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OWARDS AN OPEN RESEARCH ON THE DEVELOPMENT AND EVOLUTION OF THE BRAIN
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Unité de Genétigue Humaine et Fonctions Cognitives e Département de Neurosciences e Institut Pasteur
CRI (Centre de Recherches Interdisciplinnaires) ® Université Paris Descartes




The challenge of neurodevelomental disorders



Neurodevelopmental disorders, such as attention deficit and hyperactivity disorder,

autism, schizophrenia, or intellectual disability, affect 15% of the population.

Across 195 countries, from 1990 to 2016, neurodevelopmental disorders were
the largest contributor to Years Lived with Disability (YLD) among

children < 5 years old (Global Resarch on Developmental Disabilities 2018,
Bill&kMelinda Gates Foundation)

The Sustainable Development Goals of the United Nations mandate systematic

monitoring of the health and wellbeing of all children to achieve optimal early

childhood development.
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E Autism spectrum disorder
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The societal challenge of brain disorders

"IN the past 30 years, major advances have been made In the treatment

of several serious diseases, such as Leukaemia, heart disease, stroke or
ADS, with reductions in mortality rates of up to 95%.

Unfortunately, this is not the case for mental illness. Mental illnesses affect

up to 1 In 5 people, and the W

HO indicates that up to 1 In 3 people

report sufficient criteria for mental lliness at some point of thelr life.

The main problem is that we know dangerously little about the
functioning and development of the brain.

The traditional framework of neuroscience research seems
iInsufficient to tackle the surreal complexity of the brain.”

Thomas Insel NIMH Director 2002-2015



Polygenic architectures
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ORIGINAL ARTICLE
(Genomic architecture of human neuroanatomical diversity

R Toro'??, J-B Poline™?, G Huguet'?>, E Loth®’, V Frouin®, T Banaschewski®, GJ Barker®, A Bokde®, C Biichel'®, FM Carvalho®’,
P Conrod®'', M Fauth-Biihler'?, H Flor'3, J Gallinat'®, H Garavan®'?, P Gowland'>, A Heinz'?, B Ittermann'®, C Lawrence'’,

H Lemaitre'®'®, K Mann'?, F Nees'?, T Paus'’?%?!, Z Pausova??, M Rietschel??, T Robbins®**, MN Smolka®>?®, A Strohle',

G Schumann®’#’, T Bourgeron'#*47% and the IMAGEN consortium (www.imagen-europe.com)

Human brain anatomy is strikingly diverse and highly inheritable: genetic factors may explain up to 80% of its variability. Prior
studies have tried to detect genetic variants with a large effect on neuroanatomical diversity, but those currently identified account
for < 5% of the variance. Here, based on our analyses of neuroimaging and whole-genome genotyping data from 1765 subjects,
we show that up to 54% of this heritability is captured by large numbers of single-nucleotide polymorphisms of small-effect spread
throughout the genome, especially within genes and close regulatory regions. The genetic bases of neuroanatomical diversity
appear to be relatively independent of those of body size (height), but shared with those of verbal intelligence scores. The study of
this genomic architecture should help us better understand brain evolution and disease.

Molecular Psychiatry advance online publication, 16 September 2014; doi:10.1038/mp.2014.99
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" = Inheritable factors + Shared environment
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Common genetic variation captures a substantial proportion of neuroanatomical diversity
(MRI and whole-genome genotyping on 20,140 subjects)
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Causal variants are widespread across the genome
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Causal variants are mostly located within genes and in immediately neighbouring regions
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Mechanical morphogenesis
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Modelling: Elasticity & Growth
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Effects of mechanics on developing tissue
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Effects of mechanics on developing tissue
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Effects of mechanics on developing tissue
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Effects of mechanics on developing tissue

Cell migration and axonal pathfinding respond to mechanical clues
(Saez et al., 2007).
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Groupe de neuroanatomie appliquée et théorique, Institut Pasteur, France

Roberto Toro (P.1.) is leader of the group of applied and theoretical neuroanatomy at the unit of human
genetics and cognitive function, department of neuroscience of the Institut Pasteur. After a degree in
engineering, he obtained a Master and a PhD in Neuroscience at the University of Paris 6, France. He is
interested on the development and evolution of the brain, which he studies through mathematical
modelling, magnetic resonance imaging and genomics.

Radboud University Nijmegen, The Netherlands

Paul Tiesinga is professor of Neuroinformatics and chair of the department of Neuroinformatics. He
has a master in Theoretical Physics and a PhD in physics from Utrecht University. He was a postdoc in
the physics department at Nartheastern University and a Sloan postdoctoral fellow at the Salk Institute.
He was associate professor in the Physics & Astronomy department at the University of North Carolina
in Chapel Hill. Paul Tiesinga moved to the Radboud University Nijmegen in 2009 to establish the
Neuroinformatics department. He has served as director of the Donders Centre for Neuroscience and is
member of the Governing Board of the International Neuroinfarmatics Facility (INCF).

MIRCen, Commisariat aux Energies Alternatives, France

Thierry Delzescaux has a PhD in image processing, and is researcher at the CEA. He specialises in
preclinical research (experimental models), image processing in neurodegenerative diseases
(Alzheimer's, Parkinson's, Huntington's), multimodal co-registration of in vivo (PET, MRI, CT) and post
mortem (histology, autoradiography, immunohistochemistry) brain images, 3D reconstruction and
image analysis of post mortem / ex vivo data, anatomo-functional studies in rodents and primates.
Thierry Delzescaux is coordinator of the BrainRAT project (Brain Reconstruction and Analysis Toolbox)
developed by the image processing team of the MIRCen and integrated into BrainVISA software.

