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Molecular imaging research center

Une plateforme dédiée a la recherche translationnelle
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Laboratoire des Maladies Neurodegénératives CIrS

UMR 9199

Parkinson

Alzheimer

Huntington \
PRECLINICAL

THERAPIES BRAIN
IMAGING

MECHANISMS

- Medical and socio-economic impact
- Challenges: -

* Mechanisms

* Therapies

-
« Brain Imaging *

T. Delzescaux, CEA-MIRCen , FLI - WP4. "Imagerie multi-modale” - 2018 | PAGE 3




Translational research

« From bench to bedside »
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Similarité avec ’'Homme

Durée d’étude
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Nombres de sujets
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Cerebral imaging in rodents. MIRCen facilities

@ PET
FDG, etc... 7T

In vivo imaging Post mortem imaging

A A
'l N r N\

Function Anatomy Anatomy Function

— MRI

H-PET (rodent) T-11,77 Cryostat
Dimension 3D 3D @IZD 2D 2D
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In vivo / post mortem imaging techniques

Advantages / Disadvantages

In vivo imaging Post mortem imaging

Before
L

e\

v" High spatial resolution
v Easy to use
v Low cost

v" Longitudinal studies
v" 3D imaging
v" Fast acquisition time

v" Variety of stainings
Complementary

H v" Technical limitations

\\; Difficult to use v" Single observation
R_ecent v' 2D imaging
¥ High cost v" Tedious
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Background: research / applications

Merging of information acquired in vivo and post mortem:
- at microscopic and macroscopic level,
- anatomy and function.

Quantitative validation of PET (instrumentation)

Evaluation of PET abilities (follow-up)

1

A

Cresyl, Nissl,
etc....

Photographs Autoradiography

PET MRI Photo PM anatomy PM function

In vivo anatomo-functional
co-registration
(brain, whole body)

3D exploitation of the data
Statistical analysis
(intra and inter-subjects)
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3-D post mortem
reconstruction
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Serial histology processing

Post mortem Sections Stained & mounted
Y @ sections
I \ N N
l:_;_;_/_-\._%____?_.: <fl‘4 <fl‘4 — \\\\‘ o
-~/ Loss of 3D 2D deformations \ -
structure

@ Tissue sample collection

@ Tissue sectioning and block-face photography
@ Serial section staining

@ Tissue section imaging

Block-face
photographs

Series Series

_ 1 n
AN
=)
100 sections/brain = z
NZrrr iy

T. Delzescaux, CEA-MIRCen , FLI - WP4. "Imagerie multi-modale" - 2018 | PAGE 9




3D photographic modality

Cryostat Cutting process

Histological staining

/f M,

@)MM{\@

Z—>30W

“Banana effect”

First prototype developed
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3D photographic modality

3-D photographic volume

Coronal view
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Cea 3D photographic modality

Photographs New prototype:
Improved performances
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Tissue section digitization

Anatomical information

@D ERCE

a1 1]

: n “ a Histological
ID@E oyt
lealerTe)
aaa

“Column” acquisition
Several dozens of sections
can be digitized at once

Flatbed scanner

O Automated extraction and stacking of the sections

ts sections
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3D post mortem reconstruction — HD mouse model

Boussicault et al., JCBFM, 2014

Photograph Cresyl violet Autoradiography Fusion: cresyl / autoradio

r>Z0x0$00O

r>—-X>

r>A4—-0>W0
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Applications in Alzheimer’s disease

1) Metabolism changes
2) Amyloid load assessment
3) In vivo / post mortem co-registration

4) Future research
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1) Metabolism changes
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» Material:

- APP-PS1 (n=3),
- PS1 control (n=4).

Hemibrain studied

« Reconstruction strategy:
- Use of reference volume,

- Multimodality
3-D consistency,

- Photography : reconstruction +
spatial normalisation.

