Evaluation of morphometric descriptors of
deep brain structures for the automatic
classification of patients with Alzheimer’s
disease, mild cognitive impairment
and elderly controls
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Introduction

Common approaches in morphometry (VBM, DBM,TBM)
local features (uni-variate descriptor)
subjects compared to a known reference or a population-specific one

Reference

Subjects of a
population

Our approach :

global analysis of all brain structures

multi-variate descriptor that integrates all the anatomical information
simultaneous estimation of the reference anatomy and its variability
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Atlas construction

Definition
= An atlas of a population is defined as follows:
. (Average model of (Covariance of deformation
Atlas = :
brain structures) parameters)
Template X, <—| |—) Deformations ¢;
Representative of the Map the template to the shapes

population under study of each subject
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. (Average model of (Covariance of deformation
Atlas = :
brain structures) parameters)
Template X, <—| |—) Deformations ¢;
Representative of the Map the template to the shapes

population under study of each subject

= The atlas construction is based on the following minimization:
N

1 .
E(Xo {¢i}) = z {F | (Xo) — 51”;,/ + Reg (o) }

=1
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Atlas construction

Definition
= An atlas of a population is defined as follows:
. (Average model of (Covariance of deformation
Atlas = :
brain structures) parameters)
Template X, <—| |—) Deformations ¢;
Representative of the Map the template to the shapes

population under study of each subject

= The atlas construction is based on the following minimization:

N
EXo (0 = Y 57 [9:k0) = Syt Reg (00 |
=1

Need to define
the model of deformations € Need to define a metric
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] Atlas construction

Measure between shapes: the varifold metric
(extension of the current metric)

U cf Charon and Trouvé (SIIMS 2013)

= Only the normals and their positions are needed.:

2
nln! -7
55 - Y S0 )
pl Mg

p q

—3 Gaussian kernel of parameter A,
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cf Charon and Trouvé (SIIMS 2013) ] AtIaS ConStrUCtlon

Measure between shapes: the varifold metric
(extension of the current metric)

= Only the normals and their positions are needed.:

2

nin,
N s
p q

p q

—3 Gaussian kernel of parameter A,

= No point-to-point correspondence required

* Robust to mesh imperfections such as :
® Irregular meshing
® Holes (in a closed surface)
® Spikes

= Invariant normal flipping
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» Create smooth (and invertible) 3D deformations by integration of a time
dependent vector field:

Atlas construction
Space deformation

NCp

v(x) = 2 Ky(x, ci (1)) ax(t)
k=1
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» Create smooth (and invertible) 3D deformations by integration of a time
dependent vector field:

Atlas construction
Space deformation

Gaussian kernel of parameter A,

N¢
? d
v = [ O)er(t) "D - v )
k=1 x(0) = xg

Control points
(in ambient space)

S Momenta  Integral equation of a shape point x,
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» Create smooth (and invertible) 3D deformations by integration of a time
dependent vector field:

Atlas construction

Gaussian kernel of parameter A,

dx(t)
vi(x) = Z x\c, (), () dr Ut (x(¢))
k=1 x(0) = xg
(incsrgggnrios'gie) < S Momenta  Integral equation of a shape point x,

» The use of smooth and invertible deformations guarantees the
preservation of the anatomical structure and their organization

» The deformation is controlled by a low-dimensional parametrization a;(0)

PR Ney Nep
= Notation: ¢ = {¢(0)},_;, a = {ax(0)},.
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= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

Atlas construction
Energy minimization

N 1

2

1 .

EXE, caq,.. a;..,ay) = z 707 ||¢“i(Xg,k) — Sllcll]z/vl + al-TKVai
i=1 \k=1""F
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= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

Atlas construction
Energy minimization

N 1

2
1 .
Ec, Oy, Oy e, Oy) = z F ||¢“i(X§,k) — 5;@“;,/ + al-TKVai
140

i=1 \k=
Template we want
to estimate
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= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

Atlas construction
Energy minimization

N 12
1 -
— (vP T
E(Xg aq ..., A, ...,aN) —z F”(j)a‘(x(),k) _Sll(”Wl +al- KVai
i=1 \k=1""k
Control points shared

among the population
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= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

Atlas construction
Energy minimization

N 12
1 .
E(X§, ¢, ey, . @), &y) = z 7 |lp%i (X5 ) — 5,g||;/, + aj Kya;
i=1 (k=1""K

Deformation parameter between
the template and the i-th subject
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= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

Atlas construction
Energy minimization

N (12
1 .
EXE, caq,.. a;..,ay) = z z — ||¢“i(Xg,k) — Sllcll]z/vl + al-TKVai

i=1 k=1 W v

trade-off parameter

balance parameter Fidelity-to-data Regularity
term term
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Atlas construction
Energy minimization

= Given a population P ={EC, MCI, AD} of N subjects, the estimation of
an atlas is given by:

EXb,coay, ..., a;, ..., ay) = z z 207 |lp%i (X5 ) — Sk|| +al Kya;

Input of the algorithm: Output of the algorithm.

