronic lung disease
(defined as oxygen need at 36 weeks postmenstrual age). Maternal
education was recorded as low, intermediate or high educational
level. Maternal smoking status during pregnancy and breastfeeding
were also recorded. Growth parameters (weight, length, body mass
index and head circumference) were recorded at 12 months and were
normalized for local standards (Sobradillo et al,, 2004), The study proto-
col was approved by the local Ethics Committee, and written informed
consent was obtained from the parents or legal guardians of all
participants.

Neurodevelopmental assessment

Neurodevelopmental outcome was assessed at 21 months of
corrected age (CA) (43 months) with the Bayley Scale for Infant and
Toddler Development, Third edition (BSID-III), which evaluates five
distinct scales: cognitive; language; motor; socio-emotional behavior;
and adaptive behavior. The scales have scores with a mean of 100 and
S.D. of 15. Abnormal BSID-1Il was defined as a score below 85 in any of
the five different scales (Anderson et al, 2010). All developmental
examinations were performed by a single trained psychologist examiner
with previous experience with the BSID-IIl. The examiner was not
informed about the infant medical history.

MRI data acquisition

Children were scanned at 12 & 2 months CA, during natural sleep.
Structural MRI and diffusion MRI were performed using a TIM TRIO
3.0 T whole body MR scanner (Siemens, Germany). Diffusion images
were acquired by using a single-shot Echo-Planar Imaging (SE-EPI)
sequence covering 30 diffusion directions with a b-value of 1000 s/
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mm?. All acquired images covered the whole brain, with 3-mm slice
thickness with no interslice gap, 40 axial slices and in-plane acquisi-
tion matrix of 122x122 with a field of view (FoV) set to 200x
200 mm which resulted in a voxel dimension of 1.64 x 1.64 x 3 mm?,
repetition time (TR) = 9300 ms, echo time (TE) = 94 ms. An addition-
al image without diffusion weight (b= 0 s/mm?) was also acquired.
High resolution structural T1 weighted images were obtained by a
Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE)
sequence with the following parameters: 0.9-mm slice thickness
with no interslice gap, 192 sagittal slices, in-plane acquisition matrix
of 256 x 256, FoV =220 x 220 mm?, which resulted in a voxel dimen-
sion of 0.86 x 0.86 x 0.9 mm>, TR=2050 ms, TE =2.41 ms and inver-
sion time (TI)=1050 ms. All acquired MRI structural and diffusion
images were visually inspected for apparent or aberrant artifacts,
and subjects excluded accordingly. In addition, structural T2 weighted
images were also acquired in order to exclude WM abnormalities. Diffu-
sion weighted images were corrected for eddy currents effects and
simple head motions using FMRIB's Diffusion Toolbox (FSL 4.1; www.
fmrib.ox.ac.uk/fsl).

Structural MRI

A 4

White matter brain network construction

The methodology to compute individual connectivity based on
MRI acquisitions was composed by a comprehensive integration of
standard protocols (Fig. 1).

White matter, gray matter and cerebrospinal fluid segmentation

3D structural volumes were segmented into WM, GM and cerebro-
spinal fluid (CSF) using the unified segmentation model (Ashburner
and Friston, 2005) available at the SPM software (SPM8 release, www.
filion.uclac.uk/spm/). The SPM8 software was slightly modified to
better fit an infant brain. Since the original software package uses
default tissue probability maps derived from adult brains, we replaced
the original templates by specific one year old infant a priori tissue
probability maps (Altaye et al, 2008) (available at irc.cchmc.org/
software/infant.php) which could fit better with the anatomical brain
features of the patients included in the study.

Structural 3D volume of each subject was registered to its corre-
spondent bo volume (in the diffusion native space) using IRTK (www.

Diffusion MRI

Tractography

FN-weighted

Structural brain network

FA-weighted

Graph Theory
Network Features

v

Global Features
[ ]

v

Regional Features

bl e o MR

Fig. 1. Methodological scheme. By means of automatic parcellation and tractography, structural and diffusion MRI data of each subject is integrated into adjacency matrices (connec-

tomes) and global and regional brain network features are extracted.
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doc.ic.ac.uk/~dr/software/) to perform a 3D voxel-based affine registra-
tion maximizing normalized mutual information of each pair of images
(Maes et al., 1997; Studholme et al., 1999). The transformation obtained
for each subject was used to transform WM, GM and CSF to the diffusion
native space.

Network node definition

Anatomical Automatic Labeling (AAL) atlas (Tzourio-Mazoyer et
al., 2002), has recently been adapted to a one year old population
(Shi et al, 2011) and is available online (http://bric.unc.edu/
ideagroup/free-softwares/unc-infant-0-1-2-atlases/). In order to au-
tomatically parcellate each subject brain using this atlas, we have
used a customized software implementing a consistent version
(Tristan-Vega and Arribas, 2007) of a block matching algorithm
(Warfield et al., 2002), allowing to obtain an elastic transformation
matching the template with each subject anatomical T1 volume. The
labels of AAL atlas were propagated to each structural MRI acquisition
of our subjects using this elastic transformation, and transformed to
diffusion native space with the previously calculated affine transfor-
mation. Discrete labeling values were preserved by nearest neighbor
interpolation for both transformations. The original atlas is composed
by 90 cortical and sub-cortical regions and 16 cerebellar regions. In
order to simplify the analysis, we merged the cerebellar regions into
right cerebellum, left cerebellum and vermix, resulting into a total
of 93 regions per subject brain (Table 1), each of which corresponded
to a node in the brain network.

Table 1
Regions of interest used as nodes in structural brain networks, corresponding to the
regions defined in AAL atlas.

Anatomical regions Label Anatomical regions Label
Precentral gyrus PRE Lingual gyrus LING
Superior frontal gyrus, F1 Superior occipital gyrus 01
dorsolateral
Superior frontal gyrus, F10 Middle occipital gyrus 02
orbital
Middle frontal gyrus F2 Inferior occipital gyrus 03
Middle frontal gyrus, F20 Fusiform gyrus FUSI
orbital part
Inferior frontal gyrus, F30P  Postcentral gyrus POST
opercular part
Inferior frontal gyrus, F3T Superior parietal gyrus Pl
triangular part
Inferior frontal gyrus, F30 Inferior parietal, but P2
orbital part supramarginal and angular gyri
Rolandic operculum RO Supramarginal gyrus SMG
Supplementary motor SMA  Angular gyrus AG
area
Olfactory cortex oc Precuneus PQ
Superior frontal gyrus, FIM Paracentral lobule PCL
medial
Superior frontal gyrus, FIMO Caudate nucleus CAU
medial orbital
Gyrus rectus GR Lenticular nucleus, putamen PUT
Insula IN Lenticular nucleus, pallidum PAL
Anterior cingulate and ACIN  Thalamus THA
paracingulate gyri
Median cingulate and MCIN  Heschl gyrus HES
paracingulate gyri
Posterior cingulate PCIN  Superior temporal gyrus m
gyrus
Hippocampus HIP Temporal pole: superior temporal TP
gyrus
Parahippocampal gyrus ~ PHIP  Middle temporal gyrus T2
Amygdala AMYG  Temporal pole: middle T2P
temporal gyrus
Calcarine fissure and Vi Inferior temporal gyrus T3
surrounding cortex
Cuneus Q Cerebellum CER
Vermis VER

White matter tractography

A deterministic tractography was performed for each subject dif-
fusion data using a diffusion tensor imaging (DTI) based fiber tracking
algorithm with log-Euclidean metrics (Fillard et al.,, 2007), available
on MedINRIA 1.9 (www-sop.inria.fr/asclepios/software/MedINRIA/).
A relatively low Fractional Anisotropy (FA) threshold of 0.1 was chosen
as stopping criterion for the fiber tract algorithm in order to ensure that
the fiber tracts invade the WM-GM interface. Note that the preproces-
sing prior to the tractography includes a joint tensor field estimation
and regularization that reduce the noise in the estimated DTI volume
used to compute the tractography (Fillard et al,, 2007).

Network edge definition

Tractography generated in the previous step was integrated to the
anatomical parcellation in diffusion space in order to construct the
inter-cortical brain network. Similarly to Shu et al. (2011), we charac-
terized each brain network with a binary adjacency matrix and two
weighted matrices. Specifically, two nodes (regions) i and j were con-
sidered to be connected by an edge e;, when there exist at least one
fiber bundle f with end-points in i and j WM-GM interface, with
self-loops excluded. Some authors proposed to establish a threshold
of a minimum number of fiber bundles connecting two ROIs to consider
them connected by an edge (Li et al., 2009; Lo et al., 2010; Shu et al.,
2009,2011) in order to minimize false positives that may be introduced
into individual networks due to the noisy nature of the acquisitions.
However, it has been suggested that the use of different thresholds
does not significantly influence the resulting network analysis in
case-control studies (Li et al, 2009; Lo et al., 2010; Shu et al,, 2011).
Analyses applying a fiber threshold from 1 to 5 fiber bundles were
performed, but we focused in the analysis of unthresholded networks,
as it was considered to be a more objective criterion preserving the
whole structure of the connectivity in each individual. Network edge
weights were defined according to two different criteria: fiber number
(FN) connecting each pair of regions, and mean FA along all the fibers
connecting a pair of region, hence obtaining two weighted adjacency
matrices in addition to the binary one.

Network analysis

Network analysis of structural brain networks enables a refinement
of image features obtained from MRL As brain networks are defined by
nodes (regions) and edges that connect pairs of nodes, which are repre-
sented mathematically by adjacency matrices or graphs (Hagmann et
al., 2007), it is possible to characterize every subject structural brain
network with a set of graph theory measures (or equivalently, network
features) that summarize the behavior of a network. Particularly, we
characterized each of the three brain network classes computed for
each subject (binary, FN-weighted and FA-weighted) at two levels:
global and regional.

At a global level, network infrastructure (i.e. mean degree), segrega-
tion (i.e. local efficiency) and integration (i.e. global efficiency) were
characterized by means of standard measures as described in Supple-
mentary material. At a regional level, a node based analysis was per-
formed to extract the way in which these elements were embedded in
the network (Rubinov and Sporns, 2009) by a set of network features
of each node and its associated regional network. In that sense, in the
network of a subject, a regional network associated to a given node
was defined as the new network composed by the neighbors of that
node, that is, by the nodes that are connected to that node. Nodes i
and j are considered neighbors in a network if there exist an edge e;;
that connect both nodes (Rubinov and Sporns, 2009). Therefore, the
definition of regional networks was based on its network topology,
that is, in the connections among regions no matter how distant were
from each other, not in anatomical and/or contiguity criteria. Specifical-
ly, regional network infrastructure (ie., nodal degree), regional
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network functional integration (i.e., nodal efficiency), and centrality of
the node (i.e., betweenness centrality) were assessed.

In summary, the global level analysis included: average degree,
global efficiency and local efficiency of each subject structural brain
network. Regional level analysis included nodal degree, betweenness
centrality and nodal efficiency of all the nodes of each subject struc-
tural brain network. For both global and regional network features
the definitions of Rubinov and Sporns (2009) were applied and
Brain Connectivity Toolbox (Rubinov and Sporns, 2009) was used to
calculate most of them. Global, local and nodal efficiencies were cal-
culated in both their binary and weighted versions according to the
brain network considered.

Small-worldness

“Small-world” network model was originally characterized by
(Watts and Strogatz (1998)), relating network clustering coefficient
Cp,, and characteristic path length L,. According Watts and Strorgatz
criterion, small-world networks have L, comparable to a random
equivalent network but a higher G,. Specifically, C, and L;, of each net-
work were compared with equivalent random networks with the
same size and degree distribution.

A more general criterion that characterizes small-world networks
in terms of efficiency was also used. Following these criteria, a net-
work can be considered to follow a small-world model if it accom-
plishes both following conditions (Achard and Bullmore, 2007):

datt rand rand latt
Eg!nh(‘Eg!ub<Eg!ob and Elat <Emc<Eivc

where EY, and EfS are the global and local efficiency of a lattice (reg-
ular) equivalent of the network, and ngﬁﬂ and E[%7 are the global and
local efficiency of an equivalent random network. It can be seen as a
network with an optimal balance between local processing and global
integration (Sporns and Tononi, 2001).

In addition, the principal hubs, defined as the 10% of regions (nodes)
with the highest degree for each subject, were also calculated.

Association with abnermal neurodevelopment at two years of age

Regional connectivity risk index of abnormal neurodevelopment

Due to the relatively reduced sample size, in order to avoid overfit-
ting of the predictive models (Michel et al, 2012), a procedure to
reduce the regional feature space was undertaken. Hence, in a previous
step, regional connectivity features that predicted better neurodevelop-
ment at 2-years were selected and reduced to a single index. In brief, a
scheme was defined to integrate the complex process of regional brain
reorganization into a single score, defined as ‘regional connectivity risk
index’. To this end, a leave-one-out cross validation strategy was
followed to obtain a blind score integrating the relevant regional
features of each IUGR infant. The scheme for the generation of this
index was built according to the following steps (Fig. 2):

(1) Feature selection based on keeping those features with higher in-
dividual discriminative power of the normal/abnormal BSID-11I
(dicotomic value) for the training set. Specifically, those features
with an absolute value two-sample t-test one standard deviation
above the mean for the training set were selected.
Computation of the nonlinear regression model that better
classified the training set using the features selected in step
(1) by means of a regression tree (Breiman et al,, 1984).
Calculation of the ‘regional connectivity risk index’ (probability
of abnormal BSID-111) and blind classification (using a 0.5 cutoff
on the probability of abnormal BSID-III) of the test sample by
applying the regression tree estimated in step (2).

(2
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Fig. 2. Learning algorithm scheme to obtain a ‘regional connectivity risk index’ that in-
tegrates regional network features associated to abnormal neurodevelopment.

Subsequently, the performance of this ‘regional connectivity risk
index’ to achieve a blind classification of the neurodevelopmental sta-
tus (normal or abnormal) was evaluated.

Assaciation of network features and clinical data to neurodevelopmental
scores on BSID-III in 2 year IUGR children

Three blocks of data were established: clinical-epidemiological fea-
tures (gender, smoking status, breastfeeding, GA and weight centile at
birth), global network features and the regional connectivity risk
index as defined in the Regional connectivity risk index of abnormal
neurodevelopment section.

In order to assess the association of the three blocks of data with
neurodevelopmental scores in IUGR, a binomial logistic regression
with two different approaches was then conducted. In the first ap-
proach the independent association power of each block binomial logis-
tic regression was evaluated based on an enter method. In the second
approach, the three blocks were consecutively entered as predictors
into a binomial logistic regression with a backward step-wise selection
criterion in order to assess the best predictive model for BSID-1Il abnor-
mal performance. Removal testing in backward step-wise selection was
based on the probability of the likelihood-ratio statistic based on the
maximum partial likelihood estimates. p value for variable removal
was set at 0.15.
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Statistical analysis

Statistical comparisons among groups were performed by general
linear models with gender, maternal education level, smoking during
pregnancy and breastfeeding as cofactors and GA as a covariate, Due
to the exploratory nature of these analyses, significance was declared
at p<0.05 (uncorrected). In addition, the results of each regional fea-
ture were corrected for multiple comparisons with a False Discovery
Rate (FDR) approach (Benjamini et al, 2006) in order to control
alpha error to 5%. The software package SPSS 18.0 (SPSS, Chicago,
IL) was used for the statistical analyses. All computational algorithms
were implemented using MATLAB (2007b, The MathWorks Inc., Na-
tick, MA).

Results
Basic clinical features in the study population

Structural MRI evaluation revealed the presence of anomalies in
8 IUGR (two increased cisterna magna, four ventricular dilatations
and two WM lesions) and in 5 controls (two increased cisterna
magna and three ventricular dilatations) that were excluded from
the final analysis. In addition, 4 controls and 10 IUGR did not pass
quality criteria concerning motion artifacts or correct tractography
reconstruction that prevented performing further analysis. Thus, the
final sample included 24 IUGR infants and 32 control infants.

As expected, anthropometric measurements at birth normalized
for local standards were significantly lower in IUGR group (Table 2).
No significant differences were found in GA at birth, gender distribu-
tion, Apgar score at 5 min, umbilical artery pH and rate of neonatal

Table 2
Neonatal data, demographic characteristics, growth parameters, and BSID-IIl scores in
the study groups. Mean (4 SD). Variables with p<0.05 are highlighted in bold.

Controls IUGR p*
n=32 n=24
Neonatal data
GA at delivery 348 (5.8) 366 (3.1) 0.173
Birth weight centile 54 (23.9) 5.5.(5.5) <0.001
Length at birth centile 59.1(233) 11.6(11.8) <0.001
Cephalic perimeter at birth centile 43.5(25.1) 13.2(17.2)  <0.001
Gender distribution (male/female) 17/15 15/9 0.483
Apgar 5 min 9(25) 95 (1.7) 0395
Umbilical artery pH 727 (0.07)  7.24 (0.09) 0122

Neonatal complications 3.1%[1/32] 4.2% [1/24] 0.835
Demographic characteristics

Maternal age [years] 313 (4.1) 32.2 (4.0) 0426
Maternal education less than high school 25.8% 33.3% 0.542
Breastfeeding longer than 4 months 67.7% 59.1% 0.518
Smoking during pregnancy 125% 45.8% 0.005
Corrected age at MR [months] 128 (1.5) 13.2 (1.6) 0.382
Corrected age at BSID-1II [months] 202 (3.5) 217 (3.0) 0.155

Growth parameters at 12 months
Weight z-score

Height z-score

Body mass index (BMI) z-score
Cephalic perimeter z-score

—052(0.82) —1.06(0.85)
—0.17(1.17) —1.01(097) 0.008
—049(1.05) —052(091) 0079
—050(1.05) —1.09(130) 0891

0.024

BSID-II scores

Cognitive score b 108.8 (12.5) 1043 (94) 0.029°
Language score B 102.1 (19.0) 913 (12.5) 0.002°
Motor score 1069 (14.2)  100.7 (9.6) 0.018°
Social emotional score ¢ 1174 (30.2) 1086 (23.7) 0.514°
Adaptive behavior score 4 929 (17.0) 89.5 (18.8) 0.469¢

2 Student's t-test for independent samples or Pearson's Chi® test.

" Controls n=22/IUGR n=17.

© General Lineal Model significance among groups corrected for clinical covariables
and cofactors.

4 Controls n=18/IUGR n=16.

complications among groups. No postnatal corticosteroids were ad-
ministered to any individual included in our study. Maternal smoking
status during pregnancy was increased in IUGR group (p=0.005).
Regarding BSID-III neurodevelopmental test, IUGR infants showed a
trend to worse scores than the control group in all scales, although
the differences were statistically significant only for cognitive
(p=10.029), motor (p=0.018) and language (p=0.002) clusters
(Table 2). Proportion of abnormal BSID-III in TUGR groups was non-
significantly higher when compared with control group (47.1% vs.
27.3%, p=0.201).

Small-worldness

Graph theoretical analysis on the adjacency matrices representing
structural brain networks of our subjects, showed that 1-year old
children structural brain networks are a small-world network of
neural tracts. The comparison among local and global efficiencies of
the structural brain networks and its random and lattice equivalents
showed that all our population fulfilled a small-world criterion,
having an intermediate global and local efficiency compared to its
random and regular equivalent networks (Table 3). Using classical
small-world criteria, a small-world behavior was also observed
(Supplementary Table 1).

Hubs of IUGR and controls, defined as the 10% of nodes with
higher degree, were identified for each group separately (Table 4).
Similar hubs on both groups were found, mainly precuneus and cere-
bellum of each hemisphere.

Global connectivity characteristics

The analyses of unthresholded networks show that general linear
models of average degree, binary global efficiency and binary local
efficiency did not show statistically significantly differences between
cases and controls (Figs. 3A-C). FN-weighted global and local efficien-
cy were not significantly different in cases and controls, but there was
a trend of reduced values in IUGR (Figs. 3D and E). FA-weighted
global efficiency was significantly decreased in IUGR (group effect:
F=7.15 p=0.012, Fig. 3F). FA-weighted local efficiency was also
significantly lower in the IUGR group (group effect: F=5.99
p=10.020, Fig. 3G). Further analyses with fiber threshold from 1 to 5
are included in Supplementary Table 2.

Disrupted regional connectivity

Analysis of regional connectivity revealed statistically significant
differences in IUGR at multiple levels on the set of features evaluated
(Table 5, Fig. 4). For instance, differences in nodal degree were mainly
observed in parietal and occipital lobe whereas all regions in tempo-
ral lobe and cerebellum demonstrated differences in betweenness
centrality. Binary nodal efficiency showed most of the differences in
temporal and parietal lobe and cerebellum while frontal lobe and
subcortical gray nuclei were the most affected in FN-weighted nodal
efficiency. Finally, FA-weighted nodal efficiency presented significant
differences in multiple regions of frontal lobe and sub-cortical gray
matter, almost all regions included in parietal and occipital lobe and
in whole cerebellum and central region.

Association with abnormal neurodevelopment at two years of age

Regional connectivity risk index of abnormal neurodevelopment

Most discriminant regional connectivity features are shown in
Fig. 5 and Supplementary Table 3. Specifically, features selected in
more than 90% of leave-one-out iterations included characteristics
of frontal regions (right and left precentral gyrus, left superior frontal
gyrus, left superior and middle frontal gyrus orbital part, left superior
frontal gyrus medial orbital part, right inferior frontal gyrus triangular
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Table 3

Controls, IUGR and their equivalent random and lattice networks binary global and local efficiency. Mean (+5D).

Fiber threshold  Group Random global efficiency  Global efficiency  Lattice global efficiency  Random local efficiency  Local efficiency  Lattice local efficiency

1 Controls  0.8191 (0.0178) 0.8191 (0.0181 0.8191 (0.0178 0.8598 (0.0148) 0.8766 (0.0098 0.8978 (0.0053)
IUGR 0.8178 (0.0147) 0.8178 (0.0151 0.8177 (0.0148 0.8610 (0.0128) 0.8766 (0.0089)  0.8984 (0.0048)

2 Controls  0.7629 (0.0159) 0.7626 (0.0162 0.7624 (0.0161 0.8155 (0.0143) 0.8501 (0.0071 0.8835 (0.0040)
IUGR 0.7595 (0.0141) 0.7592 (0.0145)  0.7589 (0.0142 0.8154 (0.0135) 0.8499 (0.0082)  0.8838 (0.0037)

3 Controls  0.7301 (0.0137) 0.7290 (0.0145)  0.7285 (0.0142 0.7862 (0.0142) 0.8355 (0.0065)  0.8766 (0.0041)
IUGR 0.7263 (0.0140) 0.8358 ( 0.8762 (0.0038)

4 Controls 0.7055 (0.0132

( )

( )

( )

( )

( )

0.7253 (0.0145)

0.7072 (0.0122) ( )
( )

( )

( )

IUGR 0.7041 (0.0128) 0.7023 (0.0134
5 Controls  0.6899 (0.0111) 0.6872 (0.0123
IUGR 0.6869 (0.0127) 0.6841 (0.0135

0.7042 (0.0134
0.7008 (0.0133
0.6849 (0.0126

)
)
)
)
)
0.7247 (0.0143) 0.7849 (0.0135)
)
)
)
0.6818 (0.0139)

0.8255 (0.0061
0.8272 (0.0069
0.8179 (0.0063
0.8201 (0.0073

0.7637 (0.0142)
0.7664 (0.0125)
0.7460 (0.0138)
0.7462 (0.0145)

0.8708 (0.0042)
0.8715 (0.0037)
0.8660 (0.0055)

)
)
)
)
)
0.0070)
)
)
)
) 0.8650 (0.0055)

part, right gyrus rectus right supplementary motor area), occipital re-
gions (right middle occipital gyrus, left inferior occipital gyrus, left
calcarine fissure and surrounding cortex) and subcortical gray matter
(right and left caudate, right putamen and thalamus),

The regional connectivity risk index obtained blindly for each
subject in the leave-one-out learning algorithm also allowed us to

Table 4
Principal hubs in controls and IUGR and its frequency (%) of selection at different fiber
thresholds.

Fiber threshold ~ Controls hubs  Frequency (%) IUGR hubs  Frequency (%)
1 PQ (L) 9338 PQ (L) 875
PQ (R) 84.4 PQ (R) 792
CER (L) 84.4 CER (L) 75.0
CER (R) 71.9 CER (R) 75.0
CAU (L) 531 P1(R) 50.0
P1(R) 469 F2 (R) 458
CAU (R) 344 CAU (L) 417
AG (R) 313 F2 (L) 375
THA (L) 219 CAU (R) 333
2 PQ (L) 90.6 PQ (L) 87.5
PQ (R) 84.4 PQ (R) 875
CER (L) 84.4 CER (L) 833
CER (R) 656 CER (R) 75.0
CAU (L) 56.3 CAU (R) 54.2
CAU (R) 438 P1(R) 458
P1(R) 344 F2 (R) 417
TIP (L) 31.3 CAU (L) 417
F2 (L) 281 F2 (L) 333
3 PQ (L) 93.8 PQ (R) 91.7
CER (L) 87.5 PQ (L) 875
PQ (R) 84.4 CER (L) 75.0
CER (R) 68.8 CER (R) 66.7
CAU (R) 53.1 F2 (L) 58.3
CAU (L) 50.0 CAU (R) 54.2
FZ (L) 281 F2 (R) 50.0
02 (R) 281 CAU (L) 41.7
AG (R) 281 F1 (R) 333
4 PQ (L) 875 PQ (L) 91.7
PQ (R) 87.5 PQ (R) 91.7
CER (L) 84.4 CER (L) 70.8
CER (R) 68.8 CER (R) 70.8
CAU (R) 53.1 F2 (R) 58.3
CAU (L) 50.0 CAU (R) 542
F2 (R) 313 F2 (L) 417
P1 (R) 28.1 CAU (L) 417
T2 (R) 281 T2 (R) 417
5 PQ (L) 90.7 PQ (L) 91.7
PQ (R) 87.5 PQ (R) 792
CER (L) 84.4 CER (L) 75.0
CER (R) 75.0 CER (R) 75.0
CAU (R) 531 F2 (L) 583
CAU (L) 50.0 F2 (R) 542
F2 (R) 313 CAU (R) 417
F2 (L) 28.1 T2 (R) 417
P1(R) 28.1 F1 (R) 333

(L) refers to left hemisphere and (R} to right hemisphere.

blindly classify each IUGR subject into normal or abnormal BSID-II per-
formance with an accuracy of 82.4%, with a sensitivity of 87.5% and a
specificity of 77.8%.

Predictive model including clinical and MRI data

Binomial logistic regression was used to assess the predictive
value of clinical data, global connectivity features and regional con-
nectivity risk index with abnormal BSID-III performance in IUGR
group (Table 6). The regression model based on clinical information
(weight centile, GA, gender, maternal education level, mother smok-
ing status during pregnancy and breastfeeding) was not significantly
associated with abnormal neurodevelopment. The binomial logistic
regression with global connectivity features (average degree and
binary, FN-weighted and FA-weighted global and local efficiency)
showed an accuracy of 76.5%, with a sensitivity of 87.5% and a speci-
ficity of 66.7%. The model had a Chi-square =9.81 with p=0.199 and
a Nagelkerke R? of 0.59. None of the global connectivity features had a
significant contribution by itself. Finally, previously calculated regional
connectivity risk index achieved an accuracy of 82.4%, with 87.5% of
sensitivity and 77.8% of specificity. The regression model was significant
with a Chi-square =7.17, p=0.007 and a Nagelkerke R? of 0.46.

In an exploratory analysis, in order to find the best performing
combination of predictive variables, binary logistic regression with a
backwards stepwise method was applied, entering the data in three
consecutive blocks: clinical-epidemiological features, global connectiv-
ity and regional connectivity risk index (Table 7). In the first block, all
clinical data were discarded by the step-wise process. Entering global
connectivity data in the second block leaded to a six step process in
which only average degree and binary global efficiency remained.
However, the model was not significant. When regional connectivity
risk index was added in a third block, accuracy of the classification
increased to 88.2% (sensitivity 87.5, specificity 88.9%) with a significant
model (Chi-square =11.38, p=0.010, Nagelkerke R? = 0.65).

Discussion

This study describes the use of diffusion MRI based connectomics in
one-year-old infants, with particular focus on the analysis of structural
brain networks. The study provides evidence that diffusion MRI based
connectomics can demonstrate large-scale brain reorganization of the
structural brain network in one year old children who suffered IUGR
by means of global as well as regional brain network feature analysis. Fi-
nally, it was demonstrated that structural brain network features eval-
uated at one year could predict later neurodevelopment in 2-year old
children.

Small-worldness of structural brain networks

Overall, graph theory characterization showed the small-worldness
of one year old brain networks based on diffusion MRI structural con-
nectivity. These findings are in accordance with recent studies on struc-
tural brain networks based on diffusion MRI on adults (Gong et al.,
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Fig. 3. Global characteristics of control and IUGR groups. (A) Average degree, (B) binary global efficiency, (C) binary local efficiency, (D) FN-weighted global efficiency, (E), FN-
weighted local efficiency, (F) FA-weighted global efficiency and (G) FA-weighted local efficiency. *p<0.05.

2009; Hagmann et al., 2008), late developing brain (Hagmann et al.,
2010) and brain networks based on regional volumes correlations in
early developing brain (Fan et al., 2011). The results are indicative of a
high connectivity organization and efficiency already at one year of
age. Random networks communicate every pair of nodes with relatively
few intermediate steps, but have a lack of organization. On the contrary,
lattice networks have a high level of organization but a poor average ca-
pability to efficiently communicate a given pair of nodes. Small-world
networks present a balance between both kinds of networks (Sporns
and Tononi, 2001) and have been reported in a wide range of networks
present in nature as well as in man-made systems (Bullmore and
Sporns, 2009).

Interestingly, we identified precuneus as one of the principal hubs
in our one-year-old population, which is in line with previously
reported results in infants (Yap et al,, 2011) and in adults (Gong et
al., 2009; Hagmann et al., 2008; Tomasi and Volkow, 2011).

Global structural brain network features

There is increasing agreement that network features indicate differ-
ences in brain organization (Bassett and Bullmore, 2009). Consequently,
global brain network features may be a useful approach to identify
which kind and at which level of complexity brain reorganization
occurs. By means of weighted measures of efficiency, alterations in
global and local efficiency were observed. These findings might suggest
brain reorganization of the WM connectivity without significant
changes in the total amount of connections. The results suggest that
FA-weighted approach could be a more sensitive parameter to reveal
brain reorganization due to IUGR. This is in line with previous studies
suggesting the value of weighted metrics of brain networks to assess
subtle differences in neurodegenerative and psychiatric conditions (Lo
etal, 2010; Shuetal., 2011; Wang et al., 2012; Wee et al., 2010). In ad-
dition, weighted measures seem to correlate better with intelligence
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measured by 1Q score in normal subjects (Li et al., 2009). Lower global
efficiency has been described in multiple sclerosis (Shu et al,, 2011),
schizophrenia (Wang et al, 2012), Alzheimer's disease (Lo et al.,
2010) and early blindness (Shu et al., 2009). A few studies have evalu-
ated global efficiency in relation with normal neurodevelopment. A pat-
tern of increasing values with increasing age from 2 to 18 years of age
has been described (Hagmann et al., 2010), while similar global effi-
ciency values were measured in neonates, one-year-old and two-year-
old infants (Yap et al., 2011).

FA-weighted local efficiency was also significantly lower in the IUGR
group. The clinical implications of local efficiency are still undefined.
While some have reported decreased local efficiency in schizophrenia
(Alexander-Bloch et al., 2010; Wang et al., 2010), multiple sclerosis
(He et al., 2009b; Shu et al., 2011) and children with severe reading
difficulties (Vourkas et al., 2010), others found increased local efficiency
in attention deficit hyperactivity disorder (Wang et al., 2009). Late de-
veloping brains (2-18 years) show decreasing clustering coefficients,
and hence decreasing local efficiency, with increasing age (Hagmann
et al, 2010). An increase in diffusion MRI local efficiency values has
been observed during the first years of life (Yap et al., 2011).

Regional structural brain network features

Analysis of regional brain network features allowed extracting infor-
mation of the topological changes on each region and its associated net-
work. Regional characteristics were altered following a diffuse pattern
along the whole brain, which included multiple areas as frontal, tempo-
ral, parietal and occipital lobes, subcortical GM nuclei, insular cortex and
cerebellum. Frontal and temporal areas showed changes in all regional
features, although alterations in frontal areas were found mainly in
FN-weighted nodal efficiency. Frontal and temporal areas are involved
in the regulation of functions previously reported to be abnormal in
IUGR children, including short-term memory (Geva et al,, 2006a), learn-
ing abilities (Geva et al., 2006b), attention (Heinonen et al., 2010) and
social skills (Eixarch et al, 2008). Fronto-temporal areas have also
been related with attention deficit hyperactivity disorder (Kobel et al.,
2010), which is present in higher proportion in children who suffered
IUGR (Heinonen et al., 2010), Parietal areas showed differences mainly
in nodal degree and FA-weighted nodal efficiency. These findings are
consistent with the poorer performance in BSID-III motor domain
observed in IUGR children. Previous studies have linked worst motor
performance with reduced GM in parietal areas of [UGR (Padilla et al.,
2011). Occipital areas were altered mainly on FA-weighted nodal effi-
ciency, but also on nodal degree in a less spread pattern. This result is
consistent with previous findings where parieto-occipital and inferior
occipital regional vulnerability to IUGR has been demonstrated
(Thompson et al., 2007). Some subcortical GM nuclei including amyg-
dala, putamen, pallidum and thalamus were also found altered, by
regional features, mainly by FN-weighted nodal efficiency. Interesting-
ly, striatal injury has been related to perinatal disorders, including
IUGR, suggesting that it could be a risk factor of behavioral disturbances
(Toft, 1999) and specific alterations in the cortico-striato-thalamic net-
work have been associated with cognitive disorders, including Tourette
syndrome (Makki et al., 2009}, bipolar disorder (Chen et al., 2006) and
attention deficit hyperactivity disorder (Castellanos et al., 1994;
Faraone and Biederman, 1998). Finally, cerebellum alterations in
nodal degree and weighted nodal efficiency were found. These findings
are in line with previously described decreases in cerebellar WM in
IUGR infants (Padilla et al, 2011) and with alterations in cerebellar
neuron population in animal models of IUGR (Mallard et al., 2000).

Association with abnermal neurodevelopment at two years of age
In this study IUGR infants showed significantly worse perfor-

mance in cognitive, motor and language scores on the BSID-III areas.
These findings are in line with previous data in IUGR infants and

children (Bassan et al., 2011; Eixarch et al., 2008; Feldman and
Eidelman, 2006; Geva et al., 2006a,b; Jarvis et al, 2003; Leitner et
al., 2007; Marsal, 2002; McCarton et al.,, 1996; Scherjon et al., 2000).
The results of this study provide evidence that graph theory features
of structural brain network at one year of age carry relevant individ-
ual information related with adverse neurodevelopment measured
one year later by BSID-IIl. Specifically, we have shown that global
network connectivity features were associated to abnormal neurode-
velopment. Furthermore, regional connectivity features allowed to
blindly classify abnormal neurodevelopment in IUGR with an accura-
cy of 82.4%. By means of an exploratory backward step-wise logistic
regression, we also demonstrated that mean degree and binary global
efficiency in combination with regional connectivity risk index,
increased the association power, to 88.2%, and achieved a very high
goodness of fit of the model (Nagelkerke R?=0.65). These results
are in line with previous studies relating neurofunction with diffusion
MRI based structural brain network features. Thus, global efficiency
has been previously demonstrated to be associated with intelligence
(Li et al.,, 2009), and regional features of brain networks selected by
means of a learning algorithm have been related successfully to
mild cognitive impairment in studies attempting to develop early
biomarkers for Alzheimer's disease (Wee et al., 2010). The data here
reported and previous studies suggest that combining global and
regional characteristics could help to improve the understanding of
neurofunctional mechanisms underlying structural connectivity. In
addition, further studies linking structural and functional networks
would be very helpful in order to better understand the intricate
link between structural and functional connectivity in the infant
brain. Combined analysis of both substrates is warranted in future
studies to advance in the understanding of brain reorganization and
its relation with altered neurobehavior due to IUGR and other prena-
tal condition. Several studies have demonstrated the feasibility of the
estimation of resting-state functional MRI networks in infants, and
revealed some of the principal functional hubs in the developing
brain (Doria et al,, 2010; Fransson et al., 2007, 2010; Smyser et al.,
2010, 2011). The link between functional and structural networks
has been scarcely investigated. There is preliminary evidence that struc-
tural connections are predictive of functional connections (Honey et al.,
2010), but specific studies in the developing brain are lacking.

Strengths and limitations of the study

One of the most noteworthy strengths of the current study is that
it was performed in well-defined cohorts diagnosed prenatally and
followed prospectively. While most perinatal and demographic char-
acteristics were not significantly different among groups, the results
were corrected for a substantial number of potential confounders.

Notwithstanding, some issues must be noted concerning the meth-
odology followed. The techniques used on a series of complex analyses,
and due to their relative novelty there is a lack of ‘gold standards’ in the
literature. Brain parcellation in young infants is a controversial subject
and tissue segmentation in infant brains is considered a challenging
task due to the isointense developmental pattern which results in a
poor differentiation between GM and WM (Paus et al., 2001). To mini-
mize this limitation we used high quality T1 weighted 3-Tesla Magnetic
Resonance images and to guide the segmentation we used appropriate
brain tissue probability maps (Altaye et al.,, 2008) and a pediatric atlas
(Shi et al., 2011). In addition, each scan was reviewed to determine if
the results of the tissue segmentation were accurate (Knickmeyer et
al., 2008). A drawback of DTI tractography reconstruction is that it is
highly sensitive to motion artifacts during acquisition. This prevented
us to analyze a remarkable number of subjects. It is also well known
that DTI is not able to encode multi-directional diffusion information,
which may lead to errors in regions with a high amount of crossing
fibers. Other techniques such as Q-Ball Imaging (QBI) (Tuch, 2004) or
Diffusion Spectrum Imaging (DSI) (Wedeen et al, 2005) should be
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Table 5
Regions with statistically significant differences in nodal degree, betweenness centrality, binary nodal efficiency, FN-weighted nodal efficiency and FA-weighted nodal efficiency in
IUGR compared with controls.