A Histological stained sections Autoradiographic sections

22090 200090
PP 200D D

Posterior

Anterior - 3} ’
:‘;I b ? 9 d

Posterior

Photographic volume

Anterior =

1

Coronal view Sagittal view Sagittal view

Coronal view

Histological volume

Horizontal view Horizontal view

Autoradiographical
volume
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Construction of a digital atlas of mouse brain

e Pre-processing applied to the downloaded files

Coronal view . .
Sagittal view

MRI volume
I;Eﬂéﬂﬂ
1gsg
Downloaded £
volumes > J
o
m
I Processed |
I volumes ||,

&
2
i3
201
£ 4
m
»
m
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Analysis of PM dataset using a 3D digital atlas

Lebenberg et al.,
ISMRM and ISBI
conferences
2009

780 nCi/g

Lebenberg et al.,
Neurolmage
2010

| 3D-reconstructed
I histological data 1

Atlas
volume

A- Registration strategy(@b.cl:
- Estimation of linear and non-linear parameters
to register the MRI to 3D-reconstructed data
—->Warping of the atlas using estimated deformation
parameters
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Cea Analysis of PM dataset using voxel-wise approach

Détection automatique et sans a priori, a I'’échelle des voxels,
de différences significatives d’'intensité entre deux groupes d’'images

Sujet1 Sujet 2 Sujet1  Sujet 2
Images en
provenance
de plusieurs
sujets
TEP l IRMf
Modeéle a priori Inférence statistique
— |Normalisation Lissage de la réponse carte statistique
spatiale spatial neurophysiologique ? parameétrique
— modéle linéaire (valeurs de t et de P)
géneéral

|
TEP m IRM

Référence fonctionnelle (TEP)
ou anatomique (IRM) — "templates”

Technique principalement développée et utilisée chez ’'Homme en imagerie in vivo
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T value

« Synthesis of glucose changes detected: 32

- & : cortex Cg, hippocampus Rad and Mol, thalamus Th,
- & : hippocampus CA1, CA3, Pir cortex,

* Limitations:
- Huge amount of data,
- Reconstruction step,
- A single measurement.

T value

e Interests: 32

- Without anatomical a priori,

- Possibility to perform exploratory studies (identification of
structures / sub-structures involved),
- Anatomo-functional data, high resolution (~20-40 um).

P
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Voxel-wise metabolism analysis [2/2]

* Surface rendering

= Improve our understanding of
pathophysiological processes

=Possibility to quantitatively
evaluate drug efficacy / new
therapeutic strategies

= Possibility to apply this
methodology to other species
(mouse, rat, microcebe, etc.)

B
9 .

) . ¥
| -

0

3-D
Hippocampus

X A 3
o "
o - A

Dubois et al, Neurolmage, 2010
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Photographical
volume

Histological
volume

Autoradiographical

volume /

Combined approaches

0 Lebenberg et al,

Neurolmage, 2011

Statistical Parametric Mapping analysis (SPM)
without anatomical a priori /

= 3D post mortem reconstruction
= Automated detection of regions presenting metabolic changes
= Automated labelling of these regions based on the use of digital atlas
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Extend 3D analysis from quantitative mesoscopic

to qualitative microscopic data

» First group studies using 3D histology were performed:

1) in rodents (rats, mouse),
2) on autoradiographic data.

Autoradiographic section

« Continuous / quantitative information / mesoscopic scale / 3D reconstruction

« Sparse / qualitative information / meso-micro scale / 3D reconstruction

Amyloid plaques staining
Abnormal
i e (FOG PETMR)

Tau-madiated neursnal injury {CSF)
—— Brain structure {volumetric MRI)

AD
biomarkers

ol

Normal Preclinical © o Mal Dementia

Clinical Diseasa Stage
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DE LA RECHERCHE A LINDUSTRIE

Cea

2) Amyloid load assessment
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High throughput post mortem studies

1) Histology production
2) Digitization process
3) Hardware facilities
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Neuropathology image segmentation

