3

V.

Pour de meilleurs résultats, ouvrez ce porte-documents PDF dans

Adobe Reader X, ou dans Adobe Acrobat X, ou version ultérieure.

Télécharger tout de suite Adobe Reader



http://www.adobe.com/go/reader_download_fr


http://brain-connect.sciencesconf.org

Diffusion Tensor Imaging
Overview

Assia JAILLARD
MATICE- Pdle recherche
w\ Unité IRM 3 T Recherche
AcHu IRMaGe: Inserm US 17 / CNRS UMS 3552

2nd Brain Connectivity Course Grenoble 2015

CHU Grenoble - France

9/27/2015

Introduction DTI DTI Coefficients Tractography Applications

OUTLINE

— Introduction

— Diffusion Weighted Imaging
— Diffusion tensor matrix

— Diffusion coefficients

— Tractography

— Applications

— https://en.wikipedia.org/wiki/Diffusion MRI
- http://emedicine.medscape.com/article/345561-overview#a6
— -Cyril Poupon slides
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Le Biban D, et al. MR imaging of intravosel inc
Basser, Mattiello, LeBihan.
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Introduction

Many brain functions are mediated by parallel distributed networks. For
instance, language relies on efficient information transmission along long
range fiber pathways connecting distant cortical areas. See Catani’s work.

Diffusion tensor imaging (DTI) provides information on white matter tract
orientation. => tractography to examine brain structural connectivity

DTl is a non invasive way of understanding brain structural connectivity
White matter ultrastructural integrity

Diffusion Imaging has been first developed to measure anisotropic
diffusion=>ADC. Clinical applications = Stroke and tumors

DTl derived measurements: Fractional anisotropy (FA) altered in disease with
motor control impairment

Research applications in healthy brain, ageing, neurologic and psychiatric
disorders

ology. 1986; 161:401-407
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Introduction DTI Coefficients Tractography Applications

—basic principles of Diffusion Weighted Imaging (DW!I)
—Diffusion Tensor Imaging (DTI)

— Diffusion coefficients

— Tractography approaches






Introduction

Diffusion

Diffusion

Random thermal motion (thermal shocks)

DTI Coefficients Tractography Applications

Diffusion is based on Brownian water molecule motions
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Poupon JIRFNI 2009
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Diffusion

Introduction

Diffusion

DTI Coefficients Tractography Applications

Free diffusion (ventricules) versus restricted diffusion (cell wall)

— WATER protons = signal
— Diffusion property of water molecule

— Diffusion (D)
— Apparent Diffusion coefficient(ADC)

9/27/2015
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Anisotropy
A. Isotropic Diffusion B. Anisotropic Diffusion
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DTI Coefficients Tractography Applications

DWI sequence - Pulsed Gradient Spin-echo (EPI)

Imagerie de diffusion par RMN", C. Poupon

9/27/2015
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Diffusion DTI Coefficients Tractography Applications

Basic DWI Calculation: b

The b-value gives the degree of diffusion

weighting and is related to the strength and ~

duration of the pulse gradient as well as the

interval between the gradients In(S)

Areas where diffusion occurs most rapidly will \
exhibit a greater decrease in MR signal as the S

b-value increases >
b-value

Collect multiple images each with a different
b-value. Typically just 2 b-values (0 and 1000) In(S)=1In(S,)-be ADC

W Diffusion DTI Coefficients Tractography Applications

Whatis b?

* b-value gives the degree of diffusion weighting and is related
to the strength and duration of the pulse gradient as well as
the interval between the gradients

*b changes by lengthening the separation of the 2 gradient

pulses => more time for water molecules to move around
=> more signal loss (imperfect rephasing)

3 3

* G= gradient amplituae
* & =duration

= trailing to leading edge separation
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Diffusion Weighted Imaging (DWI) Sequence ] ;yr\)

—This loss of signal creates darker voxels (volumetric pixels).

— Diffusion is measured by repeating the process of diffusion
Weighting in multiple directions to model the DTI.

—In clinical imaging, ADC maps may be measured using only 3
diffusion gradients +a b0 map are required to compute an ADC

map

Dwi axial slices

Introduction Diffusion DTI Coefficients Tractography Applications

Apparent Diffusion Coefficient (ADC)

— The simplest and possibly most useful
scalar for clinical applications is the
apparent diffusion coefficient (ADC).

— In clinical imaging ADC maps may be
measured using only 3 diffusion gradients.

— ADC map:

* high ADC = less barriers

* low ADC = more barriers

* Areas with higher rate of diffusion are
brighter

« Little contrast between gray and white
matter
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Diffusion DTI Coefficients Tractography Applications

* ADC map = Dark regions= water diffusing slower = more obstacles to movement/increased
viscosity

« Diffusion Weighted Imaging (DWI): Bright regions = decreased water diffusion in case of cytotoxic
edema

* Intensity of pixels proportional to extent of diffusion

* DWI is useful clinically : diagnosis of acute stroke => thrombolysis <3h

Introduction DTI DTI Coefficients Tractography Applications

Water diffusion in brain tissue

Depends upon the environment: Isotropic diffusion Restricted diffusion

- Proportion of intracellular vs
15
o

extracellular water: cytotoxic oedema in

stroke vs vasogenic edema in tumor
@7
(L/—\

=>ADC

- Physical orientation of tissue e.g. nerve
fibre direction

=>DTI
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mm DTI DTI Coefficients Tractography Applications

DIFFUSION TENSOR IMAGING

mm DTI DTI Coefficients Tractography Applications

Diffusion Tensor Imaging (DTI)

* DTl is a technique in which contrast is
based on both rate and direction in the
diffusion of water molecules: the areas
with restricted diffusion will have a
directional bias which is used to
determine the direction of diffusion
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Anisotropic

@\

Isotropic

Types of Isotropy

DTl is based on anisotropy
properties

In gray matter, diffusion is

isotropic (similar in all

directions) = A

In white matter, diffusion is

anisotropic (prefers motion

along fibers) =B

low anisotropy high anisotropy

O’Donnell and Westin, 2011

9/27/2015 2nd Brai

om
Diffusion Tensor Imaging (DTI)

* Because the cellular diffusion of water in
the brain is limited by cell geometry, in -
particular axons, DTl can be used to
examine the structure of white matter
A

DTl can measure
- the direction of motion

- both the velocity and preferred direction
of diffusion

9/27/2015
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DTI DTI Coefficients Tractography Applications

Diffusion Tensor Imaging

* Technique: Repeat the DWI sequence with gradients applied in a number of different
directions. From the contribution of all the different directions we can calculate the
direction of diffusion as well as the relative rate of diffusion

* To create a tensor, we need to collect multiple directions.
* At least 6 directions.

* More directions offer a better estimate of optimal tensor.
« More gradient directions improve reliability (Wang 2012)

6 Directions 12 Directions 30 Directions

9/27/2015 2nd Brain Connectivity Course Grenoble 2015
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The diffusion tensor

The diffusion tensor (DT) describes the displacements of the water molecules using
the covariance matrix of a 3 dimensional Gaussian distribution model

Tensor derived from Eigenvalues
directional diffusivities Matrix of 3
(ADC's) eigenvectors

Jellison B J et al. AINR Am J Neuroradiol 2004;25:356-369
©2004 by American Society of Neuroradiology

9/27/2015 2nd Brain Connectivity Course Grenoble 2015
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m o Ot Cosffcients fecosE G

The Tensor Matrix

A 00
D/)rin =10 A 0
0 0 A;

* Direction of the principles axes = Eigenvector
* Size of the principles axes = Eigenvalue =A1, A2 and A3

Al indicates the value of maximum diffusivity or primary
eigenvalue . A1 is termed axial diffusivity. A,

A2 and A3, termed radial diffusivity, represent the
magnitude of diffusion in a plane transverse to the
primary one

Introduction m DTI DTI Coefficients Tractography Applications

DTI

* Eigenvalues of the diffusion tensor (1, A,, and 1,) provides length of the ellipsoid
in the three principal directions of diffusivity

* Eigenvectors provide information about the direction of diffusion

* The eigenvector corresponding to the largest eigenvalue is used as the main
direction of diffusion

* Several measures of anisotropy can be computed from the eigenvalues and
eigenvectors

I

A2

11
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Measures of Diffusion anisotropy

A. Isotropic Diffusion B. Anisotropic Diffusion

£ + &
AD=;{1;R[)=(Z, 3),

p < Gt fa+ fo)
Z y

— 3 (& = MD)? + (& — MD)? + (&3 — MD)?
42 [C+ &+ & '

N

where £; > £; > 4£3.

http://pubs.niaaa.nih.gov/publications/arh27-2/146-152.htm
Axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD)
and fractional anisotropy (FA) can be computed from the 3 eigenvalues.

Indices of Anisotropic Diffusion

* Fractional anisotropy (FA) is a difference between
eigenvalues and reflects directional diffusion

FA:\/z\/(},l—D)2+(},2—D)2+(},3—D)2

2. 2 .2
\//.;+/.§+/.§

FA is the most reliable scalar

* Mean diffusivity is an addition of eigenvalues
reflecting overall diffusion

AL+ 12 + A3

MD = 3

12
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FA Measure of degree of anisotropy regardless of direction

C= Principle Tensor
Vector

A=MD B=FA

Colour FA map

* Colour coding of the diffusion data
according to the principal direction
of diffusion:

O red - transverse axis (x-axis)
Q blue - superior-inferior (z -axis)
Q green — anterior-posterior axis (y-axis)

* Brightness of the colour is
proportional to the FA : Brighter
areas correspond to areas with
higher degree of anisotropic
diffusion

* Ranges from 0 — 1 where FA=1
corresponds to completely
anisotropic

13
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‘ (c) d) (e)

s )00 000 211 B
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Healthy axons  Injured axons Myelin sheath Injured myelin  Infiltrating cells
sheath

TRENDS in Neurosciences

Introduction DTI Coefficients Tractography Applications

Tractography

[Virtual Hospital, 1998]

9/27/2015
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Tractography Applications

Cingulum (1) arching over the corpus callosum (2) Gross dissection

Arcuste fibes

Paracentral Lobule Fornix

Parietooccipital 258 Cingulum
Sulcus

Anatomy
Trnsyerse sccpial (X Genu of Corpu
fasciculus. ‘i] Callosum
Jccipitotemporal 7
Aﬁﬂut".‘.‘,‘.:‘.:,?wn ‘,\ / Septum Pellucidum
DTI

Jellison B J et al. AINR Am | Neuroradiol 2004;25:356-369)

Tractography

©2004 by American Society of Neuroradiology

3- Corticospinal
tract (CST)

VESENCEPHALON
el of

et caticalon

wio-pons

Jellison B J et al. AJNR Am J Neuroradiol 2004;25:356-369

©2004 by American Society of Neuroradiology
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4- The arcuate fasciculus/
Superior longitudinal tract
5- Inferior longitudinal tract
6- Uncinate fasciculus

language & aphasia

Tractography reconstruction of the white matter
pathways involved in the most frequent
neurodegenerative disorders, some of which
affect

language function

Catani,cortex44(2008)953-961.

I PPA (agrammatic and logopenic variants)/Cortico-basal degeneration

[ PPA (semantic variant)/Fronto-temporal dementia

9/27/2015

Tractography - Overview

Voxels are connected based upon similarities in the maximum
diffusion direction

Not a measure of individual axons, rather the data extracted
from the imaging data is used to infer where fibre tracts are.

Johansen-Berg etal.
Ann Rev. Neurosci 32:75-94 (2009)

9/27/2015
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Tractography — 2 approaches

Degree of anisotropy  Deterministic tractography

Tractography

9/27/2015

Applications

Probabilistic tractography

§ AV AY] [} AN AN 10%. 2%| 1%| 1%
\ ravl |/ 15%[10%| 5%| 3%
P o 20%]30%|10%| 5%
(] (] 50%)|30%
LS [ 90%(99%

Degree of anisotropy

Streamline tractography

Tract density = voxel probability

Nucifora et al. Radiology 245:2

(2007)

Corticospinal Tract -

Deterministic

2nd Brain Connectivity Co

Corticospinal Tract

Tractography

Applications

.
<

Corticospinal Tract -Probabilistic

Nucifora et al. Radiology 245:2

(2007)

17
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Deterministic tractography

* Connects neighbouring voxels from user defined voxels
(SEED REGIONS) e.g. M1 for the CST

* User can define regions to restrict the output of a tract e.g.
internal capsule for the CST

* Tracts are traced until termination criteria are met (e.g.
anisotropy drops below a certain level or there is an abrupt
angulation)

Introduction m DTI Coefficients Tractography Applications

Internal capsule, axial view.A and B, lllustration (A) and directional map (B).

Frontopontile
Caudate
nucleus

Posterior limb of
internal capsule

‘ T\M\\

A Optic radiation to calcarine cortex
(geniculocalcarine tract)

Jellison B J et al. AJNR Am J Neuroradiol 2004;25:356-369

©2004 by American Society of Neuroradiology

27/2015 2nd Brain Connectivity Course Grenob
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The major eigenvector may not be aligned
with a fiber tract in the case of crossing fibers

-_ 7

- |,
1‘\
ol \

9/27/2015 2nd Brain Connectivity Course Grenoble 2015

Crossing - kissing fibres

i X

Crossing fibres ? Kissing fibres ?

Low FA within the voxels of intersection (the
eigenvalue of the principal vector is reduced)

9/27/2015 2nd Brain Connectivity Course Grenoble 2015
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Tractography

i X

Crossing fibres  Kissing fibres

Low FA within the voxels of intersection (the
eigenvalue of the principal vector is reduced)

Crossing or kissing fibers ?

Tractography

Assaf et al
J Mol Neurosci 34(1) 51-61 (2008)

Applications

Applications

9/27/2015
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Tractography

Applications

false positive

O’Donnell and Westin, 2011

9/27/2015 2nd Brain Connectivity Course Grenoble 2015

False negative

Tractography

false negative

O’Donnell and Westin, 2011

9/27/2015 2nd Brain Connect

vity Course Grenable 2015

Applications

9/27/2015
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| IO Y NPy

Grey matter

U fibers

Short cortical association pathway

Probabilistic tractography

* Value of each voxel in the map = the probability
the voxel is included in the diffusion path between
the ROIs

¢ Run streamlines for each voxel in the seed ROI

* Provides quantitative probability of connection at
each voxel

22
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Introduction DTI Coefficients Tractography Applications

Probabilistic tractography

Robust to noise and partial volume effect => allows tracking into
regions where there is low anisotropy e.g. crossing or kissing
fibres

[Perrin, 2006]
[Chao, 2007
[Descoteaux, 2008]

7/2015 2nd Brain Connectivity Course Grenoble 2015

Introduction DTI Coefficients Tractography Applications

DTI - Tractographie

corticospinal
pathway

medial
B lemnisucus

pathway

\\\ 3 corticobulbar

pathway

anterior

Deterministic tractography Probabilistic tractography

9/27/2015 2nd Brain Connectivity Course Grenoble 2015
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Tractography
Probabilistic tractography limitations

*Time consuming

*Crossing fiber problem remains an issue

* False positive

*Low reliability for the main tracts compared to
deterministic approach

* Needs a minimum of 30 directions

=> More directions (256), higher resolution (1
mm?3), more time

=> Multiband

=> Other algorithms

Evolution of the DWI glyph
High order models to solve the crossing fiber issue using more

than one direction at the voxel level

1

scalar

voxel

-; N

ellipsoid

{ spherical plots maxi
[P P enhancement |

multitensor

fonsor | W0 ensors | g2 e | = T

anisotropy 3 directions tensor

a—d: (Kindlmann et al., 2004), e: (Tuch et al., 2002), f: (Tuch, 2004), g: (Prékovska et al.,
2011).

24
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HARDI fiber-tracking

DTI HARDI

9/27/2015 2nd Brain Connectivity Course Grenoble 2015

A Tensor Ellipsoids B Tensor ODFs
° 00
20820000
@ S2000
\800
o\ \So
\
2980
00700
sess
3y
Qe
crrensasy o~
- \ —————
=000000% \

20000008
c CSA QBall ODFs o CSD ODFs
@ 17T@OO0 XX x /X% ke
< 4 *i{\(&xiv\ /rx s fx
® ] FAENNNKF X Xxh x4k
[] AEEN\NRE R
s e - N\~ § N e
Weso06 LN *1¥ NV Xxown
SEI ) R S T ARSI PR
RRANOOO L RPN AEINNN (& 4 x
eenit e R e F OO0 R LB
BeeLLE D A e el A
e PR R/ AENAVEREA LR VRN
BN N X X f ottty f LRSS SR oo
Voo remmwy @ e s ottt X X | < NS E e
wreomm®nG } §OBD N~ R
\: N |
000®4 1\ ot § £ R . bty
trheo00nrt pi s 8 b 3 1 11 o
.x Fae S
wwwene@ i § 100000 et X R -~
683 0068 PR R

O’Donnell and Westin, 2011

9/27/2015 2nd Brain Connectivity Course Grenoble 2015

25





25.3 min 11.5 min

Fig. 3 Diffusion imaging for neuronal fiber track display accelerated with simultaneous image acquisition. The 3D images show neuronal axon
fiber tracks in the human brain, in vivo, using simultaneous image refocused (SIR) EPI with either 2 or 3 images per...

David A. Feinberg , Kawin Setsompop
Ultra-fast MRI of the human brain with simultaneous multi-slice imaging
Journal of Magnetic Resonance, Volume 229, 2013, 90 - 100

http://dx.doi.org/10.1016/j.jmr.2013.02.002

2nd Brain Connectivity Cours:

Grenoble 2015

Tractography Applications

Introduction DTI Coefficients Tractography Applications

DTl = imagerie du
tenseur de diffusion

cp= cerebral peduncle
pyr= pyramidal tract
c = internal capsule

Fig. 1: Anatomic details revealed by DTI. A) The
specimen imaged for this study. B) Coronal color
FA map showing the pyr/cp/ic complex. C)
Diffusion coefficient map highlighting the 6" nerve
nucleus (arrow). D) The color map at the same
level as C showing the 6" nerve itself (arrow)

The dataset was reconstructed using least squares tensor estimation (DTI). Evan Calabrese A postmortem brai from a 37-year-old male with no

ic history was
immersion fixed in 10% formalin doped with 5 mM gadoteridol. MR imaging was performed on a 7T system using a 65 mm internal diameter quadrature RF coil. Diffusion data

were acquired at 200 um isotropic resolution using a 3D spin echo pulse sequence (TR/TE = 100/24 ms) with 120 diffusion directions (b = 4000 s/mmz2) and 12 non-diffusion
weighted images (b0) distributed over a ~227 hr acquisition. Bore was

FSL's BEDPOSTX8. Dt
PROBTRACKX.

