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* Diffeomorphic mapping




Large-Deformation Diffeomorphic Mapping

Template Coarse Registration - Patient

Landmark-based Low-Dimensional Transformation




Global Landmarks
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[Local Landmarks
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Large-Deformation Diffeomorphic Mapping

Template Coarse Registration - Patient

R

Image-based Large-Deformation Diffeomorphic Mapping
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Large-Deformation Diffeomorphic Mapping

Template 9N, Patient
7 k 3%

Diffeomorphism h
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Template MR Deformed Template

Image-based Large-Deformation Diffeomorphic Mapping

conte.wustl.edu







Average




Group Differences

€

Average Surface of Average Surface of
Control Group Schizophrenia Group

Outward, .75mm Anterior View Outward, .5mm
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S —superior I—inferior R —right L —left

Inward, . Smm

Inward, .75mm

How to quantify the “shape” differences that are visually apparent?

Csernansky, JG et al, AJP, 2002, 2004




Singular Value Decomposition on the Cortical Surface — Joshi

U={u(x)=h(x)—x, xeﬁ}

3D Gaussian random vector fields modulo the identity map on the smooth
subcortical manifold

Expand using a complete orthonormal base through the characteristic equation:
2, () = [ Ky, (6, ) (0)dv (), x € M

{A,,0.} are the eigenvalues, eigenfunctions
dv(y) 1s the surface measure around the surface point y

K, is the covariance of U

Discretizing, we get in matrix form:

’ 5 1 T .
A.¢. = KV ¢, where K:mUU ,V:dlag{v(yj)}

Joshi S, Miller M1, Grenander U. Int J Pattern Recog Artificial Intell (Special Issue) 1997




Singular Value Decomposition on the Cortical Surface — Joshi

A ¢, = KV¢,, where IezﬁUUT and Vzdiag{v(yj)}

1
I = UU"V 4,

AV ¢, = —fUUTffqék
e /“H |

A8, =UU @, where §, =V, and U =

Jru

M -1

SVD: U = PDO"—>UU = PDQ"QDP" = PD*P’

|

{/Ik : Jk} : {D2 : P} (3x num surface points)® (K)

(2.8,) :{D2, VIP}

3 x num surface points x num subjects (P)

Joshi S, Miller M1, Grenander U. Int J Pattern Recog Artificial Intell (Special Issue) 1997




Singular Value Decomposition on the Cortical Surface — Joshi

-~ 1x Ix Ix |~
SVD: U - PDO . Uy
1 1 1
u” u,” -+ uy | surface vertex 1
-~ 1 1z 1z 1z
where U = ——=VU u. U Uy |-
M —1 2x 2x 2x | N
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U=|lu~ u, uy |-
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Joshi S, Miller M1, Grenander U. Int J Pattern Recog Artificial Intell (Special Issue) 1997 conte.wustl.edu




Statistics on the Hippocampus

For each subject i, its deformation vector fields expand to:

Z/ll- — E aik¢k Distribution of eigenvalues
k

with vector-coefficients for each subject

oy = (u )= [ 1 (08, (¥)dv(x)

m

The coefficients a;, are used in statistical
analyses.

20 30
eigen function

[

74% 87%  95%

Percentage of total variance accounted for

conte.wustl.edu







Statistics on the Hippocampus

 General linear model
* Multivariate ANOVA and discrimination
 Canonical correlation for multiple-group comparisons

conte.wustl.edu




¥ SAS

Statistics on the Hippocampus

File Edit

Yiew Tools Data Solutions ‘Window Help

v

Contents of 'Wmhippo'

=

Gitryreport

Jackstack

Jacksummary

Jhucinglisk

Gitrywais

lackrepeat

o o
(] 'n__'r' (]

—
=
[
o
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=]

L
@
o
o
=
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Results

|§J Explorer

- D=

S @ |

X 18 lE B = 15 EE &

gl VIEWTABLE: Nmhippo.Select

Subject |

ap | woll

valr wolbr ev(l ev(2 ev(13

ev(4

E2 2011
B3 2mz
B4 2m3
65 204
B6 L
E7 26
BB 2m7
B3 2ma
70 2020
1 2022
72 2025
73 2027
74 2028
79 2029
7B 2040
77 2047
78 2050
73 2052
80 2053
a1 2054
g2 2056
83 2060
a4 2061
85 2062
g6 2083
a7 2064
g8 2065
23 2066
90 2067
91 2064

«

actrl
actrl
actrl
actrl
achrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
actrl
achrl
actrl
actrl

