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Application to the spinal cord
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Spinal cord studied by diffusion tensor imaging
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One fascicle at macro-scale resolution
(~mm, in vivo diffusion weighted imaging on human)
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One fascicle at macro-scale resolution
(~mm, in vivo diffusion weighted imaging on human)
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Hypothesis: spinal cord can be represented as an
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High heterogeneity at micro-scale resolution
(~100um, ex vivo diffusion weighted imaging on animals )

Anisotropic parameter (ZDP) correlates to the
diameter of the myelin sheaths

Ong et al, 2008, Neuroimage



Can you identify the different contribution of the
heterogeneous signal for one fascicle ?

The partial (!) microstructure of the white matter in a voxel:
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Can you identify the different contribution of the
heterogeneous signal ?

The partial(!) microstructure of the white matter in a voxel:
neurofilaments and the extra-cellular sp
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Can you identify the different contribution of the
heterogeneous signal ?

The partial(!) microstructure of the white matter in a voxel:
body cell of neurons (blue dots)

e IR el o
; T ey - - :“ — < S - .- —» <z < e L . A-\“.‘ﬂ\‘ -l ‘-1‘." =
5 . e N . - ——— R D, “-a - o o P Y.
LI AT Y i ‘““t. e —— o L - e . R . s e
Dt - - —— —_ - — = Pl ™ W, W . - TR N S
-— - "9_ ¢ .,,_"‘_- e e — i - e —— - s -
| *v-qs/- o-y=mn - - - - — . - - Pliper - - 2 o -
P . —— v o - I - D T - ' - F— W —~ar T -
e A ——— - i - T ;‘_ - S Ly g - 'J' o 7
. o : “— . —— -~ . -~ > o oy 4 JU U
e S WAT o s} “" - ey TN L T S e W~ NEN Sl G A e ;{.‘J P AN
— - s - s 3. - e - - - - - ’ e AA_“’
- e ' ~ - - A - — —
—s - " - : : 5 v’ e A = —ren 2




Multi compartiment models taking into account the
heterogeneity: DIAMOND

Crossing WM fascicles

% Cellular-level heterogeneity:

Large scale heterogeneity: water molecules close to and
presence of WM fascicles and Heterogeneity of each far from the membrane have

extra-cellular space. compartment (here: fascicle) different restrictions.
B. Scherrer, MRM, 2015

One cell

Several levels of heterogeneity can be identified with
a tensorial distribution:

St = S0 / P (D) exp (—brg; Dgy) dD
JDESym™(3)



Multi compartiment models taking into account the
heterogeneity: DIAMOND

Mixing of (an)isotropic Hypothesis of purely Heterogeneous populations of
compartments homogeneous compartments heterogeneous spin-packets
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Multi compartiment models taking into account the
heterogeneity: DIAMOND
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Multi compartiment models taking into account the
heterogeneity: NODDI

A= (1 _Viso) (VicAic + (1 _Vic)Aec) + VisoAiso

Watson
distribution




These both models have been validated on healthy patients

, evaluate these diffusion models on
neuropathologies.




These both models have been validated on healthy patients

. , evaluate these diffusion models on
neuropathologies. Which model?

Define a pre-clinical model to study the Wallerian degeneration process
based on imaging quality: - reduce the bleeding effect

- control and lesion on the same slices

- limit the functional loss due to the model



These both models have been validated on healthy patients

. , evaluate these diffusion models on
neuropathologies. Which model?

Define a pre-clinical model to study the Wallerian degeneration process
based on imaging quality: - reduce the bleeding effect

- control and lesion on the same slices

- limit the functional loss due to the model

| > Rhizotomy, transection of the dorsal roots




White matter

Central canal .
Cerebrospinal fiuid fills ™
the central canal and .
provides nourishment to
nerve cells

Anterior fissure

. P22 MNELEY

Arachnoid

—  Dura mater

Meninges

The spinal cord is protected
bry throe layers of
connective tissue called
meninges. Additional
protection is provided by
the cerebrospanal fluid
circifating In the
subarachnoid space

Nerve fibwe tracts |
\

Subarachnoid
<pace

Structure of spinal cord

Sensory nerve root
Impulses about bodily
sensations are carred
by sersory nerve fibres
These converge to form
sensory roots at the
back of the spinal cord
Impudses are then con-
veyed 1o the brain via
nerve fibre tracts