ROI Nodal degree Betweenness Binary nodal FN-weighted nodal FA-weighted nodal
centrality efficiency efficiency efficiency
PRE (L) NS. NS. N.S. NS. p=0.025
F=5507
PRE (R) NS. NS, NS. NS. p=0.027
F=5393
F1(L) NS. NS, NS. N.S. N.S.
F1(R) NS. NS. NS. NS. N.S.
F10 (L) N.S. N.S. N.S. N.S. N.S.
F10 (R) N.S. N.S. N.S. N.S. N.S.
F2 (L) NS. NS. NS. p=0.023 p=0.032
F=5.650 F=5.024
F2 (R) NS. NS. NS. NS. N.S.
F20 (L) NS. NS, NS. p=0.023 N.S.
F=5.721
F20 (R) NS. NS. NS. p=0.009 N.S.
F=7.603
F30P (L) NS. NS. NS. NS. p=0.021
F=5.870
F30P (R) N.S. N.S. N.S. N.S. N.S.
F3T (L) N.S. N.S. N.S. N.S. N.S.
F3T (R) NS. NS. NS p=0013 N.S.
F=6.922
F30 (L) p=0012 p=0.006 p=0020 p=0019 N.S.
F=7.133 F=8.578 F=5.930 F=6.097
F30 (R) NS. NS. NS. N.S. N.S.
RO (L) NS. NS. N.S. NS. p=0035
F=4814
RO (R) NS. NS. N.S. NS. p=0038
F=4.667
SMA (L) NS, NS, NS. NS. p=0.027
F=5377
SMA (R) NS. NS, N.S. p=0.033 NS.
F=4977
0C (L) NS. NS. N.S. NS. N.S.
0OC(R) NS. NS, NS. p=0.003 N.S.
F=10618
FIM (L) NS. NS. NS. N.S. p=0.021
F=5.895
FIM (R) NS, NS. NS. NS. N.S.
FIMO (L) NS. NS. NS. NS. N.S.
FIMO (R) NS. NS, NS. NS N.S.
GR (L) NS. NS. NS. NS. N.S.
GR (R) N.S. N.S. N.S. N.S. N.S.
IN (L) NS. NS. NS. NS. N.S.
IN (R) N.S. N.S. N.S. N.S. N.S.
ACIN (L) N.S. N.S. N.S. N.S. N.S.
ACIN (R) N.S. N.S. N.S. N.S. N.S.
MCIN (L) NS. NS. NS. p=0020 N.S.
F=6.020
MCIN (R) NS. p=0.010 p=0023 NS. p=0037
F=7.387 F=5.679 F=4.742
PCIN (L) NS, NS, N.S. N.S. NS.
PCIN (R) N.S. NS, N.5. N.S. NS.
HIP (L) N5, NS, N.S. N.S. NS.
HIP (R) N.S. NS. N.S. N.S. NS.
PHIP (L) N.S. NS, N.S. N.S. NS.
PHIP (R) NS. NS. N.S. N.S. NS.
AMYG (L) NS. NS. NS. NS. p=0035
F=4.839
AMYG (R) NS. NS, NS. NS. NS.
V1 (L) NS. NS. NS. N.S. p=0.003
F=10.644
V1 (R) NS. NS, NS. NS. p=10.005
F=8.950
QL) NS. NS, NS. NS p=0.001
F=14.081
Q(R) N.S. NS. N.S. NS. p=0.013
F=6975
LING (L) NS. NS, NS. N.S. p=0.003
F=10.601
LING (R) NS. NS, NS. p=0.024 p=0.008
F=5.562 F=7.843
01 (L) NS. NS, NS. NS p=0.005
F=18.999

(continued on next page)
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Table 5 (continued)

ROI Nodal degree Betweenness Binary nodal FN-weighted nodal FA-weighted nodal
centrality efficiency efficiency efficiency
01 (R) p=0.035 NS. NS. NS. pP=0.005
F=4.830 F=9.038
02 (L) p=0.039 N.S. NS. NS. p=0.010
F=4.634 F=7.395
02 (R) p=10.028 N.S. NS. NS. p=0.001
F=5319 F=16.938
03 (L) NS. N.S. NS. NS. p=0.007
F=38.289
03 (R) N.S. NS. NS. NS. p=0.004
F=9.551
FUSI (L) NS. NS. NS. NS. p=10.008
F=8.105
FUSI (R) N.S. N.S. N.S. NS. NS.
POST (L) p=0.006 NS, NS. NS. p=0.008
F=8499 F=7.948
POST (R) N.S. p=0015 p=0.043 NS. p=0.007
F=6.540 F=4437 F=8.340
P1 (L) p<0.001 N.S. N.S. NS, p=0.003
F=15774 F=10.659
P1(R) N.S. N.S. NS, NS, p=0.004
F=9322
P2 (L) p=0.022 NS, NS. NS. p=0.003
F=5.736 F=10.711
P2 (R) N.S. N.S. N.S. NS, p=0.006
F=8515
SMG (L) NS. N.S. NS. NS. p=0.008
F=7.866
SMG (R) N.S. p=0.009 p=0.012 NS. NS.
F=17.757 F=7.064
AG (L) p=0.017 N.S. NS. NS. p=0.007
F=6.288 F=8.395
AG (R) p=0.046 NS, NS. p=0.012 p=0.006
F=4.301 F=7.128 F=8.560
PQ (L) N.S. p=0.046 p=0.016 NS. pP=0.005
F=4.307 F=6.513 F=9.156
PQ (R) N.S. N.S. NS. NS. p=0.012
F=7.040
PCL (L) N.S. N.S. NS. NS. p=0.012
F=7.040
PCL (R) N.S. NS, p=0.025 NS. NS.
F=5.542
CAU (L) N.S. N.S. NS, N.S. N.S.
CAU (R) N.S. N.S. NS, NS, N.S.
PUT (L) N.S, NS, NS, p=0.043 p=0036
F=4.445 F=4799
PUT (R) NS NS. NS. p=0.001 NS.
F=13.440
PAL (L) N.S. N.S. NS. p=0.025 NS.
F=5.556
PAL (R) N.S. N.S. N.S. p=0.014 NS.
F=6.738
THA (L) N.S. N.S. NS. NS, NS.
THA (R) N.S. N.S. NS. p=0.035 p=0.016
F=4814 F=6.449
HES (L) NS. N.S. N.S. NS. p=0.028
F=527
HES (R) NS. p=0031 p=0012 NS. p=0.041
F=5.061 F=7.131 F=4.506
T1 (L) NS. p=0037 p=0011 NS. p=0.016
F=4.710 F=7235 F=6432
T1 (R) NS. p=<0.001 p=0.001 NS. NS.
F=17.798 F=14.411
TIP (L) N.S. N.S. NS. p=0.002 NS.
F=11.304
TIP (R) N.S. N.S. NS. p=0.029 NS.
F=5225
T2 (L) p=0.028 p=10.005 p=0.005 NS. p=0.024
F=5.305 F=9172 F=09.263 F=5.616
T2 (R) N.S. p<0.001 p=0.001 NS. p=0.010
F=15.620 F=12.612 F=17.516
T2P (L) p=0.046 p=0042 NS. p=0.027 NS.
F=4.285 F=4.468 F=5332
T2P (R) N.S. N.S. NS, N.S. N.S.
T3 (L) N.S. p=0038 p=0.006 NS, p=0.004
F=4.647 F=8.652 F=9.339

T3 (R) NS. NS. NS. NS.
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ROI Nodal degree Betweenness Binary nodal FN-weighted nodal FA-weighted nodal
centrality efficiency efficiency efficiency
p=0.017
F=6.273
CER (L) p=0.023 N.S. NS. p<0.001 p=0.011
F=5.657 F=15.467 F=7.346
CER (R) p=0.042 N.S. NS. p<0.001 p=0.003

F=4471 F=19.769 F=10.630

VER p=0.026 N.S. NS. p=0.006 p=0.016
F=5.453 F=8.539 F=6.467

Features that maintain significance after False Discovery Rate controlling alpha error to 0.05 are highlighted in bold. (L) refers to left hemisphere, (R) to right hemisphere. N.S. for

Not Significant.

used to solve this issue and provide more accurate WM tractography re-
construction in future studies. Current limitations of DTI based tracto-
graphy, and the noisy nature of the acquisitions, may result in the
inclusion of spurious connections in individual networks. However, it
must be noted that we did not perform an analysis directly based on
edges, but measured network topology features. This approach is robust
against noise as it integrates overall information of the individual
networks, and therefore, minimizes the effect of spurious connections.
How the connectivity between regions must be quantified is also an
issue to be addressed. Binarization of the obtained network implies a
loss of information of the connectivity pattern, and some authors pro-
pose different measures to quantify connections based on diffusion
MRI as the number of fiber bundles, density of fibers or average
measures of diffusion along the tract (Hagmann et al., 2007; Li et al.,
2009; Wee et al., 2010). However, how the weight of a connection
must be quantified, and its correlation with the anatomical substrate
in which transfer of neural signals yields is still an open question (Li
et al,, 2009; Shu et al.,, 2009). It must be noted that average degree,
and therefore the network cost, were non-significantly different
between groups in the unthresholded networks, which supports that
similar network density of WM connections were calculated throughout

all the population, minimizing the chances of differences in network cost
causing some of the observed differences.

It is also worth noticing that the proportion of control subjects
with abnormal Bayley scores may seem relatively high (27%). Part
of the control population was composed by prematurely born infants,
which by definition are associated with increased rates of neurodeve-
lopmental delay (Darlow et al., 2009). While we cannot exclude that
this may have hampered the demonstration of some differences,
correction for prematurity was important to ensure that differences
are most likely the consequence of intrauterine growth restriction.
Finally, we acknowledge that the relatively reduced sample size used
in the present study prevents to generalize the set of altered features
that predict an abnormal BSID-III performance. Larger sample sizes
will help to estimate the generality of the identified regions in future
studies and the robustness of the learning algorithm.

Conclusion
In conclusion, MRI connectomics is an emerging technique that is

suitable for the assessment of brain reorganization in IUGR infants by
means of global and regional graph theory based network features,

Fig. 4. Altered regional features in IUGR. In blue, regional characteristics showing statistically significant differences (p<0.05) in IUGR. In red, those regional characteristics that
remained statistically significant after False Discovery Rate controlling alpha error at 5%. (A) Nodal degree, (B) betweenness centrality, (C) binary nodal efficiency, (D) FN-
weighted nodal efficiency and (E) FA-weighted nodal efficiency. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. Regional features associated with an abnormal BSID-IIl outcome in IUGR expressed as the frequency (%) of selection in the leave-one-out algorithm. (A) Nodal degree, (B)
betweenness centrality, (C) binary nodal efficiency, (D) FN-weighted nodal efficiency and (E) FA-weighted nodal efficiency.

which are related to different levels of organizational complexity. We
could demonstrate altered brain network topology in one-year-old
IUGR infants and its association with abnormal performance in neu-
rodevelopmental scales (BSID-III) at two years of age. Larger studies

Table 6

Binomial logistic regression (enter method) of abnormal Bayleys performance using
three blocks of predictors: clinical characteristics, global connectivity features, and re-
gional connectivity risk index.

B SE. Wald df Sig

Clinical characteristics
(Cox and Snell R?: 0.155; Nagelkerke R?; 0.207; model significance: p = 0.825)

Maternal education —0.610 1.646 0.137 1 0711
Smoking status 0.791 1292 0375 1 0.540
Gender 0.404 1238 0106 1 0744
Breastfeeding more than 4 months 1.081 1394 0602 1 0438
GA —0.135 0246 0300 1 0.584
Weight centile —0.021 0300 0.005 1 0945
Constant 3.953 9952 0.158 1 0.691

Global connectivity features
(Cox and Snell R: 0.439; Nagelkerke R: 0.585; model significance: p =0.199)

Mean degree 1.601 1452 1216 1 0.270
Binary global efficiency —491.020 672.818 0533 1 0466
Binary local efficiency 274.691 621.901 0195 1 0659
FN-weighted global efficiency 0.894 1.016 0775 1 0379
FN-weighted local efficiency —4.375 4024 1182 1 0277
FA-weighted global efficiency —537.727 1046374 0264 1 0.607
FA-weighted local efficiency 688.091 1061.576 0420 1 0517
Constant 68.287 124702 0300 1 0.584

Regional connectivity features

(Cox and Snell R*: 0.344; Nagelkerke R*: 0.459; model significance: p =0.007)
Regional connectivity risk index 3.348 1443 5384 1 0.020
Constant —1.805 1.014 3170 1 0.075

are required to validate the results here reported. However, the find-
ings show the potential of diffusion MRI based connectomics and
graph theory based network analysis for extracting features that
characterize the individual architecture of neural circuitry. Hence,
this methodology holds as a promising candidate for the

Table 7

Binomial logistic regression (step-wise backward method) of abnormal Bayleys perfor-
mance in three consecutive blocks including clinical characteristics, global connectivity
features, and regional connectivity risk index. Results are the last step of the backward
algorithm.

Number Variables B S.E.  Wald Sig. in the Sig. of the
of steps  remaining equation  model change
in the step if removed

Block1: clinical characteristics
(Cox and Snell R?: 0.000; Nagelkerke R%: 0.000; model significance: p=0.229)
7 Constant —0.118 0486 0.059 0.808 -

Block2: clinical characteristics + global connectivity features
(Cox and Snell R%: 0.250; Nagelkerke R?: 0.333; model significance: p = 0.087)
6 Mean degree 0.361 0.305 1402 0.236 0.105

Binary global —94.774 61936 2342 0.126 0.050
efficiency
Constant 62.155 41914 2.199 0.138 -

Block3: clinical characteristics + global connectivity features + regional
connectivity risk index
(Cox and Snell R?: 0.488; Nagelkerke R?: 0.651; model significance: p=0.010)

1 Mean degree 0.757 0527 2.069 0.150 -
Global —150.857 97.979 2371 0.124 -
efficiency
Regional 4238 2177 3.790 0.052 0.011
connectivity
risk index
Constant 89.089 61.150 2.123 0.145 -
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development of imaging biomarkers of poor neurodevelopmental
outcome in infants at risk due to prenatal diseases.
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Supplementary Material

1.-Graph Theory definitions and formulation

General graph measures

We used definitions and nomenclature compiled by Rubinov and Sporns (2009). Briefly, N was

defined as the set of all nodes in the network, and n as the number of nodes, (i,j) was the link
between nodes i and j and a; the connection status between node 7/ and j. a; =1 when link

(i,j) exists and zero otherwise. w; is defined as the weight of the link (i,j) in weighted
networks.

Degree of a node / was calculated as &, = ZMT a, . Shortest path length between nodes / and

Jj was defined for binary networks as d, =Zam, €&, Where g, . is the shortest path
(geodesic) between i and j. Shortest path length was generalized for weighted networks as

d; = Zaw €g.,;f(w,), where f is a map from weight to length (in our case an inverse

map) and g,L/ is the shortest weighted path between i and j. Number of triangles around a

. , 1
node / was defined as ¢, = 5 z a;d,d, .
j.heN

Clustering coefficient and characteristic path length
Clustering coefficient of a node was defined as the fraction of triangles around that individual

node, and is equivalent to the fraction of the node’s neighbors that are also neighbors of each

other (Watts and Strogatz, 1998). The clustering coefficient of a network, Cp, was defined as

the average of each node clustering coefficient (Watts and Strogatz, 1998) :

R R R/
=26 nzk(k,—l)

n ieN ieN v

Characteristic path length of a network, L _, was defined as the average shortest path length

P’

between all pair of nodes (Watts and Strogatz, 1998):
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Normalized clustering coefficient of a network, 7, and normalized characteristic path length, A,

L
and 1 =—2— respectively, were C, . and L, | are the mean

were defined as y = c £

Prana Prand
clustering coefficient and characteristic path length of matched random networks that preserve
the same number of nodes and degree distribution as the real networks (Maslov and Sneppen,

2002).

Global and Local Efficiency
Global efficiency was defined as the average inverse shortest path length (Latora and Marchiori,

2001):

E

-1
_ 1 Z»/EA’,]%I d{l
gloh — _Z )

n< n—1

Generalized to weighted networks as:

Z ( d” )*‘
JeN, j=i i
L/Uh -

IE’\
Nodal efficiency of a node / was defined as the inverse of the harmonic mean of the minimum

path length between that index node and all other nodes in the network (Achard and Bullmore,

2007):
m)dal(l) Z ay ih |:d/h(N ):|
i (kl //ze‘\ J#i
Where /,1(N) is the length of the shortest path between j and h, which contains only

neighbors of /.
Local efficiency was defined as the average of Nodal Efficiency of each node:

1
B = zEnodal(l) Zk (k ) i w[ p Ay, I:d//,(N ):I
J.heN [ j.h]=i

M jen

Generalized to weighted networks as (Rubinov and Sporns, 2009):
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2.- Supplementary Tables

Supplementary Table 1. Mean A, y and © small-world parameters at different fiber

thresholds in controls and IUGR .

Fiber Threshold Group A Y c

Controls 1.0001 1.0474 1.0473

1
IUGR 1.0001 1.0437 1.0436
Controls 1.0013 1.1113 1.1099

2
IUGR 1.0015 1.1103 1.1086
Controls 1.0040 1.1719 1.1671

3
IUGR 1.0038 1.1754 1.1709
Controls 1.0066 1.2271 1.2190

4
IUGR 1.0069 1.2240 1.2156
Controls 1.0099 1.2754 1.2627

5
IUGR 1.0104 1.2817 1.2685
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Supplementary Table 2. Average ( + SD) global characteristics of control and IUGR.

FN FN FA FA
Binary Binary
Fiber Mean weighted weighted weighted weighted
Group global local
Threshold degree global local global local
efficiency efficiency
efficiency efficiency efficiency efficiency
Controls 58.7 0.819 0.877 52.507 19.454 0.274 0.303
(3.3) (0.018) (0.010) (5.602) (1.810) (0.015) (0.015)
1 IUGR 58.5 0.818 0.877 51.777 18.956 0.268 0.297
(2.8) (0.015) (0.009) (4.172) (1.260) (0.016) (0.015)
p=0.088 p=0.088 p=0.162 p=0.110 p=0.065 p=0.012 p=0.020
F=3.101 F=3.089 F=2.045 F=2.700 F=3.637 F=7.153 F=5.986
Controls 48.4 0.763 0.850 52.507 24.546 0.256 0.298
(3.0) (0.018) (0.007) (5.602) (2.401) (0.015) (0.015)
5 IUGR 47.8 0.759 0.850 51.777 24210 0.250 0.292
(2.7) (0.015) (0.008) (4.172) (1.536) (0.014) (0.015)
p=0.053 p=0.053 p=0.241 p=0.110 p=0.172 p=0.009 p=0.019
F=4.037 F=4.039 F=1.424 F=2.700 F=1.952 F=7.612 F=6.101
Controls 42.4 0.729 0.835 52.507 28.335 0.245 0.295
(2.6) (0.014) (0.007) (5.602) (2.747) (0.014) (0.015)
3 IUGR 417 0.725 0.836 51.777 28.104 0.239 0.289
(2.6) (0.014) (0.007) (4.172) (1.715) (0.014) (0.014)
p=0.027 p=0.028 p=0.636 p=0.110 p=0.304 p=0.008 p=0.018
F=5362 F=5.288 F=0.0228 F=2.700 F=1.090 F=8.092 F=6.169
Controls 38.2 0.705 0.825 52.507 31.436 0.237 0.292
(2.3) (0.013) (0.006) (5.602) (2.976) (0.014) (0.015)
4 IUGR 37.6 0.702 0.827 51.777 31.207 0.231 0.287
(2.4) (0.014) (0.007) (4.172) (1.851) (0.014) (0.014)
p=0.017 p=0.018 p=0.960 p=0.110 p=0.414 p=0.006 p=0.015
F=6.338 F=6.857 F=0.003 F=2.700 F=0.684 F=8.729 F=6.541
Controls 35.1 0.687 0.818 52.507 34.110 0.231 0.290
(2.1) (0.014) (0.0086) (5.602) (3.192) (0.013) (0.015)
5 IUGR 34.6 0.684 0.820 51.777 33.885 0.225 0.285
(2.3) (0.014) (0.007) (4.172) (1.978) (0.013) (0.014)
p=0.014 p=0.013 p=0.981 p=0.110 p=0.513 p=0.006 p=0.016
F=6.798 F=6.857 F=0.001 F=2.700 F=0.438 F=8.826 F=6.398

Significance calculated from general linear model with gender, maternal education level,
smoking during pregnancy and breastfeeding as cofactors and GA as a covariate.
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Supplementary Table 3. Selection frequencies of the most discriminant regional features.
Selection frequency for each regional feature is computed from its ratio of selection in the leave-
one-out cross validation used in the learning algorithm to obtain the 'connectivity risk index' that

better associates with abnormal neurodevelopment.

Nodal D Betweenness Binary Nodal FN-weighted FA-weighted
ROI fro a negrefe Centrality Efficiency Nodal Efficiency  Nodal Efficiency
elqu'? cync/) frequency of frequency of frequency of frequency of
selection (%) selection (%) selection (%) selection (%) selection (%)
PRE (L) 0 59 88,2 11,8 0
PRE (R) 100 59 0 0 0
F1(L) 0 59 94,1 5,9 0
F1(R) 0 0 52,9 0 0
F10 (L) 41,2 29,4 29,4 0 100
F10 (R) 0 0 17,6 5,9 11,8
F2 (L) 0 59 0 5,9 0
F2 (R) 353 0 0 0 0
F20 (L) 94,1 11,8 11,8 0 0
F20 (R) 41,2 0 100 0 0
F30P (L) 0 0 11,8 0 0
F30P (R) 0 0 0 0 0
F3T (L) 0 11,8 0 17,6 0
F3T (R) 5,9 0 11,8 0 11,8
F30 (L) 0 0 0 29,4 0
F30 (R) 11,8 59 52,9 0 0
RO (L) 5,9 100 35,3 100 0
RO (R) 0 59 0 100 0
SMA (L) 5,9 64,7 11,8 5,9 0
SMA (R) 100 94,1 23,5 5,9 0
88 (L) 0 0 100 0 0
(R) 0 0 0 59 0
FAM (L) 0 58,8 59 100 0
FIM (R) 5,9 11,8 0 0 0
F1MO (L) 11,8 29,4 59 5,9 11,8
F1MO (R) 23,5 70,6 0 0 11,8
GR (L) 23,5 17,6 35,3 0 0
GR (R) 100 59 100 0 29,4
IN (L) 100 100 23,5 17,6 59
IN (R) 0 29,4 59 35,3 94,1
ACIN (L) 5,9 70,6 0 11,8 59
ACIN (R) 0 0 88,2 5,9 0
MCIN (L) 11,8 35,3 0 100 0
MCIN (R) 0 0 0 0 5,9
PCIN (L) 17,6 0 0 0 0
PCIN (R) 0 0 5,9 0 0
HIP (L) 0 5,9 11,8 76,5 0
HIP (R) 0 0 0 0 0
PHIP (L) 0 35,3 0 100 0
PHIP (R) 0 0 0 0 0
AMYG (L) 0 59 0 23,5 0
AMYG (R) 11,8 100 0 353 0
V1 (L) 0 59 0 59 94,1
V1 (R) 0 0 0 0 23,5
Q(L) 0 29,4 0 29,4 59
Q(R) 0 17,6 0 17,6 0
LING (L) 0 0 5,9 0 0
LING (R) 0 0 0 0 0
01 (L) 0 0 0 0 0
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(L) refers to left hemisphere and (R) to right hemisphere.
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Obtaining individual biomarkers for the prediction of altered neurological outcome is a challenge of modern med-
icine and neuroscience. Connectomics based on magnetic resonance imaging (MRI) stands as a good candidate to
exhaustively extract information from MRI by integrating the information obtained in a few network features that
can be used as individual biomarkers of neurological outcome. However, this approach typically requires the use of
diffusion and/or functional MRI to extract individual brain networks, which require high acquisition times and
present an extreme sensitivity to motion artifacts, critical problems when scanning fetuses and infants. Extraction
of individual networks based on morphological similarity from gray matter is a new approach that benefits from
the power of graph theory analysis to describe gray matter morphology as a large-scale morphological network
from a typical clinical anatomic acquisition such as T1-weighted MRL [n the present paper we propose a method-
ology to normalize these large-scale morphological networls to a brain network with standardized size based on
a parcellation scheme. The proposed methodology was applied to reconstruct individual brain networks of 63 one-
year-old infants, 41 infants with intrauterine growth restriction (IUGR) and 22 controls, showing altered network
features in the [UGR group, and their association with neurodevelopmental outcome at twa years of age by means of
ordinal regression analysis of the network features obtained with Bayley Scale for Infant and Toddler Development,
third edition. Although it must be more widely assessed, this methodology stands as a good candidate for the

development of biomarkers for altered neurodevelopment in the pediatric population.

© 2013 Elsevier Inc. All rights reserved.

Introduction

In recent years, the potential of brain magnetic resonance imaging
(MRI) to detect brain alterations that can be related to a different range
of neurological pathologies has been clearly demonstrated (Bassett and
Bullmore, 2009; Eliez and Reiss, 2000; Horsfield and Jones, 2002). An
additional area of importance in the application of the different modali-
ties of MRI has been the development of connectomics (Hagmann, 2005)
to extract features of the macroscopic circuitry of the connections of the

Abbreviations: AAL, automated anatomical labeling; BSID-III, Bayley scale for infant
development, third edition; CSF, cerebrospinal fluid; FDR, False Discovery Rate; GA, gesta-
tional age; GM, gray matter; IUGR, intrauterine growth restriction; MRI, magnetic resonance
imaging; WM, white matter,

* Corresponding author at: Fetal and Perinatal Medicine Research Group, Hospital Clinic,
IDIBAPS, Sabino de Arana 1, Helios I1l, 08028 Barcelona, Spain. Fax: + 34 93 227 9336,

E-mail addresses: dbatalle@clinic.ub.es (D. Batalle), emunozm@clinic.ub.es
(E. Mufioz-Moreno), figueras@clinic.ub.es (F. Figueras), bargallo@clinic.ub.es (N, Bargallo),
eixarch@clinic.ub.es (E. Eixarch), gratacos@clinic.ub.es (E. Gratacos).

1053-8119/8 - see front matter @ 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.neuroimage.2013.07.045

brain, which has been called “the connectome” (Sporns et al.,, 2005).
In particular, the use of graph theory analyses on brain networks has
been a useful tool to characterize brain function by use of a few com-
prehensible parameters. For example, different sets of data, including
functional MRI and diffusion MRI, have been used to extract macroscopic
brain networks and analyze network features in healthy adults, adoles-
cents and infants (Gong et al, 2009; Hagmann et al, 2008, 2010;
Iturria-Medina et al, 2008; Yap et al, 2011) and to report altered
group connectivity parameters in a wide range of neurological, neurobe-
havioral and neurodegenerative diseases by means of connectomic anal-
ysis (Alexander-Bloch et al.,, 2010; Liu et al., 2008; Lo et al,, 2010; Shu
et al, 2009, 2011; Wang et al,, 2009; Wu et al., 2009). Importantly,
connectomics and graph theory features are potential tools to develop
biomarkers to predict neurological outcomes in adult (He et al., 2009;
Liet al,, 2009; Wee et al., 2010; Wen et al., 2011) and perinatal diseases
(Batalle et al., 2012; Tymofiyeva et al., 2012).

However, although the use of diffusion and functional MRI are being
more frequently applied, these techniques are still not very common in
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clinical practice compared with conventional anatomical T1 acquisitions.
In addition, the requirement of higher acquisition times and the extreme
sensitivity to motion artifacts of diffusion and functional MRI is critical
when scanning subjects where control of movements cannot be assured,
such as fetuses or infants. Based on the concept that correlations of gray
matter (GM) features such as volume or cortical thickness across groups
of individuals are associated with brain connectivity (He et al., 2007),
anatomical T1 acquisitions have been used to obtain group connectomes
that allow for a better understanding of brain circuitry in health and
disease (Bassett et al., 2008; Fan et al,, 2011; He et al., 2008). However,
in order to develop individual biomarkers, it is indispensable to extract
individual brain networks, which typically requires diffusion and/or
functional MRI. Recently, a number of published reports have suggested
approaches to extract individual brain networks based on the analysis of
the similarities of GM features (Raj et al., 2010; Tijms et al., 2012, 2013;
Zhou et al, 2011). These methodologies can benefit from the power
of brain network analysis to predict individual neurological outcome,
albeit using conventional T1 acquisitions. To what extent these networks
resemble anatomical brain networks is an issue that still remains to be
elucidated. Regardless of whether the brain networks reconstructed
resemble actual anatomical networks or just serve to analyze cortical
pattern similarities, this approach has the potential to become a power-
ful tool in clinical practice if it allows obtaining features associated with
the neurological outcome of different diseases,

In the present paper we extend the work of Tijms et al. (2012)
that allows the generation of individual morphology similarity-based
structural brain networks from MRI. Specifically, we propose a method-
ology that allows normalization of the large-scale networks obtained
to a common framework, so that each subject network has the same
network size, which has some clear advantages in order to perform
comparative analyses (van Wijk et al., 2010). We prove the feasibility
and utility of this approach by applying it to a specific disease. Namely,
we used late-onset intrauterine growth restriction (IUGR) as a disease
model for several reasons. First, it is a prevalent disease that affects
around 7% of pregnancies in developed countries (WHO, 2012), and is
thus a major public health issue. Late-onset [UGR is the most prevalent
form and it has clearly been demonstrated to be associated with an
increased risk of neurodevelopmental disorders in offspring (Bassan
et al, 2011; Eixarch et al., 2008; Figueras et al., 2009; McCowan et al.,
2002). Secondly, IUGR is a chronic condition which produces brain re-
organization, more than overt brain damage (Rees et al,, 2011), and
this requires the use of advanced analysis of non-conventional brain
imaging techniques to be identified (Gratacos, 2012). Finally, the early
detection of infants with a high risk of neurodevelopmental prob-
lems is a challenge to modern medicine. Diagnosis in perinatal or
very early life would open a window of opportunity for the treat-
ment of these patients, which would have a strong impact on mod-
ifying clinical practice.

Here, we extracted the individual brain networks of 63 one year
old infants, 41 who suffered prenatal late-onset IUGR and 22 controls,
based on GM morphological similarities. Based on the analysis of the
networks obtained, we tested the hypothesis that alterations in the
brain network topology produced by IUGR can be assessed by GM mor-
phology similarity based brain networks, and that network features
obtained are associated with abnormal neurodevelopment later in life.
Although the differences obtained were not so evident as those demon-
strated by means of brain networks derived from diffusion MR1in a sim-
ilar population of IUGR infants (Batalle et al., 2012), we were able to
demonstrate alterations in the organization of late-onset IUGR
extracted brain network topology. In addition, we provide evidence of
the association of the obtained network features with neuro-
developmental scores. The proposed methodology stands as a
potential candidate to develop quantitative imaging biomarkers for
the prediction of the high risk of altered neurodevelopment in subjects
who suffered perinatal damage and, importantly, it could be extended
to other pathologies.

Materials and methods
Subjects

This study was part of a larger prospective research program on
IUGR involving fetal assessment and short- and long-term postnatal
follow-up at Hospital Clinic (Barcelona, Spain). The study protocol was
approved by the local Ethics Committee, and written informed consent
was obtained from the parents or legal guardians of all participants. The
study included a sample of 84 singleton pregnancies with 51 late-onset
IUGR and 33 control fetuses. Late-onset IUGR was defined as those
fetuses with an estimated fetal weight (EFW) below the 10th centile
according to local reference standards confirmed at birth (Figueras
et al., 2008) delivered after 34 weeks of pregnancy. Control subjects
were defined as fetuses with EFW between the 10th and 90th cus-
tomized centiles according to local reference (Figueras et al., 2008)
confirmed at birth. Pregnancies were dated according to the first-
trimester crown-rump length measurements (Robinson and Fleming,
1975). Infants with chromosomal, genetic, or structural defects
and signs of intrauterine infection or neonatal early onset sepsis
were excluded from this study. Neonatal data were prospectively
recorded including: gestational age (GA), birth weight, cephalic pe-
rimeter, gender, and neonatal complications including late-onset
sepsis, necrotizing enterocolitis and chronic lung disease (defined
as oxygen need at 36 weeks postmenstrual age). Maternal educa-
tion was recorded as elementary or less, high school, undergraduate
degree, and graduate/post-graduate degree. Maternal smoking sta-
tus during pregnancy and breastfeeding were also recorded.

MRI data acquisition

Children were scanned at 12 4 2 months corrected age, during nat-
ural sleep without sedation (Padilla et al.,, 2012). The scan was performed
with a TIM TRIO 3.0 T whole body MR scanner (Siemens, Germany).
High resolution structural T1-weighted images were obtained by a
Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE)
sequence with the following parameters: 0.9-mm slice thickness
with no interslice gap, 192 sagittal slices, in-plane acquisition matrix of
256 x 256, FoV = 220 x 220 mm? TR = 2050 ms, TE = 2.41 ms and
inversion time (TI) = 1050 ms. T1 acquisition time was 5 min 52 s. In
addition, structural T2-weighted images were also acquired in order to
exclude white matter (WM) abnormalities. All acquired images were vi-
sually inspected for apparent or aberrant artifacts, and subjects excluded
accordingly. Prior to any further analyses, all the anatomical acquisitions
were manually realigned to a common orientation aligning anterior and
posterior commissure in the sagittal plane (pitch), and using the medial
longitudinal fissure to align coronal (roll) and axial plane (yaw).

Brain segmentation and parcellation

The methodology performed to segment and parcel the brain in
a similar population was previously described in Batalle et al. (2012).
Briefly, the acquired images of each subject were first skull-stripped
(Smith, 2002). All the resulting brain volumes were segmented into
WM, GM and cerebrospinal fluid (CSF) using the unified segmentation
model (Ashburner and Friston, 2005) available with the SPM software
(SPMS8 release, www.fil.ion.ucl.ac.uk/spmy/). The default tissue probabil-
ity maps of SPM were replaced by a specific one year old infant template
(Shi et al,, 2011). Each subject brain was regionally parceled in the
native space with an atlas based on the Anatomical Automatic Labeling
(AAL) atlas of 116 regions (Tzourio-Mazoyer et al., 2002), recently
adapted to a one year old population (Shi et al., 2011). In order to
automatically parcel each subject's brain using this atlas, we used a cus-
tomized software implementing a consistent version (Tristan-Vega and
Arribas, 2007) of a block matching algorithm (Warfield et al., 2002),
obtaining an elastic transformation matching the template with each
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Table 1
Regions of interest used as nodes in structural brain networks, corresponding to the regions defined in AAL atlas.

Anatomical regions Label Anatomical regions Label
Precentral gyrus PRE Lingual gyrus LING
Superior frontal gyrus, dorsolateral F1 Superior occipital gyrus 01
Superior frontal gyrus, orbital F10 Middle occipital gyrus 02
Middle frontal gyrus F2 Inferior occipital gyrus 03
Middle frontal gyrus, orbital part F20 Fusiform gyrus FUSI
Inferior frontal gyrus, opercular part F30P Postcentral gyrus POST
Inferior frontal gyrus, triangular part F3T Superior parietal gyrus P1
Inferior frontal gyrus, orbital part F30 Inferior parietal, but supramarginal and angular gyri P2
Rolandic operculum RO Supramarginal gyrus SMG
Supplementary motor area SMA Angular gyrus AG
Olfactory cortex oc Precuneus PQ
Superior frontal gyrus, medial FIM Paracentral lobule PCL
Superior frontal gyrus, medial orbital FIMO Caudate nucleus CAU
Gyrus rectus GR Lenticular nucleus, putamen PUT
Insula IN Lenticular nucleus, pallidum PAL
Anterior cingulate and paracingulate gyri ACIN Thalamus THA
Median cingulate and paracingulate gyri MCIN Heschl gyrus HES
Posterior cingulate gyrus PCIN Superior temporal gyrus T1
Hippocampus HIP Temporal pole: superior temporal gyrus TIP
Parahippocampal gyrus PHIP Middle temporal gyrus T2
Amygdala AMYG Temporal pole: middle temporal gyrus T2P
Calcarine fissure and surrounding cortex Vi Inferior temporal gyrus T3
Cuneus Q Cerebellum CER

Vermis VER

subject's anatomical T1 volume. The labels of the AAL atlas were propa-
gated to each structural MRI acquisition of our subjects using this elastic
transformation, with discrete labeling values preserved by nearest
neighbor interpolation. The original atlas is composed of 90 cortical
and sub-cortical regions and 26 cerebellar regions. In order to simplify
the analysis, we merged the cerebellar regions into right cerebellum,
left cerebellum and vermis, resulting in a total of 93 regions per subject
brain (Table 1).

Extraction of brain networks

In the present study we followed the methodology proposed by Tijms
et al. (2012) to extract individual structural morphology brain networks
from MRI and extended it in order to normalize these networks to a
common comparable framework based on the regional AAL parcellation
previously performed. Fig. 1 shows a schematic overview of the method-
ology. Firstly, the GM segmentation of each individual was divided in
cubes of 5 x5 x 5voxels, We only considered non-empty cubes,
which we defined as those with at least 50% of the voxels in the cube
containing GM. The chosen size of 5 x5 x5 corresponds to
43 x 4.3 x 45 mm?, slightly inferior to the cube size selected by Tijms
et al. (6 x 6 x 6 mm?), but that in our opinion maintains a good com-
promise between capturing the cortical folding of the brain (taking into
account the smaller brain size of our subjects), and producing a reason-
ably detailed network, with a computationally manageable amount of
cubes for each individual. Specifically, we obtained an average of
7426.6 (standard deviation = 652.2) cubes per subject. Each cube rep-
resents a node v of what we called the “weighted raw network” (WRN)
of each individual, that is the network which every edge represents the
similarity between each pair of cubes. In order to construct the edges of
the raw network, we quantified the structural morphology similarity of
two nodes v; and v; based on its correlation coefficient r; (Tijms et al,
2012):

rj= Z:—] (vik—V;) (V;k—Vj)
e )

Where vy is the k'™ element of the n voxels of the cube v; and v; is the
mean value of all the voxels belonging to the cube v;. The correlation co-
efficient was calculated for rotations of 90° and reflections over all
axes of each cube, and the maximum correlation value and its corre-
sponding p-value was taken. Finally, the “binary raw network”
(BRN) of each individual was obtained by a binarization of the
WRN considering only the significant correlations after a Bonferroni
correction. Thus far, we have obtained a BRN of each individual sim-
ilarly to Tijms et al. (2012). However, due to the methodological de-
sign, each subject would have a BRN with a different size (number of
nodes), which is critical in order to compare the network features of
clinical groups, given that most of the typical network features vary
depending on changes in network size (van Wijk et al., 2010). For
this reason, we normalized BRN based on the previously obtained
AAL parcellation of each subject's brain, resulting in all subjects hav-
ing the same number of nodes (93), corresponding to the different
ROIs of the AAL atlas. To perform the normalization, a ROI of the AAL
was assigned to each BRN node (cube), defined as the ROI to which
most of the voxels of such cube belong to (mode). Each ROI constituted
a node v**"™ of what we defined as the “weighted normalized network™
(WNN). Each pair of WNN nodes vi*™ and v/“"™ were considered to be
connected with a weight w;; corresponding to the ratio of actual signifi-
cant correlations by the total possible connections between all the BRN
nodes belonging to the ROIs i and j:

N, Ny sig

L 1P

WUZZk 121 17K (2)
NiN;

Where pif is 1 when pff™ < 0.05 and 0 otherwise, pff™ is the
Bonferroni corrected significance of the correlation between cubes
viand v, and N; and N; is the number of BRN nodes (cubes) belonging
to ROl i and j respectively. Note that the weight obtained is bound-
ed between 0 and 1 (w;; < [0,1]). Self-connections were excluded
(i.eow; =0V i)

It is worth noting that in this study, we use the term “con-
nections” to refer to brain network edges indicating statistically
similar gray matter morphology of two cubes, in a similar way
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Fig. 1. General methodological scheme. (1) The GM segmentation of each individual was divided into cubes of 5 x5 x 5 voxels. (2) The morphological similarity of each pair of cubes was
calculated by its correlation coefficient obtaining the weighted raw network (WRN) of each subject. (3) Each WRN was thresholded considering only significant correlations after a
Bonferroni correction, obtaining the binary raw network (BRN) of each subject. (4) Each subject brain volume was parceled in 93 ROIs corresponding to AAL atlas. (5) Information of
BRN and anatomical parcellation of each subject was integrated in the weighted normalized network (WNN). (6) Cost correction of WNN was applied in order to obtain a set of binary
networks corresponding to the whole range of network costs from 1 to 0 at steps of 0.01. (7) Weighted network features were obtained directly from WNN and cost-thresholded and
cost-integrated network features were obtained from previously computed cost corrected binary networks.

than used previously by Tijms et al. (2012), but it must not be brain networks obtained with this methodology, as the networks
confused with anatomical connections. In the same line, “individu- obtained are strongly associated with the similarity of local thick-
al structural morphology brain networks” is used to refer to the ness and folding structure of different parts of the cortex, but
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its relation with underlying brain connectivity still must be
elucidated.