24887
319853
281E.E5
2800.92
202813

2405
234017
2023.939
0422
2918.41

25815
1630.28
252064
211237
2409.61
295716
2609.74
214201
273852
2781.85
3089.27
2704.76
2689.58
251312
2932814
2436.28
175876
2231.26
217288
3088.04

o

2931.45
4023.44
322613
#1719
2R36.09
288891
378155
2E5E.36
333389
3288.35
32730
231411
3J1ER.EE
271069
2851.96
3521.86
282621
2308.73
3461.01
354514
334623
3169.06
272096
32471
31119

FEIE
258443
2664.51
283825
351.22

1021143
1223365
921342
1120850
878356
927541
1011564
1006362
1022528
996237
938716
306974
9453333
1047520
1025208
1097112
926475
881755
11EE436
1014224
1306523
11717483
1014743
10448283
1174791
1004400
341736
838013
1100038
1053385

0.2447
-10E.1856
-34.3344
11.5719
576167
-1.2402
-85 3567
-13.453
-144.5343
-46.3947
-18.0445
927548
-24.1916
27473
428443
-101.4502
-40.1968
32767
-35.6428
-154.926
-63.3037
-66.3823
-22.9784
20.3283
-BE.4727
-14.2401
321843
0.4784
28215
-110.8525

-11.7962
-1.3152
21.1553
57,7254
174126
-42.353
-17.8524
11.4182
12.7249
-3.1861
-40.0076
126326
-9.208
75155
-18.9462
-1.1457
23.2,7
20.8728
-34.8052
1E.4315
-49.7549
18,7454
-6.3125
-4.7B51
-A0.4432
287127
-41.9715
19.6871
-26.4919
72.5623

9.8107
101324

9.8547
272721
35.5457
-44. 7632
31.59288
53,2854
19.01M
-16.8025
21.1789
29.7313
-14.6011

41922
-16.1362
-26.7642
-3 5726
10,2003
-46.4049
54.7154
14.8823

0.8146

-7.2684
236172
-28.9381

-27.045

34215

-1.3944

E.7933
14.0007

19114
9.4356
121575
-11.8486
-6.8709
-0.283
-19.8555
32.5668
16789
-13.4433
9.9056
26158
2163
11.1887
-7.5325
-8.8735
1.0654
-27.516
-23.2909
3.0275
2.1906
-43.6766
-32.1985
-14.5826
-22.3035
53416
10,3633
-12.3666
-13.6357
-4.7347

13154z
-16.824E

-16.6865

-14.3041

-16.3802

-21.4274

-23.2822

-22. 806

12631

-14.9685

-14.083%

123604

11.207E
-3.7994

41452

25514

4.5z

00937

|32

36242

B.518E

-5.471

.03 |
1E.058E

-3.130
4.0397
0867
Z074E

131868

4TEE
S |

Qutput - [Untitled)

El Log - [Untitled)

‘ [E shape_manaova.sas ||ﬁ VIEWTABLE: Nmhi...

L-Q-C:'l,DDcuments and Setfings'l;lei

conte.wustl.edu



Statistics on the Hippocampus

¥ SAS

File Edit View Tools Run  Solutions Window Help
v | AlDed| &R+ E © Rl £ X O@
[ %] 4
Contents of ‘Nmhippo'
LIS ALIIEEE = | Subject | grp | wall wvolr | wolbr | ev01 | a2 el evi4 evi5 Ai
=9 — E2 2011 achl 24887 2931.45 1021149 0.2447 -11.7962 9.8107 -3.9114 1315342
Gitryais £3 202 achl 313353 402344 1223365 -106.1856 -1.3192 10,1824 9.4356 -1E.824€
E4 203 actl 281E.EG 3226713 981242 -94.3944 21.1553 0.8547 121575 13,3604
65 204 actl 2800.92 I79 1120850 11.5713 077254 272721 -11.8486 -16.6865
G5 2M5 achl 2028.13 2R36.03 575336 576167 174126 35.5457 -6.8709 11.207¢
E7 2016 achl 2405 288891 527541 -1.2402 -42.353 -44 7B52 -0.283 -3.7954
8 207 achl 234017 378155 1011564 -85.3567 -17.8524 31.59288 -19.8555 -14.3041
E9 28 actl 2023.93 2E5E.36 1006962 12,459 11.4182 h9.2854 315668 4,145z
70 2020 achl 4.2z 333359 1022522 1445343 137249 5.1 -3.5789 35514