McGill Centre for Integrative Neuroscience, Quebec, Canada

Alan Evans was originally trained in physics at Liverpool University in the U.K. After completing his PhD
in biophysics he then spent 5-year at Atomic Energy of Canada Ltd. in Ottawa, working on the physics
and biochemical analysis of positron emission tomography (PET) data. In 1984, he moved to the
Maontreal Neurological Institute (MNI) at McGill University in Montreal to continue his PET research. His
research interests include multi-modal brain imaging with PET and MRI, image processing and large-
scale brain database analysis. During his 25 years at the MNI, he has held numerous leadership roles,
most notably as director of the McConnell Brain Imaging Centre. Alan Evans is a founding member of
the International Consortium for Brain Mapping and one of the founders of the Organization for Human
Brain Mapping, serving in numerous positions since 1995. In 2003 he received a prestigious Senior
Scientist Award from the Canadian Institutes of Health Research.
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BrainBox allows you to visualise, segment and annotate collaboratively any brain MRI| dataset
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Groupe de neuroanatomie appliquée et théorique, Institut Pasteur, France

Roberto Toro (P.I.) (PhD) is leader of the group of applied and theoretical neuroanatomy at the unit of
human genetics and cognitive function, department of neuroscience of the Institut Pasteur. After a
degree in engineering, he obtaine a Master and a PhD in Neuroscience at the University of Paris 6,
France. He is interested on the development and evolution of the brain, which he studies through
mathematical modelling, magnetic resonance imaging and genomics.

Wave physics for medicine

Charlie Demené (associate professor, implication 3.6 p-m), expert in ultrasensitive Doppler tomography
of small animals and acoustic radiation force. His laboratory is a sub-unit of Institut Langevin (Inserm/
CNRS/ESPCI Paris). The research team Inserm U979 is led by Prof. Mickaél Tanter and consists of
physicists developing biomedical imaging and therapeutic techniques, mostly based on ultrasound,
for preclinical and clinical research. The team is internationally renowned for having introduced novel
imaging modalities based on ultrafast ultrasound imaging, such as shear wave elastography,
ultrasensitive Doppler or functional ultrasound imaging

Project

Groupe de neuroanatomie appliquée et théorique, Institut Pasteur, France

Yves Boubenec (PhD) s part of the laboratory set up at ENS Paris by Pr. Shihab Shamma, a world-wide
expert on electrophysiology in behaving ferrets and in audition. He leads the ferret facility at ENS
Paris since its creation in 2012, and is an expert in animal training and behavior, electrophysiology
and imaging in the behaving ferret, as well as advanced data analysis. There is an ongoing

UNFOLD

collaboration between Dr. Boubenec with Charlie Demené and Mickaél Tanter, member of the ESPCI
team, to investigate auditory perception and cognitive processes in the behaving ferret using
OLE NORMALE functional ultrasound (fUS) imaging. An ultrasound scanner is available in the LSP, and the platform
a L PERIEURE hosts a complete ferret facility in-house, as well as the necessary experimental space and equipment

for performing the planned experiments.

Mechanitcal

morphogenesis of
neocortical organisation

Groupe de neuroanatomie appliquée et théorique, Institut Pasteur, France

L. Mahadevan (Prof, PhD, FRS, Lola England de Valpine Professor of applied mathematics, organismic
and evolutionary biology and physics) is a renowned expert in the field, with a long track record of
highly influential contributions to the modelling of biological phenomena, in particular brain folding.
Partners SEAS and IP are currently collaborating in the mechanical modelling of ferret brain folding, a
collaboration that will be the basis of the modelling task in project UNFOLD.
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Neocortical expansion has occured several times during primate evolution
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= A big data challenge

&8 Brain images from more than 2000 individuals

Patient vs Control distribution Gender distribution Age distribution
Subjects distribution Gender distribution Age distribution
n=1150 n=1150
set set
= Control N Male
n=1003 ™ Autism Spectrum Disorder n=1003 BN Female
set

B public set
I private set
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B Multimodal imaging data

Structural MR Functional MR]
e Preprocessed with FreeSurfer and FSL e Resting state fMRI
e Gray matter volume, area, and thickness e Time series extracted on different atlases

e Average for each Desikan cortical parcel.

<[> Coding framework, for competition and collaboration

The challenge will be carried out on the RAMP platform. It enables competition and collaboration on data-science problems, using the Python

language. To start "hacking", a starting kit is available. It provides a simple working example which can be expanded to more advanced solutions.



Autism Spectrum Disorder classification, 2018 data challenge
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c. Prediction accuracy (AUC=0.76+0.01)
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a. Importance of regions for functional MRl b. Change in accuracy after region removal

0.78

R

0.72

0.69

ROC-AUC

0.66

8
O
O
O
0

0.63

0.60 ©

e A LA LA 75%

I I I
0 0.5 1 Amount of regions removed

Ranking




d. Prediction for various sample sizes
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Conclusion



Progress In the study of neurodevelopmental disorders will require extremely large

sample sizes (~1M), and the development of a different kind of data analysis

approaches.

In absence of major genes, brain imaging phenotypes can provide an
alternative rich source of biological information: they are strongly polygenic,
and their variabillity is affected by some of the same genomic regions that

determine the risk to neurodevelopmental disorders.

Data sharing and open science approaches may provide inmportant strategies to

tackle this challenge.
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