Network analysis

Graph theory measures

We mostly used definitions and nomenclature compiled by Rubinov
and Sporns (2009). Briefly, N was defined as the set of all nodes in the
network, and n as the number of nodes; (ij) was the link between
nodes i and j; and a; the connection status between node i and j:
a; = 1 when link (ij) exists and zero otherwise. w;; is defined as the
weight of the link (ij) in weighted networks, normalized between 0
and 1, where a higher weight indicated a higher “connectivity” between
nodes i and j. Degree of a node i was calculated as k; = > j-n%; Directly
related to the average degree of a network, we defined the network
cost K as the ratio of actual links present on a network divided by all
the possible links:

1
T 2, @

ij=N

Weighted degree of a node is often called nodal strength and is
calculated as the sum of all neighboring link weights of a given node:
k" = 2 ;o n Wy Its average value along all nodes for a given network
is a measure directly related to the energy of a network and was called
average network strength.

Shortest path length between nodes i and j was defined for binary
networks as dy = 3~ a,, = g — j, where g __ ; is the shortest path (geo-
desic) between i and j. Shortest path length was generalized for weighted
networks as dff = 3_ a,, = g"_. flw,,), where fis a map from weight to
length (in our case an inverse map) and gi".. ; is the shortest weighted
path between i and j.

Global efficiency was defined as the average inverse shortest path
length (Latora and Marchiori, 2001):

-1
ZJ.:N.j#idfi

1
Egop =— 3 ==~ 4
giob = 2 n 1 (4)
Generalized to weighted networks as:

G

1
Egop =~y =2 7 (5)
‘glob =
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Nodal efficiency of a node i was defined as the inverse of the
harmonic mean of the minimum path length between that index
node and all other nodes in the network (Achard and Bullmore,
2007):

1

. -1
Enogal (1) = &= > agay [djnwi}] (6)
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Where djp(N;) is the length of the shortest path between j and h,
which contains only neighbors of i.

Local efficiency was defined as the average of nodal efficiency of
each node:

1
a5y [djh[NiJ} (7)
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R AR ) B I B
loc n§ nodal H; ki'(ki_l)
Generalized to weighted networks as (Rubinov and Sporns, 2009):
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Levels of analysis: weighted, cost level thresholding and cost
integration measures

We analyzed the obtained networks with three different approaches.
The first and straightforward approach is to directly apply weighted
versions of graph theory measures to the obtained WNN. However,
some authors suggest that some of these measures could be closely asso-
ciated with the average network strength and degree (Ginestet et al.,
2011; van Wijk et al.,, 2010). Therefore, in order to assess the topology
of weighted networks independently of its strength and cost, a set of
cost level thresholds was applied to each individual weighted network,
obtaining a binary network at each cost level (Ginestet et al, 2011).
This second approach allows comparing networks with the same num-
ber of binary connections, and therefore, comparing networlk features
independently of their cost. This approach, however, increases the num-
ber of comparisons and the complexity of the results interpretation, as
the clinical groups must be compared at each cost threshold level. Finally,
in order to disentangle connectivity strength from topology in a single
value for each graph theory feature, Ginestet et al. (2011) demonstrated
the usefulness of integrating each network feature over the entire cost
regime. The cost-integrated version of a topological metric (- ) is defined
as (Ginestet et al,, 2011):

1

Tq(G) = N,
=1

Tiy(G k) (9)

Where G is a given weighted graph, (G k) is the graph G binarized
at cost k, and N, is the cardinal of network costs assessed.

To summarize, for each individual network we computed three
features: network average strength, global efficiency and local efficiency.
Each of these network features was calculated in its weighted form,
binarized at a cost threshold from O to 1 at steps of 0.01 and cost-
integrated along the entire cost regime. In addition, regional analysis
of network features was also performed, assessing nodal strength and
nodal weighted efficiency for each network node.

Neurodevelopmental assessment

Neurodevelopmental outcome of each subject was assessed at 21 +
2 months of corrected age with the Bayley Scale for Infant and Toddler
Development, Third edition (BSID-III), which evaluates five distinct
scales: cognitive, language, motor, socio-emotional behavior and adap-
tive behavior, The scales have scores with a mean of 100 and S.D. of 15.
Abnormal Bayley was defined as a score below 85 in any of the five
different scales (Anderson et al, 2010). Bayley's severity score was
defined as the sum of scales below 85, being in a range from 0
to 5. All developmental examinations were performed by a single
trained psychologist examiner with previous experience with the
BSID-I11. The examiner was not informed about the infant's medical
history.

Statistical analysis

Group differences

Differences in total GM volume and regional AAL regions were
assessed by means of general linear model with gender, maternal
education, smoking during pregnancy and breastfeeding as cofactors
and GA as covariate. In order to assess the differences in the topology
of the extracted networks in the TUGR group when compared with
controls, statistical comparisons among groups were also performed by
means of general linear model with the same cofactors and covariates
as previously, but including total GM volume as covariate to exclude
GM size as a factor explaining the differences found. This was performed
at the three levels of network analysis: weighted, cost level thresholding
and cost integration measures. Multiple comparisons correction was
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applied for regional analysis, including the results after a False Discovery A

Rate (FDR) over the 93 regions assessed (Benjamini et al., 2006). 0,57 1

Association with neurodevelopment 0,56 +
In order to assess the association of graph theory features obtained 3

from the networks extracted for one-year-old children with late-onset 5 0,55 1

IUGR with the neurodevelopmental scores obtained by the same g

children at two years of age, we followed two different approaches. w 0,54 4
In the first approach, we computed a general linear model with g

normal/abnormal Bayley as independent variables and the previously g 0,53

analyzed network features (weighted and cost-integrated average

strength, global and local efficiency) as dependent variables; gender, 0,52 4

education, smoking during pregnancy and breastfeeding as cofactors;

and GA and weight percentile as covariables. This way we assessed 0,51 -

if there was a significant difference in the network features between

IUGR children with abnormal values in their neurodevelopmental tests

when compared with those with normal values, and therefore, if graph B

theory features obtained with the proposed methodology at one year 0,95 1

of age have the potential to discriminate those children that will have

an abnormal neurodevelopment one year after an MRI scan. 0.90 1
In the second approach, we assessed the association of the obtained oy

network features with the severity of the abnormal neurodevelopment, & 0851

and to which extent they added information to the clinical data. In order ‘::',

to do so, we first did an ordinal regression of the Bayley's severity score ) 0,809

with the clinical data and then added graph theory features to the 3

model in order to assess to what extent there is a better association. 5 9789

Note that association with neurodevelopment was performed only 070 4

in the IUGR group, and weight percentile was added to clinical data '

as it may be relevant when group is not taken into account. 0B

Results
Sample

Structural MRI evaluation revealed the presence of anomalies in
6 IUGR (two increased cisterna magna, one ventricular dilatation, one
WM lesions and one thin corpus callosum) and in 2 controls (two in-
creased cisterna magna) that were excluded from the final analysis. In
addition, 9 controls and 4 [UGR did not pass quality criteria concerning
motion artifacts that prevented performing further analysis. Thus, the
final sample included 41 IUGR infants and 22 control infants.

As expected, anthropometric measurements at birth were signifi-
cantly lower in the IUGR group: birth weight centile: 53.5 (32.9) vs.
2.3(2.7) p < 0.001, and cephalic perimeter at birth centile: 38.9 (25.1)
vs. 12,7 (16.0), p < 0.001. GA at delivery was significantly lower in the
IUGR group: 39.5 (1.5) vs. 38.1(1.6), p = 0.003. No significant differ-
ences were found in gender distribution: male/female 10/12 vs. 26/15,
p = 0.170. No neonatal complications occurred among groups. No dif-
ferences were observed in demographic characteristics including ma-
ternal age, maternal education and breastfeeding. However, maternal
smoking status during pregnancy was increased in the IUGR group:
4.5% vs. 31.7%, p = 0.023. For the BSID-IIl neurodevelopmental
test, [IUGR infants showed lower scores than the control group in
all scales without reaching statistical significance: Cognitive: 102.8
(15.5) vs. 99.1 (16.5), p = 0.533; Language: 98.8 (19.0) vs. 90.1
(17.1),p = 0.798; Motor: 107.1(15.8) vs. 96.5 (15.1), p = 0.307;
Socio-emotional: 118.0 (28.6) vs. 106.6 (26.6), p = 0.264; Adaptive
behavior: 91.4 (15.8) vs. 86.4 (16.8), p = 0.412. The proportion of
abnormal BSID-III scores in late-onset IUGR was 60% and the distribution
of Bayley's severity scores based on the number of scales affected was:
one scale 42.9%, two scales 38.1%, three scales 9.5%, four scales 0%,
and five scales 9.5%.

Concerning MRI acquisition, general lineal model showed reduced
GM volume in the IUGR group (p = 0.006). Regional volume analysis
also revealed differences in individual regions (Supplementary Material),
but none of them were significant after FDR correction.

CONTROL IUGR

7/ Random equivalents

Original networks
##  Lattice equivalents

Fig. 2. Small-worldness. (A) Global and (B) local efficiency of the binary raw net-
works obtained compared with the values obtained for their random and lattice net-
work equivalents.

Smail-worldness

We calculated the BRN random and lattice equivalents of each
subject that preserve degree distribution and compared their global
and local efficiency with the original network. The original networks
have an intermediate value of global and local efficiency when compared
with their random and lattice equivalent, both at individual and group
level, a typical characteristic of small-world networks (Fig. 2). However,
the values of global and local efficiency of the original WNN and its ran-
dom and lattice equivalents were virtually identical. Thus, the evaluation
of small-worldness in WNN rendered unconclusive results.

Analysis of network features in IUGR

Compared with controls, analysis of global weighted features of WNN
in IUGR showed no significant differences in network average strength
(p = 0.296 F = 1.130), global efficiency (p = 0.198 F = 1.727) and
local efficiency (p = 0.247 F = 1.391).

In order to analyze WNN independently of its network cost,
thresholding and binarizing of WNN along a range of cost-levels from
0 to 1 at 0.01 steps was performed. Binary network features were ana-
lyzed at each cost level, obtaining no significant differences for average
strength, some differences on local efficiency, but several in global effi-
ciency, as shown in Fig. 3.

Integration of binary network features along the whole range of
cost-levels allowed us to obtain a single representative value of each
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Network cost

Fig. 3. Cost-thresholded network features. Control and IUGR cost-thresholded network
features estimated from binarized weighted normalized networks at steps of 0.01 of
network cost. (A) Average strength, (B) global efficiency and (C) local efficiency. Solid
line corresponds to the mean across individuals and dashed lines to mean + standard
deviation. *p < 0.05.

binary feature that is independent of the network cost (Fig. 4). No
significant difference was found on cost-integrated average
strength (p = 0.348 F = 0.906) when compared with control group.
Similarly, local efficiency was also not significantly different between
controls and cases, although a tendency could be observed (p =

0.076 F =5.176). However, global efficiency was significantly re-
duced in the IUGR group (p = 0.030 F = 5.176).

Regional network analysis of IUGR weighted networks showed
differences in different regions when compared with controls. Specifi-
cally, we found alterations in left superior frontal gyrus orbital part
(F10), right parahippocampal gyrus (PHIP), left lingual gyrus (LING),
left supramarginal gyrus (SMG), left angular gyrus (AG) and vermis
(VER) weighted nodal efficiency and/or nodal strength (Fig. 5). However,
none of them were significant after a false discovery rate correction.
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Fig. 5. Regional network features. (A) Nodal strength and (B) nodal efficiency features altered in IUGR group. Regional features highlighted in green are increased in IUGR group and those

in blue are decreased.

Association with abnormal neurodevelopment in [UGR

A multivariate general linear model with the previously analyzed,
weighted- and cost-integrated network features as dependent variables,
and clinical features as covariables, showed no significant differences for
any of the network features independently, but did show a multivariate
statistically significant difference between normal and abnormal Bayley
(Wilks' Lambda of 0.125, p = 0.036, F = 5.815). This demonstrated
a discernibly different configuration of network features between [UGR
cases with normal and abnormal Bayley.

In addition, an ordinal regression of Bayley's severity score with clin-
ical data (GA, weight centile, gender, maternal education, smoking dur-
ing pregnancy and breastfeeding) and the same ordinal regression with
the addition of network features (weighted and cost integrated global
efficiency, local efficiency and average strength) was also performed,
demonstrating that the ordinal regression with only clinical data does
not significantly fit Bayley's severity score (p = 0.154 Chi*> = 11.947
Nagelkerke R? = 0.309, df = 8), but the addition of network features
significantly changed the model (p = 0.023 Chi® = 14.703, df = 6),
such that the resulting model was statistically significant (p = 0.029
Chi? = 25.650 Nagelkerke R? = 0.555, df = 14), demonstrating signif-
icant association of network features as a group and significantly adding
information to the clinical data.

Discussion

This study, to the best of our knowledge, describes for the first time
the use of individual similarity-based brain networks extracted from
GM using standard T1-weighted MRI acquisitions in a pediatric pop-
ulation. To do so, we proposed a methodology in order to normalize
the large-scale networks obtained to a common framework defined by
an anatomical atlas, and applied it to a pediatric population of one-
year-old infants who had suffered late-onset IUGR. Based on the net-
works extracted using this methodology, we demonstrated that late-
onset IUGR children had an altered network topology compared with
controls, and that the network features obtained are associated with the
neurodevelopmental outcomes of the IUGR group at two years of age.

Individual networks obtained from GM morphology similarities

Obtaining brain networks from standard T1 anatomical acquisitions
has a series of advantages compared with those reconstructed from
other modalities such as diffusion or functional MRI, mainly reduced
acquisition times, which is crucial in the study of several pathologies,
especially in the pediatric population. There is a broad range of studies

in the literature that obtained brain networks from T1 anatomical
acquisitions by means of correlation of GM features, such as volume or
cortical thickness, across groups of individuals. In this way, it has been
possible to obtain a single brain network corresponding to a group
of subjects. This line of research has been relevant to study alterations
in brain organization produced by certain pathologies (Bassett
et al., 2008; Bernhardt et al., 2011; He et al., 2008; Liu et al.,
2008), and to improve understanding of the organization of the
brain during neurodevelopment (Fan et al., 2011). However, this
kind of approach is not useful to develop individual biomarkers pre-
dictive of neurological outcome as it generates only one brain network
per group of individuals. Hence, developing methodologies that are
able to extract individual networks from standard T1 MRI acquisitions
is very relevant for clinical practice. The proposed methodology to ex-
tract individual networks benefits from the analytical power of graph
theory and network models to describe GM similarities in the brain.
However, it is very important to note that the extent to which the
networks obtained resemble anatomical brain connectivity is an issue
that requires deeper study. This issue aside, some studies have pro-
posed that covariation of cortical morphology may be related to cor-
tical connectivity (Andrews et al., 1997; Gong et al., 2011; Kennedy
et al.,, 1998). Furthermore, in large-scale similarity-based networks,
Tijms et al. (2012) found some similarities between the values of
clustering and small world coefficients with resting-state functional
MRI and morphological inter-subject correlation networks. Taking into
account that some of the subjects analyzed in the present paper have
available diffusion MRI included in a previous study (Batalle et al.,
2012), we have performed correlations of the global graph theory fea-
tures obtained with the ones generated from diffusion MRI in 10 control
subjects (Supplementary Material). In this reduced sample we found
correlations between weighted global and local efficiency of GM mor-
phology similarity based brain networks with binary and weighted effi-
ciencies obtained from diffusion MRI based brain networks. Yet even if
some of the correlations found may indicate an association of the net-
works found in this study with underlying structural brain connectivity,
it is still not clear to which extent the networks obtained in the present
study resemble actual neuronal connections.

Disrupted network features in [IUGR

Network features obtained with the proposed methodology in late-
onset [UGR showed several differences when compared with controls
when the weighted networks were binarized for the whole range of
network cost. These differences are confirmed by the integration of
the values along the entire cost regime, which has been proven to be a
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robust measure of disentangling network topology from network cost
in a single value (Ginestet et al.,, 2011). However, when applying the
weighted versions of the features assessed directly on the weighted
networl, no differences were found. This can be explained as weighted
measures and thresholded binary cost measures along the whole rank
of network cost are assessing different aspects of network topology
and are therefore complementary measures. Nodal network features
revealed a pattern of mild alterations distributed along the whole
brain, including regions of the frontal, occipital and parietal cortex,
however, the significance of these findings is hampered after correction
for multiple comparisons. Interestingly, a previous study of MRI based
connectomics on IUGR babies (Batalle et al., 2012) also found decreased
global and local efficiency in IUGR group, and some of the regional
alterations found in the present study, as is the case of lingual gyrus,
supramarginal gyrus, angular gyrus and vermis. We acknowledge that
the meaning of these findings is unclear. We speculate that these differ-
ences could reflect a subtle pattern of alterations in cortical morphology
produced by brain reorganization. This notion is in line with previous
studies demonstrating structural differences in early and late-onset
IUGR. Studies in preterm neonates have reported a decreased volume
in cortical GM (Tolsa et al., 2004) and hippocampus (Lodygensky et al.,
2008), and major delays in cortical development with discordant pat-
terns of gyrification and a pronounced reduction in cortical expansion
(Dubois et al.,, 2008). Persistence of structural changes at one year of
age in IUGR babies has been reported, which demonstrate reduced
volumes of GM in the temporal, parietal, frontal and insular regions
(Padilla et al., 2011) and decreases in the fractal dimension of both gray
and white matter, which correlate with specific neurodevelopmental
difficulties in a similar population (Esteban et al, 2010). Note that the
importance of the relationship between the network features obtained
by individual GM similarity-based networks and fractal dimension has
been previously suggested as there is a resemblance in both methodolo-
gies (Tijms et al., 2012). Recently published data has also demonstrated
a reduced global cortical surface and volume as well as regional changes
in cortical thickness, especially in the frontal region, in children after
late-onset IUGR (De Bie et al,, 2011) such that these regional changes
are also present in the adolescent population (Martinussen et al., 2005).

Association of network features obtained with abnormal Bayley's scales
in IUGR

Concerning the neurodevelopmental tests, late-onset IUGR
showed lower results in all Bayley's scales, although reduced sam-
ple size prevented us from finding significant differences. Nevertheless,
an association between IUGR and long-term neurodevelopmental
and cognitive dysfunctions has been previously demonstrated (Bassan
et al,, 2011; Feldman and Eidelman, 2006; Geva et al, 2006a,b; Leitner
et al, 2007; McCarton et al,, 1996; Scherjon et al, 1993) as was the
case with studies focusing on late-onset cases (Bassan et al., 2011;
Eixarch et al, 2008; Figueras et al, 2009; McCowan et al., 2002).
Our results demonstrated that network features of brain networks
extracted from GM standard T1-weighted acquisitions at one year of
age are related with neurodevelopment later in life. Association between
network features in the IUGR population has previously been reported
using diffusion MRI based brain networks (Batalle et al., 2012). In the
present study, the combination of clinical data with global features was
associated with the number of abnormal Bayley's scales, giving additional
information about the severity of the neurodevelopmental delay. In our
opinion, it is highly relevant that the network features extracted with
the present methodology are related with neurodevelopmental outcome
in IUGR children, suggesting the potential of this methodology to
generate biomarkers able to detect altered neurodevelopment. This is
especially relevant to clinical practice as the early detection of abnormal
neurodevelopment would open a window of opportunity to apply inter-
ventional strategies.

Methodological considerations

Some methodological considerations must also be discussed. First of
all, it is worth noting that brain parcellation and tissue segmentation in
GM and WM in the infant brain is a critical issue due to the isointense
developmental pattern which results from poor differentiation of tis-
sues (Paus et al.,, 2001). However, the use of high quality T1 weighted
3-T MRI minimizes this effect. In addition, it is worth noting that to
improve the reliability of the results obtained we used appropriated
brain tissue probability maps of one-year-old infants for tissue segmen-
tation and a pediatric atlas for brain parcellation (Shi et al., 2011). Each
scan was reviewed to exclude those cases with apparent movement ar-
tifacts, In addition, brain tissue segmentation was individually analyzed
to determine if the results of the tissue segmentation were accurate. The
acquisition protocol during natural sleep (Padilla et al., 2012) allowed
us to obtain good quality imaging without the use of sedation and,
consequently, we obtained a very high ratio of successful acquisitions,
taking into account the difficulty of acquiring MRI in such a young
pediatric population. Due to the characteristics of the methodological
approach proposed, it is reasonable to think that different brain orienta-
tion could have some effects on the obtained brain networks. To address
this effect all the subjects were manually realigned previously to any
further analyses, minimizing any possible influence of the patient orien-
tation in the obtained networks. In addition we have assessed the effect
on the network stability of minor head rotations (£ 10° at 2 degree
steps in each axis) in the networks extracted (Supplementary Material),
showing that the intra-subject variability provoked by head rotations is
lower than inter-subject variability, hence observing the relatively high
stability of the networks to this effect.

Some differences between the methodology proposed here and
the methods presented by Tijms et al. (2012) should also be noted.
Although Tijms et al. (2012) opted for a false discovery rate approach
in order to obtain the BRN, thereby correcting the significance for
the high amount of voxels analyzed, we opted for a more restrictive
approach, using a Bonferroni correction, by which we obtained a
relatively high amount of significant correlations while minimizing
the amount of false positives. In order to correct cube correlation for
rotation, we used 90 degree steps instead of 45. Note that it is possible
to perform correlations of cubes rotated 45° without interpolation only
if the cubes have a size of three voxels. For cubes of 5 x 5 x 5 voxels,
as in our case, the center of some rotated voxels would fall outside the
boundaries of a voxel of the other cube, making it necessary to inter-
polate. It is our belief that decreasing false negatives in the extracted
BRN does not justify the artifacts of partial volume effects and the inter-
polation needed to correct rotations by 45°. Note that the modifications
performed in the methodology proposed by Tijms et al. (2012) are
all very conservative: in the worst case increasing false negatives in the
BRN abtained, but minimizing the number of false positives.

Strengths and limitations

One of the main strengths of this methodology is the straightforward
adaptation of the proposed method to different population groups
where MRI is a challenge and where connectomics based on diffu-
sion and/or functional MRI is extremely difficult to perform, such
as the pediatric population. Anatomical reconstruction of fetal structural
acquisitions is becoming increasingly used in the literature (Kim et al,,
2010; Kuklisova-Murgasova et al, 2012; Studholme, 2011). Hence,
although the networls obtained are not so detailed and they lack a
clear anatomical interpretation compared with those obtained with
other techniques, adapting and assessing the proposed methodology to
the fetal population seems a good opportunity to obtain biomarkers
based on network features at the prenatal age and is a feasible alternative
until diffusion and functional MRI protocols during fetal life become
reliable and standardized.
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Some limitations of the proposed methodology should also be noted.
By its design, the methodology presented does not discriminate between
GM to CSF or GM to WM boundaries, thus a connection could be con-
sidered between two cubes that have similar GM pattern without taking
into account if they are adjacent to WM or CSF. However, it must be
stressed that, even if the area occupied by WM and/or CSF in a pair
of cubes is identical, a connection will not be established if GM
pattern between the two cubes is different.

Another key issue that can be considered a limitation of this study is
the possible resemblance (or not) of the networks obtained with actual
underlying brain circuitry. Some hints on the validity of the networks
obtained have been shown in the original article presenting the theo-
retical base of this methodology (Tijms et al, 2012), comparing the
individual networks obtained to resting state and conventional GM mor-
phology inter-subject correlation networks. In addition, in the present
study some correlations of the networl features obtained with a reduced
sample of 10 subjects with diffusion MRI based networlks has also been
shown (Supplementary Material). However, the evidence available is
not enough to state that there is an actual underlying brain circuitry
explaining the connections obtained with the present methodology.
Further studies are necessary to compare the individual networks
obtained from GM morphology similarities to those networks
obtained from standard diffusion and/or functional MRI in larger sam-
ples to clarify this issue, This is an extremely important remark when
interpreting the results obtained, but is not so relevant from the point
of view of purely developing neurological outcome biomarkers. Being
able to show differences in the network features obtained between con-
trols and cases may not directly indicate a different topology of brain cir-
cuitry, but may instead be showing subtle differences in cortical patterns
that may not be detected by other less sensitive techniques. We can only
hypothesize that the differences found can be partially explained not
only by differences in brain connectivity that modulate cortical morphol-
ogy (Gong et al,, 2011; Van Essen, 1997), but also by differences in corti-
cal structure produced by other reasons, such as changes in the
distribution and/or density of neuronal bodies as occurs in animal
models of chronic hypoxia (Fagel et al, 2006). In any case, in the
sense used in the present paper, networks represent the similarities
between regions of the brain (nodes) giving the weight of this sim-
ilarity to the links connecting them. Whether these links, or what is the
same, the morphological similarity between regions of the brain, describe
or not an underlying circuitry is certainly unknown. However, to our un-
derstanding, the relevance of the technique and results here presented
lies on the fact that differences in a pathological group have been demon-
strated with this methodology and, importantly, a correlation between
the features of the extracted networks from a simple T1 acquisition
with the neurodevelopmental tests performed one year later has been
found. This data show the potential of the proposed methodology to
find image biomarkers in a different set of pathologies, but especially in
the pediatric population, independently of whether or not the networks
obtained with the presented methodology correspond with true underly-
ing brain circuitries.

Conclusions

The methodology presented here proposes a solution for the problem
of having different networl sizes in individual large-scale networks
obtained from GM MRI as published by Tijms et al. (2012). To the best
of our knowledge, the present paper is the first work exploring the use
of individual networls based on GM features in a pediatric population.
Specifically, we applied the methodology proposed in a pediatric popula-
tion who suffered perinatal mild brain reorganization, which is one of the
target groups that can benefit from this kind of analysis. In this popula-
tion, we were able to objectively demonstrate statistically significant
differences between controls and children who suffered late-onset
IUGR, supporting the notion that these children, although suffering
a mild chronic insult, present patterns of brain organization that are

different from their healthy counterparts. A noteworthy feature is
that the network features obtained were successfully associated
with abnormal neurodevelopmental scores, adding statistically
relevant information to clinical data, nowadays the standard for the
evaluation of neurological outcome in [UGR. Although this methodology
must be more widely assessed, it stands as a good candidate for the
development of biomarkers for altered neurodevelopment in the pediat-
ric population.
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1.- Relationship with diffusion MRI based brain networks

In order to assess the relationship of the brain networks obtained with the proposed
methodology based on gray matter morphology similarity with those obtained with diffusion MRI,
we selected a sample of 10 controls which have available a diffusion MRI acquisition.
Specifically, we used a subset of controls used in this paper that was also part of the study
previously published in (Batalle et al., 2012). Briefly, diffusion images were acquired by using a
single-shot Echo-Planar Imaging (SE-EPI) sequence covering 30 diffusion directions with a b-
value of 1000 s/mm?, all acquired images covered the whole brain, with 3-mm slice thickness
with no interslice gap, 40 axial slices and in-plane acquisition matrix of 122 x 122 with a field of
view (FoV) set to 200 x 200 mm which resulted in a voxel dimension of 1.64 x 1.64 x 3 mm?3.
Anatomical T1 acquisition was parceled with Anatomical Automatic Labeling (AAL) atlas
(Tzourio-Mazoyer et al., 2002), adapted to one year old population (Shi et al., 2011). A
deterministic tractography was performed and integrated to the anatomical parcellation in
diffusion space in order to construct inter-cortical measures. Network edge weights were
defined according to two different criteria: fiber number (FN) connecting each pair of regions,
and mean FA along all the fibers connecting a pair of regions, hence obtaining two weighted
adjacency matrices in addition to the binary one. Global graph theory measures assessed
included global efficiency and local efficiency of each subject, calculated in both their binary and
weighted versions. More details are available in (Batalle et al., 2012).

In the present analysis we assess the cross-subject correlations of the graph theory measures
obtained from the gray matter morphology approach proposed with those obtained from the
networks generated with diffusion MRI data. As it can be observed in Supplementary Table 2,
for the tested population we find high correlations between gray matter morphology similarity
based weighted global and local efficiency and diffusion MRI based binary and FA weighted
global and local efficiency. No significant correlations were found between cost integrated global
and local efficiencies and diffusion MRI based graph features, suggesting that these measures
are capturing a different aspect of the brain network topology than the one described with
diffusion MRI based features. However, the exact meaning of these results must be deeply

assessed with bigger sample size.

Normalization of similarity-based individual brain networks from gray matter MR/ and its
association with neurodevelopment in infants with intrauterine growth restriction
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2.- Effects of minor head rotations on the networks

Although the brain anatomical acquisition was, previously to any further analyses, manually
reoriented following an established criteria and hence minimizing the effects of head rotations in
the acquisition, in this complementary analysis we assessed the effects of the possible
remaining head orientation difference on the generation of brain networks with the method
proposed. To do so, one arbitrary selected control was rotated +/- 10 degrees (at 2 degrees
steps) in x, y, and z axis, and then resliced accordingly, in order to observe which effect would
have minor rotation due to the acquisition scheme in the resulting brain networks. The brain
network was generated for each rotated and resliced brain based on the gray matter
morphology similarity method proposed in the present paper.

In order to compare the rotated networks we defined a metric of graph dissimilarity as the
Euclidean distance between its adjacency matrices (Frobenius Norm of the difference between
matrices). The dissimilarity of the original networks obtained after head rotation (intra-subject
distance) was compared with the dissimilarity of the original network with the network obtained
for the rest of the subjects (inter-subject distance) (Supplementary Figure 1), showing for all the

tested rotations lower intra-subject than inter-subject distance.

References

Batalle, D., Eixarch, E., Figueras, F., Munoz-Moreno, E., Bargallo, N., llla, M., Acosta-Rojas, R.,
Amat-Roldan, |., Gratacos, E., 2012. Altered small-world topology of structural brain networks in
infants with intrauterine growth restriction and its association with later neurodevelopmental
outcome. Neuroimage 60, 1352-1366.

Shi, F., Yap, P.T., Wu, G., Jia, H., Gilmore, J.H., Lin, W., Shen, D., 2011. Infant brain atlases
from neonates to 1- and 2-year-olds. PLoS ONE 6, e18746.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
Mazoyer, B., Joliot, M., 2002. Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15, 273-
289.

Normalization of similarity-based individual brain networks from gray matter MR/ and its
association with neurodevelopment in infants with intrauterine growth restriction




74 | PROJECT 2: COPY OF PUBLISHED PAPER

Supplementary Material Batalle et al.

Supplementary Figure 1. Dissimilarity (Euclidian distance) of the reconstructed brain network of an
arbitrary subject with (A) the brain network reconstructed for the same subject after rotation in each axis
of -10 to 10 degrees at 2 degrees steps (intra-subject dissimilarity), and (B) with the rest of subjects
included in the study (inter-subject similarity). For better comparison dotted lines of intra-subject

dissimilarity for all the tested rotations have also been overlaid in B.
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Supplementary Table 1. Analysis of the relative regional volume (normalized by total GM volume) of
the parcellated AAL regions in IUGR and control group. Results expressed as mean (standard

deviation) in %.

ROI Controls IUGR p
PRE (L) 2.118 (0.154) 2.141 (0.164) N.S.
PRE (R) 2.118 (0.199) 2.147 (0.196) N.S.

F1 (L) 1.545 (0.121) 1.584 (0.137) N.S.
F1(R) 1.783 (0.144) 1.841 (0.145) N.S.
F10 (L) 0.494 (0.038) 0.502 (0.046) N.S.
F10 (R) 0.557 (0.052) 0.56 (0.043) N.S.
F2 (L) 2.966 (0.242) 3.006 (0.197) N.S.
F2 (R) 2.811(0.227) 2.833(0.226) N.S.
F20 (L) 0.493 (0.038) 0.499 (0.048) N.S.
F20 (R) 0.532 (0.06) 0.544 (0.051) N.S.
F30P (L) 0.572 (0.067) 0.549 (0.054) N.S.
F30P (R) 0.78 (0.077) 0.747 (0.071) p=0.003
F3T (L) 1.482 (0.155) 1.446 (0.142) N.S.
F3T (R) 1.097 (0.108) 1.081 (0.112) p=0.002
F30 (L) 1.271 (0.086) 1.269 (0.114) N.S.
F30 (R) 1.283 (0.103) 1.289 (0.107) N.S.
RO (L) 0.655 (0.049) 0.646 (0.038) N.S.
RO (R) 0.927 (0.062) 0.908 (0.072) N.S.
SMA (L) 1.304 (0.12) 1.328 (0.128) N.S.
SMA (R) 1.385 (0.126) 1.384 (0.133) N.S.
ocC (L) 0.229 (0.021) 0.232 (0.023) N.S.
OC (R) 0.231 (0.022) 0.231 (0.02) N.S.
FIM (L) 1.529 (0.135) 1.577 (0.163) N.S.
FIM (R) 1.006 (0.085) 1.059 (0.106) N.S.
FIMO (L) 0.388 (0.032) 0.397 (0.043) N.S.
F1MO (R) 0.547 (0.061) 0.553 (0.039) N.S.
GR (L) 0.545 (0.043) 0.556 (0.051) N.S.
GR (R) 0.474 (0.036) 0.486 (0.037) N.S.
IN (L) 1.257 (0.063) 1.26 (0.076) N.S.
IN (R) 1.214 (0.046) 1.233 (0.085) N.S.
ACIN (L) 1.12 (0.098) 1.118 (0.099) N.S.
ACIN (R) 1.005 (0.095) 1.009 (0.09) N.S.
MCIN (L) 1.552 (0.093) 1.531(0.099) N.S.
MCIN (R) 1.676 (0.086) 1.674 (0.116) N.S.
PCIN (L) 0.239 (0.024) 0.247 (0.029) N.S.
PCIN (R) 0.153 (0.017) 0.156 (0.015) p=0.007
HIP (L) 0.518 (0.034) 0.533 (0.034) N.S.
HIP (R) 0.523 (0.034) 0.528 (0.031) N.S.
PHIP (L) 0.662 (0.037) 0.687 (0.044) N.S.
PHIP (R) 0.652 (0.038) 0.675 (0.047) N.S.
AMYG (L) 0.161 (0.017) 0.165 (0.017) N.S.
AMYG (R) 0.153 (0.016) 0.162 (0.013) N.S.
V1 (L) 1.738 (0.118) 1.749 (0.13) N.S.
V1 (R) 1.323 (0.108) 1.313 (0.088) N.S.
Q) 1.413 (0.104) 1.39 (0.098) p=0.042
Q(R) 1.166 (0.073) 1.141 (0.06) N.S.

Normalization of similarity-based individual brain networks from gray matter MR/ and its
association with neurodevelopment in infants with intrauterine growth restriction
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ROI Controls IUGR p
LING (L) 1.454 (0.073) 1.482 (0.072) N.S.
LING (R) 1.455 (0.075) 1.462 (0.077) N.S.

01 (L) 0.894 (0.066) 0.896 (0.074) N.S.
01 (R) 0.92 (0.065) 0.905 (0.062) N.S.
02 (L) 2.26 (0.14) 2.297 (0.141) N.S.
02 (R) 1.552 (0.158) 1.544 (0.11) N.S.
03 (L) 0.599 (0.034) 0.605 (0.043) N.S.
03 (R) 0.794 (0.067) 0.805 (0.096) N.S.
FUSI (L) 1.7 (0.089) 1.72 (0.071) N.S.
FUSI (R) 1.722 (0.097) 1.727 (0.097) N.S.
POST (L) 2.291(0.11) 2.321(0.166) N.S.
POST (R) 2.437 (0.144) 2.44(0.167) N.S.
P1(L) 0.941 (0.096) 0.936 (0.071) p=0.030
P1(R) 1.211 (0.104) 1.175 (0.098) N.S.
P2 (L) 1.841 (0.116) 1.811 (0.158) N.S.
P2 (R) 1.331(0.104) 1.326 (0.141) N.S.
SMG (L) 0.774 (0.096) 0.773 (0.089) N.S.
SMG (R) 1.465 (0.181) 1.463 (0.166) N.S.
AG (L) 1.131(0.092) 1.168 (0.112) N.S.
AG (R) 1.706 (0.14) 1.72 (0.146) N.S.
PQ (L) 2.979 (0.169) 2.947 (0.171) N.S.
PQ (R) 2.372 (0.108) 2.354 (0.13) p=0.043
PCL (L) 0.746 (0.073) 0.741 (0.088) N.S.
PCL (R) 0.36 (0.03) 0.359 (0.034) N.S.
CAU (L) 0.584 (0.048) 0.585 (0.051) N.S.
CAU (R) 0.614 (0.057) 0.616 (0.054) N.S.
PUT (L) 0.718 (0.035) 0.725 (0.04) N.S.
PUT (R) 0.744 (0.027) 0.737 (0.044) N.S.
PAL (L) 0.181 (0.013) 0.184 (0.016) N.S.
PAL (R) 0.192 (0.013) 0.191 (0.014) N.S.
THA (L) 0.729 (0.046) 0.739 (0.06) N.S.
THA (R) 0.719 (0.053) 0.727 (0.056) N.S.
HES (L) 0.158 (0.014) 0.159 (0.011) N.S.
HES (R) 0.178 (0.017) 0.175 (0.018) N.S.
T1(L) 2.073 (0.163) 2.044 (0.129) N.S.
T1 (R) 2.267 (0.143) 2.245(0.122) N.S.
TP (L) 0.967 (0.066) 0.928 (0.069) p=0.002
TIP (R) 0.95 (0.07) 0.944 (0.079) N.S.
T2 (L) 3.651 (0.271) 3.679 (0.251) N.S.
T2 (R) 3.586 (0.188) 3.535 (0.204) p=0.039
T2P (L) 0.406 (0.044) 0.38 (0.045) p=0.019
T2P (R) 0.506 (0.051) 0.496 (0.053) N.S.
T3 (L) 1.907 (0.131) 1.919 (0.112) N.S.
T3 (R) 2.403 (0.151) 2.429(0.143) N.S.
CER (L) 1.838 (0.173) 1.891 (0.162) N.S.
CER (R) 1.759 (0.146) 1.809 (0.154) N.S.
VER 1.15(0.121) 1.176 (0.129) N.S.

(L) refers to left hemisphere, (R) to right hemisphere. N.S. for non-significant. in bold those

regions with p<0.05 (uncorrected).

Normalization of similarity-based individual brain networks from gray matter MR/ and its
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Supplementary Table 2. Pearson correlation of graph theory features obtained with

morphology based similarity approach with those obtained with diffusion MRI in 10 control

subjects.
Diffusion MRI based
Gray matter morphology ,
based graph theory features grefngil:“tll:::ry Pearsons’ Rho p
Binary
Global Efficiency D:res 0.010
Weighted Global Efficiency Welonied 0.139 0.702
Global Efficiency FN
Weighted
Global Efficiency FA 0.782 0.007
Binary
Local Efficiency 0.806 0.005
Weighted Local Efficienc Weighted 0.049 0.893
o Y Local Efficiency FN
Weighted
Local Efficiency FA 0.686 0.028
Binary
Global Efficiency 0.040 0.912
Cost Integrated Weighted
Global Efficiency Global Efficiency FN 0.012 0.973
Weighted
Global Efficiency FA 0.554 0.097
Binary
Local Efficiency 0.348 0.324
Cost Integrated Weighted
Local Efficiency Local Efficiency FN -0.062 0.864
Weighted
Local Efficiency FA 0.600 0.067

In bold those correlations reaching statistical significance (p<0.05).