9/27/2015

2nd Brain Connectivity Cours:

with a water circulation system and monitored using a fiberoptic probe. The dataset
was reconstructed using three different models: 1) least squares tensor estimation (DTI)6, spherical harmonic orientation distribution function (ODF) deconvolution (g-ball)7, and
inistic yand tract ions were performed on g-ball ODF data using DSI Studio. Probabilistic tractography was carried out using FSL's

9/27/2015

26





Both the microstructural and macrostructural
organization of white matter pathways
differentially contributes to understand brain
network organization

9/27/2015 2nd Brain Connectivity Course Grenoble 2015
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Clinical applications of Diffusion Imaging
using Diffusionist toobox

Assia Jaillard
Félix Renard; Coline Huber
Hermes PHRC

9/24/2015 Second Brain Connectivity Course Grenoble 1

DTI parameters

* Fiber count

il

* Measures of Diffusion anisotropy
* FA
* Mean diffusivity
* Axial and radial diffusivity

* Tract Volume n

9/24/2015 Second Brain Connectivity Course Grenoble 2
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Diffusion parameters

ROlIs
Tractography: manual tracking

Atlas for the whole brain or specified tracts (arcuate fasciculus or
CST)

L ' ' 1 . . ¢
—_.d- I.‘ -
Representation of CSTs at the pontine level (z= 22mm) on the FA

template (A); In a control subject (B); In a patient with partial CST
damage (C) and in a patient with severe CST damage (D).

9/24/2015 Second Brain Connectivity Course Grenoble 3

White matter atlases

1. Inthe ICBM-DTI-81 white-matter labels atlas provided
by Susumu Mori, 50 white matter tract labels were
created by hand segmentation of a standard-space
average of diffusion probabilistic tensor maps from 81
subjects; mean age 39 (18:59), M:42, F: 39. The diffusion
data was provided by the ICBM DTI workgroup.
http://www.loni.usc.edu/ICBM/Downloads/Downloads
DTI-81.shtml

2. Natbrainlab: Catani atlas and tract maps:
http://www.natbrainlab.co.uk/#!atlas-maps/ch5f

The atlases are in MRIcron templates

9/24/2015 Second Brain Connectivity Course Grenoble 4
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Comparison of CST FA values based S o Legmm
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9/24/2015 Second Brain Connectivity Course Grenoble csT 5
Comparison of CST FA values based on tractography and JHU
ROIs in left and right hemispheres of 30 healthy participants
- Strong correlation between the FA values provided using the JHU and
tractography methods: r= 0,729; p< 0.001. Same for ROls and JHU FA.
- Effect of the section of the tract (p=00,002) and trend for the side (p
=0,059) but without interaction
- No effect of age or sex.
;7 4 _irHaucmgraphy ;5 % :#:L;tography
5 / Eﬁu‘ r'/f i \
9/24/2015 Second Brain Connectivity Course Grenoble 6





Reliability:
Why do we care ?

- For longitudinal studies

- For multisite studies

- For intervention

assessment

9/24/2015

Mean FA CST values in 30 healthy
subjects based on the JHU atlas

* 30 healthy right handed participants
» 10 females / 20 males (35,4 years +13,6)

CST section
Corona radiata
PLIC
Mesencephalon
Mid pons

Mean CST

Mean FA
0,4923
0,6706
0,6566
0,5756

0,5988

SD
0,0365
0,0222
0,0336
0,0590

0,0819

30 healthy right handed participants
10 females / 20 males (35,4 years +13,6)

9/24/2015

Factors influencing reliability

9/27/2015

* Scanner: magnetic field, SNR, signal drift,
* Sequence: Number of directions, b value,

resolution

* Participant: head motions, head orientation
* Preprocessing: artifact correction and

registration (lesion)
* DTI Processing

* Anatomical tracts (masks)

* Statistical analysis

Second Brain Connectivity Course Grenoble

Hermes Data

CST section ICC
Corona radiata 0,984
PLIC 0,755

Mesencephalon 0,90
Mid pons 0,56

Mean CST 0,572

Left Sections: ICC(1,1) absolute agreement; average measures
mean CST: ICC(2,1) absolute agreement; average measures/

4 females / 6 males (35,2 years +12,7)

P value
<0,001

0,029
0,027

0,129

0,038

Reproducibility of FA CST values in
10 healthy subjects (test-retest)

95%Cl
0,93-0,99

0-0,94
0,60-0,97

0-0,78

0-0,831

Shrout and Fleiss (1979) and McGraw and Wong (1996) are the key reference for

this document.
Second Brain Connectivity Course Grenoble

8





9/27/2015

Clinical application: stroke

* Multimodal study

* FA and DTI parameters as biomarkers of stroke recovery
* Lesion volume

* Motor related activation using fmri

* New treatment evaluation

9/24/2015 Second Brain Connectivity Course Grenoble 10

ISIS- HERMES = Intravenous mesenchymal stem cells in subacute
Stroke (PHRC 2007; PHRC 2010)

~/ )

¥

Bone marmrow

Ischaemic core

Ischaemic boundary zd ertricular/ subventricular zona

- \ Sy

g . Y
4 b -
.
hg i
Synaptogenesis Angicgenesis Apoptosis CNS stem cells
Meurcgenesis

Chopp, Lancet Neurol 2002
Detante, Cell Transplant 2009

27/09/2015
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Lesional volume - T1 -

25 25
R Line A01
204
20- ”
£ g
g g 15
= o
3 15 =
@ @ 10
H H
= H
10-{ -
5
5 o
T T T T T T T T T T
o 50 100 160 200 250 o 50 100 160 200 250
Total volume (cm3) Total volume (cm3)

T1 anatomic
image
one month post-

infarction

NIHSS at 1 month (severity)  NIHSS at 6 months (predictor)

27/09/2015 12

Activation at 1 month in the M1 of the lesioned
hemisphere predicts motor recovery

100,00
80,00~

60,007

fm_motor_V6

40,007

2000

RZ Linear= 0,543

T T T T T
000000 500000 1,000000 1,500000 2,000000

Effect size in Left M1
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FMG Moteur total INCLUSION

27/09/2015

Midbrain FA is correlated to motor performance and recovery

DTI => Corticospinal tract (CST)

100+

&0

40

204

@
®
2 | . ®
R? Linéaire = 0,498
® o]
o
e o9 e
T T T T T T
20 30 40 50 60 70

27/09/2015

ipsilesional FA CST3 Day0

FMG Moteur total a 6 MOIS
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B0

&0

40

20

R? Linéaire =
0,529 °

0 P 0
ipsilesional FA CST3 Day0
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FA and radial diffusivity in the cerebral peduncles=>
demyelinisation in the healthy hemisphere

FA CST3 contralesionnel Inclusion diffusion radiale CST2 contralesionnel Inclusion

Corrélation Sig. N Corrélation Sig. N
de Pearson | (bilatérale de Pearson bilatérale

27/09/2015 16

Cortico reticulospinal tract

Mean CRT & CST volume in the non lesioned hemisphere of stroke patients (Hermes study).

9/24/2015 Second Brain Connectivity Course Grenoble 17
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Diffusion-MRI processing
for group analysis

e Why ?
- To search for differences between groups
- To discover potential bio-markers

e How ?
- First-level : subject processing
- Second-level : group processing





Diffusion-MRI processing
for group analysis

« Diffusionnist:
- Diffusion-MRI processing software

- For normal population and for lesioned pathologies
(stroke)

- For clinical research (no batch and no lines of code)
- Based on robust softwares (FSL and DTK/TrackVis)

- Works on linux (Ubuntu distribution)





Diffusion-MRI processing

Diffusionist

Files Help
init Prn-pmuu| nnymr| Tass| ROlanalysis | TBSS Lesion nummmm' Quality check
Diffusionist create arborescence.
o Study name |
Data directory: | Select
Group number |
Group names (groupl;group2;...;groupX) |
Subject number per group (num1l;numz2;...;numxX) |
Subject generic name (namel;name2;...;nameX) |
(/) Time sessions number per group (timel;time2;...;timeX) |
&

O ~Group Selection

2

A

Lateralisation (0 for Left-Lesion; 1 for Right-Lesion. Ex: 0;1;0;0;...;1)

Process View for lesions

Create lateralisation file!






Diffusion-MRI processing
for group analysis

« Diffusionnist the pipeline:

Dan | | Sublect ||\ || GrOUP
Structure | | processing processing






Diffusion-MRI processing

for group analysis

« Diffusionnist the pipeline:

Data
Structure

Subject

processing

Normalisation

Group
processing

Data Structure: -Multi group and longitudinal design

-Possibility to analyse single subjects

Data Structure | Subject processing | Normalisation | Group processing

Stats





Data Structure

Y

Y

Control Con01

Study ConOla I

One patient

Global study folder

Hierarchical data structure

Data Structure = Subject processing | Normalisation =~ Group processing Stats





Data Structure

Study " Control Con0O1 " ConOla l
% ConOlb I

Longitudinal study

Data Structure = Subject processing | Normalisation =~ Group processing Stats





Data Structure

Study 4’{ Control ’{ ConO1 ’{ ConO1la l

—  ConOlb

Con02 " Con02a

Multi-subject study

Con02b

Longitudinal study

Data Structure = Subject processing | Normalisation =~ Group processing Stats





Data Structure

Study ka{ Control ’{ Con01 ’{ ConOla
{ ConOlb

Con02 " Con02a
Multi-subject study {  ConO2b
Multi-group study _—
Patient —’{ PatO1l " PatOla
— PatO1lb

Data Structure = Subject processing | Normalisation =~ Group processing Stats





A

ConOla

\ 4

-

/'

Specific to

Tl

Data Folder

*DTI*.PAR l
=D . REC l

Raw data (PAR/REC or Dicom)

- Diffusion Weighted Images (DWI)

Tested on Philips and Siemens

L. FF L% |

Lesion processing

h 4

Other

% *mask*.nii l

R R
1 T 2F%_nii |

*FLAIR*.nii|

Data Structure = Subject processing | Normalisation =~ Group processing Stats





Diffusion-MRI processing
for group analysis

« Diffusionnist the pipeline:

Dan || Subject ||\ || GROUP
Structure | | processing Mm

Subject processing: - Motion artifacts & eddy current correction

- Diffusion coefficient estimation
ex: FA, MD, radial and axial diffusivity

- Tractography estimation

Data Structure = Subject processing | Normalisation =~ Group processing Stats





Subject processing:
Motion artifacts

- Motion artifacts (rotation and translation)
- Correction by affine transformation.

Small rotation

DWI-7 DWI-8 DWI-9 DWI-10 DWI-11 DWI-12

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
Eddy current correction

- Distorsions due to eddy currents.
(caused by fast commutation of the high amplitudes diffusion gradients )
- Correction by affine transformation

[Poupon, 1999] [Mangin, 2001][Anderson, 2001]

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
Diffusion coefficients estimation

Fractional Anisotropy Mean Diffusivity Parallel Diffusivity Perpendicular
(FA) (MD) (D)) Diffusivity
(D)

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
e o . 9t

QUALITY CHECK of the DATA !l

e es_assiafstroke/H01/H28c/H28c_raw_

eeeeeee

Correct automatically

I t lly th . :
rSpect manuaty the the data (image and gradients table) !

data !

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
Diffusion coefficients estimation

Fractional Anisotropy Mean Diffusivity Parallel Diffusivity Perpendicular
(FA) (MD) (D)) Diffusivity
(D)

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:

CHECK your GRADIENT TABLES !l

[ Gradient grad_XYZ min_Y

[ Gradient grad_XYZ min_Z

[ Gradient grad_XYZ normal

Mo gradient selected

Save gradient selection
Information status:
Quit |

Inspect manually the Correct automatically
data ! the gradients table for all images!

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
Diffusion coefficients estimation

Fractional Anisotropy Mean Diffusivity Parallel Diffusivity Perpendicular
(FA) (MD) (D)) Diffusivity
(D)

Data Structure | Subject processing | Normalisation = Group processing Stats





Subject processing:
Tractography estimation

Possibility to analyse
the results with
TrackVis !

Data Structure | Subject processing | Normalisation = Group processing Stats





Diffusion-MRI processing
for group analysis

« Diffusionnist the pipeline:

Dan | | Sublect ||\ || GrOUP
Structure | | processing Mm

 Normalisation: - Linear and non linear registration
- Registration considering lesions!!!

Data Structure | Subject processing | Normalisation = Group processing Stats





Normalisation

FA patients

B

m;‘% / FA template

ﬁ'
/

A

Data Structure | Subject processing | Normalisation | Group processing Stats





Normalisation
How 7?

source

From Collins,MNI

REGISTRATION = estimation of a transformation
T = rotation, scaling, translation (global deformation)

D = High order transformation (local deformation)

Data Structure | Subject processing | Normalisation | Group processing Stats





Normalisation
Exemple

/.Y |

hd

Source I » > Target
Linegr T Non linear
D
I
I
Patient space | MNI space

Data Structure | Subject processing | Normalisation | Group processing Stats





Registration
A synthetic exemple with lesion

Ground truth

Data Structure | Subject processing | Normalisation | Group processing Stats





Registration
A synthetic exemple with lesion

Ground truth Linear registration

Without mask With mask

Data Structure | Subject processing | Normalisation | Group processing Stats





Registration
A synthetic exemple with lesion

Ground truth Linear registration : : .
Non linear registration

Without mask With mask Without mask With mask

For lesioned brains, masks must be considered!

Data Structure | Subject processing | Normalisation | Group processing Stats





Registration

Without mask

—

With mask

For lesioned brains, masks must be considered!

Data Structure | Subject processing | Normalisation | Group processing Stats





Diffusion-MRI processing
for group analysis

« Diffusionnist the pipeline:

Dan | | Sublect ||\ || GEOUP
Structure | | processing Mm

 Group processing: - TBSS
- ROI analysis

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
TBSS

1) Non-linear registration, followed by

2) projection onto an alignment-invariant tract representation (the
“mean FA skeleton’)

EFA

0.3

Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data

SM Smith And al. Neuroimage, 2006

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
TBSS

1) Non-linear registration, followed by

2) projection onto an alignment-invariant tract representation (the
“mean FA skeleton’)

Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data

SM Smith And al. Neuroimage, 2006

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
TBSS with lesion

Correct non linear registration Biased non linear registration

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
ROI analysis

- the ICBM-DTI-81 white-matter labels atlas

- created by hand segmentation

48 white matter tract labels

PROJECTION

Exist others atlas p— e

e COMMISSURAL},‘?IVHT& -

v

22

EX : natbrainlab

£
CARES

Uncinate Inferior fronto-occipital

Catani M, Jones DK, Donato R, ffytche DH. Occipito-temporal connections in the human brain. Brain 2003

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
ROI analysis

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
ROI analysis

=

Use the skeleton to avoid partial volume

Data Structure | Subject processing | Normalisation | Group processing Stats





Group processing
ROI analysis

| template DTl _Tem.txt

| Tem@la Teme1b
Tem@2a Tem@2b
Tem@3a Tem@3b
TemB4a Temd4b
Tem@5a Tem@sb
Tem@6a Tem@&b . .
Tem87a  Temo7b - 46 text files (for 46 ROIs) for each group for one coefficient
Tem@Ba Tem@8b
Tem®9a Tem@sb . .
Tem10a Tem16b - Column for times and row for subjects
Temlla Temllb
Temlza Temlzb
Teml3a Teml3b
Temlda Temldb
Teml5sa Tem1l5sb
Temlta Teml6hb
Teml7a Teml7b
Temlga Temlg8b
Tem19a Tem19b
TemZ0a TemZ0b
TemZ1la Temz1lb
Tem22a Tem22b
Tem23a Tem23b
TemZ4a TemZ4b
TemZ5a TemZ5b

Data Structure | Subject processing | Normalisation | Group processing Stats





Diffusion-MRI processing
for group analysis

« Diffusionnist the pipeline:

Dan | | Sublect ||\ || GEOUP
Structure | | processing pmhsm

« Stats processing: - R,SPSS

Data Structure | Subject processing | Normalisation | Group processing Stats





Stats analysis

* No specific algorithm is provided !

* Lot of softwares available (SPM, SPSS, R, Python, etc...)





Take home message

* All steps are important to have reliable results!
* Need to check all the steps!

* Be careful when process pathological brain imaging!





Questions ?
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		Diapo 2

		Diapo 3
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		Diapo 6
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		Diapo 14
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		Diapo 23
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		Diapo 25
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		Diapo 30

		Diapo 31

		Diapo 32
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		Diapo 34

		Diapo 35

		Diapo 36

		Diapo 37

		Diapo 38

		Diapo 40




Felix Renard
IRMaGe: Inserm US 17 / CNRS UMS 3552
University Hospital of Grenoble - France

felixrenard@gmail.com






Fiber Tracking






Tractography - Introduction

*A primary assumption of many tractography
algorithms:

the direction of the greatest diffusivity is
roughly parallel to the local white matter
fiber bundle direction.

Johansen-Berg et al. Ann Rev.
Neurosci 32:75-94 (2009)





Tractography - Introduction

* A macroscopic representation of the white
matter

*Not actually a measure of single axon
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Johansen-Berg et al. Ann Rev.
Neurosci 32:75-94 (2009)
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Outline

1) Tractography algorithms :
-Deterministic tractography
-Probabillistic tractography

2) Limitations

3) Validation





Tractography

1) Choice of the diffusion model
Ex: DTI, ODF, Qball Imaging ...

2) Choice of the algorithm of tracking:
-Streamline deterministic tractography
-Probabillistic tractography

3) Choice the stopping criterion
Ex : FA threshold, curvature angle threshold

Tract algorithms Limitations Validation





Streamline deterministic
tractography for DT]

* Fiber Assignment by Continuous Tracking
(FACT)

Mori S, Crain BJ, Chacko VP, van Zijl PC. Three-dimensional tracking of axonal projections in the brain by magnetic resonance
imaging. Ann Neurol. 1999;45(2):265-9.

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

o

v
o

\
o

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

|| ]
/| /
|| ]
N\
|

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

e Use tensor from the next
voxel

« Continue in principal
direction until the next edge
(variable step size)

|| ]
/)
|| ]
NN
e

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

» Use tensor from the next

voxel

« Continue in principal

direction until the next edge

* Repeat until stopping
criterion is met.

(variable step size)

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

» Use tensor from the next

voxel

« Continue in principal

direction until the next edge

* Repeat until stopping
criterion is met.

(variable step size)

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

e Use tensor from the next
voxel

« Continue in principal
direction until the next edge
(variable step size)
* Repeat until stopping
criterion is met.

Tract algorithms Limitations Validation





FACT method

« Starting in a seed voxel

« Step in principal direction
until voxel edge

e Use tensor from the next
voxel

« Continue in principal
direction until the next edge
(variable step size)
* Repeat until stopping
criterion is met.

Tract algorithms Limitations Validation





FACT problem

/
/'
-
|
/'

P. Mukherjee et al. AJNR Am J Neuroradiol 2008;29:632-641
Tract algorithms Limitations Validation
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Adapted from P. Mukherjee et al. AJNR Am J Neuroradiol 2008;29:632-641
Tract algorithms Limitations Validation





FACT

Constant step — Euler's method

Problem - Paths fall between data samples
Need to interpolate the vector field!

T

Tract algorithms Limitations Validation





FACT

Constant step — Euler's method

Problem - Paths fall between data samples
Need to interpolate the vector field!
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Tract algorithms Limitations Validation





FACT

Constant step — Euler's method

Problem - Paths fall between data samples
Need to interpolate the vector field!