Spinal
narye

Moator nerve root
Bundies of fibres called
motor nerve roots eave
the front of the spinal
cord, The fdres conduct
impulses from the central
nervous system to control
voluntary movement and
involuntary processes
such as digesticn

Google image

Anatomy and
Functions of Spinal
cord

Aleksandar Jankovski, MED, UCL



Ascending and
descending
pathways

Motor and descending (efferent)
pathways (red) 1

‘Cuneale fasciculus



Where the Wallerian degeneration process will take effect ?
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Protocol for the rhizotomy study

My (Y (M- xt
Rhizotomy i
left L2-L3
,g “‘ ) kL
_Ah
Healthy Rat
- 4 days
- 13 month
Myelin (Luxol Fast Blue)
- 37 days
Neurofilament (SMI1312)
—I_ Oligodendrocyte - >0days

Astrocyte

Microglia



Characterization of the
Wallerian degeneration:

After 3 days:
- astrocyte activation
- axonal loss

After 1 week:
- clearance of the debris
- microglia activation

After 1 month:
- demyelination
- oligodendrocyte
activation ?



neurofilament staining: Axonal loss




neurofilament staining: Axonal loss




GFAP staining: astrocyte activation
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Ibal staining: microglia activation




Oligodendrocyte staining: activation, migration ?
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Myelin staining: demyelination




Results for DIAMOND and NODDI
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Longitudinal evolution for DIAMOND
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I 13 days post-surgery
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Approach of multicompartiment model +
heterogeneous parameter?

Can we define other structure ?
- yes, all structure can be studied

-> develop a dictionary ; ( ‘(‘

How can we fix the number of compartiment ?
- cross-validation method

-> rapid and robust optimization method

34



The signal in the CNS can be generalized as :
(J-P. Thiran, Neuroimage, 105 (2015) p32-44)

n, extra-cellular

/

S(q) = f"R*(q)+ /" R"(q) + [*R™(q)
R N2 N ———

restricted hindered 1sotropic

/ N

| n. 1sotropic
n, 1ntrafcellular |

with the condition: n;+n, +n, =1
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The signal in the CNS can be genera
(J-P. Thiran, Neuroimage, 105 (2015) p32-44 and Alexan

= — | Gdt

27

ized as :
der. Neuroimage. 54 (2012))

Model Form Degrees of freedom
D=dl d
D=onn” + 8L, dj=a+B,d. =B dy,dy,0,¢

. v g T T
D=dmn" +d  ,n;,n| +d;,n;,n},

dj,dy,,dy,, 0,9,

/

S(q) = f"R*(q)+ /" R"(q) + [*R™(q)
R N2 N ———

restricted

/

Intra-Axonal compartments

Form

Degrees of freedom

S = exp(—bd(n - G)?) d,0,¢
GPD approx. d, 6,6, R
1, q
P(R; k,9) = "l(k#: d,0,¢,k,9

hindered

with the condition :

1sotropic
Model Form Degrees of freedom

Se¢ = [ S,p(n)dn,R=0 d

- Se = [ S,p(n)dn, R >0 d.R
Astrocylinders
n o GPD approx. R, >0 d, R,
! Sphere
° R = 0, S = 1 -
Dot




voxel (/,1,1)

voxel (2,1,1)
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Generate a dictionary in all directions of the acquisition
for each compartiment:

(J-P. Thiran, Neuroimage, 105 (2015) p32-44 and Alexander, Neuroimage, 54 (2012))
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n, intra-cellular
e N

n, extra-cellular

n, isotropic
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Use the prior of the fiber directions to optimize the

problem:
(J-P. Thiran, Neuroimage, 105 (2015) p32-44 and Tournier, Neuroimage, 23 (2004))
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i v
compartiment model . . ) .
P Fiber orientation distribution

(FOD)
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Use the prior of the fiber directions to optimize the

problem:
(J-P. Thiran, Neuroimage, 105 (2015) p32-44 and Alexander, Neuroimage, 54 (2012))

solve with Lasso
al‘gmln —”(DAX y”2 + )\ ”X||2 algorithm with spams

x>0 / toolbox

fractions [ n; [ny [ n,/]
dictionary

[ do not use the condition: n; +n, + n, =1