Normalization of similarity-based individual brain networks from gray matter MR/ and its
association with neurodevelopment in infants with intrauterine growth restriction
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ARTICLE INFO ABSTRACT
Article ustory: Characterization of brain changes produced by intrauterine growth restriction (IUGR) is among the main chal- 23
Accepled 25 May 2014 lenges of modern fetal medicne and pedialrics. This condition affects 5-10% of all pregnandies and is assodaled 24
Mvailable online xxx with a wide range of neurodevelopmental disorders, Better understanding of the brain reorganization produced 235
- by IUGR opens a window of appertunity to find potential imaging biemarkers in order to identify the infants with 26
Ezly;rg;l:vlh restriction a high risk of having neurcdevelopmental preblems and apply therapies to improve their outcomes. Structural 27
Chnretoines E brain networks oblained from diffusion magnelic resonance imaging { MRI) is a promising tool Le study brain re- 28
Connectome organization and Lo be used as a biomarker of neurodevelopmental alterations. In the present study this Lech- 29
Animal model nique is applied to a rabbit animal model of [UGR, which presents some advantages including a controlled 30
Low birth weight environment and the possibility to obtain high quality MRI with long acquisition times. Using a Q-Ball diffusion 31
Diffusion magnetic resonance imaging madel, and a previeusly published rabbit brain MRI atlas, structural brain networks of 15 [UGR and 14 control 32
Q-Ball rabbits at 70 days of age (equivalent to pre-adolescence human age) were obtained. The analysis of graph theory 33
Neurobchavior features showed a decreased network infrastructure (degree and binary global efficiency) associated with IUGR 34
Object Hemg"m"}' Tk condition and a sel of generalized (ractional anisetropy (GFA) weighled measures associaled wilh abnormal 33
Open Field Behavioral Test ; 4 H : i e 3 S
neurobehavior. Interestingly, when assessing the brain network organization independently of netwerk infra- 36
structure by means of normalized networks, IUGR showed increased global and local efficiencies. We hypothe- 37
size that this effect could reflect a compensatory response to reduced infrastructure in [UGR, These results 35
present new evidence on the long-term persistence of the brain rearganization produced by IUGR that could un- 39
derlie behavioral and developmental alterations previcusly described. The described changes in netwerk organi- 40
zalion have Lhe polential Lo be used as biomarkers Lo monilor brain changes produced by experimental therapies 41
in [UGR animal model. 42

© 2014 Elsevier Inc. All rights reserved.

Introduction

Intrauterine growth restriction (IUGR) affects 5-10% of all pregnan-
cies and is a major public health issue, being a prevalent condition
that has been associated with a wide range of short- and long-term

Abbreviations: DI, discrimination index; DWI, diffusion-weighted images: FA,
fractional anisotropy; FD, fiber density; FDR, false discovery rate; GFA, gencralized frac-
tional anisotropy; GLM, general linear model; CM, gray matter; IQR, inter-quartile
range; IUGR, intrauterine growth restriction; MR magnetic resonance imaging; OFRT,
Open Field Behavioral Test; ORT, Object Recognition Task; 5D, standard deviation; WM,
while matter.

* Corresponding author at: Fetal and Perinatal Medicine Research Group, Hospital
Clinic, IDIBAPS, Sabino de Arana 1, Helios 111, 08028 Barcelona, Spain. Fax: +34 93 227
9336.

F-mail addresses: dbatalle@clinicubies {D. Batalle), emunozm@clinic.ub.es
{E. Mufioz-Motena), sarbat@clinicubes (A, Arhat-Plana), miriamil@clinicub.es (M. 1lla),
fliguera@clinicub.es (F. Figueras), eixarch@clinic.ub.es (E. Eixarch), gratacos@clinic.ub.es
(E. Gratacos).
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1053-8119/@ 2014 Flsevier Inc. All rights reserved.

neurodevelopmental and cognitive dysfunctions (Arcangeli et al., 52
2012; Baschat, 2013), even in adulthood {Lehaugen et al., 2013). With 3
the significant advance of magnetic resonance imaging (MRI) in the re- 3
cent years, the brain alterations and reorganization underlying these 37
]
]
il

sy

O

neurofunctional alterations are starting to be elucidated, It has been 3
suggested that brain reorganization starts in utero, where different pat- :
terns of cortical development (Egafia-Ugrinovic et al,, 2013) and altered :
quantitative MRI texture predictive of altered neurodevelopment 59
{Sanz-Cortes et al., 2013) have been shown in [UGR. At neonatal period 60
IUGR has been reported to have decreased volume in gray matter (GM) 61
(Tolsa et al., 2004) and hippocampus (Ledygensky et al., 2008) and dis- 2
cordant patterns of gyrification {Dubois et al., 2008). At one year of age, 63
persistence of structural changes has been demonstrated, including re- 64
duced volumes of GM (Padilla etal,, 2011) and decreased fractal dimen- 63
sion in both GM and white matter {WM) that correlate with abnormal e
neurodevelopment (Esteban et al.,, 2010). Studies on IUGR at later 67
ages have reported changes in regional brain volumes and cortical 68

b = Y

Please cite this article as: Batalle, D., et al., Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
restriction, Neurolmage (2014), http://dx.doi.org/10.1016/j, neurcimage,2014.05.065




T8
Kl
80
81
82
83

B4

133

82 | PROJECT 3: COPY OF PUBLISHED PAPER

2 D Batalle ef al / Neurolmage xooe (2014) oo

thickness in 4 to 7-year-old children {De Bie et al, 2011}, reduced vol-
umes for thalamus and cerebellar white matter {Martinussen et al.,
2009}, and thinning of corpus callosum and general WM reduction
(Skranes et al., 2005} in adolescents. There is a need to better character-
ize the brain reorganization underlying neurodevelopmental and cogni-
tive dysfunctions in IUGR. Likewise, the development of imaging
biomarkers is an urgent clinical and experimental need (Ment et al.,
2009).

The study of brain connectivity holds great promise for the develop-
ment of pathophysiological insights and biomarkers of human disease
characterized by subtle brain changes that are not reflected in conven-
tional MRI techniques (Gratacos, 2012}, Indeed, one of the major recent
advances in the application of new MRI modalities has been the emerg-
ing technique of “connectomics” (Hagmann, 2005), opening the possi-
bility to extract macroscopic circuitry of the connections of the brain,
in what has been called “the connectome” ( Sporns et al, 2005). In par-
ticular, the use of graph theory analyses on brain networks has been
demonstrated to be a useful tool to characterize brain organization by
a few comprehensible parameters (Bassett and Bullmore, 2009}, Differ-
ent sets of data, including functional MRI and diffusion MRI, have been
used to extract macroscopic brain networks and analyze network
features in healthy adults, adolescents and infants {Gong et al,, 2009a;
Hagmann et al., 2008, 2010; Iturria-Medina et al., 2008; Yap et al.,
2011} and to report altered group connectivity parameters in a wide
range of neurological, neurobehavioral and neurodegenerative diseases
{Alexander-Bloch et al, 2010; Liu et al., 2008; Lo et al, 2010; Shu et al,
2009, 2011; Wang et al, 2009; Wu et al, 2009}. Importantly,
connectomics and graph theory features have been shown to be poten-
tial tools to develop biomarkers to predict neurological outcomes in
adult (He et al,, 2009; Li et al,, 2009; Wee et al,, 2010; Wen et al,,
2011} and perinatal diseases {Batalle et al., 2012, 2013; Tymofiyeva
etal, 2012). Particularly, brain networks of one-year-old infants obtain-
ed from diffusion MRI have been reported to have reduced level of
weighted organization and a pattern of altered regional network fea-
tures that is associated with latter neurodevelopmental problems
{Batalle et al., 2012}, showing their potential to develop imaging bio-
markers to detect infants at high risk ol having neurodevelopmental
problems one year later. Nonetheless, whether persistent brain reorga-
nization produced by IUGR persists at long-term { adolescence and adult
period) and whether connectomic analysis could be a suitable tool to
characterize the patterns induced by this conditions are still unknown.

Assessing long-term effects of IUGR in the human brain is a challeng-
ing task, limited by the influence of uncontrolled environmental factors
{Hall and Perona, 2012} and the difficulty of obtaining sulficiently large
sample sizes. The induction of IUGR in rabbit models has been proven to
reproduce major features of human IUGR (Bassan et al., 2000; Eixarch
et al., 2009, 2011}. Furthermore, white matter maturation process in
rabbit is closer to humans than other species, since it starts in intrauter-
ine period (Derrick et al, 2007}, Hence, albeit their obvious limitations,
rabbit model may be a useful tool to analyze long-term brain remodel-
ing in IUGK. They could play a key role in the definition of image bio-
markers for early diagnosis that are critical to demonstrate changes
after the application of experimental therapies, especially when those
should be tested in fetuses or neonates. Besides the highly reproducible
experimental conditions, high quality MRI with long acquisition times
can be performed in isolated whole brain preparations. Using this
model, regional brain changes in fractional anisotropy, correlated with
poorer outcome in neurobehavioral tests have been reported in new-
boms {Eixarch et al, 2012}, some of them persisting in preadolescent
period (1lla et al,, 2013}, where changes in the connectivity ol anxiety,
attention and memory networks have been shown. Due to the recent
development of an MRI rabbit brain atlas (Mufioz-Moreno et al.,
2013}, the possibility to obtain whole brain structural networks based
on diffusion MRI arises. This opens the opportunity to assess long-
term network reorganization associated with functional impairments
without a priori hypothesis, taking advantage of the huge potential of

graph theory measures to characterize brain functioning and organiza-
tion {Bassett and Bullmore, 2009} that have been previously used to
characterize one-year-old infants with IUGR (Batalle et al., 2012, 2013).

In the present study, graph theory features from diffusion MRI brain
networks were calculated in 15 rabbits with surgically induced IUGR
and 14 controls at equivalent preadolescent age, in order to assess the
long-term impact of IUGR in brain organization that could underlie be-
havioral and developmental alterations. The results showed a specific
pattern of global network features altered in IUGR, characterized by an
impaired network infrastructure, but an increase in the relative terms
of organizational efficiency that we hypothesize to be associated with
a compensatory effect in IUGR. An exploratory analysis of the regional
features altered by IUGR condition was also performed. Both global
and regional network leatures were associated with neurobehavioral
test results. The results here presented contribute to the knowledge
on long-term brain changes associated with neurobehavioral dysfunc-
tions in IUGR, showing the feasibility of using brain network features
from diffusion MRI as biomarkers to assess and potentially monitor
treatment of IUGR using experimental models.

Methods

The design of the study and each of the steps of the procedures are
shown in Fig. 1. A detailed description of the methodology used is in-
cluded in this section.

Animals, study protocol and surgical model

Animal experimentation of this study was approved by the Animal
Experimental Ethics Committee of the University ol Barcelona (permit
number: 206/10-5440}, and all efforts were made to avoid or minimize
suffering.

Part of the animals used in this study has been previously used in a
recent study (Illa et al,, 2013}, From 13 New Zealand pregnant rabbits
provided by a certified breeder, we selected two cases and two conirols
of each dam at birth. At the 70th postnatal day, all surviving cases and
ane control for each case were induded resulting in a total population
of 30 rabbits (15 with induced IUGR and 15 sham controls}. Dams
were housed for 1 week before surgery in separate cages on a reversed
12/12 h light cycle, with free access to water and standard chow. At
25 days ol gestation (term at 31 days}, a ligation of 40-50% of
uteroplacental vessels was performed following a previously described
protocol {Eixarch et al, 2009). Briefly, after midline abdominal laparot-
omy, the gestational sacs of both horns were counted and numbered.
Afterwards, only one uterine horn was kept outside the abdomen and
the induction of IUGR was performed by ligating 40-50% of the
uteroplacental vessels of all the gestational sacs from this horn. After
the procedure, the abdomen was closed in two layers and postoperative
analgesia (meloxicam} was administered for 48 h. Alter surgery, the an-
imals were allowed free access to water and standard chow for 5 days
until delivery. Cesarean section was performed at 30 days of gestation
and living pups were obtained. All living newborns were weighed and
identified by a subcutaneous microchip inserted in their back {Micro-
chip MUSICC Avid Microchip S.L., Barcelona, Spain}. Cases were consid-
ered those pups delivered from the ligated horn, whereas controls were
those delivered [rom the contralateral horn (non-ligated ). Both cases
and controls were housed with a wet nurse rabbit with part of the off-
spring until the 30th posmatal day when they were weaned. Thereafter
both groups of rabbits were housed in groups of three with a reversed
12/12 h light cycle with free access to water and standard chow. On
the 70th postnatal day, which is considered to be equivalent to pre-
adolescence period in humans in terms of sexual maturity (Moorman
etal., 2000}, functional tests were applied and the rabbits were anesthe-
tized and sacrificed thereafter. The left and right common carotid arter-
ies were cannulated and the brains were perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde PBS. Then,

Please cite this article as: Batalle, D., et al., Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
restriction, Neurolmage (2014}, http://dx.doLorg/10.1016/j.neuroimage.2014.05.065

188
189
140
a1
192
193
194
95
196




197
198

199

200
201
202
203

PROJECT 3: COPY OF PUBLISHED PAPER | 83

D. Batalle et al. / NeuroImage xxx (2014} xxx-xxx 3
25 days 30 days

Unilateral ligature 40-50% Cesarean section

©
°
g
(@) o
o
2
= Open Field Behavioral Test Object Recognition Task
_g (OFBT) (ORT)
©
=
g
(b) 5
©
=
=)
°
c
=
w
T1 acquisition Brain parcellation
g’ Sacrifice and brain
3 sample obtention Network extraction
@
o
2
(c) =
°
=
©
4
=
DWI acquisition Q-Ball Tractography
GFA-Weighted FD-Weighted Normalized GFA-Weighted ~ Normalized FD-Weighted
2
[
>
©
]
(d) &
= L J
g Y
£ Global Features: Average degree/strength, global and local efficiency

Regional Features: Nodal degree/strength and nodal efficiency

Fig. 1. Methodological scheme. (a) IUGR induction by means of a unilateral ligature at 25 days of gestation in a pregnant rabbit. At 30 days of gestation neonatal rabbits with and without
[UGR are obtained by means of a cesarean section. (b) Functional evaluation of 70-day-old rabbits is performed by means of Open Field Behavioral Test (OFBT) and Object Recognition Task
(ORT). Note that the blue object in the left panel corresponds to the blanket used to bring the subjects to the open field, serving also as the starting familiar point for the animal. (¢) Subjects
are sacrificed and brain samples are obtained. MRI acquisition consisting of 126 directions DWTand anatomical T1 volumes is performed. Brain parcellation is performed in T1 volume and
Q-Ball reconstruction and tractography is performed on DWI volumes. Parcellation is registered to DWI space by means of an affine registration and brain networks are extracted.
(d). Binary, GFA-weighted and FD-weighted networks are obtained, as well as normalized GFA-weighted and normalized FD-weighted versions. Global and regional graph theory features
are used to characterize the five brain networks obtained for each subject.

brains were excised from the skull and immersed in 4% paraformalde- were performed in a subset of rabbits. Particularly, of the total sample

hyde PBS at 4 °C for 48 h, of 29 subjects, 20 rabbits were selected to perform OFBT and ORT.
OFBT evaluates locomotion and exploratory activities competing

Neurobehavioral tests and cognitive evaluation against fear, anxiety and attention {Bouet et al., 2003; Walsh and

Cummins, 1975), based on the procedures originally described by Hall

In order to assess neurobehavioral changes related to emotion and {1934). Briefly, the testing area was divided into 36 squares of
cognition, two standard tests used extensively in rodents and recently 23 x 23 cm, the four central squares were considered as the internal
adapted to rabbits (llla et al., 2013) were used: Open Field Behavioral area and the remaining squares were defined as the external { peripher-
Test {OFBT) and Object Recognition Task (ORT). Neurobehavioral tests al) area, The rabbits were taken out of their cage wrapped with a cloth
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and placed close to one of the lateral walls ( starting point} and behavior
was assessed during 10 min. In order to minimize interference due to
human contact, each session was videotaped and later evaluated by
two blinded observers. Rabbits that escaped from the testing area
were excluded from the analysis. The main parameters were recorded
including latency of leaving the starting point (seconds) and number
of squares explored (total, internal and external}. In order to obtain a
single dichotomic value summarizing a normal or an abnormal perfor-
mance of a given subject, normality of the control population was
established at the 25th centile for each of the four main parameters re-
corded. Having two or more of these items below this 25th centile was
considered to be an abnormal exploration. OFBT was performed suc-
cessfully in 10 controls and 9 IUGR.

ORT assesses short-term memory, especially recognition (Olton and
Feustle, 1981} and attention capacity (Cowan et al,, 1999}, based on the
tendency of rodents to explore new stimuli for a longer time compared
to familiar stimuli {Dere et al., 2006; Ennaceur and Aggleton, 1997;
Mumby, 2001}, The test was adapted [rom the original description
{Ennaceur and Delacour, 1988}, including some modifications in the
stimulus used (instead of a visual stimulus, an odor-based stimulus
was used). Briefly, after a familiarization phase where the rabbit was
presented with two boxes containing the same odor-based stimuli
{apple}, the animal was retumed to its cage for a 30-minute retention
interval and returned to the testing area for a 5 minute testing phase,
where one of the boxes was removed and replaced by a novel stimulus
{orange}. Cumulative time exploring each object was recorded and
discrimination index (DI} was calculated. DI represents the ability to
discriminate the novel from the familiar object and was calculated as
follows:

_ Novel Object Exploration Time —Familiar Object Exploration Time

DI = - - - - - - -
Novel Object Exploration Time + Familiar Object Exploration Time

Learning criteria were considered when Dl was above 0, and dichot-
omized version of the score was generated accordingly. ORT was per-
formed in all animals with a successful OFBT test. Animals that did not
explore the familiar object at least once in the testing phase or did not
explore any of the objects in the familiarization phase were excluded
from the analysis, as previously suggested (De Bie et al., 2011; llla
et al, 2013}, ORT was performed successfully in 8 controls and 6 IUGR.
Further details on the specifics of both tests can be consulted at Illa
et al (2013

MRI acquisition

MRI was performed on fixed brains using a 7 T animal MRI scanner
{BrukerBioSpin MRl GmbH}. High-resolution three-dimensional T1
weighted images were obtained in the brain samples by a Modified
Driven Equilibrium Fourier Transform (MDEFT} sequence with the fol-
lowing parameters: Time of Echo (TE} = 3.5 ms, Time of Repetition
(TR} = 4000 ms, 0.7-mm slice thickness with no interslice gap, 70
coronal slices, in-plane acquisition matrix of 188 = 188 and Field
of View (FoV) of 28 » 28 mm?, resulting in a voxel dimension of
0.15 = 0.15 x 0.7 mm’. Diffusion-weighted images (DWI) were ac-
quired using a standard diffusion sequence covering 126 gradient direc-
tions with a b-value of 3000 s/mm? together with a reference (b = 0}
image. Other experimental parameters were: TE = 26 ms, TR =
250 ms, slice thickness = 0.7 mm with no interslice gap, 70 coronal
slices, in-plane acquisition matrix of 40 = 40, FoV of 28 =« 28 mm?,
resulting in a voxel dimension of 0.7 » 0.7 »« 0.7 mm®. The total scan
time for both acquisitions was 13 h 56 min 40 s. Any potential rissue al-
teration, mainly significant tissue loss, was considered as exclusion
criteria, being one control of the total population excluded for this
reason.

Pre-processing and tractography

Brain tissue was segmented from the background in the T1 volume 2
by means of an Otsu threshold method (Otsu, 1975}. In the case of
DWI, brain tissue was segmented from the background by means of ¢

an in-house algorithm previously described (Eixarch et al, 2012}

based on the high SNR of the brain tissue on the average diffusion vol- ¢

ume. The orientation diffusion function (ODF} of each voxel was recon-
structed by means of a Q-Ball approach (Tuch, 2004) and used to

reconstruct fiber tracts by means of a deterministic tractography algo- 4

rithm with an angle threshold of 30° implemented in Diffusion Toelkit
(hetp://trackvis.org/dtk/} (Wang et al., 2007 }. Extracted brain volume
size and number of fibers reconstructed for each subject were assessed.

Brain parcellation

Automatic brain parcellation of the subjects’ brain was performed ¢
taking advantage of a recently published New Zealand Rabbit ¢

MRI atlas (Munoz-Moreno et al, 2013} available online (http://

medicinafetalbarcelona.org/rabbitbrainatlas}. The parcellation was per- 2
formed on the T1 volume of each subject by means of an elastic registra- *
tion of the template atlas to each subject’s brain performed with a

customized soltware implementing a consistent version (Tristan-Vega
and Arribas, 2007} of a block matching algorithm (Warfield et al,
2002, The elastic transformation obtained matching the template
atlas and each subject’s T1 was applied to the ROI labels, obtaining a
parcellation of each brain in 60 ROIs. In order to align the labels obtained
for each subject in the T1 volume to its correspending DWI, affine regis-

tration {Studholme et al., 1999} between T1 and the baseline image was ¢
performed with IRTK {www.doc.ic.ac.uk/-dr/software/}. Discrete values ¢

of the labels were preserved by nearest neighbor interpolation in both
transformations. ROIs comprising only WM tissue were discarded, leav-

ing a total of 44 regions for each subject (Table 1}, each of which was :

considered as a node in the brain networks obtained.
Netwark extraction
Brain network of each subject was extracted by means of an in-house

algorithm combining the fiber tracts obtained by Q-Ball tractography
and the ROIs resulting from the automatic brain parcellation previously

Table 1
Regions of interest used as nodes in the structural brain networks obtained.
I Label Name I Label  Name
1 Kxl Frontal cortex left 23 Len-L  Lenticular nucleus left
2 FOX-R Frontal cortex right 24 len-R Lenticular nucleus right
3 MFCx-L  Medial frontal cortex left 25 Th-L Thalamus left
4  MFCx-E Medial frontal cortex right 26 Th-R Thalamus right
5  Glx-L Cingulate cortex left 27 Am-L Amygdala left
6 CCx-R  Cingulate cortex right 28 Am-R  Amygdala right
7 PiCx-L Pinform cortex left 29 OB-L  Olfactory bulb left
B PiCx-K  Pinform cortex right an ol-R Olfactory bulb right
9 ECx-1 Entorhinal cortex left 31 HcL Hippocampus left
10 ECx-R Entorhinal cortex right 32 He-R Hippocampus right
11 PaCx-L  Parietal cortex left 33 FBL Forebrain left
12 Palx-R  Parietal cortex right 34 FBR Forebrain right
13 Okl Ocopital cortex left 35 CeH-L  Cerebellar hemisphere
left
14 OcCx-R Occipital cortex right 36 CeH-R  Cerebellar hemisphere
right
15 InCx-L Insular cortex left a7 Ht Hypothalamus
16 InCx-B  Insular cortex right a8 Ve Vermis
17 TeCx-L  Temporal cortex left 3% BF Basal forebrain
18 Telx-R  Temporal cortex right 40 De Diencephalon
19 d-L Claustrum left 41 Me Mesencephalon
2 dr Claustrum right 42 Po Pons
21 Cau-l Caudate nucleus left 43 MO Medulla ozlongata
22 Cau-R Caudate nucleus right A s Septal nuclei
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performed. Two nodes (regions} i and j were considered to be connected
by an edge e;; when there existed at least one fiber bundle f with end-
points in i and j regions, with self-loops excluded. In addition to the bi-
nary network produced with this approach, weights were also assigned
to each edge e;;. There is still not a gold standard in the literature to as-
sign connectivity weight between two regions, hence, two ol the most
used approaches in the literature were followed to weight the connec-
tivity between each pair of regions, W, average generalized fractional
anisotropy (GFA) along all the fibers connecting a pair of regions; and
wep, fiber density (FD} as delined by Hagmann et al. (2008} with
slight modifications: wip(i, j) = vl—fv— %}; 1/1(£); where wen(i, j} is the
]

FD-weight given to the connection between nodes i and j, V; is the vol-
ume of the ROL i, F;; is the set of all fibers connecting ROIs i and j, and
1{[} is the length of fiber [ along its trajectory, introduced in the denom-
inator to eliminate the linear bias towards longer fibers introduced by
the tractography algorithm. In addition, the resulting weighted net-
works were normalized by the total weight of all the connections in
the networl, to assess the brain organization independently of the net-
work average strength

In summary, five networks were extracted for each subject: binary,
GFA-weighted, FD-Weighted, normalized GFA-weighted and normal-
ized FD-weighted.

Network analysis

Networl analysis by means of graph theory allows obtaining a set of
features that summarize the organization of a brain network, represent-
ed as an adjacency matrix { binary or weighted}). In the present study, we
applied graph theory features over each of the five brain network clas-
ses computed [or each subject. All the features were computed using
Brain Connectivity Toolbox { Rubinov and Sporns, 2009).

Global functioning of each network was assessed by its infrastruc-
ture {average degree for binary networks and average strength for
weighted networks}, integration (binary and weighted global efficien-
cy} and segregation ( binary and weighted local efficiency}. In addition,
binary and weighted characteristic path lengths and average clustering
coellicient were also assessed.

Regional characteristics were evaluated by means of nodal degree
and strength, features that assess the total connectivity of a node ina
network in its binary and weighted versions respectively. In addition,
naodal efficiency was also assessed in its binary and weighted version.
Modal efficiency measures the efficiency of the sub-network associated
with a given node. Nodes with a high nodal efficiency indicate a high
fault tolerance of the network to the elimination of the given node,
which is given by a high clustering of the neighborhood of this node
{Achard and Bullmore, 2007 }.

In order to assess the small-world behavior of the computed net-
works (Watts and Strogatz, 1998), binary characteristic path length
{Ly} and binary clustering coeflicient (C,} were compared with the av-
erage characteristic path length and clustering coefficient of one hun-
dred equivalent random networks with the same size and degree
distribution of each subject’s networle The ratio of the values obtained
for the original subject network and its equivalent random version
allowed obtaining the normalized values A = L,/L5™, v = C,/C3™,
and o = v/ Small-worldness value (@} is above 1 in small-world re-
gimes (Humphries and Gurney, 2008).

Formulation of the graph theory features used to assess each net-
work is based on the definitions compiled by Rubinov and Sporns
(2009).

Levels of analysis: raw, cost-corrected, cost-integrated and
normalized strength

We analyzed the obtained networks with different approaches
in order to catch different aspects of their organization. The first

w

straightforward approach is to directly apply binary and weighted :
graph theory measures to the raw binary, GFA- and FD-weighted net- :
worls obtained for each subject. However, some of these measures :

could be closely associated with the measured infrastructure of the net-
worl, Le., their average network strength and degree (Ginestet et al.,
2011; van Wijk et al., 2010}, In order to assess organization indepen-
dently from network density (i.e., average network degree}, a cost-
thresholding approach was followed (Achard and Bullmore, 2007}
obtaining binary networks for a set of costs in the rank from 0 to
0.39 at 0.01 steps, using GFA- and FD-weighted networks to select the
“strongest” connections that yield a network with the desired network
cost for each subject. 0.39 is the smallest network density value of any

subject included in the study, hence being the largest network density =
value that is possible to study for all subjects fairly. This approach allows :

271
AT
ars
a4
aTh
376
arr
378

comparing network features independently of differences in the raw a2

number of connections (cost) between subjects. However, it increases :
the number of comparisons and the complexity of the result interpreta- :
tion. In order to disentangle network density from topology in a single :

value for each graph theory feature, a cost-integrated version of each to-

pological version was calculated as the mean value across the assessed :
rank. In addition, this cost-correction approach has an additional short- :

coming that in lact leads to difTerent connections sets across subjects. In
order to assess the behavior of the networks using the same set of con-
nections for all the subjects, an experimental approach is used in the

Supplementary materials inspired by the methodology used by Gong

et al. (2009b}.

With the goal to assess the pure weighted organizational character- ac

istic of the network topology, normalized weighted networks were also

calculated for each subject in their GFA and FD versions. This normaliza-

tion was performed by means of dividing each connection weight by the

total weight on the networle Hence, normalized weights were calculat-

ed as wi(i, j) = wy(i, _])/VE wix (i, J), where “X" is GFA or FD. By this
bl

means, each normalized weight wil(i, i) and wih(i, j) corresponds to

the percentage of connection weight used in the link betweeniand jrel-

ative to the total amount of weights in the networl. This way the mea-
sures performed on normalized GFA- and FD-weighted networks were
independent to the total amount of connectivity strength each subject
had, and then assessing only its distribution of weights.

Statistics

Comparisons among groups were performed by general linear
models { GLM} with gender as co-factor. Interaction of group and gender
was first incdluded into the model, but as it did not show any significant
effect it was excluded from the final model. Significance was declared at
p < 0.05 {uncorrected ). Normality was assessed with Shapiro-Wilk Test
and homoscedasticity with Levene’s Test, and when the null hypothesis
was rejected, log-transformation was performed prior (o GLM analysis.
Descriptives of the variables were expressed as mean (standard devia-
tion} for normal distributions and median (interquartile range} for
non-normal distributions. Differences between cases and controls of di-
chotomized values of OFBT and ORT were assessed with a binary logistic
regression with group and gender as co-factors. Association of network
features with OFBT and ORT was performed by means of a partial corre-
lation controlling the effect of gender. Association with dichotomized
OFBT and ORT was performed by a GLM with gender as co-factor. The
most discriminative network features of dichotomized OFBT and ORT
were assessed by means of a conditional step forward binary logistic re-
gression with an entry probability of 5%. Note that the population avail-
able with OFBT and ORT was 19 subjects (10 controls and 9 IUGR) and
14 subjects (8 controls and 6 IUGR} respectively. Regional features
were corrected for multiple comparisons with a False Discovery Rate
{FDR} approach {(Benjamini et al., 2006}, controlling alpha error to
10% and 5% for each feature calculated among all 44 regions. Regional al-
terations were shown in the rabbit brain atlas template using BrainNet

Please cite this article as: Batalle, D., et al., Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
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viewer (www.nitrc.org/projects/bnv/) (Xia et al,, 2013). The software
package SPSS 18.0 (SPSS, Chicago, IL) was used for the statistical analy-
ses. Computational algorithms were implemented using MATLAB
(2009b, The MathWorks Inc., Natick, MA).

Results
Population

After applying the exclusion criteria, the final population under
study consisted of 14 controls and 15 subjects with induced IUGR. As ex-
pected, birth weight in IUGR subjects was significantly decreased (con-
trols vs. IUGR: 47.7 g (IQR 7.7 g) vs. 37.4 g (IQR 10.1 g), p < 0.001)
(controls vs. [IUGR: 50.2 g (SD 7.3 g) vs. 38.8 g (SD 6.5 g), p < 0.001),
however, at 70 days of life the difference in weight disappeared (con-
trols vs. IUGR: 2850 g (IQR 400 g) vs. 2700 g (IQR 675 g), p = 0.423)
(controls vs. [UGR: 2744 g (SD 438 g) vs. 2596 g (SD 635 g), p =
0.485). Concerning brain volume at 70 days, there was not a statistical
difference between cases and controls (controls vs, [UGR: 9467 mm’
(SD 449 mm?) vs. 9308 mm? (SD 615 mm?®), p = 0.450), neither
concerning the total amount of fibers reconstructed by the tractography
algorithm (controls vs. IUGR: 34493 (SD 1595) vs. 33800 (SD 2328),
p = 0.371). The distribution of gender was also not significantly
different between cases (8 males/7 females) and controls {7 males/
7 females).

Concerning functional exploration, results showed similar results to
those obtained in a very similar sample (Illa et al., 2013). In OFBT, IUGR
showed a decreased number of internal boxes crossed (controls vs.
IUGR: 9.2 (SD 4.8) vs. 3.7 (SD 3.2), p = 0.011), and increased latency
(controls vs. IUGR: 2.5 s (IQR 17 s) vs. 52 s (IQR 241 s), p = 0.042).
Total boxes crossed {controls vs. IUGR: 103.1 (SD 35.6) vs. 73.1
(SD 36.5), p = 0.105) and external boxes crossed (controls vs. IUGR:
97.2 (SD 36.7) vs. 69.4 (SD 34.7), p = 0.120) did not show statistically
significant differences between groups. In ORT, reduced discriminatory
index was found in IUGR group (controls vs. IUGR: 0.30 (SD 0.24) vs.
—0.25 (SD 0.46), p = 0.016). Similarly, binary logistic regression of di-
chotomized values of OFBT with gender as a co-factor showed a signif-
icantly increased percentage of abnormal values in IUGR (controls vs.

IUGR: 20.0% vs. 77.8%, p = 0.021) and a tendency in dichotomized
ORT (controls vs. IUGR: 12.5% vs. 66.7%, p = 0.059). In summary,
these results showed that [UGR rabbits have a significant degree of anx-
iety, attention and memory problems when compared to controls.

Global network features

As shown in Fig. 2, the analysis of the basic infrastructure of the net- 4

work showed a decreased average degree (p = 0.039) in IUGR cases.
The analysis of the average strength of the weighted networks did not
show any significant effect, although a tendency towards significance
is found in FD-weighted average strength (p = 0.084).

Analysis of small-world characteristics (Fig. 3) showed that both
cases and controls have a small-worldness o value higher than one for

all subjects, a typical characteristic of small-world networks, however, 4

no significant differences were found between cases and controls.

The assessment of brain network organization by means of the anal-
ysis of global and local efficiencies (Fig. 4) demonstrated several differ-
ences between controls and IUGR. Having a significantly reduced

average degree it is expectable to find that IUGR also had a reduced bi- 4

nary global efficiency (p = 0.041). The IUGR group did not show signif-

icant differences in any weighted measure of efficiency, however, the 4

analysis of normalized brain networks, independent of differences in
the average strength of each subject, showed that the IUGR group had

a significantly increased normalized GFA-weighted global efficiency 4

(p = 0.018), normalized GFA-weighted local efficiency (p = 0.039)

and normalized FD-weighted local efficiency (p = 0.010). Note that -

while FD indirectly measures the axonal density connecting two re-
gions, GFA measures have been related to the integrity of these axonal

connections. These results were also confirmed when looking directly 4
into normalized characteristic path length and average clustering coef- -

ficient (Supplementary material). Finally, when forcing all the subjects’
networks to have the same density (cost-corrected approach), differ-
ences between cases and controls were found for several cost values

in GFA-weighted global efficiency and FD-weighted local efficiency -

(Fig. 5) and GFA cost-integrated measure of global efficiency was
found to have a tendency of being increased in IUGR (p = 0.070). Over-
all, global network features obtained suggested an altered brain
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Fig. 2. Basic infrastructure of the brain networlks obtained compared between controls and IUGR, including average degree {a), GFA-weighted average strength {b) and FD-weighted av-

erage strength {c). "p < 0.05.
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Fig. 3. Small-world characteristics of controls and IUGR obtained from comparison with random equivalent networks. Lambda {a) is the normalized path length, gamma (b) is the nor-
malized average clustering coefficient and sigma (c) is the small-worldness parameter, obtained as the ratio of gamma to lambda.

network organization characterized by a reduced level of network con-
nectivity and a compensatory effect after assessing pure organizational
features by means of different normalization approaches. Although a
compensatory effect in local efficiency was observed with both GFA
and FD weighting approaches, statistically increased global efficiency
was only observed for GFA-weights.

Regional network features

The analysis of regional network features showed a pattern of alter-
ations in [UGR group (Fig. 6, Inline Supplementary Table $1). Particular-
ly, IUGR is characterized by a significantly lower nodal degree in several
brain regions, although vermis is the only region withstanding a 5% FDR
correction. Interestingly, right cingulate cortex, lenticular nucleus and
vermis also showed a significantly decreased GFA-weighted strength,
both in absolute and relative terms (normalized), vermis also resisting
a 5% FDR correction. In line with the results obtained for global network
features, regions with a higher degree or strength in [UGR group were
only found in relative terms.

Concerning binary nodal efficiency, IUGR showed a significant de-
crease in right parietal cortex and right frontal cortex, but an increase
in vermis. FD-weighted network efficiency also showed a significant in-
crease in the left cerebellar hemisphere and vermis. In line with the sig-
nificant increase found in global normalized weighted features, IUGR
showed a wide pattern of regions with a significantly increased normal-
ized efficiency, including basal forebrain, piriform cortex, cerebellar
hemisphere and amygdala in normalized GFA-weighted networks
(right piriform cortex and cerebellar hemisphere withstanding a FDR
correction at 10%). Efficiencies of mesencephalon, pons, right parietal
and cingulate cortex, hippocampus, cerebellar hemisphere and vermis
were also increased in normalized FD-weighted networks; with the
left cerebellar hemisphere resisting a 10% FDR correction and vermis
resisting a 5% FDR correction.

In summary, IUGR mainly showed a pattern of decreased features in
raw networks, especially in binary nodal efficiency and degree and GFA-
weighted strength, and a pattern of increased features in normalized
GFA- and FD-weighted networks, especially in nodal efficiency.

Inline Supplementary Table S1 can be found online at http://dx.doi.
org/10.1016/j.neurocimage.2014.05.065.

Association of network characteristics with altered neurobehavior

The analysis of dichotomized OFBT normal/abnormal status with
GLM showed significantly decreased GFA-weighted average strength
(p = 0.039), GFA-weighted global efficiency (p = 0.035) and GFA-
weighted local efficiency (p = 0.017) in the abnormal group. A tendency
to have increased normalized FD-weighted global efficiency (p =0.058)
and cost-integrated GFA global efficiency (p = 0.083) was also found in
the group with an abnormal exploration. Analysis of ORT normal/
abnormal exploration showed only significantly increased cost-
integrated GFA global efficiency (p = 0.007) in the abnormal group.

The association with normal/abnormal exploration in OFBT and ORT
was confirmed by partial correlation of OFBT continuous values and
global features (Inline Supplementary Table S2). Briefly, OFBT scores
showed significant correlations with several GFA-weighted measures
(average strength, characteristic path length, average clustering, global
efficiency and local efficiency) and with normalized FD-weighted global
efficiency. ORT, however, only showed some tendencies towards
significance with GFA-weighted clustering coefficient and GFA cost-
integrated local efficiency. Interestingly, the results showed that for all
significant correlations, and for those showing a tendency towards sig-
nificance, absolute GFA-weighted measures had a significant correlation
with neurobehavioral scores in the opposite direction of cost-integrated
and normalized measures.

Inline Supplementary Table S2 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2014.05.065.

Regional features associated with abnormal neurobehavior were
assessed by means of a GLM with dichotomized OFBT/ORT and gender
as co-factor (Fig. 7). The results showed a significant association of sev-
eral regional features with neurobehavioral tests. As it could be expect-
ed from the strong association with global GFA-weighted network
features, abnormal OFBT exploration was associated with a wide rank
of GFA-weighted nodal measures, particularly with nodal efficiency fea-
tures. The association of regional features with abnormal ORT was not
so spread, but some consistent patterns of alterations across different
kinds of networks were also observed, as it is the case of right thalamus
and right caudate nodal strength and efficiency features,

Further analysis to find the network features with a higher potential
as an image biomarker of altered neurodevelopment was performed by

Please cite this article as: Batalle, D., et al,, Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
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Fig. 6. Pattern of regional network features altered in IUGR group. Significance was declared at p < 0.05 {uncorrected ). Those regions withstanding a False Discovery Rate (FDR) controlling
alpha error to 5% were indicated with dark blue {nodal degree/strength) and dark green {nodal efficiency).