ESYAN
N

Tract algorithms Limitations Validation





Euler's method

 Start the path in the
principal direction at a
seed

* Interpolate a new tensor at
path endpoint

’
I
. /

Tract algorithms

Limitations

Validation





Euler's method

 Start the path in the
principal direction at a
seed

* Interpolate a new tensor at
path endpoint

« Take next step based on
interpolation

]
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Tract algorithms

Limitations

Validation





Euler's method

« Start the path in the
principal direction at a
seed

* Interpolate a new tensor at
path endpoint

» Take next step based on
interpolation

* Repeat until stopping
criterion is met.
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Tract algorithms Limitations Validation





Euler's method

« Start the path in the

principal direction at a
seed
* Interpolate a new tensor at

path endpoint

» Take next step based on
interpolation

* Repeat until stopping
criterion is met.

|
;
|
K
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Tract algorithms Limitations Validation





Euler's method

« Start the path in the

principal direction at a
seed
* Interpolate a new tensor at

path endpoint

» Take next step based on
interpolation

* Repeat until stopping
criterion is met.

|
7
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Tract algorithms Limitations Validation





Euler's method

« Start the path in the
principal direction at a
seed

* Interpolate a new tensor at
path endpoint

» Take next step based on
interpolation

* Repeat until stopping
criterion is met.
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Tract algorithms Limitations Validation





Euler's method

« Start the path in the
principal direction at a
seed

* Interpolate a new tensor at
path endpoint

» Take next step based on
interpolation

* Repeat until stopping
criterion is met.

|
/
|
\\\ \
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Tract algorithms

Limitations

Validation





FACT

 Interpolation : Does it matter ?

Simple Interpolation

Starting Points

B-Spline Approximation

- ey et B W e et A e R g s i R ST

FIG. 3. Following straight fiber tracts. Simulated fiber tract trajec-
tories, r(s), are calculated from 50 different noise realizations of
synthetic diffusion tensor fields (SNR = 10; A;:A\5:N; = 2:1:1). Tracts
are launched from a single point within a bundle of straight fibers.
Tract following is less accurate and robust when using interpolated
(top) rather than approximated (bottom) diffusion tensor data.

Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. In vivo fiber tractography using DT-MRI
data. Magn Reson Med. 2000;44(4).625-32.

Tract algorithms Limitations Validation





Stopping criterion

* Angle threshold
In general 45°
To avoid U-turn
» FA threshold
In general : FA> 0.2

For pathological case : FA> 0.1

Tract algorithms Limitations Validation





Stopping criterion

* FA threshold for normal population

FA>0.2 FA>0.3

Tract algorithms Limitations Validation





Stopping criterion

* FA threshold for pathological population

FA>0.1 FA>0.15 FA>0.2

FA stroke

Tract algorithms Limitations Validation





Outline

1) Tractography algorithms :
-Deterministic tractography
-Probabilistic tractography

2) Limitations

3) Validation

Tract algorithms Limitations

Validation





Probabillistic tractography
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Perfect world

Limitations Validation

Tract algorithms





Probabillistic tractography

Perfect world

Tract algorithms Limitations Validation





Probabillistic tractography

Perfect world Real noisy world

Tract algorithms Limitations Validation





Probabillistic tractography

Perfect life Real noisy world

Tract algorithms Limitations Validation





Probabillistic tractography
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H.-W. Chung et al. AJNR Am J Neuroradiol 2011;32:3-13
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|

A, Errors in the estimation of fiber orientation can be graphically depicted on a voxel-by-voxel
basis by using, for example, the double-cone diagram, in which the principal eigenvector of a
diffusion tensor ellipsoid in an image voxel (upper right) is now ...

Tract algorithms Limitations Validation





Probabilistic
method

« Start the path at a seed

o

v
o

\
o

Tract algorithms Limitations Validation





Probabilistic
method

 Start the path at a seed

« Select a random angle
considering the
uncertainity
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Tract algorithms Limitations Validation





Probabilistic
method

 Start the path at a seed

» Select a random direction
considering the
uncertainity

« Take a step in this direction
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Tract algorithms Limitations Validation





Probabilistic
method

 Start the path at a seed

» Select a random direction
considering the
uncertainity

« Take a step in this direction

* Repeat until stopping
criterion is met.
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Tract algorithms Limitations Validation





Probabilistic
method

 Start the path at a seed

» Select a random direction
considering the
uncertainity
s
\k\

« Take a step in this direction

* Repeat until stopping
criterion is met.

|
/
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Tract algorithms Limitations Validation





Probabilistic
method

 Start the path at a seed

» Select a random direction
considering the
uncertainity

* Repeat until stopping
criterion is met.
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Tract algorithms Limitations Validation





Probabilistic |
method

 Start the path at a seed

» Select a random direction /
considering the /

uncertainity

« Take a step in this direction

* Repeat until stopping
criterion is met.
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Tract algorithms Limitations Validation





Probabilistic |
method |

 Start the path at a seed

» Select a random direction //
considering the //
uncertainity

* Repeat until stopping
criterion is met.

« Take a step in this direction 1
» Restart at the seed \\

|

,

|
\\ \
~

Tract algorithms Limitations Validation





Probabillistic

method

« Startthe pathatas

 Select a random direcﬁbn
considering the

uncertainity

« Take a step in this direction

* Repeat until stopping
criterion is met.

 Restart at the seed

» Repeat thousands of times
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N\

\ \\”x
\ My |/
\\i\“'\\

Tract algorithms

Limitations

Validation





Probabilistic | I\
method \\110 l\\ \\/H -
b 0 | // [49 / 10
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Tract algorithms Limitations Validation





Tractography - Techniqgues

D 'RAWAY, s | [10% 2%| 1% 1%
L BEREAN 4 15%|10%| 5%| 3%
o 1 [ 20%|30%|10%| 5%
'V L) 50%|30%
| - 90% |99%
Streamline Probabilistic
Model of anisotropy tractography tractography

Nucifora et al. Radiology 245:2 (2007)

Tract algorithms Limitations Validation





Deterministic vs Probabillistic
Tractography

Deterministic tractography :
* Pros : Simple / Fast / Reliable
* Cons : Crossing fibers / sensitive to noise

Probabillistic tractography :
* Pros : Robust to noise / Deal with crossing fibers
 Cons : Burden computation — time consuming

Tract algorithms Limitations Validation





Outline

1) Tractography algorithms :
-Deterministic tractography
-Probabillistic tractography

2) Limitations

3) Validation

Tract algorithms Limitations

Validation





Limitations

* Crossing fibers

Tract algorithms Limitations Validation





Limitations

* Crossing fibers

Problem with DTI model G

Tract algorithms Limitations Validation





Limitations

* Crossing fibers

Problem with DTI model R

’
+

L |
Solution : High order model ! P

Tract algorithms Limitations . Validation





Limitations

* Crossing fibers

A |
High Order model of the p( 'ﬁv -z
direction of propagation of () (, - >
/ |
4 4 J

the tractography

single fiber double fiber triple fiber

B
Confidence intervals \ ,/ —
for the main direction /l

single fiber double fiber triple fiber

Campbell and all. Beyond crossing fibers: Bootstrap probabilistic tractography using
complex subvoxel fiber geometries ,Frontiers in Neurology, 5, 2014

Tract algorithms Limitations Validation





Limitations (2)

Crossing Fibers?

-
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Tract algorithms Limitations Validation
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Kissing fibers

Validation





Outline

1) Tractography algorithms :
-Deterministic tractography
-Probabillistic tractography

2) Limitations

3) Validation

Tract algorithms Limitations
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Validation

* FiberCup

Fig. 1.FiberCup mimicking a coronal slice of the brain with typical short ‘U’ fibers (bundle 4),
larger ‘U’ fibers mimicking the corpus callosum (bundle 1), left-to-righthemisphere commissural
projections (bundle 3) and fanning bundles mimicking the corticospinal tract (bundles 2, 5, 6

and 7).

Cote, M.-A., Girard, G., Boré, A., Garyfallidis, E., Houde, J.-C., and Descoteaux, M. (2013).
Tractometer: towards validation of tractography pipelines. Med. Image Anal. 17, 844-857.

Tract algorithms Limitations Validation





Validation
* FiberCup : Possibility to compare methods !

(a) Maximum Wi (b)) Minimum IB, maximum VYO (c) Minimonam NC (d) Maximum ABC
Aca.  b: ave /1500 Acg. b ave /1500 Aeog. b ave, /1500 Acq. b ave, 1500
Local tech.: FOD-rs Local tech.: FOD-rG Local tech.: cea-0ODF-rd Local tech._: FOD-rs
Tracking: Det. in-house 2 Tracking: Det. in-house 1 Trackimg: Det. MERtrix Tracking: FProb, in-house
s/ - Seed: 1L.0/3.0 - Whifs1 s/ R - Seed: 0.3,/06 - ROI/S]1 s/ R - Seed: 3.0/1.0 - ROIS s/ - Seed: 1.0/3.0 - Wh1,33
VIO IND., Seeds: 5072051 WO/ N, Seeds: 45 /288 VIO Nh. Seeds: 61 /288 WV Nh, Seeds: 4527 /67,683

(e) Maximum ABC, DTI-Det. (f) Niinimum WVC, DTI-Det. (=) MWinimum VO, HARDI-Det. (h) MWinimum VWO, Hardi-Prob.
Acq. b ave /1500 Acqg. b acql /650 Acqg./b: acgl /1500 Acg. b ave /2000
Local tech.: DTI Local tech.: DTI Local tech.: fODEF-rs Local tech.: num-ODE
Tracking: Det. TrackWis-tl Tracking: Det. TrackWis-tl Tracking: Prob. MRtrix Tracking: Diet. in-house 1
s/ R - Seed: 3.0/3.0 - WM /33 s/ R - Seed: 3.0/1.0 - WM SD s/ R - Seed: L.0/3.0 - WA/ 33 s/ R - Seed: 0.3/1.0 - WNhI/33
VIO IND., Seeds: SR16,/67T,683 VO INb, Seeds: 589,/18,459 VO INDb. Seeds: 383 /6T,683 VO INDb., Seeds: 17 /67,683

Cote, M.-A., Girard, G., Boré, A., Garyfallidis, E., Houde, J.-C., and Descoteaux, M. (2013).
Tractometer: towards validation of tractography pipelines. Med. Image Anal. 17, 844-857.

Tract algorithms Limitations Validation





Conclusion

1) Tractography Is just a macroscopic
representation of the fiber bundles

2) Choice of the tracking algorithm depends of the
study.





Questions ?





FACT

Constant step — Euler's method

Problem - Paths fall between data samples
Need to interpolate the vector field!

Mori S, Crain BJ, Chacko VP, van Zijl PC. Three-dimensional tracking of axonal projections in the brain by magnetic resonance
imaging. Ann Neurol. 1999;45(2):265-9.

Tract algorithms Limitations Validation





Fiber selection

ROI1 and ROI2
not ROI3
ROI 2
ROI 3
ROI1 and ROI2
S and ROI3

ROI 1
ROI1 not ROI2
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Tensor Deflection : TEND

1) Use the full diffusion tensor
Information

2) Consider the previous
direction

Figure 22.4 lllustration of the tensor deflection (TEND) operation,
which uses the full diffusion tensor to estimate the trajectory direction,
The dellected direction (red arrow ) 15 a function of both the tensor anisol-
ropy and orientation relative to the incoming vector (green armow ). The
output defiection direction will be relatively undeviated when either the
tensor is nearly perpendicular to the incoming veclor direction or when
the tensor 1s mone 1solropic,

Derek K Jones. Diffusion MRI, Oxford University Press, 2010.






FACT

* Only the problem of interpolation ?

* Problem of integration along the curve ?





FACT

Estimated point
(Euler's method)
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FACT
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(Euler's method)
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Runge-Kutta
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Runge-Kutta
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Goals

At the end, you will able to :

Do the basics (Load tracks/image, visualize
tracks, ...)

Segment fiber bundles

Analyse the different coefficients (FA/MD) on
this tracks

Create a density map
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Initialisation

 Load images
* Prepare the tracks





Load tracks
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Load tracks (2)
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Remove Y-ticks
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Threshold the lenght of your tracks
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Threshold the lenght of your tracks
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Threshold the lenght of your tracks
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Threshold the lenght of your tracks
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Visualisation

 Rotate/Zoom/Translate the tracks
 Relnitialize the view





Rotate the tracks :
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Zoom the tracks:
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Translate the tracks:
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Reset the view
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Reset the view (2)
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Challenge : Obtain the same view
erfectly aligned with the X-axis !
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Images

 Load images
* Display the X-axis , Y-axis or Z-axis plane





Load image
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Load Images (2)  setect the Fafie
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Slice display
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Slice selection
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Slice opacity
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File Edit Vview TrackGroup ROI
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Fiber bundle selection (step 1)

Select a fiber bundle with a sphere ROI
Modify the position of the sphere (two methods)

Set the parameters of the sphere (radius)

Starting point
Reset the view
Set the slice at (70;75;36)





Starting point (70,75,36)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk ] & = 3} = ) 11:25 {t

|a\ File Edit View TrackGroup ROl Window Networking Help
| |

Overview

db]ects. Settings | Dataset Info

w
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 0 hidden)
Track 1
Property
Track | Segmentation | B ROI Tile
Property Value =
Name Track 1
Visibility on
Annotation off
+ Length Threshold [40 mm, 255.501 mm]
IMage — | & Slice Filters
Map T09a dti fa & 5
Slice Opacity — e =
Overlay Opacity s 2
fﬂ,} % skip 83.7136%
] Render Line
; = Color Code Directional
-------------- Scheme Every Segment
Saturation 1
- Stats
Track Count 10131
Voxel Count 100023
ROI
A Volume 555.683 ml
o | =I-Mean Value
Length 75.43 +/- 31.64 mm

T09a dti fa 0.44 +/-0.19 3





Create Track

TrackVis - /media/m7 ,AERMES/u. TI_Tem/T09/T09a/T09a_dti.trk il &

|a\ File Edit Wew TrackGroup RGM Window Networking Help
| |

q))

3 = ) 11:25 {t

Overview

db]ects. Settings | Dataset Info

.
4 Segmentations (0 shown, 0 hidden)
I = Track Groups (1 shown, 0 hidden)
= Track 1
ré\
|'\
| % |
Select :
.
TrackGrou
p Track | Segmentation | M ROI Tile
Property Value =
New Track Group From Sphere
Visibility on
Annotation off
+ Length Threshold [40 mm, 255.501 mm]
IMage — | & Slice Filters
Map T09a dti fa & 5
Slice Opacity — =" =
Overlay Opacity s 2
f{’},j . Skip 83.7136%
Render Line
= Color Code Directional
------------------------------------------------------ Scheme Every Segment
Saturation 1
- Stats
Track Count 10131
Voxel Count 100023
ROI
A Volume 555.683 ml
o | =I-Mean Value
Length 75.43 +/- 31.64 mm

T09a dti fa 0.44 +/-0.19 3





Hide the whole track

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk (3 & = ¢ = 4 11:38 {f

| Wl File Edit view TrackGroup ROl Window Networking Help
| | Overview

Objects | Settings | Dataset Info

H 0
| =-ROIs (1 shown. 0 hidden)
I Sphere 1

|'\

egmaentations (0 shown, 0 hidden)

Property

~ Left click on Track 1
SeIeCt : pT:::,w Segmentation | M ROl L TllAe

Name Track 1
Visibility On
Annotation on
+ Length Threshold [40 mm, 255.501 mm]
Iage — | & Slice Filters
Map T09a dti fa + 5
Slice Opacity — e :
Overlay Opacity s s
Skip 83.7136%
Render Line
= Color Code Directional
Scheme Every Segment
Saturation 1
-1- Stats
Track Count 10131
Voxel Count 100023
ROI
Bt Volume 555.683 ml
gl =- Mean Value
Length 75.43 +/- 31.64 mm

T09a dti fa 0.44 +/-0.19 b





Hide the whole track (x2)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ L 4) 1538
| Il File Edit Vview TrackGroup ROl Window Networking Help
Ia\ Overview
.l ‘m‘ Settings | Dataset Info
-
=-ROIs (1 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
= Track 2
Sphere 1
Property
Track ROI Segmentation Tile
Property Value =
Name Track 1
Visibility off
Annotation on
. + Length Threshold [40 mm, 255.501 mm]
ROI Filters.
Image
— | = Slice Filters
Map T09a_dti fa & i
Slice Opacity — e -
Overlay Opacity e—— i
Skip 83.7136%
Render Line
= Color Code Directional
Scheme Every Segment
Saturation 1
-1-Stats
Track Count 10131
Voxel Count 100023
ROI
AT Volume 555.683 ml
gl = =i~ Mean Value
Length 75.43 +/- 31.64 mm

T09a dti fa 0.44 +/-0.19 >





ROI parameters

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ L = 4) 1538

| il File Edit view TrackGroup ROI Window Networking Help
Overview

db]ects. Settings | Dataset Info

(AY]

B,

-
=-ROIs (1 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
= Track 2
Sphere 1
Prog
i gilentation Tile
Prope
Name Sphere 1
Visibility on
Annotation On
Type Sphere
= Center [70 75 36]
Image
—— X 70
Map T09a_dti fa & y 75
Slice Opacity — e o 36
Overlay Opacity s—— 2,00 [S=(T
! Color [
Opacity 1





ROI radius

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk & 13} = o) 15:38 {t

| il File Edit View TrackGroup ROl Window Networking Help
| | Overview

db]ects. Settings | Dataset Info

=-ROIs (1 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

- Track 2
Sphere 1

Property
Track ROI Segmentation Tile
Property Value
Name Sphere 1
Visibility on
Annotation On

Type Sphere
= Center [70 75 36]
Image
X 70

Map T09a dti fa £ .
Slice Opacity l:__ A e
Overlay Opacity ==———=x
rallal ] &
| Color

Opacity 1






ROI radius (x2)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ L = 4) 1539
| Il File Edit view TrackGroup ROI

Window Networking Help

overview

db]ects. Settings | Dataset Info

=-ROIs (1 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

= Track 2
Sphere 1

Property
Track ROI Segmentation Tile
Property Value
Name Sphere 1
Visibility on
Annotation On
Type Sphere
Center [70 75 36]

Image
Map T09a_dti fa &

Slice Opacity == -

Overlay Opacity === -
! Color Click to edit/view

Opacity 1






Move the sphere ROI

]
U JOTUIT A
TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk

A
| Wl File Edit view TrackGroup ROl Window Networking Help
| | Overview

Objects | Settings | Dataset Info

i &

9))

£ = 4) 1140 {F

- hd
j | =-ROIs (1 shown. 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
= = Track Groups (1 shown, 1 hidden)
f |
é = Track 2
Sphere 1
|"\
Property
Track | Segmentation | B ROI g Tile

Set the coordinates of the sphere e e
Ex : (70;80;13) &

Visibility On
Annotation On
Image

Type

T09a_dti_fa *
Slice Opacity — ==

Overlay Opacity e

Map

Color

Opacity 1






Move the sphere ROI
q' C ,“

TrackVis - /media/marc/HERMES /DTI/DTI_Tem/T09/T09a/T09a_dti.trk

IE'\ File Edit view TackGroup ROl Window Networking Help
| |

Drag the sphere with Right Click
Ex : (87;80;38)

Image

Map

Slice Opacity —=—————=
Overlay Opacity e—

overview

[ Db]e | Settings | Dataset|

ROIs (1 shown, 0 hidden)

Sphere 1
Segmentations (0 , 0 h
Track Groups (1 shown, 1 hidden)

= Track 2
Sphere 1

Property
Track | Segmentation | B ROI .
Property Value
Name Sphere 1
Visibility on
Annotation On
Type Sphere
Center [87 80 381
87
80
38

Color |

Opacity 1






Fiber bundle selection (step 2)
Track the CorticoSpinal Track

» Select a specific fiber bundle with a sphere RO
o Withdraw some outliers fibers

Starting point
» Set the position of the sphere to (81,77;17)
e Set the radius to 2






Starting point

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

| Wl File Edit View TrackGroup ROl Window Networking Help

| | Overview
| & db]ects. Settings | Dataset Info
ré‘

I.‘

q))

3 = 4) 12:38 LF

=-ROIs (1 shown, 0 hidden)

Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

- Track 2
Sphere 1

Property
Track | Segmentation | B ROI Tile
Property Value
Name Sphere 1
Visibility on
Annotation On
Type Sphere
I Center [81 77 171

—_— X 81
Map T09a dti fa & y 77

Slice Opacity — e 5 17

Color |

Opacity 1






How to « clean » the tracks ?