Histological images
Block-face

photographs

1 n
l l Image stacking l

Section to section
2D registration
>

Series ... Series

Segmentation

AB plaque IHC BBB leakage IHC
segmented volume segmented

Spatial reference

» Histology volumes are in the same referential

» Histology volumes are segmented
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Ontology-based analysis (1/3)

Histological images
Block-face Mouse brain ¢

photographs atlas \

J/ J/ Image stacki ng J/ http://www.mouseimaging.ca/technologie

Series ... Series

s/C57BI6j_mouse_atlas.html

Histological images stacks , ‘Spatial reference
Section to section

2D registration
S

- ‘ -
3D registration
Lebenberg et al., Neurolmage 2010

Segmentation

Data output

I]I|
Atlas based quantification

\4

6E10 IHC segmented IgG IHC segmented
volume volume

« Histological volumes are segmented

« Segmented volumes are in the same spatial
referential

- Regional measures output
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DE LA RECHERCHE A LINDUSTRIE

Block-face
Photography Atlas labels Atlas MRI

Nissl staining

volume

Ontology-based analysis (2/3)

Forebrain O

Midbrain O

Hindbrain O

Brain O

Ventricular system O

White matter tracts O

O Olfactory bulbs
O Olfactory tubercule
O Nucleus accumbens-Ventral pallidum
O Frontal
O Entorhinal cortex
O Parieto-temporal cortex
O Oceipital cortex
O Hippocampus (CA1-CaAz-CAs-subiculum)
O Dentate gyrus
Telenc O Stratum granulosum
O Pre-para-post subiculum
O Amygdala
O Fundusg of striatum
O Btriatum {caudate-putamen)
O Globus pallidus
O Lateral septurm
O Bed nucleus of the stria terminalis
O Medial septum
O Basal forebrain
{0 Thalamus
O Hypothalamus
Dienc O Maramillary bodies
O Beh_rnotor midbrain nuclei
O Inferior colliculus
O SBuperior colliculus
O Interpedunclar nucleus
O Periagqueductal grevy
() Pontine nuclei
Metenc O Pontine grey

O Buperior olivary complex
O Cersbellar cortex
O Arbor wita of cerebellum
O Medulla oblongata

Myelenc O Cochlear nuclei
O Lateral ventricles
{0 Third wentricle
O Fourth ventricle
O Cerebral aqueduct
O 2ubependymal zone-rhinocels
O Anterior part of anterior commissure
O Cerebral peduncle
O Corpus callosum
(O Corticospinal tract
() Facial nerve
O Fimbria
(O Fornix
O Habenular cominissure
O Habenulo-Peduncular tract
O Internal capsule
O Lateral olfactory tract
O Marmmilothalamic tract

O Medial lemniscus-Medial longitudinal fascicul

O Middle cerebellar peduncle

O Optic tract

O Pogterior comimissure

O Posterior part of anterior commissure
O Etria terminaliz

O Buperior cerebellar peduncle

O Ventral tegmental decussation

accurmbens

ehrain

us
alamus
lary bodies

woiculus

O Olfactory bulbs
O Olfactory tubercule

O Fromntal cortex

{0 Enthorinal cortex

O Parieto-termporal cortex
O Oceipital cortex

O CAi-CAz-CAz-subiculum
O Dentate gyrus

O Btratum granulosum

O Pre-para-post subiculum

O amyedala

O Fundus of striatum

O Striatum (caudate-putarmen)
© Globus pallidus

O Lateral septum
O Bed nucleus of the stria terminalis
O Medial septum

O Pontine nuclei
O Pontine grey
O Buperior olivary complex

O Cerebellar cortex
O Arbor vita of cerebellum

O Medulla oblongata
O Cochlear nuclei
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DE LA RECHERCHE A LINDUSTRIE

Ontology-based analysis (3/3)