577 means of a step forward binary logistic regression. All the assessed
578 global network features were entered in a first analysis, selecting GFA-
579 weighted local efficiency as the more discriminative in OFBT (90%

sensitivity, 66.7% specificity, Nagelkerke R? = 0.335, Chi? = 5.494, 580
p = 0.019). The most discriminative global feature in ORT was 581
cost-integrated global efficiency (88.9% sensitivity, 80% specificity, 552
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Fig. 7. Patlern of regional network features associated with abnormal Open Field Behavioral Test {OFBT) and Object Recognition Task {ORT). Significance was declared at p < 0.05 {uncor-
rected). Those regions withstanding a False Discovery Rate (FDR) controlling alpha error to 5% were indicated with dark blue {nodal degree/strength) and dark green {nodal efficiency).
*GFA-weighted nodal features associated with OFBT included nodal efficiency of right frontal cortex, right and left cingulate cortex, right and left entorhinal cortex, right parietal cortex,
right and left occipital cortex, right insular cortex, right and left temporal cortex, right claustrum, right caudate nucleus, right lenticular nucleus, left thalamus, left amygdala, right and left

olfactory bulb, right and left hippocampus, hypothalamus, basal forebrain and septum; and nodal strength of right and left frontal cortex, right and left olfactory bulb, hypothalamus,
vermis and mesencephalon.
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Nagelkerke R2 = 0.623, Chi* = 8.467, p = 0.004), selecting also nor-
malized FD-weighted local efficiency which allowed a full separation
of normal/abnormal ORT (Chi® = 18.249, p < 0.001). Ina second analy-
sis, all the assessed regional network features were introduced. Regional
features more discriminative of OFBT were GFA-weighted right insular
cortex strength and nommalized FD-weighted septal nuclei nodal effi-
clency (90% sensitivity, 89.5% specificity, Nagelkerke R* = 0.939,
Chi? = 23.101, p < 0.001). In the case of ORT, the most discriminant re-
gional network feature was normalized FD-weighted nodal strength of
right thalamus, which also fully separated by itsell normal/abnormal
ORT (Chi® = 18.249, p = 0.001).

Discussion

This study describes the use of diffusion MRI brain networks to ana-
lyze the brain reorganization in a rabbit model of IUGR at 70 days of age,
equivalent to pre-adolescence in humans. The results show that IUGR
brain reorganization persists into pre-adolescence equivalent age with
significant differences at various levels in network infrastructure. GFA-
weighted features and regional network features were associated with
poor neurobehavioral performance. Furthermore, the increased effi-
ciency of normalized GFA-weighted networks associated with IUGR
suggests the existence of reorganizational compensatory processes in
postnatal life.

Clobal network features

Comparison of the brain networks obtained with random equivalent
networks showed small-world characteristics. This result is coherent
with previously found in humans, animals and a wide range of networks
{Bullmore and Sporns, 2009). Small-world networks are suggested to be
a balance between random and lattice networks, having a high level of
organization but also allowing to communicate any given pair of
nodes with relatively few intermediate steps. No differences in small-
world features were found in IUGR, but the analysis of other global net-
worlk features showed a pattern of brain reorganization persisting at
preadolescent equivalent age. Particularly, reduced average degree is
found in IUGR, supporting the idea that IUGR have an impaired network
infrastructure. As expected, having a reduced network infrastructure
may be producing a dysfunctional conneclivity, expressed by a reduced
binary global efficiency. Supporting this concept, we observed also a
trend of IUGR to have reduced FD-weighted average strength. Note
that strength can be understood as the total power of brain connections
between regions. However, although having a less connected brain net-
waorl, GFA- and FD-weighted efliciencies were not found significantly
decreased in IUGR. Broadly, global efficiency assess how easy is on aver-
age to connect a pair of regions, while local efficiency has been related
with the level of clusterization of the networlk. The results obtained in
raw GFA-weighted elliciencies are in contraposition with previous find-
ings suggesting significantly reduced fractional anisotropy (FA} weight-
ed global and local efficiency found at one year of age in human
IUGR {Batalle et al, 2012). One possible explanation could be related
with changes in postnatal brain maturation after IUGR. Previous
studies have reported that there is a compensation in the long-term
myelination and WM volume in a guinea pig model of IUGR (Tolcos
et al, 2011}, In this line, previous studies assessing WM alterations in
a rabbit animal model of IUGR using voxel-based analysis have reported
aless prominent pattem of alterations in pre-adolescence age (llla et al,
2013} than in neonatal age (Eixarch et al, 2012). On the other hand, in
this study we could not reproduce previous observations in one-year-
old infants’ networks showing reduced average degree in IUGR subjects
{Batalle et al., 2012). We hypothesize that this apparent discrepancy
could be explained by evolutionary changes of brain network reorgani-
zation associated with IUGR at different ages. Alternatively, we cannot
exclude that this effect could be specific of IUGR in this rabbit animal
model.

An interesting finding of this study was the observation of increased
effliciencies in the normalized networks of IUGR compared with con-
trols. Consistent with this finding, the evolution of graph theory mea-
sures in a cost-thresholding approach showed a discordant pattern in
IUGR, particularly an increased FD local efficiency and an increased
GFA global efficiency for several networl costs. We hypothesize that
this effect might reflect a compensatory mechanism in IUGR subjects,
whereby available network resources seem to be optimized and
reorganized more efficiently from a network perspective. This compen-
satory ellect in brain connectivity could also explain some other intui-
tively non-expected findings in IUGR in the long-term, such as the
reported, regional cortical thickening in small for gestational age chil-
dren (De Bie et al, 2011; Martinussen et al., 2005}

Regional network features

Concerning regional differences found in IUGR, only vermis features
withstood a FDR correction at 5%, while only leatures of cerebellar
hemispheres and piriform cortex withstood a FDR correction at 10%
{Inline Supplementary Table 51). Particularly, degree and normalized
GFA-weighted strength of vermis were significantly reduced in IUGR,
and nodal efficiency of both raw and normalized FD-weighted vermis
were significantly increased in IUGE. We could interpret that IUGR sub-
jects have a vermis with reduced neighborhood butwith a stronger con-
nectivity (higher clustering}. Again, this would support the hypothesis
of a compensatory effect and goes in line with the results obtained on
global network features. Interestingly, alterations in cerebellum and
vermis connectivity in infants with IUGR have previously been reported
by network analysis (Batalle et al, 2012, 2013}, as well as reduced WM
volumes in cerebellar areas in short- (Padilla et al.,, 2011} and long-term
follow-up studies (De Bie et al., 2011; Martinussen et al., 2009). Inter-
estingly, cerebellar areas are implicated in motor learning, memory,
cognition and behavior {Baillieux et al., 2008}, and have been reported
to increase their volume in infants with IUGR after intervention by
means of individualized intensive care nursery associated with an im-
provement in executive function (McAnulty et al, 2013 ). Considering
other animal models of TUGR, in guinea pig it also has been reported a
reduction in cerebellar WM volume (Tolcos et al., 2011}, and a reduc-
tion in Purkinje neuronal population {Mallard et al., 2000}. However,
we must note that in previous voxel-based analysis studies in IUGR rab-
bit model (Eixarch et al,, 2012; llla et al,, 2013} we only observed mild
differences in cerebellar areas. We hypothesize that this could be par-
tially explained by stronger alterations in the sub-network associated
with cerebellum { described by network features}, than in the structure
of cerebellum by itself. Another factor that could explain this discrepan-
cycan be the technical characteristics of voxel-based analysis technique,
especially in cerebellar areas, where the limited resolution is especially
critical for cerebellar WM.

Beside those associated with cerebellar areas, other regional features
were also significantly different in IUGR, although only normalized FD-
weighted efficiency of right piriform cortex withstood a 10% FDR correc-
tion. It seems interesting that regional features of normalized networks
were found significantly increased in IUGR mainly in specific basal and
deep gray matter areas, such as amygdala, hippocampus, thalamus, me-
dulla oblongata, and some of the cortical areas controlling essential
functions for the rabbit, as is the case of piriform cortex, which has
been strongly associated with the smelling processing (Kadohisa and
Wilson, 2006). One possible interpretation of these results could be
that a compensatory reorganization in IUGR brain might occur prefer-
entially in brain areas regulating function with critical importance in
survival, such as memory, attention or smelling processing. Considering
other features that did not withstood FDR correction, we must note that
the regional features altered in IUGR were coherent with the global
results obtained, mainly showing reduced values in binary and raw
GFA-weighted measures (especially in degree/strength} and increased
values in normalized measures {especially in efficiency}. Interestingly,
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changes in regional features of raw networks were manly identified in
brain regions located in the right hemisphere of the brain, suggesting
a certain asymmetry in the reorganization associated with IUGR. Re-
ports on asymmetrical brain alterations produced by IUGR are scarce
in the literature, and further long-term studies in humans would be re-
quired to confirm this effect and discard that is exclusive to animal
models. Another interesting finding was left cingulate cortex and right
lenticular nucleus decreased nodal degree and relative and absolute
GFA-weighted nodal strength. Cingulate cortex features were also cor-
related with OFBT performance, which is in line with previous results
in a similar sample of IUGR rabbit model, where FA changes in the cin-
gulate cortex were found to be correlated to a series of neurobehavioral
domains, especially those of OFBT (llla et al,, 2013). Note that cingulate
cortex has been strongly associated with anxiety processes (Kim and
Whalen, 2009}, which is thought to have an important role on the
behavioral response in OFET. In addition, cingulate cortex volumetric
differences in humans {Emond et al., 2009; Spampinato et al, 2009) as
well as histological changes in rodents (Miller et al,, 2012} have been as-
sociated with traits of attention deficit and anxiety. Concerning the
alterations in lenticular nucleus, FA changes have been previously
reported in the putamen of neonatal (Eixarch et al., 2012} and long-
term rabbit model of TUGR (Illa et al, 2013}, as well as disrupted region-
al network features associated with putamen and globus pallidum in
1-year-old infants {Batalle et al., 2012}, Moreover, features associated
with other subcortical GM nuclei including caudate and thalamus
were also found affected in IUGR rabbits in this study. These findings
are in line with previous evidence suggesting the important role of
striatal injury as a risk factor of behavioral disturbances associated
with IUGR (Toft, 1999}, and alterations in cortico-striato-thalamic net-
work has been associated with cognitive disorders such as attention
deficit hyperactivity disorder (Castellanos et al, 1994; Faraone and
Biederman, 1998}, which in turn is more prevalent in IUGR {Heinonen
et al., 2010). Concerning the specific associations with OFBT and ORT
by means of a step forward binary logistic regression, features of insular
cortex and septal nuclei were found strongly associated with OFET and
features of thalamus with ORT. Septal nuclei participation in the regula-
tion of anxiety and depression in experimental models has been exten-
sively documented {Estrada-Camarena et al., 2002}, as well as insular
cortex, which has been proposed to have a key role in anxiety proneness
{Paulus and Stein, 2006}, Importantly, thalamus has been previously as-
sociated with memory impairments in animal models {Mitchell and
Dalrymple-Alford, 2005} and with poor performance in object recogni-
tion tasks in patients with schizophrenia (Heckers et al., 2000}, disorder
that has also been associated with low birth weight (Nilsson et al.,
2005).

In summary, a pattern of regional network features altered in IUGR
were identified, some of them being specifically associated with abnor-
mal neurobehavior. Noteworthy, alterations in network features of cer-
ebellum stand out as the more strongly associated with IUGR condition,
and septal nuclei, insular cortex and thalamus with poor performance in
neurcbehavioral tests. These results, and its association with previous
literature, reinforce the potential of networl features based on these re-
gions o be used as biomarkers of altered neurodevelopment.

Methodological issues and future work

Although the study of brain networks in animal models has been
seminal to the field (Sporns et al., 2005}, brain networks obtained
from diffusion MRIin small animals are scarce. To the best of our knowl-
edge, this is the second study of this kind in small mammals (Iturria-
Medina et al,, 2011}, and the first showing brain networks in rabbits.
This animal model has some specific methodological difficulties that
had to be overcome. The recent successful development of an MRI
atlas for the rabbit brain {Munoz-Moreno et al,, 2013), allowed for auto-
matically segmenting and analyzing brain networks from this model. It
is common in human studies to confine deterministic tractography only

to WM tissue. However, due to the difficulty of properly defining a WM

mask in rabbits, the deterministic tractography was computed for the 7

whole brain. This could create some redundant fibers, and increase
tractography noise, but it was partially overcome by the use of a high
angular resolution diffusion MRI acquisition, and the use of graph theo-
ry, particularly weighted measures, to analyze the results obtained. This
limitation also ramifies in the calculation of FD-weighted networks. In-
stead of the formulation proposed by Hagmann et al. (2008) to calculate

FI) between two regions (using the surface of the WM-GM interface of -

the regions involved in a given link in the denominator}, we modified
this formula introducing the volume of each region instead of the sur-
face of the WM-GM interface. In addition to specific limitations of the
rabbit model, some others common to the study of brain networks

must be discussed. Using weighted measures of the brain networks ob- 1

tained has a series of advantages, including a better management of
weak and potentially non-significant links (Rubinov and Sporns,
20097; however, how the connectivity between regions must be quan-
tified and its correlation with the underlying anatomical substrate is still
an open question that has been approached in very different ways
{Griffaetal, 2013). To this regard, instead of selecting a single approach,

we decided to use two very different ways of quantifying the weight of -

brain connectivity: average GFA along the fibers, and fiber density be-
tween regions; characterizing different aspects of connectivity that we
expected to be complementary. Furthermore, we also computed nor-
malized versions of the networks, allowing disentangling the measures
obtained from the variability of absolute weighted strength of each indi-
vidual network. Notwithstanding this, connectivity could still be depen-
dent to some extent to the variability in network density (average

degree ). To obtain measures independent of network density, analyzing =

the evolution of a brain network across a set of network costs is a com-
mon approach, although part of the intrinsic connectivity patterns of a

network are lost by forcing all the subjects to have the same network =

density. This issue is especially important when isolated nodes in the
network of subjects start appearing at some levels of cost. Although
the effect of isolated nodes is partially mitigated by the use of efficiency

network features instead of characteristic path length and clustering co- &

efficient measures (Rubinov and Sporns, 2009, brain networks with
isolated nodes seem to be biologically implausible. Note that to address
this issue some authors decide to restrict the range of network costs
assessed in order to ensure fully connected networks without isolated
nodes (Bassett et al, 2008}. However, we decided to report the whole
range of comparable network costs, given that even if this may lead to

implausible brain networks at certain costs, the evolution of efficiencies &

in restrictive network costs is still giving relevant uselul information
about the weighted topology of the networks under study, directly asso-
ciated with the backbone structure of each subject brain networl. It is

also important to note that although different normalization ap- s
proaches might be capturing different aspects of brain network organi- &

zation, compensatory effects found in normalized weighted networks
{increased global and local efficiencies in IUGR group } were confirmed

by the cost-corrected approach, hence minimizing the chance of the re- 822

organizational patterns being dependent of the varability in network
density. In addition, we acknowledge that in order (o support some ol
the results, especially the compensatory effect found after normaliza-

tion of brain networlks, it would be very advisable to report the evolu- &

tion of the network [eatures at previous ages, being of special interest
the neonatal period. If the rabbit MRI atlas is successfully adapted to

neonatal age, research on the brain networks of neonatal population s

of IUGR rabbit model will be the likely focus of future studies. Finally,
we acknowledge that the relatively reduced sample size used might
be reducing the statistical power of the comparisons between cases
and controls, preventing to generalize some of the findings obtained, es-

pecially concerning regional characteristics that did not withstand a =

FDR correction.
Finally, we would like to stress the opportunity that represents the
study of different neurological conditions with brain networks from
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animal maodels. In the specific case of IUGR, animal models are crucial
not only to the better characterization of the pathophysiology of the
condition, which is intrinsically difficult to assess, but also to the devel-
opment of reliable image biomarkers of altered neurodevelopment.
Hence, the application of brain networks in animal models might
allow assessing and monitoring changes alter possible interventions
consisting of experimental drugs or enriched environment, in line
with the recent reports showing that IUGR long-term prognosis signifi-
cantly improves after intensive care nursing (McAnulty et al., 2013).
Further work will involve the deeper characterization of changes in
brain network organization by means of the analysis of differences in in-
dividual links between regions (Meskaldji et al., 2011; Zalesky et al.,
2010}, the study of the predictive power of network features using ma-
chine learning, and the assessment of the results in long-term effects
produced by IUGR in humans.

Conclusions

The evidences presented here support the hypothesis that previous-
ly described neurcdevelopmental changes produced by IUGR in the
long-term could be associated with underlying brain reorganization.
This reorganization was characterized by an impaired network infra-
structure, which was accompanied by an increase of the relative organi-
zation of GFA- and FD-weighted networks. In addition, a pattern of
altered regional features was identified, among which changes in cere-
bellar areas stand out. Furthermore, global and regional network fea-
tures were associated with behavioral and cognitive tests especially
designed for a rabbit model. We hypothesize that IUGR at long-term
might result in compensatory effects to deal with an impaired networlk.
The results obtained open the opportunity of developing imaging bio-
markers of altered neurodevelopment based network features, which
can assess and monitor experimental therapies in an animal model
that could later be used in the clinical practice for a better management
of human IUGR.
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1. Characteristic path length and average clustering coefficient

Characteristic path length, which is inversely associated to global efficiency, was significantly
increased in IUGR binary raw network (p=0.048), but significantly decreased in its normalized GFA
version (p=0.017). Average clustering coefficient, which is closely related to local efficiency, was
also significantly increased in IUGR normalized netwerks in its FD version (p=0.016) and had a
tendency towards significance in its normalized GFA-weighted version (p=0.072).
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Figure $1. Characteristic path length and average clustering of IUGR and controls
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2. Cost-correction of the networks using the same set of nodes for all subjects

Inherent to characteristics of the approach of using individual thresholding to cost-correct each of
the networks under study there is a direct shortcoming: while the total number of connections is
guaranteed, this approach leads to a different number of connection sets across subjects. Hence,
inspired by the idea of assessing the same sub-set of connections at a given cost (Gong et al.,
2009), we calculated the connectivity backbone of our population as the connections that are
present in all the subjects.

This approach lead to a binary connected network with a network density of 22%. Multiplying this
binary network for each subject GFA- or FD-weighted network we obtained individual networks with
the same network cost and the same position of connections, only changing the individual weight of
each connection.

Assessing the differences between cases and controls, we observed a tendency of IUGR to have a
decreased FD-weighted average strength and global efficiency (p=0.079 and p=0.098 respectively).
Note that with this approach we are assessing the differences in the average connection weight of
the network most plausible connections (i.e. the network “backbone”). This result is coherent with
previously reported tendency of IUGR to have decreased FD-weighted average strength in their raw
networks, supporting the hypothesis that there is a reduced infrastructure in the “backbone” network
of these subjects independently of their network density. Varying the threshold to generate this
backbone binary network at different levels of network density we observe similar results than
obtained for the maximum set of networks at 22% of network density (see Figure S2).

NETWORK COST (GFA) NETWORK AVG. STRENGTH (GFA GLOBAL EFFICIENCY (GFA WEIGHTED) LOCAL EFFICIENCY {GFA-WEIGHTED)

AN

NETWORK COBT (FD) NETWORK AVG. STRENGTH (FD) GLOBAL EFFICIENCY (FD WEIGHTED) LOCAL EFFICIENCY (FD-WEIGHTED)

\. = = . R ‘e / ah

Figure S2. Network cost, average strength, global efficiency and local efficiency of the network
“backbone” compared between cases (red) and controls (blue) as a function of GFA- and FD-

weighted connectivity. ¥ p<0.1.
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Supplementary Table 1. Regions with IUGR statistically significant differences in regional network

features
— Binary GFA- GFA- FD- FD- Nog:kiud Nngl;‘:_zed Non‘;;_lt:od Non;u;l_laed
ROI Degree  Effcien weighted weighted weighted  weighted weighted ke FRE Tl
<y Strength Efficiency Strength Efficiency Strenatl

Efficienc Strength ____ Efficien

PICX-R ns. ns. ns. ns. ns ns. ns. p=0.003 ns. ns.

De n.s. n.s. n.s. n.s. n.s n.s. n.s. n.s. ns. n.s.

Po n.s. ns. ns. n.s. ns. ns. ns. ns. ns. p=0.026
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Supplementary Table 2. Correlation of neurobehavioral scores with the main global network

features obtained

OPEN FIELD BEHAVIORAL TEST * OBJECT RECCNITION
Latency Total Boxes Number Number Internal Discriminatory Index
Crossed External Boxes Boxes
Average degree o] -0.427 0.308 0.265 0.353 -0.065
p 0.077 0.214 0.288 0.151 0.833
GFA-weighted p -0.561 0.607 0.548 0.492 0.329
Average strength p 0.015 0.008 0.019 0.038 0.272
FD-weighted P -0.330 0.319 0.249 0.215 0.011
Average strength P 0.181 0.197 0.320 0.392 0.92
Binary p 0.297 -0.173 -0.141 -0.264 0177
Characteristic Path Length P 0.231 0.493 0.576 0.280 0.563
GFA-weighted P 0.491 -0.496 -0.456 -0.269 -0.277
Characteristic Path Length p 0.039 0.036 0.057 0.281 0.360
Normalized GFA-weighted P -0.490 0.503 0.455 0.469 0.187
Characteristic Path Length p 0.039 0.033 0.058 0.049 0.586
FD-weighted p -0.074 -0.056 -0.044 -0.019 0.079
Characteristic Path Length p 0.770 0.825 0.864 0.940 0.799
Normalized FD-weighted P 0.256 -0.042 -0.010 -0.342 -0.382
Characteristic Path Length p 0.306 0.869 0.970 0.165 0197
Binary p -0.390 0.208 0.225 -0.100 0.328
Average Clustering p 0.110 0.229 0.370 0.692 0.274
GFA-weighted P -0.598 0.686 0.625 0.460 0.515
Average Clustering p 0.009 0.002 0.006 0.055 0.072
Normalized GF A-weighted p 0.266 -0.204 -0.183 -0.343 0.138
Average Clustering p 0.287 0416 0.467 0.163 0.659
FD-weighted p -0.042 0217 0.183 -0.057 -0.211
Average Clustering p 0.870 0.387 0.466 0.822 0.489
Normalized FD-weighted P 0.256 -0.042 -0.010 -0.342 -0.382
Average Clustering p 0.306 0.869 0.970 0.165 0.197
Binary p -0.377 0.254 0.216 0.319 -0.113
Global Efficiency p 0.123 0.309 0.390 0.197 0.713
GFA-weighted P -0.563 0.634 0.576 0.473 0412
Global Efficiency p 0.015 0.005 0.012 0.047 0.162
Normalized GFA-weighted P 0.511 -0.465 -0.420 -0.463 -0.043
Global Efficiency p 0.030 0.052 0.083 0.053 0.890
Cost-integrated GFA-weighted |Lp 0.028 -0.097 -0.055 -0.067 -0.504
Global Efficiency p 0.912 0.700 0.829 0.793 0.079
FD-weighted P -0.041 0.080 0.032 0.099 0.094
Global Efficiency p 0.870 0.751 0.899 0.696 0.760
Nomalized FD-weighted P 0.560 -0.596 -0.534 -0.369 -0.092
Global Efficiency p 0.016 0.009 0.022 0.132 0.766
Cost-integrated FD-weighted P 0.210 -0.045 -0.003 -0.089 -0.124
Global Efficiency p 0.403 0.859 0.991 0.725 0.687
Binary p -0.391 0.291 0.217 -0.102 0.335
Local Efficiency p 0.109 0.241 0.388 0.687 0.264
GFA-weighted p -0.576 0.677 0.621 0.486 0.501
Local Efficiency p 0.012 0.002 0.006 0.041 0.081
Normalized GFA-weighted P 0.407 -0.314 -0.273 -0.354 0.062
Local Efficiency p 0.094 0.204 0.274 0.150 0.840
Cost-integrated GFA-weighted | p -0.150 -0.215 -0.276 0.113 0.465
Local Efficiency p 0.554 0.391 0.267 0.855 0.108
FD-weighted P -0.015 0.164 0.140 -0.040 -0.169
Local Efficiency p 0.953 0.515 0.579 0.873 0.580
Normalized FD-weighted p 0.373 -0.187 -0122 -0.402 -0.390
Local Efficiency p 0.127 0.457 0.631 0.098 0,187
Cost-integrated FD-weighted p 0.215 -0.039 -0.038 -0.174 0.187
Local Efficiency p 0.391 0.876 0.880 0.489 0.585

210 controls and 9 IUGR. ® 8 controls and 6 IUGR. Highlighted in bold those correlations
statistically significant (p<0.05), in italics those with a tendency towards significance (p<0.1).

Long-term reorganization of structural brain networks in a rabbit model of intrauterine growth
restriction: supplementary material
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Intrauterine growth restriction (IUGR) is a prevalent prenatal con-
dition that affects up to 10% of pregnancies. It has been associated
with alterations in short-and long-term neurodevelopment, but its
etiology and pathophysiology are still largely unknown. Although
different studies have demonstrated an association of IUGR with
mild structural brain changes, its effect on functional brain orga-
nization has never been assessed. In the present study, we filled
this gap in the literature analyzing low-frequency fluctuations of
functional MRI signal of a population of 20 neonates with IUGR
and comparing them with 13 controls. Based on partial correla-
tions of blood oxygen level-dependent (BOLD) signal averaged on
90 gray matter regions of an established anatomical atlas (AAL)
we obtained whole-brain functional networks at neonatal age.
Characterization of the obtained networks with graph theoretical
features showed increased network infrastructure and raw effi-
ciencies but reduced efficiency after normalization, demonstrat-
ing hyper-connected but sub-optimally organized IUGR functional
brain networks. In addition, a significant association of functional
network features with neurobehavioral scores was found, im-
proving the association obtained with main clinical characteristics.
Regional features were also analyzed, showing a pattern of alter-
ations in IUGR group. Further assessment of spatio-temporal dy-
namics of BOLD signals displayed a tendency of an increased level
of overall synchronization in IUGR as well as showing alterations
into a set of features associated to frontal, cingulate and lingual
cortices.

neuroimaging | graph theory | resting state | functional MRI

INTRODUCTION

Intrauterine growth restriction (ILUGR) atfects 5-10% of all preg-
nancies in developed countries and it is a major public health
issue, being associated with short- and long-term neurodevelop-
mental and cognitive dysfunctions (1-3). The characterization of
underlying brain alterations supporting these dysfunctions and
the prediction of the subset of the population with a higher risk of
altered neurodevelopmental outcomes are among the challenges
of modern fetal medicine and pediatrics. Magnetic resonance
imaging (MRI) has been used to characterize structural brain
alterations underlying neurodevelopmental dysfunctions of sub-
jects with IUGR at different stages of development, starting in-
utero (4, 5), persisting at neonatal and early infancy (6-11) and
at adolescence (12, 13). In the recent years, the knowledge of
structural brain organization has significantly advanced with the
assessment of the macroscopic circuitry of connections of the
brain with structural brain networks obtained from MRI (14, 15).
Importantly, graph theoretical features have been used to charac-
terize brain networks (16), allowing to comprehensibly describe
with a few network features the underlying brain connectivity
organization. This approach has been demonstrated to be useful
to characterize a wide-range of pathologies and conditions that
affect brain connectivity (17). Based on anatomical and diffusion

WWW.PNAs.org -— —

MRI, this technique has been promising in the study of IUGR, al-
lowing to demonstrate alterations in the structural brain network
organization and its association with altered neurodevelopment
(18,19). However, it remains unknown if there exists a functional
brain reorganization in this population.

Since the seminal study of Biswal et al. (20), the potential of
low-frequency components of resting-state functional MRI (rs-
fMRI) to obtain whole-brain functional brain networks based
on partial correlations of blood oxygen level-dependent (BOLD)
signal (21) has been demonstrated. Several studies have demon-
strated the feasibility to use rs-IMRI to characterize the func-
tional organization of the healthy neonatal brain, opening the
opportunity to characterize also the alterations in brain organiza-
tion due to prenatal condition such as [UGR. Using independent
component analysis (ICA), the emergence of synchronized spon-
taneous low-frequency rs-fMRI BOLD signals exhibiting resting
state networks (RSN) has been demonstrated in studies of cross-
sectional term and preterm infants both during light sedation
and natural sleep (22, 23). Both ICA and seed-based correlation
approaches have also been used in longitudinal studies showing
the emergence of connections partially or completely matching
several RSN during neonatal development, including the default
mode network (24-27). However, studies considering whole-brain

Significance

The feasibility to use functional MRI during natural sleep
to assess low-frequency basal brain activity fluctuations in
neonates has been well demonstrated, although its potential
to characterize pathologies of prenatal origin has not yet been
exploited. In the present study, we used intrauterine growth
restriction (IUGR) as a model of altered neurodevelopment due
to prenatal condition to show the suitability of brain networks
to characterize functional brain organization at neonatal age.
Using graph theory features, we demonstrated a pattern of
alterations in IUGR functional brain organization associated
with neurodevelopmental performance. These findings show
the potential of brain networks based on functional MRI to
characterize brain reorgl;)a nization from an early age, and their
potential to develop biomarkers of altered neurodevelop-
ment.
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Fig. 1. Representation of control and IUGR raw and normalized functional brain networks (A). Comparison of average strength (B}, network density (C), raw
global and local efficiency (F) and normalized glabal and lecal efficiency between controls and IUGR. Cost-corrected values and its integration in the valid
cost range (0.51-0) of binary global efficiency (F), binary local efficiency (G}, normalized global efficiency {H) and normalized local efficiency (1). * p<0.05.
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Fig. 2. Pattern of alterations in IUGR nodal weighted efficiency and nodal
strength of raw and normalized networks. Raw features increased (A) and
decreased (B) in IUGR group. Normalized features increased (C) and de-
creased (D} in IUGR group. L and R indicate left and right side of the brain
respectively. Abbreviations of alterad features can be consulted in Table 51.

functional brain networks of the neonatal brain are scarce in
the literature. Neonatal networks composed of selected regions
ol interest (ROTs) were studied by Gao et al. (26), while voxel-
wise networks obtained in a normalized space were obtained by
Fransson ¢t al. {28), showing the presence of cortical hubs and
sub-networks associated with these hubs.

In the present study we used partial correlations of the rs-
IMRT BOLD signals averaged into 90 brain regions correspond-
ing to the anatomical automatic labeling (AALY} atlas (29} in 13
controls and 20 subjects with TUGR scanned at 44 weeks equiva-
lent post menstrual age (PMA). We demonstrated the feasibility
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Fig. 3. (A) Kuramoto order parameter at each time point and its average
value compared between cases and controls. (B) Time points where nodal
efficiency is significantly different in IUGR when comparaed with controls
and its frequency of appearance among time points. Red dotted line is set
at 25.1%, corresponding to two standard deviations above mean. Regions
significantly different during more than 25.1 % are left superior frontal
gyrus dorsolateral part (3), right middle frontal gyrus, orbital part (10), right
median cingulate and paracingulate gyri (34), and left lingual gyrus (47).
*p<0.10
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to obtain whole-brain functional bram networks of the neonatal
brain based on an anatomical atlas and used graph theory fea-
tures to characterize alterations in the individual functional brain
networks of [UGR neonates. We further characterized dynamic
funetional connectivity (DFC) to assess differences in temporal
network synchronization to confirm previously obtained results
and determine a set of nodes with altered graph theory character-
istics during a significant amount of time. In addition, association
of individual network features with neonatal neurobehavioral
outcomes was also assessed.

RESULTS

Resting-state networks in IUGR neonates

BOLD time-series of the rs-fMRI obtained during natural
sleep of 20 one-month-old neonates who suffered IUGR and
13 one-month-old controls were analyzed. Particularly, low fre-
quency band of the time-series (0.01-0-15 Hz) was used (30).
Brain was parcelled in 90 ROIs corresponding to an AAL atlas
(29) adapted to the neonatal brain (31). Whole-brain functional
network for each subject was obtained by means of partial cor-
relations of the pre-processed BOLD signal averaged in each
ROI. The correlation between each pair of ROIs excluding the
effect of the signal common to the rest of ROIs (introduced as
confounders into the partial correlation) was therefore inferred
to be proportional to the connectivity of each given pair of ROls,
obtaining connectome matrices that represent RSN, as shown in
Fig. 1A. See Methods section and S.1. for detailed information on
the pre-processing steps and extraction of brain networks.

Infrastructure of the raw weighted partial correlation func-
tional brain networks obtained (Fig. 1 B-D) was assessed by graph
theory analysis, showing significantly increased values of IUGR
average strength (p=0.013), global (p=0.015) and local efficiency
(p=0.028). Network density, however, did not significantly differ
between cases and controls.

Analysis of the pure organizational components of brain
networks could be strongly influenced by differences in the net-
work infrastructure among subjects (32). Hence, in order to iso-
late organization from infrastructure three different approaches
were followed. Firstly, the effect of different average strength
among subjects was neutralized by means of normalization of
each subject’s brain network by its total energy, taking into ac-
count only its relative organization to calculate global and local
weighted efficiencies (Fig. 1E). As a result significantly reduced
local efficiency was observed in IUGR group (p=0.003). Sec-
ondly, differences among subjects in network density (cost) were
neutralized by means of a cost-corrected analysis (33), obtaining
binary global and local efficiency features at each network cost
from 0 to 0.51 at 0.01 steps (Fig. 1F-G). The maximum value
of the range was fixed at 0.51 as it is the lower network density
for any subject included. Using this approach, IUGR showed
significantly reduced values for several costs, and importantly,
when integrated among the whole valid cost-range (32), signif-
icantly reduced global efficiency (p=0.008) and local efficiency
(p=0.013) were also observed. Finally, the differences in strength
and network density were neutralized simultaneously by means of
a combination of both methods: the weighted network obtained
at each network cost was normalized by its remamning energy
and weighted global and local efficiency were calculated. Using
this approach, reduced values for cost-corrected weighted global
and local efficiency were observed again at several network costs
(Fig. 1H-1), being their cost-integrated values also significantly
reduced for global and local efficiencies (p=0.013 and p=0.016
respectively). In summary, all three different approaches of nor-
malization yielded the same conclusion: although IUGR had an
increased RSN infrastructure characterized by increased average
strength vielding to increased raw efficiencies, its organization
was sub-optimal when compared with controls.

Footline Author

In addition to the analysis of global network features, in order
to find the regional components that have a higher influence
in the network reorganization observed in [IUGR group, nodal
strength and nodal efficiency were further assessed in its raw
and normalized versions (Fig. 2). Nodal features of raw net-
works showed a pattern of alterations in [UGR for both nodal
efficiency and strength in frontal areas, but also on oceipital,
parietal and sub-cortical regions. Nodal features of normalized
networks showed a less spread pattern of alterations in IUGR,
but also including some belonging to frontal, temporal and oc-
cipital cortices and sub-cortical regions such as amygdala and
hippocampus. However, 1t is important to note that the nodal
alterations reported must be considered exploratory, given that
the differences observed did not withstand a false discovery rate
(FDR) correction.

Dynamic functional network connectivity

Dynamic functional connectivity (DFC) has been defined
as the functional connectivity over a sliding time window (34).
Recently, phase synchronization has been used to solve the reso-
lution/reliability trade-off of windowing the signal in fMRI time-
series by means of conversion of the real signal into a complex
analytic version, with techniques such as Hilbert transform (35).
In the present study we used similar techniques to study the
temporal dynamics of the ROI signals in a narrowband (0.04-
0.07 Hz) comparing phase differences pair-wise and obtaining a
measure of phase similarity between each pair of ROIs at each
instant of time (see Methods and S.1. for a detailed explanation
of the methodology used).

In order to assess if there were any notable differences in the
DFC of IUGR, we first used Kuramoto order parameter R to
analyze the global level of synchronization of each subject’s brain
at each instant of time (Fig. 3A), being zero for complete asyn-
chrony and 1 for full synchronization. As the subject acquisition
was not under specific stimuli, rather than analyzing the resultsin
a temporal basis, the average value over time was compared. A
tendency towards significance of having an increased Kuramoto
order parameter was observed in [UGR group (p=0.055, Fig.
3A), showing that, overall, subjects with IUGR tend to present
a more synchronized brain than their control counterparts. The
Kuramoto order parameter was further used to sort the acqui-
sition time-points of each individual subject, from the lowest to
the highest level of synchronization of each subject’s whole-brain
DEFC. This resorting approach allowed comparing the temporal
dynamics among subjects fairly at a similar level of synchroniza-
tion given a temporal instant. Particularly, we observed signifi-
cantly increased values of Kuramoto order parameter for several
time pointsin [UGR (Fig. S1A), and as expected, increased global
and local efficiency for several time points (Fig. S1B-C) with a
marginally non-significant tendency when averaged along all the
instants oftime (p=0.060 and p=0.059 respectively). Temporal al-
terations of nodal efficiency were also assessed, finding a pattern
of nodal alterations in IUGR across time (Fig. 3B). Observing
the percentage of time that each nodal efficiency is significantly
different in [UGR allowed highlighting four regional features
altered in IUGR more than two standard deviations above the
mean: left superior frontal gyrus dorsolateral part (F1-L), right
middle frontal gyrus, orbital part (F20-R), right median cingulate
and paracingulate gyri (MCIN-R), and left lingual gyrus (LIN-L).
Analogous analysis of nodal strength vielded similar results, in
this case being only left superior frontal gyrus, dorsolateral part
(F1-L) and right middle frontal gyrus, orbital part (F20-R) the
regions found to be different during a significant amount of time.

Association with neonatal neurobehavior

Neonatal behavioral assessment scale (NBAS) (36) was used
to characterize neurobehavioral outcomes in neonatal period. As-
sociation of neurobehavioral scores assessed by NBAS with global
network features was assessed by means of partial correlations
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controlling for weight centile, gender, gestational age (GA) and
smoking status. Network density was found to be significantly cor-
related with social-interactive cluster (tho=0.409, p=0.042) and
attention cluster (tho=0.523, p=0.006). Normalized weighted
global efficiency was correlated with organization of the state
(tho=0.434, p=0.027).

In addition, each NBAS cluster was normalized to a stan-
dard population and considered abnormal if scored one standard
deviation below mean value. NBAS severity score was defined
as the number of altered clusters (excluding habituation, see
Methods and S.I. for details), hence being in a range from 0 to 5.
An ordinal regression of NBAS severity score with main clinical
data (GA, weight centile, gender and smoking status during
pregnancy) was performed, yielding to a non-significant model
(p=0.334, Chi"=4.570, Nagelkerke R*=0.149, df=4). However,
the addition of network features significantly changed the model
(p=0.003, Chi*=28.692, df=11), allowing to obtain a statistically
significant model (p=0.004, Chi*=33.262, Nagelkerke R =0.706,
df=15), showing significant association of graph theory features
based on RSN with the severity of abnormal neurobehavioral
outcome and the addition of significant information to main
clinical features.

DISCUSSION

The characterization of brain changes underlying TUGR risk
of having neurodevelopmental problems is a main challenge in
modern fetal and pediatric medicine. A better understanding
of the pathophysiology of this condition is essential to start de-
veloping early biomarkers to detect the infants at high risk of
having altered neurodevelopmental problems. Importantly, it has
been shown that early individualized interventions significantly
improves [UGR neurobehavioral performance at short- and mid-
term (37, 38). However, given the high prevalence of [IUGR and
the economic cost of individualized care units, selecting those
IUGR infants with a higher risk is essential to appropriately
advise parents and optimally use clinical resources. With this
long-term goal in mind, in the present study we investigated
functional brain networks in [IUGR for the first time, being also
the first study to characterize neonatal whole-brain RSN based
on an atlas.