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

| Wl File Edit View TrackGroup ROl Window Networking Help

| | Overview
| & db]ects. Settings | Dataset Info
ré‘

I.‘

q))

3 = 4) 12:38 LF

=-ROIs (1 shown, 0 hidden)

Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

- Track 2
Sphere 1

Property
Track | Segmentation | B ROI Tile
Property Value
Name Sphere 1
Visibility on
Annotation On
Type Sphere
I Center [81 77 171

—_— X 81
Map T09a dti fa & y 77

Slice Opacity — e 5 17

Color |

Opacity 1






Fiber selection

ROI1 and ROI2
not ROI3
ROI 2
ROI 3
ROI1 and ROI2
S and ROI3

ROI 1
ROI1 not ROI2





Create a second sphere

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

q))

3 = 4) 12:38 LF

| Wl File Edit View TrackGroup ROl Window Networking Help
Ia\ Overview
| & m Settings | Dataset Info
w
< | =-ROIs (1 shown, 0 hidden)
I Segmentations (0 shown, 0 hidden)
= = Track Groups (1 shown, 1 hidden)
ré\
|'\
| % |
B Left click on Track2
Then select :
L]
< Add New ROI Sphere
Property
Track | Segmentation | B ROI Tile
Property Value
Name Sphere 1
Visibility on
Annotation On
Type Sphere
= Center [81 77 171
Image - - ot
Map T09a dti fa & y 77
Slice Opacity — e 3 17
Color |
Opacity 1






Create a second sphere (x2)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk 3
ll File Edit View TrackGroup ROI

) 12:38 IF

Window Networking Help
Overview

Ob]ects. Settings | Dataset Info

w
=-ROIs (2 shown, 0 hidden)
me 0 wn, 0 hidden)
= Track GFOUES 11 shown, 1 hidden)
= Track 2
Property
Track | Segmentation | M ROI Tile
Property Value =
Name Track 2
Visibility On
u Annotation on
: + Length Threshold [0 mm, 255.501 mm]
- ROI Filters
Image =
Map TDQa_dti_fa_:- &M Sphere 2 Any Part
Slice Opacity === = Slice Filters

Overlay Opacity s 3

] -

£

2 it

Render Line
= Color Code Directional
Scheme Every Segment
Saturation 1
-1- Stats
ROI
A Track Count 655
@ Voxel Count 2351
Volume 13.0611 ml

Mean Value b





Set the position of the Spher

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk ] & = 3} = 4) 12:39 IF

| Wl File Edit View TrackGroup ROl Window Networking Help
| | Overview

db]ects. Settings | Dataset Info

=-ROIs (2 shown, 0 hidden)
Sphere 1

Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)

- Track 2

Sphere 1
Sphere 2

Property

Set the coordinates at vk | st [ 701

Property Value
Name Sphere 2
. N
86;94;13 v o
] ]

Map T09a dti fa &

Slice Opacity —=—————

Overlay Opacity =

&7 [
| |5,

Color

Opacity 1






Set the radius of the Spher

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

| Wl File Edit View TrackGroup ROl Window Networking Help
| | Overview

db]ects. Settings | Dataset Info

q))

3 = 4) 12:39 IF

=-ROIs (2 shown, 0 hidden)
Sphere 1

Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)

- Track 2
Sphere 1
Sphere 2

Property
Track | Segmentation | B ROI Tile

Property Value
Name Sphere 2
Visibility on

‘u Annatation  On
: Type Sphere

= Center [86 94 13]
Image
- S— 86
Map T09a_dl >
Slice Opacity =~ e
Overlay Opacity e

&7 [
| |5,






Set the logical status of the Sphere2(x2)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk ] & = 3}

|E\ File Edit View TrackGroup ROI
i \

) 12:39

Window Networking Help
Overview

Ob]ects. Settings | Dataset Info

=-ROIs (2 shown, 0 hidden)
Sphere 1

Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)

- Track 2

Sphere 1
Sphere 2

ntation | M ROI Tile

Value |=
Track 2
Visibility on
u Annotation on
: + Length Threshold [0 mm, 255.501 mm]
- ROI Filters
Image
R — + M Sphere 1 Any Part
Map T09a dti fa 5 2= , = ’

Slice Opacity —=—————
Overlay Opacity s

= Slice Filters
s, = +
b i

£

2 it

Render Line
= Color Code Directional
Scheme Every Segment
Saturation 1
-1- Stats
ROI
A Track Count 146
@ Voxel Count 1422
Volume 7.9ml

Mean Value b





Set the logical status of the Sphere2(x3)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk
File Edit View TrackGroup ROl Window Networking Help
Overview

Db]s s | Settings | Dataset Info

- ROIs (2 shown, 0 hidden)
Sphere 1

Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)

= Track 2
Sphere 1
Sphere 2

Property
Track | Segmentation | B ROI

For Sphere?2 .

Name Track 2
S 1 N 1 Visibility on
et O part Annotation On
2 Length Threshold [0 mm, 255.501 mm]
ROI Filters.

Map T09a_dti fa &

Slice Opacity
Overlay Opacity ==———=x

Render Line
Color Code Directional
Scheme Every Segment
Saturation
Stats
Track Count
Voxel Count

Volume

=i~ Mean Value






Sct the logical status of the Sphere2(x3)

) 12:39

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk ] & = 3}

|E\ File Edit View TrackGroup ROI
i \

Window Networking Help

Overview

Ob]ects. Settings | Dataset Info

w
=-ROIs (2 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)
- Track 2
Sphere 1
Sphere 2
Property
Track | Segmentation | B ROI Tile
Property Value =
Name Track 2
Visibility on
Annotation On
+ Length Threshold [0 mm, 255.501 mm]
- ROI Filters
Image
+ M Sphere 1 Any Part

vap 093 6t 7 % |
slice Opacity =====" | o gjce Fifters
Overlay Opacity s =
e
5
Render Line
= Color Code Directional
Scheme Every Segment
Saturation 1
-1- Stats
ROI
A Track Count 509
&S Voxel Count 1937
Volume 10.7611 ml

=i~ Mean Value b





Fiber bundle Statistics

e Select a specific fiber bundle
* Analyse statistics over this bundle

Starting point
e Select a track





Start the statistics analysis

TrackVis - /media/m7  , aeRMES/u. TI_Tem/T09/T09a/T09a_dti.trk

| Wl File Edit Wew TrackGroup ROM Window Networking Help

Overview
Objects

) 14:59 IF

Settings | Dataset Info
w
=-ROIs (2 shown, 0 hidden)
Sphere 1
Segmentations (0 shown, 0 hidden)
=~ Track Groups (1 shown, 1 hidden)
- Track 2
Sphere 1
Sphere 2
Select :
.
Statistics...
Property
Track | Segmentation | B ROI Tile
Property Value =
Name Track 2
Visibility on
J Annotation On
a + Length Threshold [0 mm, 255.501 mm]
- ROI Filters
Image
R — + M Sphere 1 Any Part
Map T09a dti fa £ : '

Slice Opacity —=————— _
Overlay Opacity s

Slice Filters
= +
b i

£

2 it

Render
Color Code

Scheme
Saturation
Stats

Track Count

Voxel Count
Volume

Mean Value

Line

Directional
Every Segment
1

409
1458
8.1 ml





TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09%a_dti.trk

Statistics analysis (histogram)

Be =3

Statistics

Object |Trackaup

Histogram

Scalar | T09a dti fa %

260

mber of bins

200

Trackl = Whole track

180

160

Descriptive statist
Of the trackl

140

Track Count

120

100

80,

60

40

20)

0.28

030 032 034 036 038 040 042 044

T09a dti_fa

046 048 0.50

1-
4

M=) 1

Number of tracks:
10131

Mean Vector:
(0.098, 0.89, 0.45)

0.754789
Mean T09a_dti_fa:

0.436642 +/-
0.188415

CS

Maximum T09a_dti fa:

Minimum T09a_dti_fa:

0.0901061






Statistics analysis (histogram

4

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09%/T0%_dti.trk = f B = 4) 1459 {%

Statistics

Object |Trackaup i ] lT{ack 1 3 l
Histogram TrackGroup:
Track 1
Scalar | T09a dti fa = Number of bins | 1
Number of tracks:

—,
%"' 260, 10131

Mean Vector:
(0.098, 0.89, 0.45)

240
Minimum T09a dti fa:
0.0901061

White matter voxels
—l

Maximum T09a_dti_fa:
0.754789

220

Mean T09a_dti fa:
0.436642 +/-
0.188415

200

180

160

140

Track Count

120
100
80
60)
40

N 0. : 0.14 E .18 0.20 E2 A 0.28 030 032 034 030 ® 060 062 064 066 068 070 072 0.74 0.76






Statistics analysis (histogram

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09%/T0%_dti.trk = f B = 4) 1459 {%

Statistics

Object |Trackaup i ] lT{ack 1 3 l
Histogram TrackGroup:

’ Track 1
— Scalar | T09a dti fa = Number of bins | 1
Y, = Number of tracks:
%"' 260, 10131

Mean Vector:
(0.098, 0.89, 0.45)

Minimum T09a dti fa:

Grey matter voxels

Maximum T09a_dti_fa:
0.754789

Mean T09a_dti fa:
0.436642 +/-
0.188415

0.38 040 042 0.44 046 048 0.50
T09a dti fa






Statistics analysis of the selected

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09%/T0%_dti.trk
Statistics

Object |Trackaup

Histogram

TrackGroup:
Track 1
Scalar | T09a dti fa = Nulkrofbins -
= Number of tracks:
260 10131
Mean Vector:

(0.098, 0.89, 0.45)

Minimum T09a dti fa:
0.0901061

Maximum T09a_dti_fa:
0.754789

Select the track?2 o

0.436642 +/-
0.188415

Track Count

030 032 034 036 038 0.40 0.42 044 046 048 0.50
T09a dti fa






TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk

D DD m I

>

S AN

Track Count

Statistics analysis of the selected

Statistics

Object ITrackGroup 3] [?ﬁ'ackz 3]

Histogram

Be=31=m=q) 1500 %

Scalar | T09a dti fa %

Number of bins

34

32

30

28

26

24

22

20

18

16

14

12

10

8.12 0.14 0.16

0.18 0.20 0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

0.38

0.40 0.42
T09a_dti_fa

TrackGroup:
Track 2

Number of tracks:
409

Mean Vector:
(0.18, -0.37, 0.91)

Minimum T09a_dti_fa:
0.121692

Maximum T09a_dti fa:
0.690639

Mean T09a_dti_fa:
0.573178 +/-
0.155313






TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk
h Statistics

®

Select another parameter

Object [?'I?ackGruup e l [Track 2 C]

Histogram

Scal

30

28

24

22

20

18

16

Track Count

14

12

10

=

P B = 4) 1500 3

TrackGroup:

Length

Number of bins

Select the lenght of the tracks

15 20 25 30 35 40 45 50 55 60 65 70 75 80
Length (mm)

85

90

95

100

105

110

115

120

125

130

135

140

145

150

Track 2

Number of tracks:
409

Mean Vector:
(0.18, -0.37, 0.91)

Minimum Length:
1.66664 mm

Maximum Length:
151.25 mm

Mean Length:
86.1767 +/- 46.8569

mm






Fiber bundle selection (step 3)
Track the Corpus callosum Track

Select a specific fiber bundle with slices ROI
Withdraw some outliers fibers

Starting point
Remove the sphere of the track2
Reset the view

Remember to threshold the lenght to 40mm





Starting point

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ & = 3 = 4x 20:25 {t

| Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

Objec'ts' Settings

Double click on X.
Check the X-ticks. ==

Track | Segmentation

Property
Name
Visibility
Annotation
Length Threshold
Low
Image High
Map
Slice Opacity
Overlay Opacit

& [
&, B,

Render
Color Code
Scheme

Saturation
Stats

Track Count
Voxel Count
Volume

Mean Value

ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

Dataset Info

Tile

Value =
Track 2

On

On

[40.0167 mm, 255.5...
40.02 mm

255.501 mm

Line
Directional
Every Segment
ik

59382
124145
689.694 ml





Use a x-slice

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09_dti.trk Fr,

| Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

Objec'ts' Settings

Double click on X.
Check the X-ticks =5

Track | Segmentation

Property

Name

Visibility

Annotation

Length Threshold
Low

I
mage High

Map

Slice Opacity

Slice Filters
Overlay Opacit T

& [
&, B,

Render
Color Code
Scheme

Saturation
Stats

Track Count
Voxel Count
Volume

Mean Value

ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

Dataset Info

Tile

Value =
Track 2

On

On

[40.0167 mm, 255.5...
40.02 mm

255.501 mm

Line
Directional
Every Segment
ik

15980
45308
251.711 ml





Use a z-slice

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ & = 3 = 4x 20:26 {t

| Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

Objec'ts. Settings | Dataset Info

ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

Double click on Z. ==
Check the.Z-ticks [l =

Name Track 2
Visibility on

. Annotation On
Length Threshold [40.0167 mm, 255.5...

Low 40.02 mm
High 255.501 mm

ROI Filters

slice Opacity == ) slice Filters

Overlay Opacity =g

Image
Map Qoa dti fa &

73

& [
&l |8

Line
Color Code Directional
------------------- Scheme Every Segment

Saturation 1
Stats

Track Count 7683

Voxel Count 21132

Volume 117.4 ml

Mean Value b






Move the z-slice

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ & = 3 = 4« 20:28 {t

f Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

7

Objéc't's._ Settings | Dataset Info

ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

|‘

et the Z position ==
To 51 B E

Name Track 2
Visibility on

Annotation On
Length Threshold [40.0167 mm, 255.5...

Low 40.02 mm
High 255.501 mm
ROI Filters

Image

Map Qoa dti fa &
Slice Opacity =~ === =)
Overlay Opacity ===
[N

Sk )

Frame On

Operator And

Render Line
Color Code Directional
Scheme Every Segment
Saturation i
Stats 3






Remove fibers outliers

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ & = 3 = 4« 20:28 {t

| Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

Objec'ts'

Settings | Dataset Info

ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)

orresponding to corpus e
Cal IOS u m . P':::rty Segmentation | M ROI — T.IIAE

Name Track 2
Need to be cleen! 5
" Annotation on
= Length Threshold [40.0167 mm, 255.5...
Low 40.02 mm
Image
—— High 255.501 mm
Map T09a _dti fa = ROI Filters
Slice Opacity — ==
Overlay Opacity s ; 73
SO
3.0 (%0 W) +
..................................................... iz =
Thickness Click to edit/view
Test Mode Any Part
Frame On
Operator And
Render Line
ROI ; 5
- = Color Code Directional
Ei Scheme Every Segment
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Add a new z-slice

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T0%,/T0%_dti.trk il & = % = 4« 20:28 {t
| Wl File Edit View TrackGroup ROl Window MNetworking Help
Ia\ Overview
| m Settings | Dataset Info
A
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
. . M Track | Segmentation | M ROI Tile
Left click on Slice filters g
Name Track 2
d d I : Visibility on
Ada a new Z-slices "
Length Threshold [40.0167 mm, 255.5...
Low 40.02 mm
image 255.501 mm
Mep RO Filters
Slice Opacity
Overlay Opacity ==—————= = 73
2l
---------------------------------------------------- __C\ickto edit/view PL
Thickne 1
Test Mode Any Part
Frame On
------------------------------ Operator And
36
Render Line
Color Code Directional

Scheme

Saturation

Every Segment
1 -





Move the second z-slice

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T0%,/T0%_dti.trk il & = % = 4x 20:29 {t
| Wl File Edit View TrackGroup ROl Window MNetworking Help
Ia\ Overview
| m Settings | Dataset Info
A
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
.. Track | Segmentation | M ROI Tile
Set the Z position =8 -

Name Track 2
T 2 6 Visibility on
O Annotation On
B Length Threshold [40.0167 mm, 255.5...
Low 40.02 mm
High 255.501 mm

ROI Filters
Slice Filters

age
T09a_dti fa &

Slice @gacity ~=—=

lzui'erl.fi Q aC|.ty e X 73
G k)
D 51
Thickness 1
Test Mode Any Part
----------------------- Operator
Render Line
Color Code Directional
Scheme Every Segment

Saturation 1: 3





Change logical properties of t
cCONaO C

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T0%,/T0%_dti.trk il & = % = 4x 20:29 {t
| Wl File Edit View TrackGroup ROl Window MNetworking Help
Ia\ Overview
| m Settings | Dataset Info
A
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
C h an e th e O e rator Of Track | Segmentation | M ROl Tile
g p Property Value =
- ] 1 = Length Threshold [40.0167 mm, 255.5...
the Z-slice to 'Not
High 255.501 mm
B ROI Filters
=t Slice Filters
Image - T =
Map T09a dti fa i
Slice Opacity ) 51
lzverlispacity = Thickness i
Test Mode Any Part
Frame On
Operator And
3 I 26 o

Thickness 1

Operator

= Color Code Directicnal

Scheme Every Segment b





Change logical properties of t
CCOINC C (X

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T0%,/T0%_dti.trk il & = % = 4x 20:29 {t
| Wl File Edit View TrackGroup ROl Window MNetworking Help
Ia\ Overview
| m Settings | Dataset Info
A
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
Chan e the O erator Of Track | Segmentation | M ROI Tile
g p Property Value =

- ] ] = Length Threshold [40.0167 mm, 255.5...
the Z-slice to 'Not
High 255.501 mm
B ROI Filters

Slice Filters
Image
— H- X A3
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Test Mode Any Part
Frame On
Operator And
26
""""""""""""""""""" Thickness 1
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Render Line
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Hide the slices |

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09_dti.trk il & = % B «x 20:30
| Wl File Edit View TrackGroup ROl Window MNetworking Help
Ia\ Overview
| m Settings | Dataset Info
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
Track | Segmentation | M ROI
| " e U Property Value
= Length Threshold [40.0167 mm, 255.5...