Jackfinal

24 faTa tata Ll Andn dd AAO0AE P AT a0dT LR aTnt] ERululatal~d 17 4409 EWulaalas

Jackrepeat -’.@ shape_manova.sas * g@@

options linesize=79 pagesize=50 date number pageno=1:
titcle;
footnote;

titlel "Hippocampal Shape'™:
title2 "Manowva: two groups™:
title3 "eigenwvectors only™:
=proc glm daca=NMHIFFO,.SELECT:
class GRP:
model evll — evl5 = GRP / 351 3352
manova h=GEP / swmoary:

o o
(] 'n__'r' (]

—
=
o
=]

=]

Jacksummary

ods exclude partialcorr tests;
Jhwcinglist run:

HULE:

L0 pomon
o 0
] 0
il - 0
o

Al

Yaleignl v
Resuts (@] Explarer [ Output - [Untitled) El Log - [Untitled) “I@ shape_manova.sas * [k VIEWTSBLE: Nmhip...

I-Q-C:'l,DDcumenEs and Setfings'l;lei Ln 14, Col 1

conte.wustl.edu




Statistics on the Hippocampus

o SAS

File Edit View Tools Run  Solutions Window Help

v | ~hed &B ¢ = | el EF X O@
Sailie o _
RES'—'":S Hippocampal Shape 4

+ E@lim:HmpmampmShaw Manova: two gruu?s 22:33 Tuesday, July 13, 2004
eigenvectors only

The GLH Procedure
MHultivariate Analyszis of Variance

MANOVA Test Criteria and Exact F Statistics
for the Hypothesis of Ho Overall ogrp Effect
H = Type 11 SS5CP Matrix for grp
E = Error 55CF Hatrix

5=1 M=6.5 N=49.5
Statistic Value F Value Hum DF
Wilks' Lambda 0.71700019 2.66 15
Pillai’s Trace 0.28299981 2.66 15

Hotelling-Lawley Trace 0.39469376 2.66 15
RBoy's Greatest Root 0.39469976 2.66 1%

= shape_manova.sas *

options linesize=79 pagesize=50 date nunber pageno=1:
title;
footnote;
titlel "Hippocsaswpal Shape'™:
titleZ "Manowva: two groups™:
title3_"e;genvgg§pr§ Dnlyf;
Eproe glm data=NMHIPPO.3ELECT:
class GRP:
model evldl — evls = GRP / 2331 332 nouni;
manova h=GEP / swanary:
ods exclude partialcorr tests;
run;

cuit:

< [ 2]
&P Results ]@J Explorer J Qutput - [Untitled) El Log - [Untitled) “I@ shape_manova.sas * [k VIEWTSBLE: Nmhip...

MOTE: 13 Lines Subrmitted. 'I-Q-C:'l,DDcumenEs and Setfings'l;lei ;Ln 14, Col 1

conte.wustl.edu




Statistics on the Hippocampus

o SAS

File Edit View Tools Run  Solutions Window Help

v | MDD 83 F e |He 22X 08
Sailie o
RES'—'":S Hippocampal Shape: first 20 eigenvectors 16

(& Logistic: Hippocampal 5k Logistic Hegression: two groups
[} Logistic: Hippocampal 5 eigenvectors only 22:33 Tuesday, July 13, 2004

!@ Logistic: Hippocampal 5k The FREQ Procedure
{5 Freq: Hippocampal Shap

Table of orp by _INTO_

_INTO_(Formatted Value of the Predicted
Response )

Frequency |a:ctr] b:schiz Total

a:ctrl 52 13 65

b:schiz 17 a5 52

Total 33 48

1 shape_logistic.sas *

title2 "Logistic Regression: two groups™:
title3 "Eigenvgctorsqulg";. -
=proc logistic datsa=NMHIFPFO,.SELECT
outest=WORKE.3TALT
model GEP = evl0l - evz0
/ selection=3CORE best=4 stop=6 converge=1E-8

DETLILS
output out=WORK.OUTPUT
/* end of output statement F/

3 [T [
&P Results ]@J Explorer J Qutput - [Untitled) El Log - [Untitled) “I@ shape_logistic.sas *  [ghVIEWTABLE: Nmhip...

MOTE: 51 Lines Subrmitted. 'I-Q-C:'l,DDcumenEs and Setfings'l;lei ;Ln 12, Col 1

conte.wustl.edu







Interpreting Eigenvectors

I Iwiw
(HXCH0)

;

)

)

Max ev02 coefficient Case Group [ vs. Control ~ Case Group II vs. Control ~ Case Group III vs. Control Min ev02 coefficient