The results obtained showed a very specific pattern of al-
terations in [UGR whole-brain RSN, characterized by a hyper-
connectivity of their raw networks. However, when assessing the
pure organizational features by means of three different nor-
malization procedures, we observe a sub-optimal organization
in IUGR characterized by decreased global and local efficiency.
Further analysis of nodal features showed a spread pattern of
regional alterations in [UGR, however, not strong enough to
withstand a FDR correction. Spatio-temporal analysis of the sig-
nal supported previous results, revealing a tendency of increased
overall synchronization in IUGR, and a set of nodal features that
might have an important role in the reorganization of functional
brain networks obtained. These results, together with previously
reported alterations in IUGR structural brain networks (18) sup-
port the hypothesis that [UGR is a condition strongly associated
with brain organization, as has been suggested to happen with
mood and psychiatric disorders. Albeit it is important to note
that establishing a causality with the evidence available is still
premature, association of network features with neurobehavioral
performance is reported in this and other studies (18, 19), postu-
lating [UGR as a candidate to be a brain-network disorder (39).

Interestingly, in a previous study of structural brain networks
in one-year-old population, reduced fractional anisotropy (FA)
weighted global and local efficiency was found in IUGR (18).
Intuitively one would expect to obtain reduced efficiencies in
functional brain networks because of a weaker structural con-
nectivity, but in contrary, we obtained significantly increased raw

4 ‘ Wy pnas.org -— -—

efficiencies in IUGR neonates. A possible explanation for this
discord could be the difference of age in the population under
study, as it is a critical period in terms of brain connectivity
changes (40). Functional and structural brain networks might
also be capturing different aspects of brain organization, and
they do not necessarily need to behave in the same manner. In
fact, although the constraining of functional connectivity to the
structural substrate has been demonstrated (41, 42), in line with
our results theoretical models suggest that reduced structural
connectivity could induce increased efficiency in functional brain
networks (43, 44).

[UGR has been suggested to be a risk factor of devel-
oping disorders such as attention deficit hyperactive disorder
(ADHD) (45, 46), autism spectrum disorders (ASD) (47, 48)
and schizophrenia (49). Although there are some contradictory
reports, generally ASD has been characterized by having funec-
tional hyper-connectivity of salience and default mode network
(50). However, whole-brain RSN have been reported to show
reduced raw local efficiency but increased global efficiency after
cost-correction (51). In adult schizophrenia patients, reduced
global and local efficiency after cost-correction of RSN has been
reported (52), but also decreased average functional connectivity
(53). RSN of children with ADHD have been reported to have
increased local efficiency for several costs, although raw weighted
measures have not been deseribed (54). Overall, after comparison
with the body of literature available we note a unique pattern
of alterations in neonatal IUGR brain networks. This pattern of
alterations must be confirmed at a later age, being the follow-up
of IUGR population a crucial aspect for the characterization of
the evolution of the alterations and long-term effects of this con-
dition. The specific connectivity fingerprint trajectories that could
underlie the increased prevalence of IUGR subjects developing
disorders of neural development is not clear, and will also be the
likely focus of future prospective studies. We hypothesize that
some of the links of [UGR with neurodevelopmental disorders
could be partially associated with dysfunctions in some specific
regional sub-networks produced by brain reorganization. It is
worthwhile to note that although partial correlation networks and
temporal dynamics vield to same global functioning conclusions
(IUGR has a hyper-connected, hyper-synchronized brain but with
a sub-optimal organization), the regional results obtained by each
of these techniques showed different altered regions, suggesting
that they assess complementary features of brain organization,
although both highlighted the role of frontal areas. Particularly,
analysis of temporal dynamics allowed to obtain a reduced set
of regions altered, comprised by frontal, cingulate and lingual
cortices. In agreement with the results obtained, several frontal
regions with altered structural brain network features have been
previously reported in [UGR (18), while evidence of alterations
in frontal-posterior networks in ASIY has been reported in several
studies (55). Interestingly, altered nodal efficiency of left lingual
gyrus has been specifically reported in structural brain networks
of [UGR (18, 19) and has also been shown to be decreased
in RSN of ADHD patients (54). Concerning cingulate cortical
areas, FA measures of this area have been strongly associated
with altered neurobehavioral performance in a long-term rabbit
model of [UGR (56). In addition, functional alterations of cingu-
late areas have been reported in different studies of ASD (55),
schizophrenia (53) and ADHD (57).

Finding alterations in the brain network features associated
to a pathology is by itself relevant for the characterization of its
pathophysiology. In the case of IUGR, the results suggest that
brain reorganization previously demonstrated in the structural
substrate is also present at a functional level since neonatal
age. This significantly improves the knowledge of this condition,
serving as a potential physiological basis for the neurobehavioral
alterations reported in these infants (58). Note that given the
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heterogeneity of the etiology and progression of this condition,
big samples are needed to find differences in neonatal neurabe-
havior, being even more crucial to find individualized biomarkers
of the long-term prognosis of infants with IUGR in order to
be able to clinically intervene. Therefore, the association found
between the functional network features and NBAS is especially
important, significantly improving the capacity of association ob-
tained with basic clinical features. These results are in line with
previous findings reporting an association of structural network
features of structural brain networks with neurodevelopment in
IUGR (18, 19). In addition, recent reports showing the feasi-
bility to assess fMRI in fetal period reinforces the potential to
use functional brain networks as an early biomarker (59). We
are confident that combination of multi-modal features of brain
networks will significantly improve the assessment of the risk of
neurodevelopmental problems of prenatal origin since an early
age, being its translation to the clinical practice in the mid-term
horizon.

Finally, there are several issues of the study that must be
noted. First, we would like to note that the MRI acquisition was
performed during natural sleep. Previous reports have associated
deepness of sleep with functional connectivity (60, 61); however,
although the effects of sedation and sleep in functional connec-
tivity are not fully understood, significant differences have not
been found between sedated and non-sedated infants using [CA
and seed-based correlation approaches (23, 25, 28). Importantly,
neonatal sleep has been suggested to be mainly in active sleep
(62), minimizing the possibility that different sleep deepness
could be partially explaining some of the results obtained, being
also mitigated by the case-control design of the study. Regarding
the comparability of the results obtained, only a previous study
assessed whole-brain networks in a neonatal population (28),
however, it was performed voxel-wise in a normalized space, ob-
taining very large networks (4966-by-4966 elements). Albeit the
use of voxel-wise networks have some advantages, constraining
the networks obtained to an anatomical brain atlas allows a more
comprehensible and manageable comparison among studies, es-
pecially given the broad use of AAL atlas in the literature. How-
ever, regional parcellation of the neonatal brain is also a critical
issue and could be a source of bias. This was alleviated by the use
of T2-weighted anatomical volumes which improve WM contrast
in neonatal acquisitions (63), and by the use of a specific neonatal
atlas (31). In addition, note that the use of partial correlation
(instead of directly correlate the signal averaged in each region),
also reduce possible sources of bias, extracting residual motion
artifacts and other signal distortions that affect the whole brain.

CONCLUSIONS

In conclusion, the results presented here show for the first time
the feasibility to use functional brain networks at neonatal age
to characterize alterations of prenatal origin. Particularly, brain
networks of a population with [UGR were assessed based on a
resting-state acquisition during natural sleep, showing a unique
pattern of alterations in the network organization character-
ized by being hyper-connected and hyper-synchronized but sub-
optimally organized, associated with neonatal neurobehavioral
scores. In addition, dynamic functional connectivity highlighted a
set of regions with temporally altered network features that could
be related to impairment of specific sub-networks. Overall, the
observed functional reorganization could be a potential substrate
of high risk of altered neurodevelopment in infants with IUGR,
and together with previous findings, postulate [UGR condition
as a possible brain-network disorder. Importantly, association
of network features with neurobehavior since such an early age
opens the opportunity to develop early image biomarkers of
altered neurodevelopment, a clinical chance to improve the man-
agement of a condition that affects 10% of the population.

Footline Author

MATERIALS AND METHODS

Participants, neurobehavioral assessment and MRI acquisition

The infants of the study were part of a larger prospective research pro-
gram in IUGR involving fetal assessment and short- and long-term postnatal
follow-up at Hospital Clinic {Barcelona, Spain). The local Ethics Comitee ap-
proved the study protocol, and written informed consent was obtained from
the parents or legal guardians of all the participants (CEIC: 2012/7715). Late-
onset IUGR was defined as those fetuses with estimated fetal weight below
the 10" centile according to local reference standards (64) confirmed at
hirth and delivered after 34 weeks of pregnancy. MRI was performed around
one month corrected age during natural sleep after feeding the baby. All
acquired imageswere visually inspected for apparent artifacts and anomalies
and subjects excluded accordingly. Neonatal neurobehavioral performance
was assessed at neonatal age with NBAS (36), which evaluates cortical and
subcortical functions in 35 items grouped into 6 clusters: habituation, motor,
social-interactive, organization of state, regulation of state, autonomous
nervous system and attention (65). Cluster scores were defined as abnormal
if they have a z-score below minus one. NBAS severity score was defined as
the number of abnormal NBAS clusters for each subject. Functional MR| data
was acquired using gradient echo planar imaging (EPI) consisting in volumes
of 42 axial slices with a spatial resolution of 2 x 2 x 2 mm’. Resting-state
functional connectivity was assessed during 8 minutes of natural sleep (240
EPlvolumes).

Pre-processing, network extraction and analysis

T2-weighted volumes were skull-striped (66) and segmented into WM,
gray matter {(GM) and cerebrospinal fluid (CSF) (67) using neonatal tissue
probability maps (31). AAL atlas {29) adapted to neonatal population in a
T2-weighted template (31) was used to parcellate each subject’ brain into 90
regions based on an elastic transformation. Image preprocessing included
correction of intravolume time differences and inter-volume geometric
displacements, regression of head motion effects in the signal, average of
time series corresponding to each ROl and band pass filtering (0.01 - 0.15
Hz). Network edges were calculated as the partial correlation coefficients
obtained between the average signals of each pair of ROIs excluding the
effects of the signal of the other 88 ROIs. Negative correlation coefficients
were excluded. In order to disentangle network infrastructure from network
organization, three different normalization approaches were followed: 1)
different average strength among subjects was neutralized by means of nor-
malization of each subject’s brain network by its total energy; 2) differences
of network density {cost) were neutralized by means of a cost-corrected
analysis of network features (33); 3) effect of differences in strength and
density were neutralized at the same time by means of a combination of
both methods, obtaining the weighted network at each network cost and
normalizing it as described in the strength normalization approach. Global
functioning of each network was assessed by its infrastructure (network den-
sity and average strength), integration {(global efficiency) and segregation
(local efficiency). Regional characteristics were evaluated by means of nodal
strength and nodal efficiency. Cakulation of the graph theory features used
to assess each network was based on the definitions and code compiled by
Rubinov and Sporhs (68).

Dynamic functional connectivity

Dynamic functional connectivity was characterized in a narrowband
(0.04-0.07 Hz), allowing the application of Hilbert transform to extract the
phases obtaining an analytic signal representing the narrowband signal s(t)
as a rotating vector with an instant phase @(t) and an instant amplitude Aft):

s(e) = A(E)C”(‘P(f)). Global level of phase synchrony among all brain areas
was quantified with Kuramoto order parameter. Further analysis involved
the caleulation of phase similarity between each pair of regions for each

instant of time, giving a weight Wg(t) at each instant of time for each
Hpn _ |Beigle)=m]

pair of regions i and j asw"fm - | n | Using this approach, a weighted
connectivity matrix based on the phase similarity was constructed at each in-
stant of time. However, given that the subjects are not receiving comparable
stimuli during the acquisition time, Kuramoto order parameter was used to
resort temporal axis according to the relative level of global synchronization
of each subject, from its lowest to its highest level. The temporal features
obtained for each subject were resorted accordingly being comparable as
they are obtained based on the same relative level of synchronization.

Statistical analysis

Comparisons among groups were performed by general linear models
(GLM) with gender as co-factor and GA and PMA at MRI as co-variables.
Significance was declared at p<0.05 (uncorrected). Regional alterations were
shown using BrainNet viewer (69). Association of network features obtained
with NBAS in IUGR group was performed by means of partial correlations
using gender, GA and smoking status as confounder factors. The software
package SPSS 18.0 (8PSS, Chicago, IL) was used for the statistical analyses.
Computational algerithms were implemented using MATLAB (2009b, The
MathWorks Inc., Natick, MA).
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Participants

The infants of the study were part of a larger prospective research program in IUGR
involving fetal assessment and short- and long-term postnatal follow-up at Hospital Clinic
(Barcelona, Spain). The local Ethics Comitee approved the study protocol, and written informed
consent was obtained from the parents or legal guardians of all the participants (CEIC:
2012/7715). The original sample of the study included a sample of 45 pregnancies with 30 late-
onset IUGR and 15 control fetuses. Late-onset IUGR was defined as those fetuses with
estimated fetal weigth below the 10" centile according to local reference standards (1)
confirmed at birth and delivered after 34 weeks of pregnancy. Control subjects were sampled
from general pregnant population and defined as fetuses with fetal estimated weight between
10" and 90" centile confirmed at birth. Infants with chromosomal, genetic or structural defects
and signs of intrauterine infection or neonatal onset sepsis were excluded from the study.
Neonatal data was prospectively recorded including GA, birth weight, gender, Apgar at 5 min,

umbilical artery pH, neonatal complications and maternal smoking status during pregnancy.

MRI was performed around one month corrected age during natural sleep after feeding the
baby. An expert neuroradiologist analyzed anatomical images and those infants without overt
brain lesions were further analyzed. In addition, all acquired images were visually inspected for
apparent artifacts and subjects excluded accordingly. Thus, ten of 30 cases and two of the 15

controls were excluded from the study due to WM lesions, awakening or excessive movement
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during acquisition, obtaining a final sample of 13 controls (5 males) and 20 subjects with IUGR
(13 males). The average GA at birth was 38 weeks and 5 days (range 34 weeks and 2 days to
42 weeks) and the average PMA at MRI acquisition was 43 weeks and 3 days (range 39 weeks
and 6 days to 48 weeks and 3 days). Particular care was taken in order to ensure neonatal
welfare during the MR acquisition. A pulseoximetry probe was placed around the baby’s wrist to
monitor oxygen saturation levels throughout the scan, and acoustic noise was minimized with
the use of neonatal ear muffs (MiniMuffs ® Neonatal Noise Attenuators, Natus Medical
Incorporated, USA). The infant was swaddled with one or two infant sheets before being placed
within a vacuum immobilizer, air was removed from the bag and the infant was contained within
a rigid cradle that is shaped to its body, effectively swaddling the infant. The lighting in the
scanner room was reduced to aid the infant’s sleep but was kept at a level that allows safely

monitoring.

Neonatal neurobehavioral performance was assessed at neonatal age with NBAS (2), which
evaluates cortical and subcortical functions in 35 items grouped into 6 clusters: habituation,
motor, social-interactive, organization of state, regulation of state, autonomous nervous system
and attention (3). Cluster scores were transformed to z-scores according to a standard
population (3, 4) and defined as abnormal if they have a z-score below minus one. NBAS
severity score was defined as the number of abnormal NBAS clusters for each subject. Due to
the low successful rate of obtention of habituation cluster (12 out of 33), it was excluded from
the calculation of NBAS severity score. Therefore, it was only calculated on 29 out of 33
subjects that had valid estimation of social-interactive, organization of the state, regulation of

the state, autonomous nervous system and attention clusters, in a range from 0 to 5.

MRI acquisition

MRI acquisition was performed with a TIM TRIO 3.0 T whole body MR scanner (Siemens,
Germany). Anatomical T2-weighted acquisition consisted in 45 axial slices with 2-mm slice
thickness, in-plane acquisition matrix of 256 x 256, FoV = 160 x 160 mm? resulting in a
resolution of 0.625 x 0.625 x 2 mm?®, repetition time (TR) = 5460 ms and echo time (TE) = 91
ms. Functional MRI data were acquired using gradient echo planar imaging (EPI) consisting in

volumes of 42 axial slices with 2-mm slice thickness, in-plane acquisition matrix of 80 x 80, FoV
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= 160 x 160 mm?, yielding a spatial resolution of 2 x 2 x 2 mm?, TR = 2000 ms, TE = 20 ms.
Resting-state functional connectivity was assessed during 8 minutes of natural sleep (240 EPI
volumes). The first ten volumes were discarded to allow accommodating T1-equilibrium
processes. The acquisition protocol included other sequences not used in this study, having a

total scanning time of ~30-45 min.

Pre-processing and network extraction

All anatomical T2-weighted volumes were first skull-striped using BET (5). Brain tissue was
segmented into WM, gray matter (GM) and cerebrospinal fluid (CSF) with unified segmentation
model (6) available with SPM8. The default adult templates were replaced with specific neonatal
tissue probability maps (7). AAL atlas (8) recently adapted to neonatal population in a T2-
weighted template (7) was used to parcellate each subject into 90 cortical and sub-cortical
regions. Particularly, a customized software implementing a consistent version (9) of a block
matching algorithm (10) was used to obtain an elastic transformation matching the template with
each subject's T2 volume. AAL labels were propagated to each subject using this elastic

transformation with discrete labeling preserved by nearest neighbor interpolation.

Image preprocessing of BOLD images was mainly performed with SPM8 package. First,
intra-volume time differences between slices were corrected. Inter-volume geometric
displacements were corrected using a six-parameter rigid transformation for each acquired
volume and spatially smoothed using a Gaussian kernel with 2 mm full width at half maximum.
Correction of head motion effects in the signal was performed by regressing out the 6-
parameter head motion profiles previously estimated in each voxel across all the acquisition
time. GM/WM/CSF segmentation and AAL ROI parcellation obtained in T2 anatomical volume
were registered to an averaged BOLD volume using an affine transformation. The
representative averaged time series corresponding to each ROI were estimated for those voxels
belonging to the GM mask and band pass filtered (0.01 — 0.15 Hz). This “broad band” has been
suggested to be the more reliable for graph theory analysis (11). Network edges were
calculated as the partial correlation coefficients obtained between each pair of ROl averaged
signal excluding the effects of the signal of the other 88 ROls, obtaining a 90 x 90 partial

correlation matrix for each subject. Pearson coefficients were transformed according to Fisher z-
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transformation, negative correlation coefficients were excluded. The resulting weighted matrix

was considered to represent the raw connectivity of the RSN of each subject.

Network normalization

In order to disentangle network infrastructure from network organization, i.e., evaluate the
organization of networks independently of their average strength and density (cost), three
different approaches were followed. First, different average strength among subjects was
neutralized by means of normalization of each subject’s brain network by its total energy, that is,
given a network C with weights w; ; for each pair of nodes /, j, we defined a normalized version
of the network C"™™ with normalized weights defined as w{'/™ = w;;/Xy;;w;;. Secondly,
differences of network density (cost) were neutralized by means of a cost-corrected analysis of
network features (12). Following this approach a binary network was created at different
network costs, selecting for each cost-value x the connections with a strongest weight that yield
to a cost x. The cost range was limited by the minimum value of network density for any subject
included into the analysis, which is the maximum network cost where is possible to fairly
compare among all the subjects. Finally, the effect of differences in strength and density were
neutralized at the same time by means of a combination of both methods: instead of obtaining a
binary network at each network cost, as it was performed in the second approach, the weighted
network obtained at each network cost was considered in this third approach. Given that
weighted features are much related to the strength of a network (weighted cost), to obtain pure
organizational descriptors, the weighted networks obtained at each network cost were
normalized as described in the strength normalization approach. More formally, for a given
network C(i,j) = w; ; were w;; represents the weight of the connection between nodes i and j,
we defined a cost-corrected network C,, (i, j, x) for each value of cost x. Note that C,(i,j,x) =
w; ;(x) were w;;(x) =w,; if the link between node i and j belongs to the subset of strongest

connections that ensure a network density of x and w;;(x) = 0 otherwise. In this context,

normalized cost-corrected network at cost x was defined as C3°™ (i, j, x) = w; ;(x)/ X Wi ; (x).

Network analysis
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Graph theory features allow to summarize infrastructure and organization of a brain network
represented as an adjacency matrix (binary or weighted). Global functioning of each network
was assessed by its infrastructure (average strength), integration (global efficiency) and
segregation (local efficiency). Regional characteristics were evaluated by means of nodal
strength, assessing the total connectivity of a node in a given network, and nodal efficiency,
measuring the efficiency of the sub-network associated to a given node. Nodes with a high
nodal efficiency indicate a high tolerance of the network to the elimination of the given node,
which is associated to a high clustering of the neighborhood of this node (12). Formulation and
calculation of the graph theory features used to assess each network was based on the

definitions and code compilated by Rubinov and Sporns (13).

Dynamic functional connectivity

Dynamic functional connectivity was characterized by means of the analysis of spatio-
temporal dynamics of resting state activity in a narrowband (0.04-0.07 Hz) between each pair of
ROls. Narrowband filtering of the signal allows the application of the Hilbert transform to extract
the phases obtaining an analytic signal. This analytic signal represent the narrowband signal
s(t) as a rotating vector with an instant phase ¢@(t) and an instant amplitude A¢t), i.e., s(t) =
A(t)cos(¢(t)). Phase of the signal was obtained from the complex signal z(t) = s(t) + i.H[s(t)]
were i is the imaginary unit and H[s(t)] is the Hilbert transform of s(t). Global level of phase

synchrony among all brain areas was quantified with Kuramoto order parameter R(?), defined as
R(t) = ii‘,?’,le"%m , where N is the number of ROIs. Kuramoto order parameter quantifies the

level of global synchronization of a collection of phase oscillators, being constrained between 0
and 1 increasing monotonically as a function of the level of global synchronization between all
pairs of ROIls in the system, 0 representing total asynchrony and 1 representing total
asynchrony. As Kuramoto order parameter is defined at each time point, describing the
evolution of spatial coherence as a function of time, it was averaged across all time points in
order to obtain a global feature characterizing the average level of synchronization of each

subject.

Further analysis involved the calculation of a measure of phase similarity between each pair

of regions for each instant of time. Hence, the level of synchronization between a pair of brain
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areas was considered to be inversely proportional to their phase difference, giving them a

ﬂ';gij (U—
™

i
weight wfi(t) at each instant of time as w/j(t) = | | Note that as Ag;;(t) is constrained

between 0 and m, w{}f (t) will be constrained between 0 and 1, being w{j (t) = 1 when the phase
of the two regions is identical. Using this approach, a weighted connectivity matrix based on the
phase similarity was constructed at each instant of time, allowing to obtain temporal-dependent

global and regional network features that assess dynamic functional connectivity organization.

However, given that the subjects are not receiving comparable stimuli during the acquisition
time, features obtained at each time point are not easily comparable among subjects. Hence,
we used Kuramoto order parameter to resort temporal axis according to the relative level of
global synchronization of each subject, from its lowest to its highest level. Therefore, the
temporal features obtained for each subject were resorted and can be compared as they are

obtained based on the same relative level of synchronization.
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Table S1. Regions of interest used as nodes in structural brain networks, corresponding to the

regions defined in AAL atlas.

Anatomical regions Label Anatomical regions Label
Precentral gyrus PRE Lingual gyrus LING
Superior frontal gyrus, dorsolateral F1 Superior occipital gyrus (o]}
Superior frontal gyrus, orbital F10 Middle occipital gyrus o2
Middle frontal gyrus F2 Inferior occipital gyrus [0k ]
Middle frontal gyrus,
F20 Fusiform gyrus FUSI
orbital part
Inferior frontal gyrus,
F30P Postcentral gyrus POST
opercular part
Inferior frontal gyrus,
F3T Superior parietal gyrus P1
triangular part
Inferior frontal gyrus,
F30 Inferior parietal, but supramarginal and angular gyri P2
orbital part
Rolandic operculum RO Supramarginal gyrus SMG
Supplementary motor area SMA Angular gyrus AG
Olfactory cortex oC Precuneus PQ
Superior frontal gyrus, medial F1iMm Paracentral lobule PCL
Superior frontal gyrus,
F1MO Caudate nucleus CAU
medial orbital
Gyrus rectus GR Lenticular nucleus, putamen PUT
Insula IN Lenticular nucleus, pallidum PAL
Anterior cingulate and paracingulate gyri ACIN Thalamus THA
Median cingulate and paracingulate gyri MCIN Heschl gyrus HES
Posterior cingulate gyrus PCIN Superior temporal gyrus T

Temporal pole:
Hippocampus HIP TP
superior temporal gyrus
Parahippocampal gyrus PHIP Middle temporal gyrus T2
Temporal paole:

Amygdala AMYG T2P
middle temporal gyrus

Calcarine fissure and surrounding cortex V1 Inferior temporal gyrus T3
Cuneus Q Cerebelum CER

Vermis VER
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Figure S1. Comparison of control and IUGR Kuramoto order parameter (A), global (B) and local
efficiency (C). Time points were resorted according to relative Kuramoto order parameter for

each subject, from its lowest to its highest value.
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6.1. Supplementary results of PROJECT 1 (I): normalized structural brain
network features of one-year-old infants with IUGR

In the first published paper, the assessment of normalized brain network features was not
included, in part given that some key points of the methodology were introduced in the
following studies. To solve this issue, and allow a fairly comparison of all the results
presented, in this section we present the results of normalizing the structural brain

networks assessed in PROJECT 1.

Following the methodology introduced in previous sections, structural brain networks of
one-year-old infants were normalized following three different approaches. First, the
networks obtained were assessed independently of the average network strength, by
means of a normalization of the weighted network by the total energy of each individual
weighted brain network. With this approach we did not find any statistical significant
differences, but a tendency of IUGR to have increased normalized FA-weighted local
efficiency was observed (p=0.094). The second approach consisting on neutralizing
differences in network density with cost-correction did not yield significant differences after

cost-integration for FA weights (Figure 1) or FN weights.

The third approach assesses weighted network organization independently to the effects of
network cost and differences in average strength by cost-correction and normalization by
the energy of each subject network at each level of cost. Using this technique we observed
an increased FA-weighted global efficiency at an isolated point of network cost (Figure 2),
and a tendency towards significance after integrating among all the network cost range (0
to 0.51 at 0.01 steps), weighted global efficiency (p=0.095). No relevant results were

obtained using FN weights.

The results presented in this section support the idea that infants that suffered IUGR, albeit
having a reduced structural brain network infrastructure, present a tendency to have a
more optimal brain network organization consistent with the hypothesis of a compensatory

effect.
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Figure 1. FA-weighted cost-corrected structural brain network features of IUGR compared with

controls at one year of age and cost-integrated along the valid cost range
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Figure 2. FA-weighted normalized and cost-corrected structural brain network global and local
efficiency of IUGR compared with controls at one year of age and cost-integrated among the valid

cost range.
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6.2. Supplementary results of PROJECT 1 (lI): functional brain network
features of one-year-old infants with IUGR

For the sake of completeness and comparability with the other projects presented in this
PhD Thesis, in this section preliminary results of the resting-state functional brain networks
obtained in a similar sub-sample of one-year-old infants with IUGR are also assessed. In
addition to the increased complexity of comprehensibly present functional and structural
brain networks at the same time, these results were not included in the original publication
of PROJECT 1 given that only a small proportion of the population of PROJECT 1 had a proper
rs-fMRI acquisition (10 controls and 6 IUGR). However, in the last years we were able to

increase the population of infants at one year of age with a good quality rs-fMRI acquisition.

In particular, a similar sample than the one analyzed in PROJECT 1 was considered in this
section, consisting on 22 controls and 19 one-year-old infants with IUGR. For all the
subjects, a high resolution structural T1 weighted images were obtained by a Magnetization
Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence with the following
parameters: 0.9-mm slice thickness with no interslice gap, 192 sagittal slices, in-plane
acquisition matrix of 256 x 256, FoV = 220 x 220 mm2, which resulted in a voxel dimension
of 0.86 x 0.86 x 0.9 mm3, TR = 2050 ms, TE = 2.41 ms and inversion time (TI) = 1050 ms.
Functional MRI data was acquired using gradient echo planar imaging (EPI) consisting in
volumes of 42 axial slices with a spatial resolution of 2 x 2 x 2 mm3. Resting-state functional

connectivity was assessed during 8 minutes of natural sleep (240 EPI volumes).

The same pre-processing steps followed in PROJECT 4 were also followed with this data,
with the only difference of using T1 anatomical volumes instead of T2-weighted volumes,
due to the different state of myelination in one-year-old infants compared with neonates,
which allow a better WM-GM differentiation with T1 volumes. Hence, pre-processing steps
included skull-striping, segmentation of WM/GM/CSF (Ashburner and Friston, 2005) with
specific one-year-old tissue probability maps (Shi et al., 2011), parcellation of the brain in
90 regions using an elastic registration of AAL atlas (Tzourio-Mazoyer et al., 2002) adapted

to one-year-old population (Shi et al., 2011). Pre-processing of resting-state fMRI data
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included correction of intra-volume time differences and inter-volume geometric
displacements, regression of head motion effects in the signal, average of time series
corresponding to each ROl and band pass filtering (0.01 — 0.15 Hz). Network edges were
calculated as the partial correlation coefficients obtained between the average signals of
each pair of ROIs excluding the effects of the signal of the other 88 ROIs and negative

correlation coefficients were excluded.

Analysis of the raw network features showed a reduced infrastructure in IUGR functional
brain networks, characterized by a significantly reduced network density (p=0.043) that is
also reflected by a reduced binary global efficiency (p=0.043). Notwithstanding, no
significant differences were found in any of the weighted features assessed. In the case of
normalized weighted network features, which allows to assess differences in network
organization independently of network strength, no statistically significant differences were
found, but a tendency towards significance was observed for normalized weighted global

efficiency (p=0.053), showing increased values for IUGR.

Using the cost-correction approach in order to assess the organization of the networks
independently of differences in network density (cost), no significant differences were
found. However, when assessing weighted normalized features with cost-correction at the
same time, increased values of global efficiency were found for several network costs in

IUGR group (Figure 3).

The results presented in this section, showed a reduction in some features of functional
network infrastructure, which seems in line with the results obtained with structural
network features in PROJECT 1. Furthermore, after normalization approaches, a tendency
of IUGR subjects to have a slightly more optimal organization (global efficiency) for their

given infrastructure is also observed.
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networks compared between controls and IUGR at one year of age and cost-integrated among the

valid cost range. * p<0.05
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6.3. Supplementary results of PROJECT 4: structural brain network

features of neonates with IUGR

In order to complement the results of the resting-state functional brain networks in
neonates, in this section an analysis of a sample with an appropriate diffusion MRI
acquisition is assessed and their structural brain network analyzed. These results were not
included in the original publication, as it is our opinion that they probably deserve an
independent publication when an increased sample size is available. However, we think that
this is necessary to include these results in this Thesis to better understand and analyze

their implications.

Particularly, in this section a sample of neonates composed by 9 controls and 15 subjects
with late-onset IUGR is analyzed, being 5 controls and 12 IUGR part of the population
presented in PROJECT 4. Diffusion MRI data was acquired using gradient echo planar
imaging (EPI) sequence covering 30 diffusion directions with a b-value of 750 s/mm2.
Acquired diffusion volumes consisted on 42 axial slices with a spatial resolution of 2 x 2 x 2
mm3, repetition time (TR) = 6000 ms, echo time (TE) = 86 ms. An additional image without

diffusion weight (b=0 s/mm?2) was also acquired.

An in-home algorithm was used to correct inter-plane movement artifacts by rigid
registration of each diffusion volume, and intra-plane movement by the automatic
discarding of planes with excessive movement artifacts. With the remaining volumes and
planes, a tensor model was applied to each voxel of the brain with a variable amount of
diffusion directions (between 20 and 30, depending on the amount of planes discarded for
each subject). A deterministic tractography algorithm with an angle threshold of 30 degrees
implemented in Diffusion Toolkit (http://trackvis.org/dtk/) (Wang et al., 2007) was used to
reconstruct WM tracts of each subject. Brain parcellation into 90 regions based in AAL atlas
was performed with an identic protocol as performed in PROJECT 4, elastically aligning a

neonatal template (Shi et al., 2011) to the T2 anatomical volume of each subject.

Structural brain networks of each subject were obtained by the integration of WM tracts

and anatomical regions using an in-home algorithm. Two nodes (regions) i and j were
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considered to be connected by an edge ej; when there existed at least one fiber bundle f
with end-points iniand jregions, with self-loops excluded. In addition to the binary network
produced with this approach, weights were also assigned to each edge ejj. Two of the most
used approaches in the literature were followed to weight the connectivity between each
pair of regions, Wg,, average FA along all the fibers connecting a pair of regions; and wgp,
fiber density (FD) defined similarly as Hagmann et al. (2008). In addition, the resulting
weighted networks were normalized by the total weight of all the connections in the

network, to assess the brain organization independently of the network average strength.

Graph theory features of the brain networks obtained were compared between controls
and IUGR subjects by means of a GLM analysis with group as a fixed factor, gender as a co-

factor and gestational age and post-menstrual age at MRI acquisition as co-variables.

As shown in Figure 4, IUGR structural brain networks at neonatal age had a significantly
increased FD-weighted average strength (p=0.025) and a significantly increased FD-
weighted global efficiency. None of the other network features, including those of

normalized networks, showed a statistically significant difference.

Although hampered by a reduced sample size, the results here presented support the idea
that subjects with IUGR, at neonatal age present a hyper-connected structural brain

network characterized by increased FD-weighted features.
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PROJECT 1: Brain networks of diffusion MRI in one-year-old infants with IUGR

e |t was feasible to reconstruct one-year-old structural brain networks by means of
diffusion MRI.

e There was a reduction in global features of structural brain networks in one-year-old
infants with IUGR.

e There was an altered pattern of regional features of structural brain networks in IUGR.

e The altered brain network topology in one-year-old infants with IUGR was associated
with abnormal performance in neurodevelopmental scales at two years of age.

e Based on altered brain network features of one-year-old infants with IUGR, a machine
learning algorithm was capable of blindly classify abnormal performance in

neurodevelopmental scales (BSID-Il) at two years of age with an accuracy of 82.4%.

Supplementary results

Normalized structural brain network features of one-year-old infants with IUGR

e Albeit having a reduced structural network infrastructure, with network normalization
schemes we observed that one-year-old IUGR subjects had a tendency to have more

optimal organization of their structural brain network.

Brain networks of functional MRI in one-year-old infants with IUGR

e |UGRinfants presented a reduced infrastructure of their functional brain network at one
year of age.
e There was a tendency in IUGR subjects to have increased efficiencies after functional

network normalization at one year of age.

In summary, structural and functional brain networks showed decreased network features
in IUGR. The reorganization observed is also accompanied by a tendency of having
compensatory effects partially compensating this reduced infrastructure. Diffusion MRI

network features had a high predictive value of altered neurodevelopment.
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PROJECT 2: Brain networks of GM morphology similarity in one-year-old infants with IUGR

e A novel method proposing a solution to the problem of having different network sizes
in individual large-scale networks obtained from GM MRI morphology similarities was
presented.

e The feasibility of obtaining such kind of networks in a pediatric population was
demonstrated.

e There were alterations in the features of structural brain networks based in GM
morphology similarities of infants who suffered IUGR.

e There was an association of the brain network features obtained at one year of age with

abnormal neurodevelopmental scores at two years of age.

In summary, it was feasible to use network models to analyze GM morphology from MRl in
a pediatric population in a case-control study. Particularly, infants at one year of age
showed alterations in GM morphology networks that were associated with altered

neurodevelopment at two years of age.
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PROJECT 3: Brain networks of diffusion MRI in a rabbit model of IUGR at pre-adolescent

age

e Reorganization of IUGR rabbit brain was persistent at preadolescent age, showing
an overall reduced network infrastructure.

e There was a compensatory effect in IUGR group characterized by higher values of
the global features of normalized brain networks.

e There was a spread pattern of alterations in regional network features that
resembled some of the results obtained at one year of age in humans.

e Global features were associated with neurobehavioral alterations.

In summary, structural brain networks of the rabbit model of IUGR showed long-term
reorganization in IUGR brain, characterized by a decreased infrastructure and a mild

compensatory effect at a pure organizational level.
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PROJECT 4: Brain networks of functional MRI in neonates with IUGR

e Whole-brain functional brain networks based on an anatomical atlas were obtained for
the first time in a neonatal population, showing its potential to characterize functional
brain alterations of prenatal origin.

e Raw functional network features of neonates with IUGR presented increased values
when compared with controls, suggesting hyper-connectivity in their functional brain
organization.

e |UGR showed a sub-optimal pattern of functional organization characterized by
significantly reduced normalized network features when assessing its pure
organizational components.

e There was a pattern of alterations in the regional features of the functional brain
networks of neonates with IUGR.

¢ Network features were associated with altered neurobehavior.

Supplementary results

Brain networks of structural MRI in neonates with IUGR

e Structural brain network features weighted by fiber density were increased in neonates

who suffered IUGR.

In summary, resting-state functional brain networks of neonatal IUGR showed a pattern of
increased co-activation and synchronization of brain regions with a sub-optimal
organization. This functional reorganization is partially supported by a structural

reorganization at the same age.




'sauniea} paiydiam Adosjosiue
|euolloedy pazijedauas ‘y49 ‘sainiea) paiydiom Jaquunu Jaqly ‘N4 ‘sadnieay paiydiam Alsuap Jaqly ‘g4 ‘seauniesy paiydiam Adoujosiue
|euoljoel) ‘y4 ‘sauniea) palydiam ALsuap J4omiau ‘susq :SUOIIeIARIqQY "PalusaId S}Nsad Yy} ||e 4o Alewwns 3|qisuayaidwo) *g a4n3i4

‘(0T°0>d) sapuapua) sazediput I ajiym ‘sainjes) Jueas|al ul (o o>d) synsas yueduiugis Ajjeaiisizeys sajeaipul .

SUMMARY OF RESULTS | 137

SHJOMIDN [BANIONIIS

SHI0M1aN [eUOIIOUNS

uoileziueSio pazijewion

{s=puanIye mel)

uoneziuesio pajysiap

(sm1ouainigae Aeulg) {y1Buans pue Aysuap yiomiau)

uoneziuesio Aeulg

alnjonalseijul

IONID53100%-34d

A10-4¥IA-INO

TYLYNOIN







8. GENERAL DISCUSSION
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The characterization of brain changes underlying IUGR risk of having neurodevelopmental
problems is a main challenge in modern fetal and pediatric medicine. A better understanding
of the pathophysiology of this condition is essential to start developing early biomarkers to
detect the infants at high risk of having altered neurodevelopmental problems. Importantly,
it has been shown that an early individualized intervention significantly improves IUGR
neurobehavioral performance at short- and mid-term (Als et al., 2012; McAnulty et al.,
2013). However, given the high prevalence of IUGR and the economic cost of individualized
care units, selecting those IUGR infants with a higher risk is essential to appropriately advise

parents and optimally use clinical resources.

There is an increasing agreement that brain network features are appropriate to characterize
brain organization (Bassett and Bullmore, 2009). Hence, this kind of features has a high
potential to be used as image biomarkers for the early detection of a variety of pathologies,
including those of perinatal origin. However, the relationships between structural and
functional network features are still not clear, and even the different ways of weighting
structural brain networks and its implications are still in dispute (Griffa et al., 2013). It is our
opinion that different brain networks are capturing complementary aspects of brain
organization. Broadly, functional brain networks seem to capture patterns of co-activation
of different regions of the brain, directly related to the functional infrastructure necessary
to maintain the basic functions of consciousness and cognition (Deco et al., 2010). It is
straightforward to see structural brain networks as the underlying infrastructure that allows
different layers of communication between different areas of the brain. Intuitively,
weighting these connections as a function of their number of fibers or their fiber density
seems to be capturing the biological absolute and relative size of WM tracts, while weighting
their FA or GFA is associated to the level of myelination and the integrity of those

connections.