Low 40.02 mm
High 255.501 mm

ROI Filters
=t Slice Filters

X 73

Map T09a_dti fa % | i

Slice Opacity ) 51
Overlay Opacity =g Thickness 1

Y \ X
5‘}, % fg iy | Test Mode Any Part

Frame On
Operator And
26
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= Color Code Directicnal

Scheme Every Segment
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Here a corpus callosum !

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk [ & = 3 = 4x 20:31 {F

| Wl File Edit View TrackGroup ROl Window MNetworking Help
| | Overview

Objec'ts'

Settings | Dataset Info

A
ROIs (0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
Track | Segmentation | M ROl Tile
Property Value =
= Length Threshold [40.0167 mm, 255.5...
Low 40.02 mm
High 255.501 mm
ROI Filters
=t Slice Filters
Image
— =3 X A3
Map T09a dti fa Thickness 1
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:J\r}} f{rgJ ' Operator And
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3-Z 51
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Frame off
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Density Map

« Create a density map of a whole track

» Create a density map of specific track





Create/Save the density map !

T .aVis- /. ‘Ta/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk & =3 = 4 21:43 {

| !'\ View TrackGroup ROl Window Networking Help
~

Overview

Objects | Settings | Dataset Info

R
ROIs {0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
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Save Density Map...
=n
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J Test Mode Any Part
Frame off
Operator And
- Z 26
Rl Thickness I
o Test Mode Any Part
Frame off

Operator Not he





Load the density map !

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &
| Wl File Edit view TrackGroup ROl Window Networking Help
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Overview

Objects | Settings | Dataset Info

R
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Property
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Image
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Operator And
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Frame off
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- Z 26
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Test Mode Any Part
Frame off

Operator Not he






Load the density map !(x2)

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk & =3
File Edit View TrackGroup ROI

) 2143 3

Window Networking Help

Overview

Objects | Settings | Dataset Info
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= Track Groups (1 shown, 1 hidden)
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Between FA and =
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--------- . sl r _ Thickness 1
Test Mode Any Part
Frame off
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B4 26
Lell Thickness 1
&) Test Mode Any Part
Frame Off

Operator Not he






Load the density map !(x3)

TrackVis - fmedia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk & =3 = 4 21:43 {

| Wl File Edit view TrackGroup ROl Window Networking Help

Overview

Objects |_Settings
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Compare the density map and the
A map !

[\

TrackVis - f/media/mar  .cRMES;. ‘OTI_Tem/T09/T09a/T09a_dti.trk

|E'\ File Edit 8w TrackGroup RN Window Networking Help
| |

i &

9))

£ = 4) 2143

Overview

Objects | Settings | Dataset Info

R
ROIs {0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Select:
.
TrackGroup
. . Track | Segmentation | B ROI Tile
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High 255.501 mm
ROI Filters.
- Slice Filters
Image
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Slice Opacity ':__ Test Mode Any Part
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Histogram of the FA map !

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk
Statistics

B e

200
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TrackGroup:
Track 1

Number of tracks:
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Mean Vector:
(0.098. 0.89, 0.45)

Minimum T09a dti_fa:
0.0901061

Maximum T09a_dti_fa:
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Histogram of the density map !

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk m & =3

P B = ) 2144 3
Statistics

Object ['I?ackaup 3] [Trackl C]

Histogram

TrackGroup:
Track 1

Number of bins | 1

Number of tracks:
10131

Mean Vector:
500 (0.098. 0.89, 0.45)

Minimum T09a_DM:
14.8643

Maximum T09a_DM:
278.26

Mean T093_DM:
80.2557 +/- 56.2333

Track Count

180 190 200 210 220 230 240 250 260 270 280

T092_DM






Create the density map of a specific

@ [\
TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk

| Wl File Edit view TrackGroup ROl Window Networking Help
| | Overview

Objects | Settings | Dataset Info
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=)

i &
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£ = 4) 2143

ROIs {0 shown, 0 hidden)
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Save As... o
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Image
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Create the density map of a specific

LA [\ /\

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk
File Edit Vview TrackGroup ROl Window Networking Help
Overview

" Objects | Settings | Dataset Info

ROIs {0 shown, 0 hidden)
Segmentations ( own, 0 hidden)
=~ Track Groups (1 wn, 1 hidden)

Load the new

.
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Track Segmentation = M ROI
Property Value
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ROI Filters.
- Slice Filters

Thickness
Test Mode
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Test Mode
Frame
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Test Mode Any Part
Frame off
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Create the density map of a specific

LA k .
TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09%a_dti.trk
File Edit View TrackGroup ROl Window Networking Help

& =%/ 4 21:59 {4

Overview
Objects | Settings | Dataset Info
ROIs (0 shown

hidden)
Segmentations (

shown, 0 hidden)

=+ Track Groups [ wn, 1 hidden)

Property

Track | Segmentation
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Frame
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Save the works.

e Save a specific track
» Save the scene (track+images+ROl)





Save the specific track !

TrackVis - /media/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

| Wl File Edit view TrackGroup ROl Window Networking Help
| | Overview

Objects | Settings | Dataset Info
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£ = 4) 2143

o v
| /| ROIs {0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Trac (1 shown, 1 hidden)
| |
P :
Select :
.
Save as...
Track | Segmentation | B ROI Tile
Property Value =
= Length Threshold [40.0167 mm, 255.5...
h h k f Low 40.02 mm
Choose the trk format
ROI Filters.
- Slice Filters
Image - S 45
Map T0%9a DM = s 1
Slice Opacity ':__ Test Mode Any Part
Overlay Opacity e .
f;: }:j- ‘ Operator And
___________ 0
\ - Z 51
""""" ; SEEsar » 9 Thickness 7k
Test Mode Any Part
Frame off
Operator And
- Z 26
Rl Thickness I
o Test Mode Any Part
Frame off

Operator Not he





Save the scene!

TrackVi= = ia/marc/HERMES/DTI/DTI_Tem/T09/T09a/T09a_dti.trk il &

|&'\ File EdifVview TrackGroup ROl Window Networking Help
|

9))

£ = 4) 2143

Overview

Objects | Settings | Dataset Info

R
ROIs {0 shown, 0 hidden)
Segmentations (0 shown, 0 hidden)
= Track Groups (1 shown, 1 hidden)
Property
Track | Segmentation | B ROI Tile
Property Value =
= Length Threshold [40.0167 mm, 255.5...
Low 40.02 mm
High 255.501 mm
ROI Filters.
- Slice Filters
Image
—e, = X 73
Map T0%9a DM = s 1
Slice Opacity ':__ Test Mode Any Part
Overlay Opacity e .
f;: }:j- ‘ Operator And
------------------- 2
; \ - Z 51
""""" ; P » 9 Thickness 7k
Test Mode Any Part
Frame off
Operator And
- Z 26
Rl Thickness I
o Test Mode Any Part
Frame off

Operator Not he
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What can we do with graphs?

...obtain macroscopic models of complex systems

2





Why do we care about graph theory!?

Describing the brain as a graph has allowed
tremendous insights into brain function! Brain
graph topology is related to at least

Healthy subjects: experimental task, cognitive
performance, sex, age, genetics, drug usage,
emotional states...

Patients: Alzheimer disease, multiple sclerosis,
schizophrenia, bipolar disorder, depression,
fronto-temporal dementia, sleep apnoea, PTSD,
vegetative states...





| Graph Theory (the optimistic part)
Basics

Topological analysis

Communities & Modularity

Multiplex graphs

Il Graph Practice (the cautionary part)
Methods issues

Data issues
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GRAPH THEORY





“Brain graphs”

2|8 |a|e

Brain space

odes





Labelled graphs

“Brain graphs” can be expressed formally as labelled
graphs.

Labelled graphs are written: ¢= (V. E, . )

V: the set of vertices (voxels, ROls, ICA components, sources...)

E: the set of edges s.t. e := {v;, v, },= v;v; - “edge with end
vertices vi and v;". vi and v; are adjacent or neighbors.

X: vertex labelling function (returns a scalar or vector for each vertex)

B: edge labelling function (returns a scalar, or vector for each edge)
weighted graphs: 5 : e — R
unweighted graphs: 3 : e —> 1





Adjacency matrices

In some cases we can also represent V,E,f3
compactly by an adjacency matrix A & RIVIXIVI

Vi Al With the conventions
V2 A; j = B(i, j)

Ai,j = 0 1ift €i,j §é E






Example adjacency matrices

weighted
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[ ]
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nz = 1568
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A useful restriction

Brain graphs obtained from a fixed vertex-to-space mapping
(e.g. functional or structural atlasing in fMRI) can be modelled
by graphs with fixed-cardinality vertex sequences/,
a subclass of Dickinson et al’s graphs with unique node labels?:

Fixed number of vertices for all graph instances: Vi |Vi| =R

Fixed ordering of the set (sequence)V: V = (v1,v9,...,VR)
Scalar edge labelling functions: B:(vi,v5) — R
(optional) Undirected: AT — A

This is a very restricted (but still expressive) class of graphs

This limits the effectiveness of many classical methods for
comparing general graphs (based on graph matching).

10 | [Richiardi et al., ICPR,2010] 2 [Dickinson et al., |JPRAI, 2004]





Subgraphs

We can consider a subset of the vertices

bgraph
Ny, subgrap
Sup UC@O: %Q o
S"app s
sy, )
7y
2

illustration from [Jungnickel 2005] |l





Walks, paths, and connectedness

Walk: edge sequence with
supporting vertices

(e1,e2,e3,e4): not a walk
(e1,e3,e2,82,64): a2 walk

Path: walk through unique vertices

(e1,e3,e2,€2,84): not a path
(e1,e3,e4):a path

Connectedness: v; and v are connected if there is a
walk starting at v; and ending at v;. If all pairs are
connected then g is connected.

12





Topological analysis





Topological analysis

We want to capture quadlitative aspects of graph
organisation

Regular Small-world

50
=7036

I
o
Y
o
I

e 1 Jo,
y ~ Increasing randomness

[Watts & Strogatz, Nature, 1998]

40 50
nz = 46

dense/sparse? regular/random!?





Graph “attributes™

Graphs g, h are isomorphic iff there exists a

permutation matrix P s.t. PA P’ = A,

In our case (atlased connectivity graph): P = 1

Hence connectivity graphs are isomorphic iff

E, = FE;, and

Vi, J Bg(vivvj) = On(vi, Uj)
Graph invariant: (set of) parameter(s)
yielding the same value for isomorphic graphs

To compare noisy connectivity graphs we are more
interested in €-isomorphism, and €-invariants™

Some invariants may degenerate depending on |V| : non-

isomorphic graphs may have the same value. Use several

invariants™,
*[Jain & Wysotzki, Neurocomputing, 2005]

15 s a5 in chemometrics: [Bonchev et al, ] Comput Chemistry 1981]





Topological scales

Small-scale: vertex
Intermediate-scale: subgraph

Large-scale: whole-graph






Topological analysis:
essential properties





Degree and strength

degree of a vertex: number of incident edges

strength of a vertex: sum™ of (absolute value
of ) edge labels of incident edges

FusR

d(5)=2
5(5)=0.8

Pccl PccR

0.4
d(1)=1 0.2 i

s(1)=0.4

PrecR
ParSupR

d(4)=2
s(4)=1.2

graph properties obtain trivially, e.g. total strength,
average degree. * some authors normalise by |V| -1

|8 ** more on this later





Application: fMRI/Schizophrenia

Goal: Compare HC and SZ brain graphs

Data: rsfMRI (17 mins), N=15 HC +12 SZ
Vertices: 72 (AAL subset)

Edge labels: wavelet correlation, 0.06 — 0.125 Hz

Results

Significant group differences in several topological measures

0.6
0.5¢ -
T T

= [UELLUULLH LSS . |
S04k I ji! . w1 I LI
g el - ,f',:uvv‘ Tv | g [ " ‘:" : _r Li‘ l‘
g L Tl ATV T “"J'--HL‘_I LN~
o OSPES HLETYH 7 L1 7] L~

0.2f

10 20 30 40 50 60 70
region

IReduced In people with schizophrenial

[Lynall et al., ] Neuroscience, 201 1]






Characteristic path length

(characteristic) path length™: typical
separation between two vertices

(geodesic) distance between j and k = shortest

path :

PcclL

Ijk

PccR

R

PrecR

L(g)=1.7

FusR

ParSupR

20

1
> i

R(R ) J,k,k#j
I 2 3 4 5

I 2 3 3
I I 2 2
2 I I I
3 2 I I
3 2 I I

*[WVatts & Strogatz, Nature, 1998]





Clustering coefficient

Clustering coefficient™: probability of neighbours
to have neighbours

: Q‘Enei hbours(i)’ _ 1 /s
C(7) = g C(g) = C(v;), v; € V'ift d(v;) > 2
A GICORY v 2,
PreCenR RolOpR

C(1)=2x23x2=3 || e 2

C(3)=2x3/4x3=0.5

HesR

PostCenR TemplInfR

21 *[WVatts & Strogatz, Nature, 1998]





Small worldness

small-world network™: high clustering but low
charateristic path length - somewhere in between
random and regular

Small-world

22 *[Watts & Strogatz, Nature, 1998]





Application: ECoG/temporal lobe epilepsy

Goal: Study TLE duration effects on connectivity

Data: N=27 TLE, 4x5 ECoG grid on temporal lobe, 5x4096 samples (~40 s.)
Vertices: 20 ECoG channels ;

Edge labels: Phase lag index (0-1) AR &
Results &

Connectivity, clustering coefficients and small-worldness decrease with
disease duration. Maybe surgery done sooner would help.

[van Dellen et al., PLoS one, 2009]





Topological analysis:
other commonly used
properties





Global efficiency

Global efficiency™ of a vertex: closeness to
other vertices in the graph

(geodesic) distance between i and k = shortest

path : li
R
, 1 1
PccL  PecR ki
E;(1)=0.54 i Vertex | 2 3 4 5
a 1k /1 1/2 1/3 1/3
PrecR |31 1/2 1/1 /1 1/l

ParSupR
E,(3)=0.87

25 *[Latora & Marchiori, Physical Review Letters, 2001]





Application: DWI/Alzheimer

Goal: study the relationship beween white-matter connectivity
and cognitive performance

Data: N=50 AD+15 EC, 45 directions DWI (!), ¥ tests

Vertices: AAL90
Edge labels: deterministric tractography+fiber bundle counts

Results

In patients, global efficiency correlates strongly with executive
function (and other domains with other topological properties)

0.36

o
w
N

0.28 1
.

Global efficiency

0.24 1
r =0.431

p =0.005

0.2 + - - -
. 3 2 -1 0 1 2 3
[Reimer et al., Neurology, 201 3] Executive functioning






Local efficiency

Local efficiency™ of a vertex: measure of
fault tolerance

1 1
Ei(i) = "
. —1 ;
RGz (RGz ) k.icG, gk
PreCenR RolOpR
@ | 2 4 5
I 171 11172
Ei(3)=0.72 2 /1 12173
HesR 4 /1 1/2 /1
e e 5 172 1/3 1/1
PostCenR TemplInfR

27 *[Latora & Marchiori, Physical Review Letters, 2001]





Application: MEG/cognitive load

Goal: study graph topology under varying cognitive load

Data: 16 HC, visual memory task (0-2 back), 6 x 14 x task,
MEG |kHz sampling + 0.03-330 Hz BPF

Vertices: 87 sensors

Edge labels: trial-averaged phase synchronisation, thresholded
Results

Local efficiency decreases (less local clustering, more
segregation) with increasing load in beta band

0-back | -back 2-back 2vsO
efficiency efficiency efficiency log p-val
5] 2Be N T
."..:. ...0.?. .....o?.
o @ ...Q '... oo ..o‘ .... . o. 0@ e ... &
..‘::.‘l.ﬂ:‘. .‘ € ®¢o . © e N .'o‘.... R .
@ ®eeved ‘909’
.uogggz;' 00'0?’.::'00. : -?:.::--- y
0"-;’,--.. | .0°...-”,0.. ’ @ Lo e
o ] - 3 .. ~ [} ’ . ®

[Kitzlbicher et al., ). Neurosci, 201 ]





Rich club

Rich club': high-degree vertices that are also
highly connected to each other

/edges in Vs
2|E>k~|
Vor|(Vsk| — 1)
™~

vertices with degree > k

Rich club coefficient?: ¢x(g) =

But! Hubs have higher

probability of sharing edges just SO USe ?x(9)

because they have high degree’... Px(9')

2[Zhou & Mondragon, IEEE Comm. Lett., 2004]
| [Wasserman & Faust, 1994] and others 29 *[Colizza et al., Nature Physics, 2006]





Application: histo/rat connectome

Goal: Topological characterisation of rat connectome T i

Data: mining >250 papers on axonal tracing 3 -

Vertices: 73 cortical ;-: ol

Edge labels: non-linear mapping of ordinal categories f o 7
Results 3 %]

Rich-club nodes form a continuous U-shaped band in rat a; % § gff

cortex 1 i § -

2.5

15 |

20 40 60 80 100
Degree

[Bota et al., PNAS, 2015]

Hubs
Rich club
Cerebral cortex






Machine learning on topological properties

We can view topological properties as “deep”
feature extractors

Represent each graph and/or vertex by a vector of graph
and / or vertex properties'??

HEEEE

NN

ParSupR

subject | subject 2

Intermediate step between simple embeddings and graph
kernels

No complete invariants (degeneracy): use several
properties*>

Performance can be relatively high, especially for large graphs

| [Cecchi et al., NIPS, 2009] 3 [Bassett et al., Neurolmage, 2012]
2 [Richiardi et al.,, PRNI,; 201 1] 4[Li et al,, MLG, 201 1] 5 [Bonchev et al, ] Comput Chemistry 1981]





Application: fMRI/prediction from preparation

Goal: predict color/motion judgement errors, and which task the
subject is preparing for, from preparation phase

Data: |10 HC, 72 x 3 conditions, TR=2s

Vertices: 70 regions from searchlight on beta map

Edge labels: concatenated trials, wavelet 0.06-0.12 Hz, thresholding

Embedding: |10 vertex properties + || graph properties (71|
dimensions)

Results 3 N
. . . \O‘-:\OQ \O‘Ao" * oi}oi\% ‘\Q
Can discriminate task and 10, & & &

errors well above chance .
Btw. centrality

Current flow btw. centrality
= Core closeness
m Clustering
= Core centrality

Change of graph topology
in V4 (color-sensitive) and
hMT (motion-sensitive) is
predictive of errors

N
o

o..
LRLR LRLRG LR LR

V4 hMT V4hMT© V4 hMT ©

Normalized classifier weights [%)]

[Ekmann et al., PNAS, 2012]





Communities &
Modularity





Communities & Modularity

Often, some subgraphs can be
more strongly connected than expected.