- rough initial template with same topo/ogy - optimized template
- control points set as a uniform grid - optimized control points
- optimized momenta

- momenta set to 0 (no deformation)
18/09/2014
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Data pre-processing
» Rigid+scaling alignment of the data with FSL (7 DOF)
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Data pre-processing
» Rigid+scaling alignment of the data with FSL (7 DOF)

= Segmentation by FreeSurfer of T1 MRI data
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Data pre-processing
» Rigid+scaling alignment of the data with FSL (7 DOF)
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ADNI data set
&

Prototype

>
5,
)

5

50 subjects

Training data set

Atlas construction

MCI

1 Atlas per population :
- optimized template
- optimized control points
- optimized momenta
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ADNI data set
&

Prototype

0
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Training data set

Atlas construction

\5\9\‘\
3 S
S, 2)
=& %

% S

Test data set

Registration & classification

MCI Maximum likehood estmation :
1 Atlas per population : Find a criterion based on registration
- optimized template &
- optimized control points Find optimal thresholds
- optimized momenta (boundary between classes)
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CADDementia

ADNI data set
- data set

Prototype

50 subjects

%‘% > )
S "@é% 30 subjects
‘%

Training data set

Atlas construction

Test data set

Registration & classification

Test data set

Registration & classification

MCI AD

Maximum likehood estmation :
. _ o _ _ Test of our classifier
1 Atlas per population : Find a criterion based on registration optimized on ADNI
- optimized template & database
- optimized control points Find optimal thresholds
- optimized momenta (boundary between classes)
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Deformation kernel width : A, = 10 mm
Varifold kernel width : A, = 4 mm (for all structures)
Trade-off parameter: o7 = 16 (for all structures)

Atlas construction
Results (1)
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Atlas construction

Results (2)

%24

Superposition of the three templates (EC, MCI, AD) with anterior view (left) and posterior view (right)

= Shift of the caudate nucleus
= Bigger atrophy of the hippocampus
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Registration problem
Energy minimization

= Given a subject with S;,k=1..12, k=1...12 shapes, the registration
problem is :

12

1
E(@) =) 77 19 (6) - Sl + a"Kyax
k=1
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Registration problem

= Given a subject with S;,k=1..12, k=1...12 shapes, the registration
problem is :

12

1
E(a) = 2 202 | (Xox) — Sk“;; +a'Kya
k=1

= The control points and the template are fixed

= For one subject, 3 registrations are performed
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Registration problem

Example
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Classification

= We use for the ML classification the following criterion:

12
1
E(a) = z 27 l6*(X5,) = Sill’, + a’z5'e
k=1

where X, is the empirical covariance matrix of the deformation
parameters obtained during the atlas estimation.
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Classification
Results on ADNI dataset (357 subjects)

= Good classification results for EC vs AD classifcation :

True positive rate

EC vs AD (AUC = 0.818)
= MCI vs EC (AUC = 0.651)
| = MCI vs AD (AUC = 0.615)

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
False positive rate
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Classification

cf Cuingnet et al. (Neuroimage 2011)

CN vs AD
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Classification
Results on ADNI dataset (357 subjects)

= Good classification results for EC vs AD classifcation :

True class

| |
AD iMCI1 EC
(86) !(160)!(111)
%o.s— e | |
o AD | 66 i 83 i 28
2w ! !
SSMCI| 6 ! 13 | 5
Q © ! !
> EC| 14 : 64 : 78
— sl e 76% ' 8% | 70%
DO a1 0.2 0.3 0.4 0.5 0.6 0?? 078 DTQ 1 I I

False positive rate

= On the ADNI database (357 subjects), the accuracy is 51%b :
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Classification
Results on ADNI dataset (357 subjects)

= Good classification results for EC vs AD classifcation :

True class

| |
AD iMCI1 EC
(86) !(160)!'(111)
g 067 o ' :
3%0.5- GI\IJ AD 66 I 83 I 28
2w ! !
SSMCI| 6 | 13 | 5
g ° ! !
> EC| 14 : 64 : 78
—EEE 76%) (596 ) (705
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False positive rate

= On the ADNI database (357 subjects), the accuracy is 51%b :
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Classification
Results on CADDementia training data

= On the training CADDementia database, the accuracy is 50%b :

Tlrueclas;s
AD {MCI| EC
9 !9 12

S AD| 4 1 3 i 0
g4Mcr| 3 10 1 oa
£ EC| 2! 6 | n

= Two sets of resuts were submitted:
® one with thresholds from the ADNI data set
@ one with thresholds from the CADDementia data set
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Conclusion and perspectives

= No fine tuning of the atlas hyper-parameters
Of the deformation parameters
Of the metric between shapes

. . cf Gori et al. (MICCAI 2013)
» Perspective: Bayesian framework

Automatic estimation of trade-off parameters ¢ and covariance matrix Zp
» Perspective: Add cortical surface

= Implementation in Deformetrica available at : Z)%f‘x’?f{d:’(/f“f‘{'ﬁ'
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Supplementary materials




Classification

= The value of the registration can be used in classification :

12
1 gt _
E(a) = Z 77 147 (X6,) - Sell, + @@ +a'Zp'a
k=1

= We want to take into account the covariance of the deformation
parameters obtained in atlas estimation

= This corrected value (log-likehood) is used for the ML classification
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