8.1. Global brain network features

One of the main aims of the present PhD Thesis was to characterize the re-organization in

structural and functional brain network features produced by IUGR since neonatal age up to
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pre-adolescence in a systematic way, using complementary techniques that give information
about different aspects of brain organization and infrastructure. The results suggest that
brain reorganization produced by IUGR is characterized at neonatal age by an increase in FD-
weighted structural brain network infrastructure together with a hyper-connectivity of
functional brain network, but a sub-optimal functional organization. During early infancy
(one year of age), the results suggest that both structural and functional brain network
infrastructure appears reduced in IUGR, and that there is a mild compensatory effect that
slightly optimizes FA-weighted structural organization. The effects of IUGR observed in one-
year-old infants are partially confirmed by a long-term rabbit model of this condition, at least
at a structural level, suggesting that the reorganization observed at one year of age persist
at pre-adolescence, although in this case being characterized by a reduced infrastructure
and a compensatory effect when assessing the pure organizational components of the

normalized networks.

Overall, the pattern of brain network reorganization assessed at three different stages of
IUGR condition obtained in the presented studies is very specific and postulate IUGR
condition as a possible brain-network disorder. Particularly intriguing is the evolution
observed from neonatal age to early infancy. The evidence obtained suggest that during this
short period, both functional and structural brain networks of IUGR subjects evolve from
having an increased infrastructure to be reduced when compared with controls. We must
note however, that the increased infrastructure in structural brain networks at neonatal age
was found in FD-weighted measures while at early infancy the strongest findings where in
FA-weighted measures. Increased infrastructure revealed by FD-weighted measure in
neonatal period could be related with changes in type and number of connections, since
proportion of short and long-range association fibers change during brain maturation
(Huang and Vasung, 2014). On the other hand, changes in FA-weighted measures later in life
could be more related with an alteration of tract’s integrity and myelination process, a
process that has its peak during first year of life (Tau and Peterson, 2010).

Regarding functional brain networks, the increased infrastructure and sub-optimal

organization at neonatal age seems to be partially mitigated at one year of age. We
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hypothesize that adverse fetal environment associated with IUGR produce a re-organization
of brain connectivity, especially affecting functional organization. This brain re-organization
was strongly observed in perinatal periods, but later in life, the absence of an adverse
environment could be alleviating some of the changes observed. In the same line, although
having a less connected brain network (decreased network density and binary global
efficiency), GFA- and FD-weighted efficiencies were not found significantly decreased in the
IUGR long-term animal model (PROJECT 3). One possible explanation could be related with
changes in postnatal brain maturation after IUGR. Previous studies have reported that there
is @ compensation in the long-term myelination and WM volume in a guinea pig model of
IUGR (Tolcos et al., 2011). In this line, previous studies assessing WM alterations in a rabbit
animal model of IUGR using voxel based analysis have reported a less prominent pattern of
alterations in pre-adolescence age (llla et al., 2013) than in neonatal age (Eixarch et al.,
2012). Notwithstanding, the results suggest that part of the brain re-organization produced
by IUGR persist after perinatal period. Some of the persisting changes observed with brain
network features, could be crucial in order to discriminate the IUGR infants with a higher
risk of having an abnormal neurodevelopment later in life. Nevertheless, finding alterations
in the brain network features associated to an abnormal condition is by itself relevant for
the characterization of its pathophysiology. In the case of IUGR, the results suggest that
there is a complex pattern of brain reorganization in both the structural and the functional
substrate since neonatal age through pre-adolescence. This significantly improves the
knowledge of this condition, serving as a potential physiological basis for the
neurobehavioral alterations reported in these infants (Figueras et al., 2009). Note that given
the heterogeneity of the etiology and progression of this condition, big samples are needed
to find differences in neonatal neurobehavior, being even more crucial to find individualized
biomarkers of the long-term prognosis of infants with IUGR in order to be able to clinically
intervene. In this line, the association found between the functional network features at
neonatal age and NBAS is especially relevant, significantly improving the capacity of
association obtained with basic clinical features. Prospective studies associating later

neurodevelopmental outputs with neonatal network features would help to find the most
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sensible network features that will allow predicting altered neurodevelopment. However,
we are confident that combination of multi-modal features of brain networks will
significantly improve the assessment of the risk of neurodevelopmental problems of
prenatal origin since an early age, being its translation to the clinical practice in the mid-term

horizon.

While the studies presented in this Ph.D. Thesis show for the first time the brain connectivity
reorganization produced by IUGR, and the potential of brain network models to be used as
early image biomarkers, in order to have an application into the clinical practice these results
should be confirmed by other studies. Although logistically very challenging, especially
interesting would be the longitudinal analysis of brain reorganization produced by IUGR from
neonatal age to pre-adolescence following a population. However, currently there is only
another study in the literature analyzing brain reorganization in IUGR (Fischi-Gomez et al.,
2014). This study demonstrate reduced network features of a six-year-old group of infants
with IUGR with a combination of FD- and FA-weighted measures, supporting the notion of a
reduced structural brain network infrastructure of IUGR during infancy suggested by the

results obtained in PROJECT 1 and PROJECT 3.

After further comparison with the body of literature available, we note a unique pattern of
alterationsin IUGR brain networks. IUGR has been suggested to be a risk factor of developing
disorders such as attention deficit hyperactive disorder (ADHD) (Heinonen et al., 2010;
Linnet et al., 2006), autism spectrum disorders (ASD) (Gardener et al., 2011; Moore et al.,
2012) and schizophrenia (Nielsen et al., 2013). Although there are some contradictory
reports, generally ASD has been characterized by having functional hyper-connectivity of
salience and default mode network (Menon, 2013). However, whole-brain RSN have been
reported to show reduced raw local efficiency but increased global efficiency after cost-
correction (Rudie et al., 2012). In adult schizophrenia patients, reduced global and local
efficiency after cost-correction of RSN has been reported (Liu et al.,, 2008), but also
decreased average functional connectivity (Lynall et al., 2010). RSN of children with ADHD
have been reported to have increased local efficiency for several costs, although raw

weighted measures have not been described (Wang et al., 2009). Concerning structural brain




GENERAL DISCUSSION | 145

network features, studies in pediatric clinical populations are scarce in the literature, but a
pattern of increasing global efficiency and decreasing clustering coefficients with increasing
age from 2 to 18 years of age has been described (Hagmann et al., 2010). However, similar
global efficiency values but age-increased local efficiencies were observed during the first
years of live in neonates, one-year-old and two-year-old infants (Yap et al., 2011). The
specific connectivity fingerprint trajectories that could underlie the increased prevalence of
IUGR subjects developing disorders of neural development are still not clear, and will be the
likely focus of future prospective studies. We hypothesize that some of the links of IUGR with
neurodevelopmental disorders could be partially associated with dysfunctions in some

specific regional sub-networks produced by brain reorganization.

The results obtained in PROJECT 2, deserve a special mention, as their comparability with
the other studies here presented is not clear. In this study, we used a novel technique to
obtain brain networks based on GM morphology similarity for the first time in a pediatric
population. Although no statistically significant differences were found in weighted features,
late-onset IUGR showed several differences when compared with controls when binarizing
the weighted networks for the whole range of network cost, and these differences were
confirmed by the integration of the values along the entire cost regime. We noted insistently
in this study that the evidence available is not enough to state that there is an actual
underlying brain circuitry explaining the connections obtained with this methodology. We
could consider that part of the network reorganization found is related to some aspects of
the underlying structural brain networks of the infants assessed, but also could be just simply
be reflecting a different organization of GM morphology, independently of their connectivity
properties. In fact, the results showed a sub-optimal organization of the networks obtained
in IUGR infants, which paradoxically could be associated to a decreased infrastructure of
their structural networks as shown in PROJECT 1, more than to a sub-optimal organization
of the underlying networks, as it is suggested by the normalized brain networks presented
in Supplementary Results (I). As stated previously, the main interest of the methodology
presented in PROJECT 2 is to take advantage of graph theory features to assess GM

morphology, which could be a useful resource to identify pathological alterations in brain
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tissue characteristics in a broad spectrum of conditions of perinatal origin. However, the
association of GM morphology reshaping with structural and functional brain connectivity

reorganization is an issue that deserves further study.

8.2. Regional brain network features

Analysis of regional brain network features allowed extracting information of the
topological changes on each region and its associated network. The analysis of structural
brain networks at one year of age in IUGR (PROJECT 1) rendered regional alterations
following a diffuse pattern along the whole brain, which included multiple areas as frontal,
temporal, parietal and occipital lobes, sub cortical GM nuclei, insular cortex and cerebellum.
Frontal and temporal areas showed changes in all regional features, although alterations in
frontal areas were found mainly in FN-weighted nodal efficiency. Frontal and temporal
areas are involved in the regulation of functions previously reported to be abnormal in IUGR
children, including short-term memory (Geva et al., 2006a), learning abilities (Geva et al.,
2006b), attention (Heinonen et al., 2010) and social skills (Eixarch et al., 2008). Fronto-
temporal areas have also been related with ADHD (Kobel et al., 2010), which is present in
higher proportion in children who suffered IUGR (Heinonen et al., 2010). Parietal areas
showed differences mainly in nodal degree and FA-weighted nodal efficiency. These
findings are consistent with the poorer performance in BSID-IIl motor domain observed in
IUGR children. Previous studies have linked worst motor performance with reduced GM in
parietal areas of IUGR (Padilla et al., 2011). Occipital areas were altered mainly on FA-
weighted nodal efficiency, but also on nodal degree in a less spread pattern. This result is
consistent with previous findings where parieto-occipital and inferior occipital regional
vulnerability to IUGR has been demonstrated (Thompson et al., 2007). Some sub cortical
GM nuclei including amygdala, putamen, pallidum and thalamus were also found altered,
by regional features, mainly by FN-weighted nodal efficiency. Interestingly, striatal injury
has been related to perinatal disorders, including IUGR, suggesting that it could be a risk
factor of behavioral disturbances (Toft, 1999) and specific alterations in the cortico-striato-
thalamic network have been associated with cognitive disorders, including Tourette

syndrome (Makki et al., 2009), bipolar disorder (Chen et al., 2006) and ADHD (Castellanos
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et al., 1994; Faraone and Biederman, 1998). Finally, cerebellum alterations in nodal degree
and weighted nodal efficiency were found. These findings are in line with previously
described decreases in cerebellar WM in IUGR infants (Padilla et al., 2011) and with

alterations in cerebellar neuron population in animal models of IUGR (Mallard et al., 2000).

Interestingly, the analysis of altered regional network features based on GM morphology
similarities (PROJECT 2), rendered differences consistent with some of the regional
alterations found with structural network features based on diffusion MRI at the same age
in PROJECT 1. This is the case of lingual gyrus, supramarginal gyrus, angular gyrus and
vermis. As stated in the previous section, we acknowledge that the meaning of these
findings is unclear, but we speculate that these differences could reflect a subtle pattern of
alterations in cortical morphology produced by brain reorganization. This notion is in line
with previous studies demonstrating structural differences in early and late-onset IUGR.
Studies in preterm neonates have reported a decreased volume in cortical GM (Tolsa et al.,
2004) and hippocampus (Lodygensky et al., 2008), and major delays in cortical development
with discordant patterns of gyrification and a pronounced reduction in cortical expansion
(Dubois et al., 2008). Persistence of structural changes at one year of age in IUGR babies has
been reported, which demonstrate reduced volumes of GM in the temporal, parietal,
frontal and insular regions (Padilla et al., 2011) and decreases in the fractal dimension of
both gray and white matter, which correlate with specific neurodevelopmental difficulties
in a similar population (Esteban et al., 2010). Note that the importance of the relationship
between the network features obtained by individual GM similarity-based networks and
fractal dimension has been previously suggested as there is a resemblance in both
methodologies (Tijms et al., 2012). Recently published data has also demonstrated a
reduced global cortical surface and volume as well as regional changes in cortical thickness,
especially in the frontal region, in children after late-onset IUGR (De Bie et al., 2011) such
that these regional changes are also present in the adolescent population (Martinussen et
al., 2005). In summary, a pattern of regional network features altered in IUGR long-term
animal model were identified, some of them being specifically associated with abnormal

neurobehavior. Noteworthy, alterations in network features of cerebellum stand out as the
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more strongly associated with IUGR condition, and septal nuclei, insular cortex and

thalamus with poor performance in neurobehavioral tests.

Concerning regional differences found in structural brain networks of long-term animal
model (PROJECT 3), only vermis features withstood a FDR correction at 5%, while only
features of cerebellar hemispheres and piriform cortex withstood a FDR correction at 10%.
Particularly, degree and normalized GFA-weighted strength of vermis were significantly
reduced in IUGR, and nodal efficiency of both raw and normalized FD-weighted vermis were
significantly increased in [IUGR. We could interpret that IUGR subjects at long-term have a
vermis with reduced neighborhood but with a stronger connectivity (higher clustering). This
would support the hypothesis of a compensatory effect in these subjects and goes in line
with the results obtained on global network features. Interestingly, alterations in
cerebellum and vermis connectivity in infants are in line with the results previously obtained
in infants with IUGR at one year of age (PROJECT 1 and PROJECT 2), as well as reduced WM
volumes in cerebellar areas in short- (Padilla et al., 2011) and long-term follow-up studies
(De Bie et al., 2011; Martinussen et al., 2009), postulating cerebellar area as a key region in
IUGR brain reorganization. Interestingly, cerebellar areas are implicated in motor learning,
memory, cognition and behavior (Baillieux et al., 2008), and have been reported to increase
their volume in infants with IUGR after intervention by means of individualized intensive
care nursery associated with an improvement in executive function (McAnulty et al., 2013).
Considering other animal models of IUGR, in guinea pig it also has been reported a
reduction in cerebellar WM volume (Tolcos et al., 2011), and a reduction in Purkinje
neuronal population (Mallard et al., 2000). However, we must note that in previous voxel-
based analysis studies in IUGR rabbit model (Eixarch et al., 2012; llla et al., 2013) we only
observed mild differences in cerebellar areas. We hypothesize that this could be partially
explained by stronger alterations in the sub-network associated to cerebellum (described
by network features), than in the structure of cerebellum by itself. Another factor that could
explain this discrepancy can be the technical characteristics of voxel-based analysis
technique, especially in cerebellar areas, where the limited resolution is especially critical

for cerebellar WM. Beside those associated with cerebellar areas, other regional features
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were also significantly different in IUGR, although only normalized FD-weighted efficiency
of right piriform cortex withstood a 10% FDR correction. It seems interesting that regional
features of normalized networks were found significantly increased in I[UGR mainly in
specific basal and deep gray matter areas, such as amygdala, hippocampus, thalamus,
medulla oblongata, and some of the cortical areas controlling essential functions for the
rabbit, as is the case of piriform cortex, which has been strongly associated to the smelling
processing (Kadohisa and Wilson, 2006). One possible interpretation of these results could
be that a compensatory reorganization in IUGR brain might occur preferentially in brain
areas regulating function with critical importance in survival, such as memory, attention or
smelling processing. Considering other features that did not withstood FDR correction, we
must note that the regional features altered in IUGR were coherent with the global results
obtained, mainly showing reduced values in binary and raw GFA-weighted measures
(especially in degree/strength) and increased values in normalized measures (especially in
efficiency). Interestingly, changes in regional features of raw networks were manly
identified in brain regions located in the right hemisphere of the brain, suggesting a certain
asymmetry in the reorganization associated with IUGR. Reports on asymmetrical brain
alterations produced by IUGR are scarce in the literature, and further long-term studies in
humans would be required to confirm this effect and discard that is exclusive to animal

models.

Concerning functional brain networks at neonatal age (PROJECT 4), it is worthwhile to note
that although partial correlation networks and temporal dynamics yield to same global
functioning conclusions (IUGR has a hyper-connected, hyper-synchronized brain but with a
sub-optimal organization), the regional results obtained by each of these techniques
showed different altered regions, suggesting that they assess complementary features of
brain organization, although both highlighted the role of frontal areas. Particularly, analysis
of temporal dynamics allowed to obtain a reduced set of regions altered, comprised by
frontal, cingulate and lingual cortices. In agreement with these results, several frontal
regions with altered structural brain network features have been also found at one year of

age (PROJECT 1), while evidence of alterations in frontal-posterior networks in ASD has
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been reported in several studies (Maximo et al., 2014). Interestingly, altered nodal
efficiency of left lingual gyrus has been specifically reported in structural brain networks of
IUGR (PROJECT 1 and PROJECT 2) and has also been shown to be decreased in RSN of ADHD
patients (Wang et al., 2009). Concerning cingulate cortical areas, FA measures of this area
have been strongly associated with altered neurobehavioral performance in a long-term
rabbit model of IUGR (llla et al., 2013). In addition, functional alterations of cingulate areas
have been reported in different studies of ASD (Maximo et al., 2014), schizophrenia (Lynall
et al., 2010) and ADHD (De La Fuente et al., 2013).

8.3. Association with altered neurobehavior and neurodevelopment

An association between IUGR and long-term neurodevelopmental and cognitive
dysfunctions has been previously demonstrated (Bassan et al.,, 2011; Feldman and
Eidelman, 2006; Geva et al., 2006a; Geva et al., 2006b; Leitner et al., 2007; McCarton et al.,
1996; Scherjon et al., 1993) as was the case with studies focusing on late-onset cases
(Bassan et al., 2011; Eixarch et al., 2008; Figueras et al., 2009; McCowan et al., 2002). In
order to develop image biomarkers to find the population with a higher risk of having an
altered neurodevelopment, the general association of brain network features with
functional behavioral or developmental outcomes is a key point to demonstrate its

potential.

The results of PROJECT 1 provide evidence that graph theory features of structural brain
networks at one year of age carry relevant individual information related with adverse
neurodevelopment measured one year later by BSID-III. Specifically, we demonstrated that
global network connectivity features were associated to abnormal neurodevelopment. In
addition, in this population we were able to test a simple machine learning approach that
demonstrated the high potential of structural network features at one year of age to predict
those infants with a higher risk of altered neurodevelopment. Particularly, regional
connectivity features allowed to blindly classify abnormal neurodevelopment in IUGR with

an accuracy of 82.4%.
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The results of PROJECT 2 also demonstrated that network features of brain networks
extracted from GM standard T1-weighted acquisitions at one--year of age are related with
neurodevelopment later in life. In this study, the combination of clinical data with global
features was associated with the number of abnormal Bayley’s scales, giving additional
information about the severity of the neurodevelopmental delay. In our opinion, it is highly
relevant that the network features extracted with the present methodology are related
with neurodevelopmental outcome in IUGR children, suggesting the potential of this
methodology to generate biomarkers able to detect altered neurodevelopment. This is
especially relevant to clinical practice, as the early detection of abnormal
neurodevelopment would open a window of opportunity to apply interventional strategies
based in simple T1 acquisitions. However, we must note that the predictive power of this
technique was not so powerful compared with features obtained from diffusion MRI
structural brain networks, which allowed blind classification based on a machine learning

approach.

Concerning the long-term animal model of IUGR (PROJECT 3), we should highlight regional
associations as those of cingulate cortex network features, which were correlated with
OFBT performance. This is in line with previous results in a similar sample of IUGR rabbit
model, where FA changes in the cingulate cortex were found to be correlated to a series of
neurobehavioral domains, especially those of OFBT (llla et al., 2013). Note that cingulate
cortex has been strongly associated with anxiety processes (Kim and Whalen, 2009), which
is thought to have an important role on the behavioral response in OFBT. In addition,
cingulate cortex volumetric differences in humans (Emond et al., 2009; Spampinato et al.,
2009) as well as histological changes in rodents (Miller et al., 2012) have been associated
with traits of attention deficit and anxiety. Concerning the specific associations with OFBT
and ORT by means of a step forward binary logistic regression, features of insular cortex
and septal nuclei were found strongly associated with OFBT and features of thalamus with
ORT. Septal nuclei participation in the regulation of anxiety and depression in experimental
models has been extensively documented (Estrada-Camarena et al., 2002), as well as insular

cortex, which has been proposed to have a key role in anxiety proneness (Paulus and Stein,
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2006). Importantly, thalamus has been previously associated to memory impairments in
animal models (Mitchell and Dalrymple-Alford, 2005) and with poor performance in object
recognition tasks in patients with schizophrenia (Heckers et al., 2000), disorder that has also

been associated to low birth weight (Nilsson et al., 2005).

Concerning the alterations found in the functional brain network features of IUGR at
neonatal age (PROJECT 4), those by itself are relevant for the characterization of its
pathophysiology, suggesting that brain reorganization previously demonstrated in the
structural substrate is also present at a functional level. This significantly improves the
knowledge of this condition, serving as a potential physiological basis for the
neurobehavioral alterations reported in these infants (Figueras et al., 2009). Note that given
the heterogeneity of the etiology and progression of this condition, big samples are needed
to find differences in neonatal neurobehavior, being even more crucial to find individualized
biomarkers of the long-term prognosis of infants with IUGR in order to be able to clinically
intervene. Therefore, the association found between the functional network features and
NBAS is especially important, significantly improving the capacity of association obtained
with basic clinical features. In addition, recent reports showing the feasibility to assess fMRI
in fetal period reinforce the potential to use functional brain networks as an early biomarker
(Thomason et al., 2013). However, albeit their potential, it is still unknown the predictive
power of these functional brain network features, and follow-up studies of this population
will be required in order to assess their capacity to determine the sub-set of the population

with IUGR with a higher risk of altered neurodevelopment.

In general, the results of this PhD Thesis are in line with previous studies relating
neurofunction with brain network features. Thus, global efficiency has been previously
demonstrated to be associated with intelligence (Li et al., 2009), and regional features of
brain networks selected by means of a learning algorithm have been related successfully to
mild cognitive impairment in studies attempting to develop early biomarkers for
Alzheimer's disease (Wee et al., 2010). The data here reported and previous studies suggest
that combining global and regional characteristics could help to improve the understanding

of neurofunctional mechanisms underlying structural connectivity. In addition, further
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studies linking structural and functional networks would be very helpful in order to better
understand the intricate link between structural and functional connectivity in the neonatal
and infant brain. Combined analysis of both substrates is warranted in future studies to
advance in the understanding of brain reorganization and its relation with altered

neurobehavior and neurodevelopment due to IUGR and other prenatal conditions.

8.4. Limitations

Some issues must be noted concerning the methodology followed. The techniques used on
a series of complex analyses, and due to their relative novelty there is a lack of 'gold
standards' in the literature. Brain parcellation in young infants and neonates is a
controversial subject and tissue segmentation in infant brains is considered a challenging
task due to the isointense developmental pattern which results in a poor differentiation
between GM and WM (Paus et al., 2001). To minimize this limitation we used high quality
T1 and T2 weighted 3-Tesla Magnetic Resonance images and to guide the segmentation we
used appropriate brain tissue probability maps and a pediatric atlas (Shi et al., 2011). In
addition, each scan was reviewed to determine if the results of the tissue segmentation

were accurate (Knickmeyer et al., 2008).

A specific limitation of PROJECT 1 is the use of DTI tractography, which reconstruction is
highly sensitive to motion artifacts during acquisition. This prevented us to analyze a
remarkable number of subjects. It is also well known that DTl is not able to encode multi-
directional diffusion information, which may lead to errors in regions with a high amount of
crossing fibers. Other techniques such as Q-Ball Imaging (Tuch, 2004) , used in PROJECT 3,
can be used to solve this issue and provide more accurate WM tractography, but need the
acquisition of an increased amount of gradient directions. Current limitations of DTI and
(with a lesser extent) Q-Ball based tractography, and the intrinsic noisy nature of MRI
acquisitions, may result in the inclusion of spurious connections in individual networks.
However, it must be noted that we did not perform an analysis directly based on edges, but
measured network topology features. This approach is robust against noise as it integrates

overall information of the individual networks, and therefore, minimizes the effect of




154 | GENERAL DISCUSSION

spurious connections. The same rationale can be applied to functional resting-state brain
networks as those obtained in PROJECT 4, in which the analysis of network topology
features is also robust to spurious connections inferred due to artificial correlations
produced by artifacts of fMRI signal, with the addition that the use of partial correlations
(instead of directly correlating the signal averaged in each region), also reduce possible
sources of bias, extracting residual motion artifacts and other signal distortions that affect

the whole brain.

How the connectivity between regions must be quantified is also an issue to be addressed.
Binarization of the obtained network implies a loss of information of the connectivity
pattern, and some authors propose different measures to quantify structural connections
based on diffusion MRI as the number of fiber bundles, density of fibers or average
measures of diffusion along the tract (Hagmann et al., 2007; Li et al., 2009; Wee et al., 2010).
However, how the weight of a connection must be quantified, and its correlation with the
anatomical substrate in which transfer of neural signals yields is still an open question (Li et
al., 2009; Shu et al., 2009). It must be noted that average degree, and therefore the network
cost, were non-significantly different between groups in the unthresholded networks,
which supports that similar network density of WM connections were calculated
throughout all the population, minimizing the chances of differences in network cost

causing some of the observed differences.

Concerning PROJECT 2, it is important to note that by its design, the methodology presented
does not discriminate between GM to CSF or GM to WM boundaries, thus a connection
could be considered between two cubes that have similar GM pattern without taking into
account if they are adjacent to WM or CSF. However, it must be stressed that, even if the
area occupied by WM and/or CSF in a pair of cubes is identical, a connection will not be
established if GM pattern between the two cubes is different. Another key issue that can
be considered a limitation of PROJECT 2 is the possible resemblance (or not) of the networks
obtained with actual underlying brain circuitry. Some hints on the validity of the networks
obtained have been shown in the original article presenting the theoretical base of this

methodology (Tijms et al., 2012), comparing the individual networks obtained to resting
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state and conventional GM morphology inter-subject correlation networks. In addition, in
the present study some correlations of the network features obtained with a reduced
sample of 10 subjects with diffusion MRI based networks has also been shown. However,
the evidence available is not enough to state that there is an actual underlying brain
circuitry explaining the connections obtained with the present methodology. Further
studies are necessary to compare the individual networks obtained with morphology
similarities to those networks obtained from standard diffusion and/or functional MRI in
larger samples to clarify this issue. This is an extremely important remark when interpreting
the results obtained, but is not so relevant from the point of view of purely developing
neurological outcome biomarkers. Being able to show differences in the network features
obtained between controls and cases may not directly indicate a different topology of brain
circuitry, but may instead be showing subtle differences in cortical patterns that may not
be detected by other less sensitive techniques. We can only hypothesize that the
differences found can be partially explained by differences in brain connectivity that
modulate cortical morphology (Gong et al., 2011; Van Essen, 1997), but also by differences
in cortical structure produced by other reasons, such as changes in the distribution and/or
density of neuronal bodies as occurs in animal models of chronic hypoxia (Fagel et al., 2006).
In any case, in the sense used in the present paper, networks represent the similarities
between regions of the brain (nodes) giving the weight of this similarity to the links
connecting them. Whether these links, or what is the same, the morphological similarity
between regions of the brain, describe or not an underlying circuitry is certainly unknown.
However, to our understanding, the relevance of the technique and results here presented
lies on the fact that differences in a pathological group have been demonstrated with this
methodology and, importantly, a correlation between the features of the extracted
networks from a simple T1 acquisition with the neurodevelopmental tests performed one
year later has been found. This data show the potential of the proposed methodology to
find image biomarkers in a different set of pathologies, but especially in pediatric
population, independently of whether or not the networks obtained with the presented

methodology correspond with true underlying brain circuitries.
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With respect to the specific limitations of PROJECT 3, although the study of brain networks
in animal models has been seminal to the field (Sporns et al., 2005), brain networks
obtained from diffusion MRI in small animals are scarce. To the best of our knowledge, this
is the second study of this kind in small mammals (lturria-Medina et al., 2011), and the first
showing brain networks in rabbits. This animal model has some specific methodological
difficulties that had to be overcome. The recent successful development of an MRI atlas for
the rabbit brain (Mufioz-Moreno et al., 2013), allowed to automatically segment and
analyze brain networks from this model. It is common in human studies to confine
deterministic tractography only to WM tissue. However, due to the difficulty of properly
defining a WM mask in rabbits, the deterministic tractography was computed for the whole
brain. This could create some redundant fibers, and increase tractography noise, but it was
partially overcome by the use of a high angular resolution diffusion MRI acquisition, and the
use of graph theory, particularly weighted measures, to analyze the results obtained. This
limitation also ramifies in the calculation of FD-weighted networks. Instead of the
formulation proposed by Hagman et al. (2008) to calculate FD between two regions (using
the surface of the WM-GM interface of the regions involved in a given link in the
denominator), we modified this formula introducing the volume of each region instead of
the surface of the WM-GM interface. Finally, we acknowledge that the relatively reduced
sample size used might be reducing the statistical power of the comparisons between cases
and controls, preventing to generalize some of the findings obtained, especially concerning

regional characteristics that did not withstand a FDR correction.

Concerning functional brain networks (PROJECT 4), it is important to note that MRI
acquisition was performed during natural sleep. Previous reports have associated deepness
of sleep with functional connectivity (Horovitz et al., 2009; Larson-Prior et al., 2009);
however, although the effects of sedation and sleep in functional connectivity are not fully
understood, significant differences have not been found between sedated and non-
sedated infants using ICA and seed-based correlation approaches (Doria et al., 2010;
Fransson et al., 2011; Fransson et al., 2009). Importantly, neonatal sleep has been suggested

to be mainly in active sleep (Biagioni et al., 2005), minimizing the possibility that different
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sleep deepness could be partially explaining some of the results obtained, being also
mitigated by the case-control design of the study. Regarding the comparability of the results
obtained, only a previous study assessed whole-brain networks in a neonatal population
(Fransson et al.,, 2011), however, it was performed voxel-wise in a normalized space,
obtaining very large networks (4966-by-4966 elements). Albeit the use of voxel-wise
networks have some advantages, constraining the networks obtained to an anatomical
brain atlas allows a more comprehensible and manageable comparison among studies,
especially given the broad use of AAL atlas in the literature. However, regional parcellation
of the neonatal brain is also an especially critical issue and could be a source of bias. This
was alleviated by the use of T2-weighted anatomical volumes which improve WM contrast
in neonatal acquisitions (Williams et al., 2005), and by the use of a specific neonatal atlas

(Shi et al., 2011).

8.5. Concluding remarks and future work

The use of brain network models based in MRI is an emerging technique that is suitable for
the assessment of brain reorganization in IUGR neonates and infants by means of global
and regional graph theory based network features, which are related to different levels of
organizational complexity. We assessed different modalities of MRI to find different aspects
of IUGR physiopathology and their association with altered neurodevelopment measured
by NBAS and BSID-IlI, finding potential biomarkers for early detection of high risk of altered
neurodevelopment. In addition, these techniques have also been tested in an animal model
of IUGR, which is crucial to assess their reliability in a controlled environment and to assess
possible pharmacological therapies. Overall, the observed functional and structural
reorganization could be a potential substrate of the altered neurodevelopment described
in infants with IUGR, and together with previous findings, postulate IUGR condition as a
possible brain-network disorder. Importantly, association of network features with
neurobehavior and neurodevelopment since an early age opens the opportunity to develop
early image biomarkers of altered neurodevelopment, a clinical chance to improve the
management of a condition that affects 10% of the population. Future work will be focused

on the feasibility to predict altered neurodevelopment at late infancy and adolescence
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based on multi-modal brain networks obtained at neonatal age and the assessment of the
impact of network features trajectories across different ages in developing different

neurodevelopmental alterations.
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Project 1:

e |UGR structural brain networks show a decreased infrastructure producing a sub-
optimal raw organization at one year of age.

e Functional brain networks of IUGR at one year of age partially support the results
obtained with structural brain networks.

e Brain networks based on diffusion MRI at one year of age have a high predictive

value of altered neurodevelopment.
Project 2:

e |t is feasible to use network models to analyze GM morphology in a pediatric
population.
o |UGR showed alterations in GM morphology networks and there was an association

with altered neurodevelopment.
Project 3:

e Structural brain networks of the rabbit model of IUGR showed long-term
reorganization in [UGR brain.

e This reorganization is characterized by a decreased infrastructure and a
compensatory effect at pure organizational level, and is associated with

neurobehavioral scores.
Project 4:

e Resting-state functional brain networks of neonatal IUGR showed a pattern of
increased co-activation and synchronization of brain regions together with a sub-
optimal organization.

e Features of structural brain networks partially supported the results obtained with
functional brain networks.

e Functional brain network features were associated to neurobehavioral alterations.
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Our main conclusion is that IUGR condition produces structural and functional brain
reorganization since early life that persists postnatally up to pre-adolescence. We
hypothesize that the observed functional and structural reorganization could be a potential
substrate of high risk of altered neurodevelopment in infants with IUGR, and postulate this
condition as a possible brain network disorder. Importantly, the association of network
features with neurobehavior and neurodevelopment since an early age opens the
opportunity to further develop early image biomarkers of altered neurodevelopment, a
clinical chance to improve the management of a condition that affects up to 10% of

deliveries.
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12.1. Introduccio

12.1.1. Restriccid de creixement intrauteri

La restriccié de creixement intrauteri (RCIU) deguda a insuficiencia placentaria afecta entre
el 5iel 10% de tots els embarassos i és una de les principals causes de morbiditat i mortalitat
fetal (Jarvis et al., 2003; Kady and Gardosi, 2004). En concret, la reduccié del flux sanguini
placentari resulta en una exposicio sostinguda a hipoxémia i malnutricié (Baschat, 2004)
que té conseqliéncies severes en el cervell en desenvolupament (Rees et al., 2011). Un
nombre substancial d’estudis ha descrit associacions entre RCIU i problemes cognitius i del
neurodesenvolupament en periode neonatal (Bassan et al., 2011; Figueras et al., 2009),
infancia (Bassan et al., 2011; Eixarch et al., 2008; Feldman and Eidelman, 2006; Geva et al.,
2006a; Geva et al., 2006b; Leitner et al., 2007; McCarton et al., 1996; Scherjon et al., 2000),
i etapa adulta (Lghaugen et al., 2013). Per aquest motiu, la caracteritzacié de les alteracions
cerebrals subjacents a aquests problemes de neurodesenvolupament representa un dels
principals reptes de la medicina fetal i pediatrica moderna ja que és la base per a poder
desenvolupar biomarcadors d’imatge per a la identificacié de la poblacié amb risc elevat de

tenir problemes de neurodesenvolupament (Ment et al., 2009).

12.1.2. Imatge per ressonancia magnetica

Aquesta necessitat d’obtenir biomarcadors precocos s’ha vist acompanyada per I'evolucid
dels biomarcadors basats en imatge, i I'avang radical de les técniques d’imatge per
ressonancia magnética (MRI). La MRI és una tecnica no invasiva que permet estudiar les
propietats i estructures dels teixits del cos huma sota un fort camp magneétic, basant-se en
la seva resposta a polsds de radiofreqliencia. Les técniques tipicament emprades en la
practica clinica permeten una reconstruccié anatomica detallada de diferents teixits,
especialment sensible als que formen el cervell, com la matéria blanca i la materia grisa.
Aix0 ha permes que en els Ultims anys aquesta técnica es converteixi en una de les eines

més emprades per millorar el coneixement cientific de I'estructura i la funcid del cervell.
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Pero0 més enlla de les tecniques classiques utilitzades per obtenir reconstruccions
anatomiques detallades del teixit cerebral, altres subtécniques de MRI s’han desenvolupat,
permetent obtenir informacid complementaria de I'estructura i la funcié del cervell.
D’aquestes destaquen en especial la ressonancia magneética per difusio (diffusion MRI) i la
ressonancia magnetica funcional (fMRI). Per una banda, la diffusion MRI, basant-se en la
difusié de I'aigua en cada punt del cervell, i en que aquesta difusid esta restringida per les
caracteristiques del teixit, en especial per la matéria blanca mielinitzada, permet obtenir
una reconstruccio dels tractes de matéria blanca que formen el cervell, en el que es coneix
com a tractografia. Diferents técniques son emprades amb I'objectiu de modelar la difusié
de I'aigua en cada punt (voxel) del cervell, essent la imatge de tensor de difusié (DTI) la més
utilitzada. Tot i aix0, la DTI presenta algunes limitacions técniques que sén superades per
altres tipus de model més avancats com sén la Q-Ball imaging (Tuch, 2004), que a diferéncia
de la DTl permet la caracteritzacié de fibres de materia blanca que creuen pel mateix punt
al cervell i ofereixen una resolucié angular molt superior. Perd independentment de la
tecnica emprada, la ressonancia magnetica per difusid i les tractografies obtingudes amb
aquesta eina, sén especialment rellevants ja que la informacié que aporten sobre
I'organitzacié dels tractes de matéria blanca, unida amb informacié anatomica que permet
identificar diferents regions del cervell, fa possible modelar el cervell com una xarxa de
comunicacions que descriu com cadascuna de les regions del cervell esta connectada de
manera estructural amb la resta de regions. Per altra banda, la fMRI/ utilitza models
estadistics per caracteritzar canvis en la magnetitzacié que permeten diferenciar teixits amb
un alt o un baix nivell d’oxigen. En especial, la fMRI permet obtenir un senyal anomenat
blood-oxygen-level dependent (BOLD) en diversos instants de temps, permetent veure
I’evolucié de I'oxigenacid-desoxigenacid dels teixits en cada punt del cervell, tipicament
durant diversos minuts. La rellevancia de la técnica és que aquesta oxigenacio-
desoxigenacié del teixit que permet veure el senyal BOLD esta associada amb I'activitat
neuronal (Logothetis et al., 2001). Diferents estudis basats en fMRI han proliferat en els
ultims anys, utilitzant diverses técniques per modelar i avaluar I’activitat cerebral de manera

individual i grupal. De les técniques desenvolupades destaca la utilitzacid de contrastos
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basats en dissenys de blocs d’estimuls, que permeten comparar I'activitat basal respecte
I'activitat sota un estimul determinat. No obstant, mitjangant I'analisi detallat de I’activitat
basal, és a dir, amb el cervell en repos, s’ha demostrat que existeixen fluctuacions a baixa
freqliéncia amb un alt nivell de correlacid temporal, fortament associades amb la
connectivitat funcional subjacent del cervell (Biswal et al., 1995). Estudis posteriors
d’aquesta activitat del cervell en repos mitjangant analisis de components independents
(ICA) demostraren una anticorrelacié espacial molt diferenciada entre diferents arees del
cervell, suggerint I'existéncia de xarxes funcionals actives en el cervell en repos, incloent la
rellevant default mode network (Fox et al., 2005). En els ultims anys, aquestes fluctuacions
de baixa freqiiencia s’han utilitzat també per modelar la xarxa funcional del cervell en repos
de manera exhaustiva, mitjancant I'analisi de les correlacions de el senyal BOLD de
cadascuna de les regions del cervell amb la resta (Salvador et al., 2005), permetent obtenir
xarxes funcionals comparables a les xarxes estructurals obtingudes amb ressonancia

magnetica per difusio.