12345678 9101112

N

partition vector
p=111122223333

Q=0.75





Example: co-authorship network

2
ek B 31284 vertices, 500 real
o | communities,500 fake
communities
3
0 05 1 15 2 25 3

Subset of top 5K DBLP data_http://snap.stanford.edu/data/

x 10"



http://snap.stanford.edu/data/

http://snap.stanford.edu/data/



Comparing community structures

Similarity between community assighments of
two graphs as a proxy of their similarity

This is the same problem as comparing clusterings

Assignment of vertices to communities in P; € NIV

P2

.EA(

12

2 8 S 67 910

Measure similarity between partition vectors, e.g.'2
from normalised
(Pi, Pj) <

table counts
(pi7 Pz‘)\‘Ff(Pja pj)

NMI(p;,pj) = i

Permute group labels and recompute to obtain p-value

| [Alexander-Bloch et al., Neurolmage, 2012 ] 2[Ambrosen et al., PRNI, 2013]





Application: fMRI/Schizophrenia

Goal: discriminate patients with schizophrenia
Data: 23 HC, 23 SZ,TR=2.3s, rest, 2x3 min (144 points)
Vertices: Subparcellated Harvard-Oxford, 278 regions

Edge labels: thresholded and binarised absolute wavelet
correlation, 0.05-0. 1 Hz

Results

Healthy Participant #1

Wl Healthy Participants
i » W Patients with COS
[

i

02 03 04
Similarity between
Partitions (NMI)

o

ERYRELEESBERNRRRBRLBISIaazanta®®N®

[Alexander-Bloch et al., Neurolmage, 2012 ]





Community scoring

How do we measure the strength of a community?

VV: weight inside subgraph
B: weight on boundary

’
' A
’
4
4
)
)
)

edges inside':W 4
conductance B/(2W+B) L
modularity3: f(W-E(W)) N
normalised community strength®: W/(W+B)
Many more... see Yang & Leskovec 2012

| [Radicchi et al.,, PNAS, 20014]  2[Shi & Malik, IEEE TPAMI, 2000] 3[Newman, PNAS, 2006] 4[Richiardi, Proc. PRNI 2013]





Application: imaging genomics

Goal: Ascertain whether resting-state networks (modules) are linked with gene
expression

Data: rsfMRIl: N=15 + post-mortem genomics: N=6 (~1800 samples) + in-vivo
genotyping: N=259 + mouse connectome & gene expression

Vertices: human: grouped by IC-derived rs networks in both modalities. mouse:
meso-scale parcellation

Edge labels: human: wavelet correlation, transcriptional similarity. mouse: axonal
connectivity

Results

resting-state modules have particularly strong transcriptional similarity, variants in
|36 genes modulate in-vivo rsfMRI connectivity, gene set maps to axonal
connections in mouse

O

. Sl [
020 - - J - = l.I LR .. .
O 0000 0 Y A . . T - = J

0.15 - .
‘i. !.- -'.-. -~

-1 .
U010 0 O 0 AN A 0 0.10 ¢ -. .. i
e e . r
A OO 000 R AR MR ION 1 ' ‘h\ 0.05 F_: . E: l...1 - = -
-" > - = -
\ g o - - d i |
> 0.05 - Tosal il s &
~ ' \) ' B el : ; |- o h".l "
00 00000 AR 10 e .". r . .- Y .
111 0 . :

T . ©
[Richiardi et al., Science, 2015] %eo%"“ &





Multiplex graphs





Multiplex graphs

What about dynamic connectivity?

| [Bassett et al., Chaos, 201 3]

Jg d(i) =) d(i)™

b multiplex properties?
PN t=2 Ay
SN

\ t=1 A
t=0 AO /

multiplex graph

multiplex communities!

2[Battiston et al., Phys. Rev. E., 2014]





motor learning

Data: fMRI, 3 hours+ sessions, N=18

Vertices: | |2 (HO)
Edge labels: wavelet 0.06-0.12 Hz, correlation, FDR threshold

Results

Organisazion in modular at all time scales. Fewer modules for
longer time periods, more modules for shorter time periods.

[Bassett et al., PNAS, 201 | ]

Large scale

Intermediate scale [
Session 1 (69min) Session 2 (69min) Session 3 (69min)

Small scale
I'wenty-five intrasession windows, each ~3.45min long

Application: learning

Goal: characterize functional connectivity changes during

Complete Experiment (3.45h)

Intermediate Scale: Individual Sessions

o o
w o

o
Ao

Modularity, Q

(o))

Number of Modules
N w NN ()

r I X
B £ T
1 2 3
| B AeC
g =
Iél

1 2 3
A s 3
= o e
Cortical Randomized
Network Network

Cortical Randomized
Network Network
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Methods issues





Brain graph analysis pipeline

Sensors
electrodes
voxels
, nodes
diseased/task
healthy/rest ., : 9';'15,{}-}
’p. .‘.\.....': .
: t‘d Fa brain activity
e N
hypothesis test T : i
P neuromarkers recorded signals ) undirected
models stats links directed
classification
network connectivity
I I properties matrix I
S & graph B
&(\c\ O ALY nodes
> € links ./ l
metrics \ ® 0 threshold
global O O statistical
intermediate topological
local

[de Vico Fallani, J.R., et al., Phil. Trans. Royal Soc. B, 2014]





Defining vertices

voxelwise regionwise
:
1
® . ,
O Atlas region’ :
£ '
9 I
Voxel’ S Spherical ROP :
1
S 4 I r5
@ Supra-threshold blob* Cluste
) :S tial ICA component®
8 + Spatia compone
-U |
| [Biswal et al, Neurolmage, 1995] 2 [Achard et al, J. Neurosci, 2006] 4 [Nir et al, Neurolmage, 2006] 6 [Jafri et al., Neurolmage, 2008]

[Cao and Worsley, Phil. Trans. R. Soc. B,2005] 3 [Shehzad et al., Cer. Cor,, 2009] 46 5 [Cordes et al, MRI, 2002]





Pros and cons of spatial definitions

Voxelwise vertices:

+ best spatial resolution

+ don’t mix potentially distinct neuronal activity

- large graphs: |E| grows as O(|V|?)

- low SNR per vertex timecourse

- subject-to-subject correspondance depends entirely on spatial
normalisation

Regionwise anatomical vertices
+ improved SNR

+ reasonable size graphs

+ fixed anatomical correspondance

- no guarantee function matches anatomy...

Regionwise data-driven vertices

+ fewer assumptions (actually, other assumptions)
- need to ensure between-subjects consistency (GICA can enforce this)

- train / test separation becomes more tricky

47





Edge labeling functions - Pearson and variants

. Tx1 .
With Xi,X; € R ™" the zero-mean timecourse
associated to vertices i,j, the lag-A correlation is

XTXf

- Ixall2lx

But max correlations generally at O lag'? (long TR?)

A
pzy AHQ

From the inverse of the empirical correlation matrix
matrix P~ = 271 = (X2X2T)~! we get partial

correlations® - -
. - 10}
N - :
Mg T pAPpA : 20 :
1 9]

40}

50}

=i 1 = 60 ‘ t ‘ ‘ _
10 20 30 40 50 60 10 20 30 40 50 60

AAL atlas, zero-lag corr AAL atlas, zero-lag partial corr

| [Jafri et al., Neurolmage, 2008]

2 [Christova et al., |. Neur. Eng, 201 1] 48 3 [Marrelec et al., Neurolmage, 2006]





Dealing with negative edge labels

Q
o

0.8

adjacency
0.6

0.2 0.4

0.0

(T T TR
OO HEN=O

[
TTTTT™

@

[Mason et al., BMC Genomics, 2009]

1.0

0.8 1.0

adjacency
0.2 0.4 0.6

0.0

Aij = 0.5+ 0.58(vi, v;)|”

DT

ODHEN = O

o}

0.0
cor(xi,xj)

1.0






Graph filtering

Topological properties depend non-linearly on
threshold, so how to choose?

No thresholding - need to normalise
Single threshold - statistical vs topological

multiple thresholds - range or all (integrate, multiple tests,

functional curve analysis)
90

—— Healthy Controls
Schizophrenia

~J
-

sof [

3() —EE - ’ o ’

Size of Connected Component

p<0.05, uncorrected
ok_— —— |

. 0.2 0.4 0.6 0.8 |
Graph Density

[Bassett et al., Neurolmage, 2012]






Choosing topological measures

Appropriate measures depend on technical
Issues

Weighted/unweighted graph
Negative/positive edge labels

Connected/disconnected graphs

Choice also depends on the research
question

Scale of interest: large, intermediate, small?

Interpretation of distance: functional vs
physical





Choosing a null model

Many ways to generate a null

Surrogate data (e.g. Fourier phase scrambling)

Adjacency matrix randomization

Degree-preserving rewiring

Sadly, depends on the edge labeling function

Bivariate connectivity estimation can lead to inflated
clustering because of transitivity problem

NORMALIZED
NETWORK MEASURE

10 [
9 =
8T Clustering
7 - »
6 y.
st }
4r "
-
3t _
2k o0 Path Length
.
0 1 B L 4
0.2 0.3 0.4 0.5 0.6
30% 20% 13% 7% 3%
THRESHOLD, T
[DENSITY, %]

SMALL-WORLDNESS

o
1

9 -
8 p-
7 -
6 /
5 b
4F d
7

3T - P

- -
2k T -
l 4
0 1 L 1 L
0.2 0.3 0.4 0.5 0.6
30% 20% 13% 7% 3%

THRESHOLD, T
[DENSITY, %]

[Zalesky et al., Neuroimage, 2012]





Statistical testing with topological properties

Hypothesis testing on graph/vertex properties
is the most common approach to graph
comparison in the neuroimaging literature'

This allows freedom in the choice of spatial scale
Multiple comparison problem less severe than edge stats

But...many graph properties are correlated®3*

-0.3 0.0 0.7

Pearson correlation

Motion correct

| see e.g.[Achard & Bullmore, PLoS CompBiol, 2007]
2 see e.g.[Lynnal et al., . Neurosci., 2010], 3 [Alexander-Bloch et al., Front. Syst. Neurosci., 2010]

4 [Ekmann et al.,, PNAS, 2012]





Data issues





fMRI data processing pipeline

estimation biases

)

o _ functional
individual regional connectivity matrix

MF_, S;F:Stit:‘rgl functional atlas time series 2
" | QUE“J_,E -|

B A o R
: R A AU ) wk 1,; tl!iL
inverse sngty EE M

warping _.;._?,:

4

. " functional ‘ regional | | ‘ dependency |
a AR I realignment P—>| denoising P—> > averaging > computation
functional data ﬂmmmm
hardware noise

filtered regional

~ ’ time series

X e RRXT

subject noise





Pathological brains

Global or focal atrophy

Affect segmentation

Lesions a
Affect segmentation and normalisation = =

Vascular issues
Affect connectivity estimators

Signal T1

WM

A
06

A A A
04 06 08

04 02 0 02
tissue probability

Signal T1

20 40 60 80 100120 140 160 20 40 60 80 100120 140 160
image number

[Richiardi et al., Neurobiology of Aging, 2015]

06

04 02 0 02 04 06 08
tissue probability

[Seghier et al., Neurolmage, 2008]
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functional connectivity computation

® http://www.stanford.edu/~richiard/software.html

Visualization

® http://flexbgv.sourceforge.net/




http://www.stanford.edu/~richiard

http://www.stanford.edu/~richiard

http://flexbgv.sourceforge.net

http://flexbgv.sourceforge.net




Second Brain Connectivity
Course Grenoble 2015

http://brain-connect.sciencesconf.org

Participants
Sponsors
Program
Objectives

1.
2.
3.
4.
5.

Logistic

Second Brain
Connectivity Course
Grenoble 2015

http://brain-connect.sciencesconf.org

43 Participants

Grenoble=8

France= 14

World (Europe, US, Australia, Japan India): 15
Speakers = 6

9/27/2015





9/27/2015

Second Brain
Connectivity Course
Grenoble 2015

M &
‘=~ | Sponsors CHU
“eenor’ UYL - SFR1 (MRI- A Krainik)
- SFR3 (Stendhal University)
FLI - FLI: France Life Imaging
. rnceuemass - GrenobleAlpes Metropole
z < - GIN: Grenoble Institute Neuroscience
iz ostut des Neurosciences

Sensorimotor

This course will give an overview of the methods for functional brain connectivity analysis in fMRI
and structural connectivity using Diffusion MRI. Designed to help clinicians and researchers in
planning and analyzing MRI studies, this course includes a theoretical background and a
demonstration for each software. Additional training session is proposed on Friday afternoon

Functional connectivity Toolbox (Conn) Thomas Zeffiro (Havard University, Boston)
Automatic Registration Toolbox (ART) Thomas Zeffiro (Havard University, Boston)
Graph Theory (Brain waver) for resting state fMRI: Jonas Richiardi (Stanford University /Lausanne)

0O 00O

Diffusionist for tractography and group analysis of DTl data: Félix Renard (IRMaGe , Grenoble)

Scientific organization: Dr Assia Jaillard. Pr. Alexandre Krainik (SFR1; GIN ; CHUG) Dr. Thomas Zeffiro (Neural Systems

Group; Boston); Chantal Delon Martin (GIN); Nadine Micoud (CHUG)
G P o s RouRiR B s \





9/27/2015

Objectives

- Overview of the different approaches of
functional and structural connectivity

- Which approach is appropriate to analyze a
dataset ?

- Limitations
- Lectures, demos and Training

Logistic aspects

Laptop with MATLAB: Linux, Windows or Mac

Virtual machine/ double boot for Brainwaver and Diffusionist

Softwares: conn toolbox; spm12; ART; Xjview and datasets can be copied
Download TrackVis for tractography training

Meals

- Lunch

- Breaks

- dinner
Questions

- Assia Jaillard

- Nadine Micoud

- Georges Gérard

- Chantal Delon Martin
- Renard Félix

- Thomas Zeffiro

http://brain-connect.sciencesconf.org/





Second Brain connectivity Course:
Program overview

9/27/2015

Morning  Welcome Seed based CONN toolbox DTI Diffusionist
9h-12h30 Connectivity connectivity 2n level Tractograp DTI & demo
overview Conn set up hy
Afternoon Preprocessi CONN toolbox CONN toolbox Graph Training
14h-18h ng fisrt level 2" Jevel Theory Round table
ART demo
Evening Welcoming  Bastille ? Restaurant Wine &
18h30 reception Caffe Forte cheese
Monday 21 sept 2015_
Time Type Event
09:00 - 09:30 Logistics | Welcome and badges distribution
Coffee & tea
09:30 - 10:00 Introduction (Assia Jaillard)
10:00 - 10:30 Break Coffee & tea
software copy

10:30 - 12:00 Lecture Functional connectivity Overview (Thomas Zeffiro)

12:00 -13:30 Break Lunch

13:30 - 15:30 | Speech Functional connectivity preprocessing- Thomas Zeffiro

15:30 - 16:00 Break Refreshment and coffee

16:00 - 18:30 [ Speech | ART - Thomas Zeffiro

18:30 - 20:00 Break Welcoming reception




http://funconnect2013.sciencesconf.org/administrate-program/index
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Brain graph
connectivity computation
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% = IREN OB LE

Graph metrics
— Type of metrics
— Concept of cost
— Main metrics
— Concept of hub

Processing pipeline
— Image preprocessing
— Time series extraction

How to compute graphs - Demo
— Time series extraction
— Connectivity matrices
— Graph computation
— Graph metrics extraction

Outline

Parcellation

R fMRI

4@ > | e\
" Graph metrics B TN
extraction ‘3 ( | ﬂwwwmww

L Time series
+~—_ Connectivity

using wavelets

o}

Graphs of
cerebral connections

[S. Achard et al, J. Neurosci., 2006]
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@raph metrics \
— Type of metrics
— Concept of cost
— Main metrics
— Concept of hub
\_ P /

Processing pipeline
— Image preprocessing
— Time series extraction

How to compute graphs - Demo
— Time series extraction
— Connectivity matrices
— Graph computation
— Graph metrics extraction

Outline

Parcellation

o g\ fMRI
Q 10° voxels
d b © 0.3 Hz
) ;
v o]

Graph metrics

extraction \ (

+~—_ Connectivity

using wavelets

Time series

Graphs of
cerebral connections

[S. Achard et al, J. Neurosci., 2006]





@R 2 Type of metrics

* Global metrics: describe a global characteristic of the whole graph.
* Too general

* Regional metrics: describe a characteristic of each node.
* More informative
* More robust





TR

REE-N-©OBF-E

Cost (density or sparsity) of a graph: ratio
between the number of links and all the
possible links in the graph.

11 nodes — Each node: 10 possible links — 110
links in total — undirected graph: 110/2=55 links
13 links in the graph

13/55=24% cost

Concept of cost
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Concept of cost

Cost (density or sparsity) of a graph: ratio
between the number of links and all the
possible links in the graph.

11 nodes — Each node: 10 possible links — 110
links in total — undirected graph: 110/2=55 links
13 links in the graph

13/55=24% cost

2.5% cost 10.0% cost 95.0% cost
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Metrics I

I Degree (k) of a node: number of connections of

that node.
Node 1 — k1 =6
Node 3 — k3= 1

Node 11 —>k11=3
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Metrics I

Minimum path length (L ) of a node: mean of

the minimum paths that links one node to the
rest of nodes in the graph.

To go from node 11 to the others:
* 3 connections of 1 edge
* 2 connections of 2 edges L =24
* 3 connections of 3 edges ’ 1

* 2 connections of 4 edges |

For node 1 — L1=1 4





@g s Jeurosyenee
- Metrics 1

n)egree (k ) of a node: number of connections oh

that node.
Node 1 — k1 =06
Node 3 — k3: 1

\Node11—>kﬂ=3 /

ﬂinimum path length (L) of a node: mean (h

the minimum paths that links one node to the / o \

rest of nodes in the graph. Global efficiency (e,) of a node:
e=1/L

To go from node 11 to the others:

* 3 connections of 1 edge Node 1 — e, =0.71

e 2 connections of 2 edges . _

e 3 connections of 3 edges  L,=24 Node 11 — e, =0.42

* 2 connections of 4 edges|

Global efficiency (E) of a graph:

Qor node 1 — L1:1.4 / {nean of e, i=1...N /

M. Termenon — 2015/09/24 — GIN
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Clustering (c) of a node: measure of

information transfer in the immediate
neighbourhood of each node.

Ratio of number of connections between node
I's neighbors to total of possible connections.
¢, =0/3=0

¢, =0/6=0

Metrics 11
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Metrics 11

I Clustering (c) of a node: measure of

information transfer in the immediate
neighbourhood of each node.

Ratio of number of connections between node
I's neighbors to total of possible connections.
c,,=0/3=0

¢, =2/3=0.67






< _RENOBLE Metrics 11

ﬁlustering (c) of a node: measure of \

information transfer in the immediate
neighbourhood of each node.