&

N _/
YT

ﬁi — ai2¢2

Autism, Wang, L, Dager, S, Constantino, J, Csernansky J, 2004, unpublished



Subfield Zones of the Hippocampus in AD

Bl CAl CA2 [ CA3 CA4 Gyrus Dentaus [l Subiculum

Top View ==

Tail

Head

Bottom View

Head
Alzheimer’s disease,
Csernansky J, Wang L,
Miller M, Morris J

Tail

2004

Duvernoy, Henri M. The Human Hippocampus: An Atlas of Applied Anatomy. New York: Springer-Verlag, 1988.
Glick, 1. Senior Honors Thesis, Washington University in St. Louis, 2002.
Wang, L etl al, Neurolmage, 2003. conte.wustl.e




Extension to Other Vector Fields Analyses

e Asymmetry in schizophrenia
— Formulation: L-R flip across mathematical sagittal plane
— Asymmetry = residual
— Measure of shape asymmetry
e Time-dependent change in AD
— Formulation: rigid-motion registration of follow-up and baseline
— Change = residual

— Measure of shape change




Asymmetry

!
Top View
i

Reflection plane: Right flipped

{x‘ x=OR x+7 } OR right + 7

Right Right flipped

Left

Reflection plane
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Asymmetry
Singular Value Decomposition

Empirical estimate of L& _ 7
. . K_—Z(ui_u)(ui_u) :>(/1k>¢k)
covariance; —14

N

u~Nw,K), ui:ZZi¢k9 Zi:<ui’¢k>

k=1

|
N+N

Pooled sample
covariance:

{Z(z -ZYZ.-Z")

+ZZ<Z,-—ZZ>(ZZ~—22>T}

Asymmetry Measure: eff = N

Wang, L, et. al, Neurolmage 2001




Asymmetry: Normative

Tail

2 mm
Top View
K
—ctrl __ 7 ctrl
- = Z A
k=1
ZCtrl N thrl 2
~ ( : )
Head - 2 'mm
(;% Inward

Control Eigenvectors 7,9

Bottom View

Wang, L, et. al, Neurolmage 2001



Asymmetry Schizophrenia

Outward

Tail 2 ain

Top View

—sch1z

Mh

schiz ¢1
/=1

schiz _ N(Z schiz Z)

- - 2 mm
?\% (;% Inward
Schizophrenia Eigenvectors 7,9

eff =1.53
F =16.24
df =2,13
p =.0003

Bottom View

Wang, L, et. al, Neurolmage 2001




Asymmetry: Control vs. Schizophrenia

Outward
1 mm
K
—ctrl 7 ctrl
u— = E 79,
k=1
L
—schiz 7 schiz
u = E 279,
/=1
1 mm
Inward
Control — Schizophrenia Eigenvectors 2,12,17 Eigenvectors 2,12,17
t
R [
IR O : S
—
! '
’ +*
$
% }:::\J@ | Conltrol | Schizolj;hrenia |

Wang, L, et. al, Neurolmage 2001




Progression
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Progression

Singular Value Decomposition

Empirical estimate of O _ T
e K=——% (u-w)u,~u)" =(4.4)
covarlance: —14
N
SVD: MNN(ﬁaK)a U, :Zzi¢ka Zi :<ui9¢k>
k=1
|
Pooled ] ARV A VAY A
ooled sample N TN {Z( X )’

covariance:

+ZZ<Z,-—ZZ>(ZZ~—22>T}

Change Metric: eff = NS/

Wang, L, et. al, Neurolmage 2003




Change: Normal Aging

K
—ctrl ~ ctrl
ucr :ZZC ¢k
k=1

el N(Zcm ’ Z)

Front View

Eigen functions 8,11

D Vs

Back View

eff =1.00

F=1241
df =2,24
»=.0002

Wang, L, et. al, Neurolmage 2001




Change: Mild AD

' l/_ldat _ ZL:Zdat¢l
! =1
| : . | Zdat _ N(Zdat : 2)

Eigen functions 1,4,8

Front View

Outward
eff =1.70
FER=SRS5
- | df =3,15
_ »=.0001
Back View Irllward

Wang, L, et. al, Neurolmage 2001




Progression: Normal Aging vs. Mild AD

M oy [=2]

=

Log Likelihood Ratio, A

| | | |
] =2} oy ra

CDR 0.5 vs. CDR 0 Eigenvectors 1,2,4,11

Wang, L, et. al, Neurolmage 2001



Statistical Computation and Inference on the
Subcortical Surface

Generate Family of Family of Surfaces and
Diffeomorphic Maps — Vector Fields
from Template MR of Subcortical Structure
SVD

on Vector Fields

CONTE CENTER

FOR NEUROSCIENCE RESEARCH Y

—_ . Coefficients to -
WaShmgton Eigenvectors Used in Visualization and
University in St.Louis GLM for Statistics and Interpretation
SCHOOL OF MEDICINE Inference
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