12.1.3. Imatge per ressonancia magnetica en la restriccié de creixement

intrauteri

Amb l'avang significatiu de la MRI, les alteracions cerebrals subjacents als problemes de
neurodesenvolupament associats a la restriccié de creixement intrauteri estan comengant
a ésser dilucidades. En especial, s’ha suggerit que la restriccié del creixement esta associada
a una reorganitzacié cerebral que comenca in utero, caracteritzada per I'existencia de
patrons diferenciats de desenvolupament cortical (Egafia-Ugrinovic et al., 2013) i per
alteracions en les textures quantitatives de MRI (Sanz-Cortes et al., 2013) associades a
alteracions al neurodesenvolupament posterior. En periode neonatal, la restriccié de
creixement intrauteri s’ha associat a reduccions en el volum de materia grisa (Tolsa et al.,
2004) i de I’hipocamp (Lodygensky et al., 2008), i amb patrons discordants en la girificacio
del cortex (Dubois et al., 2008). La persisténcia de canvis estructurals a I'any de vida també
s’ha descrit, demostrant volums reduits de materia grisa en arees temporals, parietals,
frontals i insulars (Padilla et al., 2011), i amb reduccions en la dimensié fractal de la materia

grisa i en la materia blanca que correlen amb alteracions en el neurodesenvolupament
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(Esteban et al., 2010). Estudis sobre els efectes d’aquesta condicié en periodes posteriors
de la vida han demostrat canvis en els volums de diverses regions i en el gruix cortical en
nens de 4 a 7 anys d’estat (De Bie et al., 2011), reduccions en el volum cerebelar i de la
materia blanca (Martinussen et al., 2009), aixi com un escurcament del cos callds junt amb
una reduccio general de la matéria blanca en adolescents (Skranes et al., 2005). No obstant,
tot i que tots aquests estudis sén Gtils en la demostracié de diferéncies associades amb una
condicié determinada, la possibilitat d’utilitzar informacié provinent de la ressonancia
magneética per generar biomarcadors d’imatge predictius d’alteracions en el
desenvolupament és encara limitada, existint doncs la necessitat d’una millor
caracteritzacié de la reorganitzacid cerebral subjacent a problemes cognitius i del

neurodesenvolupament associats a la restriccid de creixement intrauteri.

12.1.4. Xarxes cerebrals basades en imatge per ressonancia magneética

La utilitzacié de models de xarxa cerebrals basats en ressonancia magnetica és una técnica
emergent que permet extraure informacié associada a I'organitzacié cerebral de manera no
invasiva. Basant-se en informacié anatomica i ressonancia magnética per difusio és possible
obtenir xarxes cerebrals estructurals, mentre que combinant aquesta informacié anatomica
amb ressonancia magnetica funcional és possible obtenir xarxes cerebrals funcionals. Molt
rellevant resulta també la possibilitat d’utilitzar teoria del graf per caracteritzar aquestes
xarxes cerebrals, podent caracteritzar I'organitzacié cerebral amb uns pocs parametres.
Mitjancant aquesta branca de les matematiques és possible caracteritzar diferents
caracteristiques de les xarxes estudiades, de les quals destaca la infraestructura (grau mig i
forga mitjana), la integracio (eficiéncia global) i la segregacié (eficiéncia local) (Rubinov and
Sporns, 2009). A més a més, la teoria del graf també permet I'analisi regional de diferencies
entre casos i controls mitjancant I'analisi de caracteristiques corresponents a les xarxes

regionals associades a cadascuna de les regions del cervell.

L’analisi exhaustiva de la connectivitat del cervell mitjancant xarxes estructurals i les seves
caracteristiques de teoria del graf, també s’ha anomenat amb el terme “connectomica”

(Hagmann, 2005), cadascuna de les xarxes cerebrals essent anomenades “connectomes”
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(Sporns et al., 2005). Aquesta tecnica s’ha emprat amb éxit en I'analisi de I'estructura de la
connectivitat en poblacions control (Gong et al., 2009; Hagmann et al., 2008; Iturria-Medina
et al., 2008), essent les seves propietats associades a diferents caracteristiques incloent el
geénere, la mida cerebral, la intel-ligéncia i les capacitats cognitives en I’edat avanc¢ada (Li et
al., 2009; Wen et al., 2011; Yan et al., 2010). A més a més també s’han reportat diferencies
significatives en grups patologics diversos tals com malaltia d’Alzheimer, esclerosi multiple,
esquizofrénia i ceguesa preco¢ (Wang et al., 2012; Lo et al., 2010; Wee et al., 2010; Shu et
al., 2011; Shu et al., 2009). Respecte a la utilitzacié d’aquesta técnica en grups pediatrics,
s’ha aplicat amb éxit en la caracteritzacié del desenvolupament normal del cervell huma
des del naixement fins I'ladolescencia (Yap et al., 2011; Hagmann et al., 2010), pero fins a
la publicacié dels articles associats a aquesta tesi no s’havia emprat mai en la caracteritzacio
de grups pediatrics amb condicions d’origen prenatal com la restriccié de creixement
intrauteri, justificant la realitzaci6 del PROJECTE 1 d’aquesta tesi. No obstant, la
caracteritzacid de la reorganitzacié cerebral produida per la restriccié de creixement
intrauteri a llarg termini té associades diverses dificultats, en especial la dificultat d’obtenir
una bona mostra poblacional ben caracteritzada amb unes condicions d’entorn similars. Per
aixo resulta d’especial interes la utilitzacié de models animals. En especial, un model animal
de la restriccid de creixement basat en el conill s’"ha demostrat que reprodueix les principals
caracteristiques d’aquesta condicié en humans (Bassan et al., 2000; Eixarch et al., 2009;
Eixarch et al., 2011). La utilitzacié d’aquest model presenta tota una série d’avantatges per
I’estudi de la restriccié del creixement a llarg termini, incloent la seva alta reproductibilitat
i la possibilitat d’obtenir imatges per ressonancia magneética de moltissima qualitat
mitjancant llargs temps d’adquisicié. A més a més, el recent desenvolupament d’un atles
anatomic del conill en ressonancia magnética permet el desenvolupament i I'analisi de
xarxes cerebrals en aquesta espeécie. Aixi doncs, utilitzant aquest model animal, en la
present tesi analitzem I'efecte de la restriccié de creixement intrauteri a llarg termini en la

reorganitzacio estructural de la connectivitat cerebral (PROJECTE 3).

Tot i que la utilitzacié de la ressonancia magnetica per difusio cada vegada és més habitual

en lI'entorn de recerca, el seu Us en la practica clinica és molt escas comparat amb les
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adquisicions de contrast anatomic (T1i T2). Per aix0, basat en el concepte que correlacions
de caracteristiques de la materia grisa (com volum o gruix cortical) a nivell grupal estan
associats amb la connectivitat cerebral (He et al.,, 2007), adquisicions anatomiques
convencionals han estat emprades per obtenir xarxes estructurals de grup, que han permes
una millor comprensio dels circuits cerebrals en poblacions sanes i patologiques (Bassett et
al., 2008; Fan et al., 2011; He et al., 2008). No obstant, aquest tipus de tecnica no és util per
desenvolupar biomarcadors individuals, ja que es basen en correlacions a nivell poblacional.
Tot i aix0, recentment apareixen una serie d’articles que proposen tecniques per obtenir
xarxes cerebrals estructurals a partir de correlacions de caracteristiques de materia grisa a
nivell individual, permetent doncs la utilitzaci6 de models de xarxa per l'estudi de
caracteristiques de mateéria grisa (Raj et al., 2010; Tijms et al., 2013; Tijms et al., 2012; Zhou
et al., 2011). Aquestes metodologies, pero, presenten una série de problemes que inclouen
I'obtencié d’una xarxa de mida variable per cada individu. La modificacié d’aquest tipus de
tecniques per obtenir xarxes cerebrals de mida fixa, basada en un atles anatomic motiva la
realitzacié del PROJECTE 2, en que a més a més s’avalua la possibilitat d’utilitzar aquest
tipus de tecnica per caracteritzar diferéncies produides per la restriccido de creixement
intrauteri en una poblacié d’'un any d’edat, i I'associacié d’aquestes diferéncies en les

caracteristiques de xarxa amb alteracions en el neurodesenvolupament posterior.

Finalment, diversos estudis han demostrat la possibilitat d’utilitzar la ressonancia
magnetica funcional per caracteritzar I'organitzacié cerebral normal en época neonatal,
obrint la possibilitat d’utilitzar aquesta técnica per caracteritzar la reorganitzacié cerebral
funcional produida per patologies d’origen prenatal. Aixi doncs, mitjancant técniques
estadistiques com [l'analisi de components independents, a partir de ressonancies
magneétiques funcionals de nounats en son natural, s’"ha demostrat I'existéncia de xarxes
cerebrals que es corresponen amb aquelles trobades en adults en repos, incloent
connexions similars a la default mode network (Doria et al., 2010; Fransson et al., 2009;
Fransson et al., 2007; Gad et al., 2009; Lin et al., 2008; Smyser et al., 2010). Tot i aix0, mai
s’han desenvolupat xarxes completes del cervell neonatal basades en un atles anatomic. En

la present tesi es desenvolupen per primer cop aquest tipus de xarxa en nounats, adaptant
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tecniques emprades anteriorment amb exit en adults (Zeng et al., 2012), i s’avalua la seva
capacitat per caracteritzar diferencies en |'organitzacié cerebral funcional causades per la
restriccié de creixement intrauteri i la seva associacié amb tests de neurocomportament

(PROJECTE 4).
12.2. Hipotesis i objectius

12.2.1. Hipotesis

La principal hipotesi d’aquesta tesi és que el neurodesenvolupament alterat produit per la

RCIU té un substrat en I'organitzacié estructural i funcional del cervell.
Les hipotesis especifiques son:

1. Les xarxes cerebrals estructurals obtingudes a partir de MRI de difusié permeten
caracteritzar la reorganitzacio estructural produida per la RCIU en nens d’un any, estant
aquesta associada amb alteracions al neurodesenvolupament observats en etapes
posteriors.

a. Lestecniques per obtenir xarxes cerebrals estructurals a partir de MRI de difusié
es poden adaptar a poblacions pediatriques.

b. Elsinfants amb RCIU presenten una reorganitzacio cerebral estructural que pot
ser caracteritzada mitjancant caracteristiques globals i regionals de teoria del
graf.

c. Els canvis en la connectivitat estructural a I'any de vida produits per RCIU estan
associats amb neurodesenvolupament alterat observat en etapes posteriors de

la vida.

2. Les xarxes cerebrals estructurals individuals obtingudes a partir de similitud de
caracteristiques morfologiques de materia grisa permeten demostrar diferéncies en
infants amb  RCIU, essent aquestes associades amb alteracions al

neurodesenvolupament observats en etapes posteriors.
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Les tecniques existents per obtenir xarxes estructurals individuals basades en

Q

caracteristiques morfologiques de materia grisa poden ésser adaptades a
poblacions pediatriques.

b. Aquestes técniques poden ser modificades per tal d’obtenir xarxes de mida fixa
per tots els individus, basant-se en un atles anatomic.

c. Les xarxes cerebrals obtingudes mitjancant aquesta técnica permeten
caracteritzar la reorganitzacid cerebral produida per la RCIU.

d. Els canvis en les caracteristiques de xarxa obtinguts amb aquesta técnica estan
associats amb alteracions al neurodesenvolupament observats en etapes

posteriors.

3. Les xarxes cerebrals estructurals basades en MRI de difusié permeten caracteritzar la
reorganitzacio estructural persistent a llarg termini en un model animal de conill amb
RCIU, essent aquesta reorganitzacié associada a resultats de neurocomportament en
aquest animal.

a. Lestecniques per obtenir xarxes cerebrals estructurals a partir de MRI de difusié
poden ser adaptades al cervell del conill en edat pre-adolescent.

b. Lareorganitzacié cerebral estructural produida per la RCIU a llarg termini pot ser
caracteritzada amb un model animal de conill amb RCIU.

c. Els canvis en les caracteristiques de xarxa obtinguts en edat pre-adolescent
estan associats a resultats en el neurocomportament en el model animal de

conill amb RCIU.

4. Lla reorganitzacié cerebral funcional produida per la RCIU pot ésser caracteritzada en
etapa neonatal mitjancant xarxes cerebrals funcionals obtingudes a partir
d’adquisicions de MRI funcional durant sén natural, essent aquesta reorganitzacio

funcional associada als resultats de neurocomportament obtinguts en aquests nens.
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a. Els metodes per obtenir xarxes cerebrals funcionals complertes basades en un
atles anatomic poden ser adaptats a poblacions neonatals.

b. Les caracteristiques globals i regionals de les xarxes funcionals permeten
caracteritzar la reorganitzacié cerebral funcional produida per la RCIU en
nounats.

c. Els canvis en les caracteristiques de les xarxes funcionals produits per la RCIU

poden ésser associats a resultats de neurocomportament alterats.

12.2.2. Objectius

El principal objectiu d’aquesta tesi és la caracteritzacié de la reorganitzacié cerebral
produida per la RCIU mitjancant caracteristiques de teoria del graf obtingudes a partir de

xarxes cerebrals, i la seva associacié amb alteracions del neurodesenvolupament.

Els objectius especifics sén:

1. Caracteritzar la reorganitzacié estructural en infants d’un any que sofriren RCIU, i la
seva associacié amb alteracions en el neurodesenvolupament observades als dos
anys d’edat.

a. Adaptar les tecniques de l'estat de l'art per obtenir xarxes cerebrals
estructurals en una poblacié pediatrica.

b. Caracteritzar les alteracions en les caracteristiques globals i regionals de les
xarxes estructurals obtingudes en una poblacié de nens d’un any amb RCIU.

c. Associar les caracteristiques de les xarxes estructurals obtingudes en nens
d’un any amb alteracions en el neurodesenvolupament als dos anys de vida.

2. Caracteritzar les alteracions en les xarxes estructurals basades en similitud de
caracteristiques de mateéria grisa obtingudes a partir de MRI en nens d’'un any amb
RCIU i la seva associacié amb alteracions en el neurodesenvolupament als dos anys
de vida.

a. Adaptar les técniques existents a poblacions pediatriques.
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b. Modificar les técniques existents perqué permetin obtenir xarxes amb una

d.

mida fixa per tots els individus basant-se en un atles anatomic.
Caracteritzar les diferencies en les caracteristiques globals i regionals de les
xarxes cerebrals obtingudes mitjangant aquesta técnica en una poblacié de
nens d’un any amb RCIU.

Associar les caracteristiques de xarxa obtingudes a I'any de vida amb

alteracions en el neurodesenvolupament als dos anys de vida.

3. Caracteritzar alteracions en la xarxa cerebral estructural obtinguda a partir de MRI

de difusié en un model animal de conill amb RCIU a llarg termini i associar aquestes

alteracions als resultats de neurocomportament.

a.

C.

Adaptar les técniques existents al cervell del conill en periode pre-
adolescent.

Caracteritzar les alteracions en les caracteristiques de xarxa globals i
regionals obtingudes de les xarxes cerebrals estructurals del model animal
de conill amb RCIU en edat pre-adolescent.

Associar les caracteristiques de xarxa obtingudes en el model animal de conill

amb RCIU amb alteracions en els resultats de neurocomportament.
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4. Caracteritzar la reorganitzacié funcional produida per la RCIU en periode neonatal i
associar-la a alteracions en el neurocomportament.

a. Adaptarla metodologia emprada en etapa adulta a poblacié neonatal per tal
d’obtenir xarxes cerebrals funcionals complertes de tot el cervell basades en
un atles anatomic.

b. Caracteritzar les alteracions en les caracteristiques globals i regionals de les
xarxes funcionals obtingudes en nounats amb RCIU.

c. Associar les caracteristiques de xarxa obtingudes amb alteracions en el

neurocomportament.

12.3. Resum dels articles publicats

12.3.1. PROJECTE 1: Xarxes cerebrals estructurals basades en MRI de difusio en

infants d’un any de vida amb restriccio de creixement intrauteri

Corresponent a l'article:

Altered small-world topology of structural brain networks in infants with intrauterine
growth restriction and its association with later neurodevelopmental outcome

Batalle D, Eixarch E, Figueras F, Muinoz-Moreno E, Bargallo N, llla M, Acosta-Rojas R,
Amat-Roldan |, Gratacos E

2012, Neuroimage 60, 1352-1366

Resum:

La restriccid de creixement intrauteri (RCIU) deguda a insuficiéncia placentaria afecta al 5-
10% de tots els embarassos i esta associat a un ampli espectre d’alteracions en el
neurodesenvolupament a curt i llarg termini. Aixi doncs la prediccié dels resultats de
neurodesenvolupament en subjectes amb RCIU esta entre els reptes clinics de la medicina

fetal i pediatrica moderna. En els ultims anys, diversos estudis han utilitzat tecniques
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d’imatge per ressonancia magnetica (MRI) per demostrar diferencies en I'estructura
cerebral de subjectes amb RCIU, pero la capacitat d’utilitzar MRl amb un proposit predictiu
individualitzat és molt limitada. Resultats de recerca recents suggereixen que |'accés in vivo
a la connectivitat cerebral que permet la MRI podria tenir un gran potencial per ajudar a
comprendre processos cognitius i del neurodesenvolupament. De manera especial, la
connectdmica basada en MRI és una técnica emergent que permet extraure informacié de
la MRI, podent analitzar de manera exhaustiva el mapa de connectivitat cerebral i construir
un model de graf dels circuits neuronals en el que es coneix com una xarxa cerebral. En el
present estudi hem utilitzat técniques de connectomica basada en MRI per difusié per tal
d’obtenir la xarxa cerebral estructural d’'una cohort prospectiva d’infants a un any de vida
(32 controls i 24 RCIU) i hem analitzat I’existéncia de reorganitzacié cerebral quantificable
en els circuits de materia blanca en el grup de RCIU, mitjancant mesures de teoria del graf
globals i regionals que caracteritzen les xarxes cerebrals. Basant-se en I'analisi global i
regional de la topologia d’aquestes xarxes cerebrals demostrem reorganitzacid en infants
amb RCIU a lI'any de vida. De manera especifica, els infants amb RCIU presenten una
reduccio en els seus valors ponderats per anisotropia fraccional en eficiencia global i local,
i presenten un patré d’alteracions en les caracteristiques de teoria del graf regionals. A més
a més, mitjancant una regressio logistica binomial, també demostrem que les mesures de
connectivitat estan associades amb un comportament anormal en un test de
neurodesenvolupament (Bayley Scale for Infant and Toddler Development, Third Edition)
realitzat als dos anys d’edat. Aquestes troballes demostren el potencial de la connectomica
basada en MRI de difusié i de les caracteristiques de teoria del graf de les xarxes cerebrals
obtingudes per estimar diferéncies en I'arquitectura dels circuits neuronals i desenvolupar
biomarcadors basats en imatge de risc de problemes en el neurodesenvolupament en

infants amb patologies d’origen prenatal.
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12.3.2. PROJECTE 2: Xarxes cerebrals estructurals basades en caracteristiques
morfologiques de materia grisa en infants d’un any de vida amb restriccié

de creixement intrauterina

Corresponent a I’article:

Normalization of similarity-based individual brain networks from gray matter MRI and its

association with neurodevelopment in infants with intrauterine growth restriction
Batalle D, Munoz-Moreno E, Figueras F, Bargallé N, Eixarch E, Gratacos E

2013, Neuroimage 83C, 901-911.

Resum:

L'obtencié de biomarcadors individuals per la prediccié d’alteracions neurologiques és un
repte per la medicina moderna i la neurociéncia. La connectomica basada en la ressonancia
magneética per imatge (MRI) representa una bona eina per extreure informacio de la MRI
mitjancant la integracié de la informacié obtinguda en unes poques caracteristiques que
poden ser emprades com a biomarcadors individuals de resultats neurologics. Tot i aixo,
aquesta estrategia tipicament requereix la utilitzacié de MRI per difusié o MRI funcional per
extreure xarxes cerebrals individuals, requerint llargs temps d’adquisicid i presentant una
alta sensitivitat a artefactes de moviment, problemes especialment critics quan
s’adquireixen imatges de fetus i infants. L'extraccié de xarxes individuals basades en la
similitud morfologica de la materia grisa és una nova estratégia que es beneficia del poder
d’analisi de la teoria del graf per descriure la morfologia de la matéria grisa com una xarxa
morfologica a gran escala a partir d’'una adquisicid clinica tipica, com les imatges de MRI
ponderades en T1. En el present article proposem una nova metodologia per normalitzar
aquestes xarxes morfologiques de gran escala a una xarxa cerebral de mida estandarditzada

basada en un esquema de parcel-lacié anatomica. La metodologia proposada és aplicada
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per reconstruir xarxes cerebrals individuals de 63 infants amb un any de vida, 41 amb
restriccio de creixement intrauteri (RCIU) i 22 controls, demostrant caracteristiques de
xarxa alterades en el grup amb RCIU, i la seva associaci6 amb els resultats de
neurodesenvolupament obtinguts als dos anys de vida mitjangant una regressié ordinal de
les caracteristiques de xarxa obtingudes amb un test de neurodesenvolupament (Bayley
Scale for Infant and Toddler Development, Third Edition). Tot i que cal una caracteritzacié
més profunda d’alguns aspectes de la metodologia utilitzada, aquesta es presenta com a un
bon candidat per desenvolupar biomarcadors de neurodesenvolupament alterat en

poblacié pediatrica.

12.3.3. PROJECTE 3: Xarxes cerebrals estructurals basades en MRI de difusié en
un model animal de conill amb restriccié de creixement en edat pre-

adolescent.

Corresponent a l'article:

Long-term reorganization of structural brain networks in a rabbit model of intrauterine

growth restriction
Batalle D, Munoz-Moreno E, Arbat-Plana A, Illa M, Figueras F, Eixarch E, Gratacos E

2014, Neuroimage, In Press

Resum:

La caracteritzacio dels canvis cerebrals produits per la restriccidé de creixement intrauteri
(RCIU) representa un dels principals reptes de la medicina fetal moderna i la pediatria.
Aquesta condicio afecta entre un 5 i un 10 % dels embarassos i esta associada a un ampli

espectre de problemes del neurodesenvolupament. Una millor comprensié de Ia
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reorganitzacio cerebral produida per la RCIU obriria una finestra d’oportunitat per trobar
biomarcadors d’imatge potencials que permetin identificar els infants amb un alt risc de
presentar problemes en el neurodesenvolupament i aplicar terapies adequades per millorar
els seus resultats. Les xarxes cerebrals estructurals obtingudes a partir d’imatge per
ressonancia magnética (MRI) de difusid es presenten com a una eina prometedora en
I’estudi de la reorganitzacio cerebral que podria ser usada com a biomarcadors d’alteracions
en el neurodesenvolupament. En el present estudi aquesta técnica és aplicada a un model
animal de conill amb RCIU, que presenta certs avantatges incloent un entorn controlati la
possibilitat d’obtenir MRI d’alta qualitat amb llargs temps d’adquisicié. Utilitzant el model
de difusié Q-Ball, i un atles del cervell del conill per MRI, obtenim les xarxes cerebrals
estructurals de 15 conills amb RCIU i 14 controls, a 70 dies d’edat (equivalent a la pre-
adolescencia humana). L'analisi de les caracteristiques de teoria del graf demostren una
reduccid en la infraestructura de xarxa (grau mig i forca mitja) associada amb la condicié de
RCIU i un conjunt de mesures ponderades per anisotropia fraccional generalitzada (GFA)
associades amb un neurocomportament anormal. Resulta especialment interessant que al
caracteritzar |'organitzacid de les xarxes cerebrals de manera independent a la
infraestructura individual de cada xarxa, mitjancant una estratégia de normalitzacio, el grup
RCIU mostra un increment en la seva eficiencia global i local. A partir d’aquest resultat
hipotetitzem que aquest efecte es podria explicar degut a una resposta compensatoria a la
infraestructura reduida en RCIU. Aquests resultats presenten noves evidencies en la
persisténcia a llarg termini de la reorganitzacié cerebral produida per la RCIU que podria
ésser subjacent a problemes de comportament i neurodesenvolupament préviament
descrits. A més, els canvis demostrat en |'organitzacio de xarxa tenen el potencial d’ésser
emprats com a biomarcadors per monitoritzar canvis cerebrals produits en terapies

experimentals en el model animal de RCIU.
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12.3.4. PROJECTE 4: Xarxes cerebrals funcionals en nounats amb restriccio de

creixement intrauteri

Corresponent a l’article:

Altered resting-state whole-brain functional brain networks of neonates with intrauterine

growth restriction

Batalle D, Mufioz-Moreno E, Tornador C, Bargalld N, Deco G, Eixarch E, Gratacos E

Ready to be submitted.

Resum:

La restriccido de creixement intrauterina (RCIU) és una condicié prenatal prevalent que
afecta fins al 10% dels embarassos. S’ha associat amb alteracions a curt i llarg termini en el
neurodesenvolupament, pero la seva etiologia i fisiopatologia sén encara majorment
desconegudes. Tot i que diferents estudis han demostrat I'associacié de RCIU amb canvis
moderats en |'estructura del cervell, el seu efecte en |'organitzacio cerebral funcional mai
ha estat caracteritzat. En el present estudi pretenem omplir aquest forat en la literatura,
analitzant fluctuacions de baixa freqliéncia en el senyal de ressonancia magnetica funcional
d’una poblacié de 20 nounats amb RCIU comparats amb 13 controls. Basant-nos en la
correlacié parcial del senyal blood oxygen level-dependent (BOLD) mitja en 90 regions de
matéria blanca, obtenim una xarxa cerebral funcional completa per cada nounat. La
caracteritzacio de les xarxes obtingudes en el grup RCIU amb caracteristiques de teoria del
graf mostren un increment en la infraestructura de xarxa i en les eficieéncies calculades de
manera directa pero una reduccié en |'eficiencia després de normalitzacions en aquest grup.
Aquests resultats suggereixen xarxes cerebrals hiperconnectades perd suboptimament
organitzades en el grup amb RCIU. A més a més, una associacid de les xarxes cerebrals
funcionals obtingudes amb els resultats obtinguts en neurocomportament també és

demostrada, millorant I'associacié obtinguda només amb caracteristiques cliniques.
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Caracteristiques regionals de xarxa també sén analitzades, mostrant un patré d’alteracions
en el grup amb RCIU. Mitjangant una caracteritzacié addicional de la dinamica espacio-
temporal del senyal BOLD, es demostra una tendéncia a tenir un nivell de sincronitzacio
general augmentada en els subjectes amb RCIU, i també es troben una série d’alteracions

en caracteristiques associades als cortexs frontals, cingulats i linguals.
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12.4. Resum esquematic dels resultats

PROJECTE 1: Xarxes cerebrals estructurals basades en MRI de difusié en infants d’un any

de vida amb restriccid de creixement intrauterina

Es demostra la viabilitat de reconstruir la xarxa cerebral estructural en nens d’un any
mitjangant MRI de difusid.

Existeix una reduccié de les caracteristiques de xarxa estructurals globals en els nens
d’un any amb RCIU.

Es troba un patré d’alteracid en les caracteristiques de xarxa regionals en els infants
amb RCIU.

L’alteracié en la topologia de xarxa dels nens d’un any amb RCIU esta associada amb
alteracions en el neurodesenvolupament als dos anys de vida.

Les caracteristiques de xarxa dels nens amb RCIU a I'any de vida serveixen per entrenar
un algoritme d’aprenentatge que permet classificar a cegues aquells subjectes que
tindran un resultat de neurodesenvolupament alterat als dos anys de vida amb un

encert del 82.4%.

Resultats suplementaris

Normalitzacié de les xarxes cerebrals estructurals de nens d’'un any amb RCIU

Els nens amb RCIU a I'any de vida tenen una tendéncia a tenir una organitzacio
lleugerament més Optima quan aquesta s’avalua de manera independent a la seva

infraestructura reduida

Xarxes cerebrals funcionals en nens d’un any amb RCIU

Els nens d’'un any amb RCIU presenten unes xarxes cerebrals funcionals amb una certa
disminucio en alguns dels parametres d'infraestructura de xarxa.

Existeix una certa tendéncia estadistica en els subjectes amb RCIU a tenir unes
eficiencies augmentades quan es comparen les seves xarxes cerebrals funcionals

normalitzades de manera que siguin independents a la seva infraestructura.
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En resum, les xarxes cerebrals estructurals i funcionals dels nens d’un any de vida amb RCIU
presenten una disminucié en alguns dels parametres de la seva infraestructura i la seva
organitzacié de xarxa basica. La reorganitzacié observada esta acompanyada d’una certa
tendéncia compensatoria a ser més optima organitzativament tot i aquesta reduccié de la
infraestructura de xarxa. Cal destacar l'alt potencial predictiu d’alteracions en el

neurodesenvolupament demostrat per les xarxes cerebrals estructurals a aquesta edat.

PROJECTE 2: Xarxes cerebrals estructurals basades en caracteristiques morfologiques de

mateéria grisa en infants d’un any de vida amb restriccié de creixement intrauterina

e Es presenta una nova metodologia que permet resoldre fixar la mida de les xarxes de
gran escala individuals obtingudes a partir de similituds en la morfologia de la mateéria
gris obtinguda amb MRI.

e S’adapta la metodologia existent a una poblacié pediatrica per primer cop.

e Es demostren diferéncies en I'organitzacié de les xarxes obtingudes en nens d’un any
amb RCIU.

e Es demostral’associacié de les caracteristiques de xarxa obtingudes a I'any de vida amb

alteracions en el neurodesenvolupament als dos anys de vida.

En resum, en aquest projecte es demostra la viabilitat d’utilitzar models de xarxa per
analitzar la similitud de la morfologia de materia grisa obtinguda a partir de MRI en
poblacions pediatriques. A més, la poblacié de nens d’un any amb RCIU mostra alteracions
en les caracteristiques de les xarxes obtingudes que es relacionen amb alteracions en el

neurodesenvolupament als dos anys de vida.
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PROJECTE 3: Xarxes cerebrals estructurals basades en MRI de difusié en un model animal

de conill amb restriccid de creixement en edat pre-adolescent.

e Es demostra que la reorganitzacié cerebral estructural produida per la RCIU en un
model animal de conill és persistent fins a la pre-adolescéncia, caracteritzant-se per
una infraestructura de xarxa reduida.

e Es demostra un efecte compensatori en els subjectes amb RCIU caracteritzat per un
increment de I'eficiencia quan les xarxes sén normalitzades de manera que els
resultats siguin independents a la seva infraestructura.

e Es troba un patré d’alteracions en les caracteristiques regionals de les xarxes
cerebrals estructurals que té certes similituds amb I'obtingut en humans amb nens
d’un any.

e Les caracteristiques de xarxa globals estan associades als resultats de

neurocomportament obtinguts.

En resum, les xarxes cerebrals estructurals del model animal de conill amb RCIU demostren
una reorganitzacid estructural a llarg termini causada per aquesta condicié prenatal
caracteritzada per una reduccié en la infraestructura de xarxa i un efecte compensatori a

un nivell purament organitzatiu.

PROJECTE 4: Xarxes cerebrals funcionals en nounats amb restriccid de creixement

intrauteri

e Xarxes cerebrals funcionals de tot el cervell basades en un atles anatomic sén
obtingudes per primer cop en una poblacié neonatal.

e Diverses caracteristiques de la xarxa funcional presenten valors augmentats en nounats
amb RCIU, mostrant una hiperconnectivitat en la seva organitzacié funcional.

e El grup amb RCIU mostra un patré d’organitzacid funcional sub-optim caracteritzar per

una disminucio en I'eficiéncia de la xarxa cerebral funcional normalitzada.




APPENDIX I: SUMMARY IN CATALAN / RESUM EN CATALA | 201

e Es mostra un patré d’alteracions en les caracteristiques de xarxa regionals del grup amb
RCIU.
e Les caracteristiques de la xarxa cerebral funcional obtinguda s’associen amb alteracions

en el neurocomportament.

Resultats suplementaris

Xarxes cerebrals estructurals basades en MRI de difusié en nounats amb RCIU

e Lesxarxes cerebrals estructurals obtingudes en el grup amb RCIU mostren un increment
en les caracteristiques de xarxa obtingudes a partir d’'una ponderacié per densitat de

fibres.

En resum, les xarxes cerebrals funcionals de nounats mostren un patré de co-activacio i
sincronitzacié de les diferents regions del cervell augmentat en els subjectes amb RCIU,
acompanyat no obstant d’una organitzacié sub-optima. Aquesta reorganitzacié funcional

esta parcialment recolzada per una reorganitzacio estructural observada en la mateixa edat.
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12.5. Discussio

La caracteritzacié dels canvis cerebrals subjacents als problemes en el
neurodesenvolupament causats per la RCIU és un dels reptes de la medicina fetal moderna
i de la pediatria. De fet, una millor comprensié de la fisiopatologia d’aquesta condicié
prenatal és essencial per iniciar el desenvolupament de biomarcadors precogos que
permetin detectar aquell subgrup d’infants amb un alt risc de tenir problemes en el
neurodesenvolupament. En aquest respecte, és important destacar que intervencions
precoces individualitzades han demostrat ser una eina molt util per millorar els resultats
funcionals a curt i mig termini en subjectes amb RCIU (Als et al., 2012; McAnulty et al., 2013).
Tot i aix0, donada I’alta prevalenca de la RCIU i I'alt cost econdmic de les unitats d’atencié
individualitzades, la seleccié d’aquells subjectes amb RCIU amb un major risc de problemes
de neurodesenvolupament és essencial per aconsellar de manera adient a la familia i utilitzar

de manera optima els recursos sanitaris.

Aixi doncs, un dels principals objectius de la present tesis doctoral és la caracteritzacid
sistematica i objectiva de la reorganitzacié cerebral estructural i funcional produida per la
RCIU des del periode neonatal fins a la pre-adolescéncia, utilitzant diverses técniques
complementaries que aporten informacié sobre diferents aspectes de |'organitzacié i la
infraestructura cerebral. En concret, els resultats obtinguts suggereixen que la
reorganitzacid produida per la RCIU esta caracteritzada en periode neonatal per un
increment en les caracteristiques directes de la xarxa cerebral estructural ponderada per
densitat de fibres, acompanyada d’una hiperconnectivitat de la xarxa cerebral funcional, tot
i demostrar també una organitzacid sub-optima en termes purament organitzatius. Durant
la primera infancia (a I'any de vida), els resultats suggereixen que tant la xarxa cerebral
estructural com la funcional dels subjectes amb RCIU evolucionen de manera que la seva
infraestructura es mostra disminuida al comparar-la amb controls en aquesta edat, en
especial en les xarxes estructurals ponderades per anisotropia fraccional (FA), existint també
un efecte compensatori invers al demostrat en etapa neonatal, caracteritzat per un cert
increment en I'eficiencia de les xarxes cerebrals normalitzades. Aquests efectes de la RCIU a

I'any de vida sén parcialment confirmats a llarg termini mitjancant I'estudi d’'un model
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animal de conill amb RCIU, al menys a nivell estructural, suggerint que la reorganitzacid
observada a I'any de vida persisteix fins a la pre-adolescéncia. En resum, el patré de
reorganitzacio cerebral estructural i funcional observat en aquesta tesi resulta molt especific
quan es compara amb la reorganitzacio produida per altres patologies, i postula la RCIU com

un possible trastorn de la connectivitat cerebral.

Per ser traslladades a la practica clinica, les conclusions presentades en aquesta tesi doctoral
per primer cop, haurien d’ésser confirmades per altres estudis independents. En aquest
sentit, tot i la seva gran dificultat logistica, d’especial interés resultarien estudis longitudinals
de la RCIU seguint una mateixa poblacié clinica des de I'etapa neonatal fins a I'adolescéncia.
Tot i aix0, només existeix en la literatura un altre estudi que analitzi la reorganitzacié en les
xarxes cerebrals causada per la RCIU (Fischi-Gomez et al., 2014). Aquest estudi demostra la
reduccid de les caracteristiques de la xarxa cerebral estructural en un grup d’infants amb
RCIU als sis anys d’edat, mitjancant una ponderacié de la xarxa basada en una combinacid
de FA i densitat de fibres, recolzant la nocid presentada en aquesta tesi que la xarxa cerebral
estructural durant la infancia presenta una infraestructura reduida en els subjectes amb

RCIU, tal com es mostra en el PROJECTE 1 i el PROJECTE 3.

A més a més, en general, els resultats d’aquesta tesi estan en linia amb altres estudis
relacionant neurofuncié i xarxes cerebrals. Aixi doncs, I'eficiéncia global s’ha demostrat que
esta associada amb la intel-ligéncia (Li et al., 2009), i caracteristiques regionals de xarxes
cerebrals s’han associat amb exit amb alteracions cognitives en I'estudi de biomarcadors
precocos de malaltia d’Alzheimer (Wee et al., 2010). Els resultats aqui reportats, juntament
amb els mostrats per altres estudis en la literatura, suggereixen el potencial d’unir
informacié global i regional per millorar la comprensié dels mecanismes neurofuncionals
subjacents a la connectivitat estructural. A més a més, I'estudi de la connexidé entre
estructura i la funcié cerebral resulta especialment interessant, i estudis posteriors d’aquest
aspecte de ben segur aportaran una millor comprensio del cervell durant la infancia tant en
la salut com sota condicions patologiques. De fet, la combinacié del substrat estructural i

funcional, sembla tenir un gran potencial per avancar en la comprensié de |'organitzacié
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cerebralila seva relaciéd amb el comportament i el neurodesenvolupmant patologics causats

per la RCIU i d’altres condicions prenatals.

12.6. Conclusions

Projecte 1:

e Les xarxes cerebrals estructurals de nens d’un any amb RCIU mostren una
infraestructura de xarxa disminuida produint una organitzacié sub-optima.

e Les xarxes cerebrals funcionals de nens d’'un any amb RCIU confirmen parcialment
els resultats obtinguts amb xarxes estructurals.

e Les xarxes cerebrals estructurals a I'any d’edat tenen un alt poder predictiu de

nerurodesenvolupament alterat.
Projecte 2:

e Es viable utilitzar models de xarxa per analitzar les similituds de la morfologia de
mateéria grisa en poblacions pediatriques.

e Els nens d’un any amb RCIU mostren alteracions en la seva xarxa de similitud de
morfologia  de materia  grisa, associades amb  alteracions  del

neurodesenvolupament.
Projecte 3:

e Les xarxes cerebrals estructurals del model animal de conill amb RCIU mostren una
reorganitzacio a llarg termini produida per aquesta condicid.

e Aquesta reorganitzacio es caracteritza per una infraestructura de xarxa disminuida i
un efecte compensatori a un nivell purament organitzatiu, estant associada als

resultats de neurocomportament.
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Projecte 4:

e La xarxa cerebral funcional en nounats amb RCIU presenta un patré de co-activacié
i sincronitzacié augmentat, juntament amb una organitzacié sub-optima.

e Les caracteristiques de la xarxa cerebral estructural de nounats amb RCIU confirmen
parcialment els resultats obtinguts en les xarxes funcionals.

e Les caracteristiques de xarxa funcional en nounats estan associades amb alteracions

en el neurocomportament.

La conclusié principal d’aquesta tesi és que la RCIU produeix una reorganitzacié de la
connectivitat cerebral estructural i funcional des de periode neonatal que persisteix fins a
la pre-adolescéncia. Hipotetitzem que aquesta reorganitzacio pot ser un potencial substrat
que expliqui 'alt risc de problemes en el neurodesenvolupament en infants amb RCIU. A
més, els resultats obtinguts postulen la RCIU com un possible trastorn de la connectivitat
cerebral. L’associacié de les caracteristiques de xarxa amb alteracions del
neurocomportament i el neurodesenvolupament des d’una edat tan preco¢ és
especialment rellevant, doncs obre I'oportunitat a desenvolupar biomarcadors precogos de
neurodesenvolupament alterat. Aixd representaria una oportunitat molt important per

millorar la gestid clinica d’una condicié que afecta fins al 10% dels embarassos.
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