O Frontal cortex

Atlas MRI

O Entorhinal cortesx

Cerebral cortex O

O Parieto-temporal cortex

O Hippocampal region

Atlas labels

Forebrain O O Occipital cortex

O Striatum (caudate-putamen)

O Midbrain

Block-face
Photography

Brain O O Thalamus

O Hindbrain

O White matter tracts

Nissl staining
volume
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3D analysis — Amyloid load assessement

6E10 IHC

s ITIPSEN

Innovation for patient care

— Forebrain —Dj—

Cerebral cortex —:I:I—
Frontal cortex -El:'—
Parieto-temporal cortex: —EI:'—
Entorhinal cortex —:D-

BRAIN —} Qccipital cortex —ED—

Hippocampal region -m—

Basal ganglia -m-

Thalamus -[I-

[— Midbrain —m—
= Hindbrain 1}
— White matter tracts —D]—

5 10 15
AP deposition load (%)

p=0.01
L=

-
o

p =0.01
p=004
_—

h‘ —
)

SANOFI

-
[=]

o

Whole brain AR deposition load (%)

Vandenberghe et al.,
Sci Rep, 2016

PS1

APP/PS1-13C3a
APP/PS1-DM4
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3) In vivo — post mortem

Co-registration
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DE LA RECHERCHE A L'INDUSTRIE

@%% In vivo / post mortem co-registration

M. Dhenain team
(post mortem MRI)
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DE LA RECHERCHE A LINDUSTRIE

Cea In vivo / post mortem 3D co-registration

Coronal 1 Coronal 2 Axial 1 Axial 2 Sagittal

Photo

Photo
contour

In vivo
MRI

Fusion
Photo
MRI
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Amyloid
density
+
MRI

BHE
leakage
+

MRI

In vivo / post mortem 3D co-registration

Coronal Axial Sagittal

Vandenberghe et al., Sci Rep, 2016
Santin et al., Front Aging Neuro, 2016
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4) Future research

Microscopic level
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3D whole-brain histopathology

{ Resolution (m)

mm m

. Approximate Approximate
Resolution PP PP

Images number of file size

(xyz, pm) voxels (gygabytes)

7T mouse brain MRI
scan
Block-face photography
volume 3030 120 107 0.02
(100 sections)
Mesoscopic IHC volume

303030

55120 108 1

(100 sections)
Microscopic IHC
volume 0.20 0.20 120 10t 1000
(100 sections)
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Nissl

Information
acquired at
cellular level

Analysis

RGB Histology image

with microglial staining (black)

and thionine counter-stain (blue)
High resolution (0.25 um)

Binary image
with segmented microglial cells
High resolution (0.25 pm)

Microglia

Down-sampling

Phagocytic cells

Parametric heat map
Arbitrary lower resolution
(100 pm in the exemple below)

1

Deriving mesoscopic quantitative information from high-resolution histology images.
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ce2 Multiple markers 3D histopathology [2/3]

AR deposits Microglia Phagocytic cells
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Multiple markers 3D histopathology [3/3]

= 2 0 =0.40 p=0.37 p=0.36
Z p <0.001 p <0.001 p < 0.001
5;
| p=0.85 p=092
< 0.1- p <0.001 p < 0.001
g 0=0.89
=0 p < 0.001
00"’
(o
Qo1
e , /

. 02 =J!-1 u‘lO 1_‘1“; UTE C*i'i- ["1 '3‘ LJ(' UIS '_“"r O‘L’»
Nissl Abeta lba1l CcDe68
Vandenberghe et al., Jo— , :
Sci Rep, 2016
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DE LA RECHERCHE A LINDUSTRIE

Bridging the gap between microscopic

and macroscopic scale

3D histology Clarification High performance computing

Chung et al, Nature 2013

IDISCO

Yang et al, Frontiers in Neuroanatomy, 2013

Dauguet et al., J Neurosci Methods 2007
Dubois et al., Neuroimage 2010
Lebenberg et al, Neurolmage 2010
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