Ratio of number of connections between node
I's neighbors to total of possible connections.
c11=0/3=0

c1 =0/6=0

. /

/Betweenness centrality (b ) of a node: number\

of shortest paths between 2 nodes that passes
trough node i.
e.g. between nodes 5 and 11:

b’ =3/4

L D y

M. Termenon — 2015/09/24 — GIN
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Metrics 111

Concept of «<Hubs»: relevant nodes in the graph
that if they are removed, the graph is highly
affected.

-highk, e, b

- short L

o a module 2
O hub /O
O
O ® 1) |
o j
G —

module 1
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Graph metrics
— Type of metrics
— Concept of cost
— Main metrics
— Concept of hub

: . h
Processing pipeline
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[S. Achard et al, J. Neurosci., 2006]





= IR EN OB Lk

Image preprocessing pipeline I
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Image preprocessing pipeline II
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Image preprocessing pipeline III

[EPI (MNI))

i [
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K fMRI
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Graph metrics
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Time series
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[S. Achard et al, J. Neurosci., 2006]
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Brainwaver

I Brainwaver package in R
— Developed by Sophie Achard.
— Available in:
https://cran.r-project.org/web/packages/brainwaver/index.html

Main advantages:
— Wavelets
— P-value that removes the low correlations





@g s Neurusgeces .
- Graph computation

Sensors
electrodes
= S voxels
0 4 = s 9
. y/ 4% nodes
diseased/task
o :: . /VV\NWN\-/
healthy/rest |, '?,f{n;
c.‘m' e i ti i
4 *g.: .‘.’f;_:,. rain activity e
Nalae WA VAN
hypothesis test : ; i
DR e neuromarkers recorded signals . ungigected
models stats links directed
classification
network connectivity
I I propertles matrix
\cf’ eF‘ graph
r&c} '33' - nodes
e
1NKS S . l
metrics \ ® o threshold
global O O statistical
intermediate topological
local

De Vico Fallani, Phil. Trans. R. Soc. B, 2014
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Graph computation
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Code — Time series

library(‘oro.nifti') # initialize TS matrix
library('AnalyzeFMRI') data. TS<-matrix(0,length.RS,n.regions)
# add paths and names for(i in 1:n.regions){
setwd("/media/mainux/My Passport/DEMQ") # Extract indexes of region i
path.ROI="/templates/AAL_116' index.ROI<-which(vol.ROI==regions]Ji],arr.ind=TRUE)
name.ROI="rTROI_MNI_V4.nii' size.ROI<-dim(index.ROI)[1]
path.GM="./control/Processed/Exam0/Anat'

name.GM="rDartMNI_c1tem17a_WIP_Anat-DC-IT_SENSE_15_1.nii' # Extract GM TPM of region i
path.RS="./control/Processed/ExamO0/Functional/Realigned’ coef.GM<-vol.GM[index.ROI]
name.RS="rDartMNI_artem17a_WIP_New_RESTING_STATE_SENSE_1

2_1.nii'

# Extract the TS for region i
path.TS='./control/Processed/ExamO/Functional/TS/AAL116'

name.TS='func_ROI_ts_AAL116'

region.TS<-matrix(0, length.RS, size.ROI)

for(j in 1:length.RS){
vol.RS<-f.read.nifti.tpt(paste(path.RS,name.RS,sep=""), j)
data<-vol.RS[index.ROI]
region.TSJ[j,]<-as.matrix(data*coef.GM)

}
data.TS[,i]<-rowMeans(region.TS, na.rm = FALSE, dims = 1)

# load parcellation template

vol.ROI<-readNIfTI(paste(path.ROI,name.ROIl,sep=""),reorient=F)

# load GM volume

vol.GM<-readNIfTI(paste(path.GM,name.GM,sep='"/"),reorient=F)

# obtain number of EPI volumes
info.RS<-f.read.nifti.header(paste(path.RS,name.RS,sep="/"))
length.RS<-info.RS$dim[5]

# save into a txt file

write.table(data.TS,paste(path.TS,"/',name.TS,'_raw.txt',sep="),col.names=FALS
E,row.names=FALSE,quote=FALSE)

# obtain number of regions
regions<-unique(as.vector(vol.ROl))
regions<-regions[regions!=0]

n.regions<-length(regions)





e O Code - Regression of head
movements

#Load TS
data.TS=read.table(paste(path.TS,/',name.TS,'_raw.txt',sep="), sep="", fill=FALSE, strip.white=TRUE)
data.TS<-as.matrix(data.TS)

# Load head movements file
file.mov<-list.files(path.RS,pattern=glob2rx("rp*.txt"))
data.mov <- read.table(paste(path.RS,file.mov,sep=""'), header=FALSE)

data.mov <- as.data.frame(data.mov)

# Create regressor

length. TS <- length(data.TS[,1])

data.regressor <- rbind(0, data.mov[-length.TS,])

data.regressor <- cbind(data.mov, data.mov - data.regressor) #compute the first derivative
names(data.regressor) <- ¢("p1","p2","p3","p4","p5","p6","p1d","p2d","p3d","p4d","p5d","p6d")

write.table(as.matrix(data.regressor),paste(path.TS,'/Regressors_Head movements.ixt',sep="),col.names=FALSE,row.names=FALSE,quote=FALSE)

# Get the residuals of the linear regression between the ts and the movement data
data.correct <- resid(Im(as.matrix(data.TS) ~ as.matrix(data.regressor)))
data.correct <- as.data.frame(data.correct)

write.table(data.correct,paste(path.TS,'/,name.TS,"_ts_headMovRegressed.ixt',sep="),col.names=FALSE,row.names=FALSE,quote=FALSE)
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Wavelets computation

library('waveslim')

library('brainwaver")

(a)

# Load TS WWW

data.TS<-read.table(paste(path.TS,"/',name.TS," ts_headMovRegressed.ixt',sep="))
data.TS<-as.matrix(data.TS)

length.TS<-dim(data.TS)[1] il F
n.regions<-dim(data.TS)[2]

wi

# Choose a region in the brain

preCG_R<_data.TSL1] 3 WWWWMMMWWWWWMMN

# Compute wavelets coefficients

PreCG.R.Ia8 <- WaVe.tranS(PreCG.R, Wf="|38") 2 V\/\/\WJVA/\P/W%‘AWN—W/\N\MJ‘

names(PreCG.R.l1a8) <- c("w1", "w2", "w3", "w4", "v4")

# Plot results
par(mfcol=c(6,1), pty="m", mar=c(5-2,4,4-2,2))
plot.ts(PreCG.R, axes=FALSE, ylab="", main="(a)")
for(i in 1:5) 3

plot.ts(PreCG.R.Ia8][[i]], axes=FALSE, ylab=names(PreCG.R.Iaé)[i]) 100 200 300 400
axis(side=1, at=seq(0,418,by=50),

labels=c(0,",100,",200,",300,"",400))
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Correlation matrices

library('brainwaver")

library(‘fields")

#Load TS
data.TS=read.table(paste(path.TS,'/,name.TS,' _ts_headMovRegressed.ixt',sep="), sep="", fill=FALSE, strip.white=TRUE)
data.TS<-as.matrix(data.TS)

# Compute correlation matrices
n.levels<-4

wave.cor.list<-const.cor.list(data.TS,n.levels=n.levels)

# Display corr matrices

par(mfrow=c(2,2))

image.plot(abs(wave.cor.list$d1),main="wavelet scale 1')

image.plot(abs(wave.cor.list$d2),main="wavelet scale 2')

image.plot(abs(wave.cor.list$d3),main="wavelet scale 3')
(

image.plot(abs(wave.cor.list$d4),main="wavelet scale 4')

M. Termenon — 2015/09/24 — GIN
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Adjacency matrices

wave.cor.list<-const.cor.list(data.TS,n.levels=n.levels)

# To threshold the values greater than 0.4 for example

adj.mat.1<-const.adj.mat(wave.cor.list[[1]], sup = 0.40,proc.length=dim(data.TS)[1], num.levels=1)

adj.mat.2<-const.adj.mat(wave.cor.list[[2]], sup = 0.40.length=dim(data.TS)[1], num.levels=2)

adj.mat.3<-const.adj.mat(wave.cor.list[[3]], sup = 0.40,proc.length=dim(data.TS)[1], num.levels=3)
(

adj.mat.4<-const.adj.mat(wave.cor.list[[4]], sup =0.40,proc.length=dim(data.TS)[1], num.levels=4)

# According to the desired cost in the graph, we fix the number of edges;

n.edges<-400

# The function choose.thresh.nbedges fixes the correlation threshold in order to get a given number of edges in the graph

sup.thresh<-choose.thresh.nbedges(wave.cor.list[[3]],nb.edges=n.edges, proc.length=dim(data.TS)[1],num.levels=3)

# Display adjacency matrices
par(mfrow=c(2,2)) Scale 3 Scale 3
image.plot(adj.mat.1,main='Scale 1' e - :
image.plot(adj.mat.2,main='Scale 2'

image.plot(adj.mat.3,main='Scale 3'

( )
( )
( )
image.plot(adj.mat.4,main="'Scale 4')

1 Control VS Patient
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file.coord<-read.table(paste(path. COORD,,name.COORD,sep="/"),
header=FALSE)

n.regions<-dim(file.coord)[1]

set2 <- file.coord[,2:4]

euclid <- 2 * dist(set2, method = "euclidean")
x.euclid <- as.matrix(euclid)

index <- c(1:(n.regions/2))*2 # right and left regions
set2 <- as.matrix(set2)

set2[index,c(2,3)] <- set2[index,c(2,3)] + 1.5

par(mfrow=c(1,2))
x.coord<-2

y.coord<-3

plot(set2[,x.coord], set2[,y.coord], type = "p",xlab="", ylab="",cex.lab=2,
asp=1,ylim=c(min(set2[,y.coord]),max(set2[,y.coord])),
xlim=c(min(set2[,x.coord]),max(set2[,x.coord])),xaxt="n",
yaxt='n',bty='n',main='Sagittal view',cex=0.5,pch=16,cex.main=2)
for(kk in 2:(n.regions)){
for(q in 1:(kk-1)){
if(adj.mat[kk,q]==1)
{
if(x.euclid[kk,q]>85) visu <- "blue"
else visu <- "red"
lines(c(set2[kk,x.coord], set2[q,x.coord]),

c(set2[kk,y.coord], set2[q,y.coord]), col = visu,lw=2)

Graphs visualization

x.coord<-1

y.coord<-2

plot(set2[,x.coord], set2[,y.coord], type = "p",xlab="", ylab="",cex.lab=2,
asp=1,ylim=c(min(set2[,y.coord]),max(set2[,y.coord])),
xlim=c(min(set2[,x.coord]),max(set2[,x.coord])),xaxt="n",
yaxt='n',bty="n",main='Top view',cex=0.5,pch=16,cex.main=2)
for(kk in 2:(n.regions)){
for(q in 1:(kk-1)){
if(adj.mat[kk,q]==1)
{
if(x.euclid[kk,q]>85) visu <- "blue"
else visu <- "red"
lines(c(set2[kk,x.coord], set2[q,x.coord]),

c(set2[kk,y.coord], set2[q,y.coord]), col = visu,lw=2)
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Code - Node degree

degree.dist<-rowSums(adj.mat.3)

Result:

[1122118289892072019111865593610610111518 912 917 0171411 29913121
[45]14 8 010 1 011291594 222011220221625211144028441224241426
[89] 2 36 8 11612281010 1 315 51115 4101924 2 9 31310 1 6 1
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@RE“O“E Code - Global efficiency

Global level:
Eglob.brain<-global.efficiency(adj.mat.3, weight.mat=matrix(1,n.regions,n.regions))$eff

Control: 0.28
Patient: 0.26

Regional level:

Eglob.brain.nodal<-global.efficiency(adj.mat.3, weight.mat=matrix(1,n.regions,n.regions))$nodal.eff

Control:

[1]10.33 0.37 0.34 0.32 0.26 0.40 0.41 0.36 0.29 0.00 0.39 0.35 0.350.32 0.29 0.34 0.35 0.34 0.37 0.41 0.29 0.36 0.39 0.24 0.30 0.29
[27] 0.00 0.01 0.350.33 0.38 0.41 0.02 0.26 0.30 0.00 0.01 0.01 0.30 0.39 0.28 0.22 0.01 0.01 0.35 0.22 0.27 0.24 0.31 0.31 0.01 0.01
[63]0.29 0.25 0.32 0.31 0.34 0.37 0.30 0.28 0.34 0.35 0.28 0.23 0.33 0.21 0.26 0.33 0.30 0.30 0.30 0.21 0.21 0.28 0.01 0.02 0.26 0.23
[79]10.28 0.37 0.27 0.37 0.41 0.41 0.39 0.33 0.34 0.33 0.31 0.27 0.29 0.33 0.23 0.31 0.23 0.25 0.30 0.30 0.24 0.32 0.31 0.350.41 0.24

[105] 0.35 0.31 0.30 0.31 0.28 0.27 0.26 0.36 0.37 0.32 0.39 0.33

Patient:

[110.26 0.30 0.38 0.32 0.44 0.34 0.32 0.32 0.21 0.00 0.34 0.43 0.42 0.38 0.23 0.31 0.30 0.31 0.30 0.36 0.29 0.29 0.34 0.33 0.35 0.36
[27] 0.38 0.41 0.36 0.36 0.30 0.40 0.00 0.40 0.39 0.350.01 0.37 0.36 0.24 0.02 0.00 0.02 0.02 0.38 0.32 0.00 0.37 0.02 0.00 0.22 0.22
[63] 0.02 0.36 0.38 0.34 0.28 0.28 0.01 0.42 0.01 0.01 0.44 0.00 0.27 0.02 0.01 0.32 0.23 0.27 0.43 0.01 0.01 0.31 0.31 0.00 0.27 0.34
[79] 0.25 0.30 0.02 0.21 0.18 0.23 0.18 0.27 0.39 0.45 0.02 0.03 0.28 0.35 0.01 0.39 0.37 0.47 0.35 0.36 0.17 0.27 0.38 0.27 0.36 0.39

[105] 0.23 0.350.41 0.45 0.22 0.34 0.22 0.37 0.36 0.00 0.27 0.20





@RE“O“E Code - Local efficiency

Global level:
Eloc.brain<-local.efficiency(adj.mat.3, weight.mat=matrix(1,n.regions,n.regions))$eff

Control: 0.63
Patient: 0.52

Regional level:
Eloc.brain.nodal<-local.efficiency(adj.mat.3, weight.mat=matrix(1,n.regions,n.regions))$loc.eff

Control:

[1]0.68 0.74 0.41 0.23 1.00 0.61 0.70 0.75 0.83 0.00 0.57 0.74 0.77 0.72 0.83 0.71 0.82 0.85 0.80 0.61 0.78 0.67 0.63 1.00 0.76 0.79
[27] 0.00 0.00 0.82 0.10 0.81 0.68 0.00 0.87 0.76 0.00 0.00 0.00 0.83 0.68 0.92 0.00 0.00 0.00 0.33 1.00 0.80 0.90 0.45 0.52 0.00 0.00
[63]0.330.420.77 0.82 0.82 0.72 0.48 0.00 0.80 0.80 0.87 0.00 0.45 1.00 0.40 0.45 0.92 0.84 0.88 1.00 1.00 0.88 0.00 0.00 0.72 1.00
[79]0.78 0.61 0.80 0.60 0.68 0.58 0.72 0.71 0.74 0.72 0.65 0.80 0.75 0.78 1.00 0.29 1.00 0.83 0.85 0.93 1.00 0.90 0.90 0.76 0.55 1.00

[105] 0.81 0.82 0.72 0.42 0.72 1.00 0.00 0.79 0.66 0.64 0.56 0.89

Patient:

[111.00 0.00 0.56 0.71 0.59 0.70 0.60 0.40 1.00 0.00 0.79 0.54 0.62 0.74 0.00 0.77 0.90 0.85 0.85 0.81 0.83 0.82 0.57 0.78 0.82 0.75
[27] 0.67 0.65 0.57 0.69 0.72 0.66 0.00 0.75 0.71 0.68 0.00 0.79 0.73 0.00 0.00 0.00 0.00 0.00 0.72 0.86 0.00 0.85 0.00 0.00 0.00 0.00
[53] 1.00 0.77 0.67 0.80 0.42 0.00 0.00 0.71 0.00 0.00 0.66 0.00 1.00 0.00 0.00 0.40 1.00 0.35 0.66 0.00 0.00 1.00 0.83 0.00 1.00 0.86
[79] 0.33 0.33 0.00 1.00 1.00 0.33 1.00 0.72 0.79 0.67 1.00 0.33 0.36 0.82 0.00 0.78 0.56 0.63 0.93 0.84 0.00 0.83 0.71 0.43 0.78 0.73

[105] 0.42 0.64 0.71 0.61 0.00 0.84 0.33 0.66 0.71 0.00 0.50 0.00
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Results - Eglob

Control Patient
5% 10% 20% 30% % 10% 20% 30%
PrecGy 0.31 037 062 070 0.27 030 0.53 0.60
Precuneus 0.23 033 0.60 0.67 030 0.32 055 0.62
SMA 028 041 070 0.76 030 0.36 0.62 0.71
Amygdala 0.00 0.22 051 059 000 0.00 0.36 0.44
Hippocampus 0.00 0.01 033 043 033 037 064 0.72
Pallidum 0.02 0.02 054 059 000 0.00 0.50 0.61






Thank you for your attention!
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Brain ConnectivityOverview

Thomas Zeffiro M.D. Ph.D.
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regional specialization

regional interaction





Functional connectivty

Left hand Right hand

Effective connectivty






Regional Integration Modeling

® Functional connectivity

— Bivariate correlation
— Multivariate modeling (PCA, ICA, PLS)

® [ffective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)
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Regional Integration Modeling

® Functional connectivity

— Bivariate correlation
— Multivariate modeling (PCA, ICA, PLS)

® Effective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)
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Regional Integration Modeling

® Functional connectivity

— Bivariate correlation

— Multivariate modeling (PCA, ICA, PLS)
® Effective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)





Psycho-physiological Interaction
(PPI)

* Measure of effective connectivity, and how it is
affected by psychological variables

* Looks at how brain activity can be explained by
the interaction between 2 variables

— an experimental variable (e.g. level of attention)
— activity in a particular brain area (source area)

* This Is done voxel-by-voxel across the entire
brain

WT Center for Neuroimaging





PPIs vs typical interactions

Task

Attend Attend
eyes mouth

Upright Tl Sl T2 Sl

face

Stimulus

Inverted Tl 82 T2 SZ

face

WT Center for Neuroimaging





PPIs vs typical interactions

« A typical interaction
— Use General Linear Model:

Y= (Ty-Ty) By + (S17S,) By + (T-Tp)(S1-Sy) Bs + €

- APPI

— Replace one of the variables with activity in source
region
« Eg for source region V1.:
Y= (T T)B + V1B, + (T Tp)VIR, + e

WT Center for Neuroimaging





PPl — an example

 Investigating influence of 2 factors:
— V1 activity
— Attention
On activity in region V5
« Measure brain activity under 2 conditions of attention

V5 activity

attention

__nho attention

y

» V1 activity

WT Center for Neuroimaging





Interpreting PPI

e 2 possible ways:

— Contribution of source area to
target area (ie the effective
connectivity) depends on
experimental context

— Response of target area to
experimental variable depends
on activity of source area

« Mathematically, both are
equivalent, but one may be
more neurologically plausible

WT Center for Neuroimaging





Regional Integration Modeling

® Functional connectivity

— Bivariate correlation

— Multivariate modeling (PCA, ICA, PLS)
® Effective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)
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evaluate (2 s).






miss






hit






Experiment timing

Number
of MR — 12 24 12 24 12 24 12 24 12

Volumes

TASK
Run — ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
RES/ \
+
24 s fixate

Run length 5.2 min Five runs per session

./ ./

22 s navigate 22 s navigate
2 s evaluate 2 s evaluate






Experiment factorial design

TASK

navigate | evaluate

normal

SLEEP :
deprived






Navigate Evaluate

t>4.92 p<0.05 FWE corrected





Posterior cingulate cortex

normal sleep
sleep deprived
I

nnnnnnn

navigate evaluate navigate evaluate

t>4.92 p<0.05 FWE corrected





Medial prefrontal cortex

normal sleep
sleep deprived
[

xxxxxxxx

navigate evaluate navigate evaluate

t>4.92 p<0.05 FWE corrected





Right hippocampus

normal sleep
sleep deprived

cccccccc

navigate evaluate navigate evaluate

t>4.92 p<0.05 FWE corrected





Default network from Buckner N





Can brain activity measured while
engaged in a demanding task predict
performance better than behavioral

measures alone?
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What is mediation?

Total effect X —m—m—m—m—m—>>Y
U

Indirect effect OL/ | \B
X———>Y

Direct effect
p

Mediation is a causal model





Can brain activity predict motor
performance?

Regional neural activity

Sleep Motor
deprivation performance





Occipital brain activity during NAVIGATION
predicts motor performance better than the

degree of sleep deprivation

Sobel Test z>1.5





Thalamic and prefrontal activity during
EVALUATION predict motor performance
better than the degree of sleep deprivation

Sobel Test z>1.5





Regional neural activity

Sleep T Motor
deprivation performance






Regional Integration Modeling

® Functional connectivity

— Bivariate correlation

— Multivariate modeling (PCA, ICA, PLS)
® Effective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)





Structural Equation Modelling
(SEM)

Another way of measuring effective connectivity

Like PPI, looks at how effective connectivity is affected
by experimental variables

PET or fMRI

Looks at covariances in activity between different brain
areas (the degree to which their activity is related).

Combines these data with anatomical model of how the
areas are connected to one another

Connectivity can be compared over time, or across
different conditions (eg different levels of attention)

WT Center for Neuroimaging





Steps In SEM

Select regions of interest

Build model specifying how they’'re connected
to one another. Free parameters of model are
‘path coefficients’ — represent strength of
connections

See what patterns of covariance this model
predicts

Compare to observed patterns of covariance

‘goodness of fit" of model is diff between
predicted and observed patterns

WT Center for Neuroimaging





Deciding on regions

« Use existing fMRI and lesion data to
identify likely areas

* We know how these areas are likely to be
connected from

— Tracer studies in animals

— Diffusion Tensor Imaging (DTI) studies Iin
humans

WT Center for Neuroimaging





Pros and cons of SEM

« Unlike PPI, can look at influence of many
brain areas at once

* But models do not allow the strength of a
connection to vary over the time series

WT Center for Neuroimaging
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Regional Integration Modeling

® Functional connectivity

— Bivariate correlation

— Multivariate modeling (PCA, ICA, PLS)
® [ffective connectivity

— Psychophysiologic interaction (PPI)

— Mediation analysis

— Structural equation modeling (SEM)

— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)





Regional Integration Modeling

® Functional connectivity

— Bivariate correlation

— Multivariate modeling (PCA, ICA, PLS)
® Effective connectivity
— Psychophysiologic interaction (PPI)
— Mediation analysis
— Structural equation modeling (SEM)
— Multivariate autoregressive modeling (Granger causality)

— Dynamic causal modeling (DCM)





state fixed modulfation of input
changes connectivity connectivity parameters

Lo |
o X =(A+ ) u B )x+Cu
j=1

B
® 6
% =%+ X G
W@ @) nman e hlu

i,

external
Inputs






Conceptual

overview

Neuronal state equation 7= F(Z, u, (9”)
The bilinear model 7= (A+ZUij)Z +Cu

effective A= f — @
connectivity o0z 0z
modulation of Bl _ 0°F 0 oz
connectivity B ozou, B ou, oz
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: integration
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model
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Friston et al. 2003, Neurolmage






) H H H‘ ‘ H ”H ‘ U stimulus functions

l i/ . l

& _ {A + iuJ.B“J Jx + Cu neural state equation
i=

—

vasodilatary signal

s=x—ks—y /-1 s
I s

h
Aow induction (1CEF) hemodynamic state
f=s equations
ki

l Balloon model l

changes involume - changes indHb

I _ Gl = _ _ L
w=f—v g = E(fE) B, —v" g
v i

Estimated BOLD
response

BOLD signal
y(0)=2(v.q)

BOLD signal
change equation






Neurodynamics: 2 nodes with input

SN ENEEEN

activity in Z, is coupled to | Z,via

a, >0 .
21 coefficient a
21

WT Center for Neuroimaging





Neurodynamics:

positive modulation

o L

U

modulatory input u2 activity through
b2 >0 the coupling a21

WT Center for Neuroimaging





Neurodynamics: reciprocal
connections

SN EEEEEN

reciprocal

0 .
Z, +U, b? 8}{;1}{8}% a,>0 a,>0 bi>0 annectlon
o disclosed by
2

WT Center for Neuroimaging





Hemodynamics: reciprocal
connections
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overview

Neuronal state equation 7= F(Z, u, (9”)
The bilinear model 7= (A+ZUij)Z +Cu

effective A= f — @
connectivity o0z 0z
modulation of Bl _ 0°F 0 oz
connectivity B ozou, B ou, oz
direct inputs C :8_F:g

ou ou

: integration

neuronal
states
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Z

hemodynamic
model

BOLD y

Friston et al. 2003, Neurolmage











Diffusion Tensor Imaging

® Diffusion
sensitive
gradients applied
in six directions
with b=800

® Dark areas
represent areas
with a higher
diffusion






Fractional Anisotropy (FA)

® Measure of degree of anisotropy
regardless of direction

® Brighter areas correspond to areas
with higher FA

FA® = (lx ) Iy)2 + (lx ) Iz)2 + (ly ) Iz)2

202 +17+12)






Diffusion Directions

Red = Left-Right
Green = Anterior-Posterior
= Superior-Inferior
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@™ @ CONN functional connectivity toolbox (15.b)

|Pr0ject |TUD|S | Help | Setup | Denaising first-level Analyses second-level Results
[ Analysis results preview fwaxe...
Subject effects Conditions SeedsfSources
Analysis name: AL fEsE MFFC
CONT MPFC_Freql
MPFC_FreqDeco... MCS MPFC_Freq2
UWs MPFC_Freq3
user—defined co... MCS+ MPFC_Fregd -.,i"-r'- -\_H"L.I
MCS- LLP

CRS-scaore (given) PCC
ROI-t0-ROI chronicity-acute RLP
chronicity-chronic
Seed-to-Voxel Etiology-Trauma
Etiology-non-trauma
Patients
Voxel-to-Voxel Qutliers
CRS - Auditory function
D ic FC CRS - Visual function
e CRS - Motar Function

CRS - oromotar/verbal functio
CRS - communication

CRS - arousal scale

CRS - total {ours)

Between-subjects contrast Between-conditions contrast Eetween-sources contrast
1 1 [0.25 0.25 0.25 0.25]
Effect of CONT Effect of rest TN erronn or mmoe oonn =

O 2 DID

Results explarer

p-uncarrected = ;g9

Repeat for all so...

Project: /mindhive/gablabs/memory/Laureys resting/conn_Laureys_vh, mat Illil-
torage: S70.GGH available E?20 1

Alfonso Nieto Castanon

Whitfield-Gabrieli & Nieto Castanon




http://www.nitrc.org/projects/conn

http://www.nitrc.org/projects/conn

http://www.nitrc.org/projects/conn



Conn

Function: Perform functional connectivity analyses

* The toolbox implements art for motion artifact rejection and
the aCompCor strategy for physiological (and other) noise
source reduction, first-level General Linear Model for
correlation and regression connectivity estimation, and second-
level random-effect analyses.

* The toolbox is designed to work with both resting state scans
and block designs where rest is another block amongst other
conditions.

The following slides illustrate the basic operation of the toolbox





Conn

Steps

Step 1. Setup

Step 2: Denoise and explore confounds

Step 3: Analyze and view 15t |evel results

Step 4: Define contrasts and view 2Md |evel results






SETUP

Defines experiment information, file sources for
functional data, structural data, regions of interest,
and other covariates.

sEEEENEN,

su® "y,
1 2 ~
e

‘0‘ IS
Jroject  Tools Help & Setup 2 Denoising first-level Analyses
* "
.
Yo, [ sn® *
"tsaapgpmnmunn®
BASIC INFO
las Number of subjects
Structural 10
Functional Number of sessions
1111111111
ROIs
Repetition Time (seconds)
Conditions 2
Covariates 1stlevel Acquisition type
Covariates 2nd-level Continuous
Options
Preprocessing
Done Project: C:\ConnectivityNYU_N10_5ess1iconn_NYU mat

storage’ 124 6Gb available (25%)

Conn

second-level Results






Conn

Conn Setup

SETUP

Basic : Defines basic experimental information
In this example: 10 subjects

TR = 2 seconds

Jroject  Tools Help Setup Denaising first-level Analyses second-level Results

guEEEEENE gy,
ottt "re, BASIC INFO
. .
‘l
2 )
% BosE o~ Number of subjects
..'- Structural ““ 10
""sanyammnunnsnt®
Functional Number of sessions
17111111111
ROIs
_ Repetition Time (seconds)
Conditions 2
Covariates 1st-level Acqisition type
Covariates 2nd-level Continuous
Options
Preprocessing
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat

storage 124 6Gb available (25%) 1






SETUP

Conn

Structural : Defines structural data source files

Assumes coregistered to functional volumes —i.e. same orientation; use spm
checkreg to check orientation)

Project Tools Help

R
L]

Structural ’.
) S
"aaa WU ammnn®
ROIs
Conditions
Covariates 1stlevel
Covariates 2nd-level

Options

Preprocessing

Done

Setup Denoising first-level Analyses second-level Results

STRUCTURAL DATA
Select structural data files

[1file] x [size 79 95 68 |

Session-invariant structural. .. CAC . mmprage_skullstripped nii Folder
Subjects Filter * img; *.nii; *.mgh; *.mgz
Regexp
Subject 2
Subject 3
Subject 4 T
Subject 5 - $Recycle Bin
Subject 6 -ART
Subject 7 -ARTIFACT
Subject 8 -ASD
Subject 9 -ATTENTION
Subject 10 -A China_2011
- A_Connectome
-A_Courses
-A HST
-A HST2010
-AIQ

-A Mindfulness

Display structural volume

- structural tools:

Project: C:\Connectivity\NYU_N10_5Sess1\conn_NYU.mat |
[ storage” 124 6Gb available (25%)






Conn

SETUP

Functional : Defines functional data source files

Project Tools Help Setup Denoising first-level Analyses second-level Results
GUI settings
Screenshot FUNCTIONAL DATA for voxel-level analyses
Select functional data files
Calculator Subjects Sessions 147 Ties)
_ Firs __. ion1a\sub05676\funci\swrifo_nii Folder =
Subject 2 Last ... ion1aisub05676funciswrifo.nii . '
Subject 3 Nimensinns: 70 G5 AR Filter * img; * i
Basic Subject 4 Regexp
guuEEEEEEN gy, Subject 5
os* = Structural a ., Subject 6
o* o Subject 7 |
[ Functional o Subjec:t 8 - $Recycle Bin
* L4 Subject 9 -ART
‘e, - ov® Subject 10 - ARTIFACT
......Illlll-“-‘ =D
- ATTENTION

Conditions -A_China_2011

- A_Connectome

Covariates 1st-level -A_Courses
-A HST
Covariates 2nd-level -A_HST2010
-AIQ
- A_Mindfulness
Options - . =
P - functional tools _ A MultiModal
FUNCTIONAL DATA for ROl-evel analyses
Other. same filenames without leading 's' (SPM convention for unsmoothed volumes)
Preprocessing
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat I
] storage: 124.6Gb available (25%)






Conn

SETUP
ROIs : Define ROI masks (mask files or Talairach coordinate files).

» By default all files in the rois toolbox folder (./conn/rois) will be imported as initial regions
of interest. To import new ROIs, click below the last ROI listed.

* The special ROIs corresponding to grey matter, white matter, and CSF can be imported
here (if they have already been created) or they will be automatically created from each
subject structural data.

Project  Toals Help Setup Denaoising first-level Analyses second-level Results

RmD{@‘---II.-l....

«* o, Select ROI definition files

ROIs Subjects : ROI name Dimension’s.
% Grey Matter 1 K] Folder |
White Matter  Subject 2 * . EISF e =i Sl =l ©
Basi CSF Subject 3 * & g fie]xisize 01 109,04 +* n AL e
asic BA Subject 4 c\C = 1MPtaoe "skullstripped.nii egexp
IsREL Subject 5
Structural
o e - ]
MPFC Subject 7
mn LN ] _
Lot PR LRILT ooyt na, ., PCC Subject 8 i.‘;ercycfeﬂm
* * RLP Subject 9 RTIEACT
(] ROIS . Subject 10 -
%e . _ASD
Conditions * -ATTENTION

L 4
Tala, an®
"saggmmmmnn®

-A_China_2011

Covariates 1st-level - A_Connectome

-A_Courses
Covariates 2nd-level -A_HST
B 5 -A _HST2010
Options A IQ

- A Mindfulness
W Multiple ROIs W Mask with Grey Matter
Subject-specific ROl E  Use ROI source data
Bl Session-specific ROIM Regress out covariates
- ROl tools:
Preprocessing

Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU mat I
storage’ 124.6Gb available (25%)






Conn

SETUP

ROls :

For each ROI a number of functional time-series (dimensions) can be extracted: the
first time-series is the average BOLD activation within the ROI; the following time-
series are the ones associated with each sequential eigenvariate (from a principal
component decomposition of the BOLD activation among all voxels within the ROI).

CONN functional cennectivity toolbox (15.d)

Project Tools Help Setup Denoising first-level Analyses second-level Results
ROI DATA
) gammEEEREEEEREa gy, Select ROI definition files
Ro‘i ssEEE®m -S.ubjems p‘F?OI name Dimensions' ¥ & o
]
s® » %ley Matter ., *. JWhite Matter 16 . R Folder  c-ysersisue\DocumentsiIMATLAB!
» Whi atter . f
- Jite Matter Subject 2 v ""tsspngmamunnsn®” Fier = img; * nii; *tal; *.mgh; *.mgz; *.annot
o CSF Subject 3 %4 1 fil 91109 91
Basic ] pus® {1 file] x [size ] Regex]
BA N wm e aGainons c\C ... 2mprage_skullstripped.nii €gexp
rsREL Subject 5
Structural LLP Subject 6
MPFC Subject 7 I
Functional PCC Subject 8 i art_ResStd img
RLP Subject 9 art_mask.img
ROls Subject 10 mask,_m
mskK_nii
TESTING_ rex tal
Conditions brodmannarea6_from_spmT_0001.rex tal
brodmannarea6_from_spmT_0006.rex rex rex fal
Covariates 1st-level brodmannarea6_from_spmT_0006.rex rex fal
brodmannarea6_from_spmT_0006.rex tal
Covariates 2nd-level
Options
W Multiple ROIs W Mask with Grey Matter
Subject-specific ROI Use ROl source data
B  Session-specific ROI Regress out covariates
- ROl tools:
Preprocessing
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat

ctorane 124 QCh available (759.)





SETUP

ROls :

For each ROI may have multiple ROIs such as the Brodmann atlas (BA)

functional ¢

Conn

Project Tools
Load
Save
SaveAs
New
Import
Merge

Structural
Functional
ROIs
Conditions
Covariates 1st-level
Covariates 2nd-level

Options

Preprocessing

Done

Help

o®"*" "CSF

-
*

Setup

ROIs

Grey Matter

Whitaokior s m m mw

- LN Y
Ny

rsREL

" smsmmmumnnm
MPFC

PCC

RLP

.
-l"‘

Denoising

ROI DATA
ROl name Dimensions
BA 1

[1file] x [size 141 172 110]
CAC ... \conn13g\conn\rois\BA.img

-

oy

K . [ .,
*a Ya, H  Muliiple ROIs . ,. Mask with Grey Matter
ey amsoeten® RS ® T @ Use ROl source data
W  Session-specific ROl B Regress out covariates

- ROl tools:

Loads expenment information
storage: 124.9Gb available (25%)

first-level Analyses

second-level Results

Select ROI definition files

Folder  c:usersisue\DocumentsiMATLAB!

Fitter  «img: = nii; *tal; * mgh; *mgz; *.annot

Regexp

I
art_ResStd.img

art_mask.img

mask.nii

msk.nii

TESTING_.rex tal
brodmannarea6_from_spmT_0001.rex tal
brodmannarea6_from_spmT_0006 rex rex rex tal
brodmannarea_from_spmT_0006 rex rex tal
brodmannarea6_from_spmT_0006.rex tal






Conn

SETUP

ROls :

The default atlas is now the Harvard-Oxford Atlas

In addition to the cerebellum regions from the AAL Atlas

functional
Project Tools Help Setup Denoising first-level Analyses second-level Results
ROI DATA
Select ROI definition files
ROIs ROI name Dimensions
Grey Matter atlas 1 Folder 1A Courses\CincinnaliVimri_analysis_clas
UL (A e Filter = img = nii: *tal. * mgh; * mgz; * annot
- CSFE [1 file] x [size 182 218 182 ] R
asic C:\C ... onn15iconnirois\atias.nii €gexp
dmn
Structural
Functional - hst
ewc2859000-7-1.nii
ewc3859000-7-1.nii
ROIs swrag859000-10-1.nii
) w859000-7-1.nmi
Conditions wc1859000-7-1.nii
wc2859000-7-1.nii
Covariates 1stlevel 2
Covariates 2nd-level
Options
B Multiple ROIs W Mask with Grey Matter
M  Subject-specific ROI B Use ROl source data
B  Session-specific ROl M Regress out covariates
- ROl tools:
Preprocessing
Done Defines 1st level (within subject) variables (a timeseries for each subject/session; e.g. subject movement parameters) -
| storage: 124 6Gb available (25%)






Conn/Rois/Atlas.info

hDIS defined from:

1) ortic R0Is from F3SL Harwv: Oxford Atlas ma
likelihood cortic: atla arvs Oxford-cort-max
lmm.nii); divided bi

1l ROI=s from FSL Harvard-
cortical atlas (Harvardd o maxprob-—thr2s-—
lmm.nii); disregarded Cerebral White Matte Cerebral Cortex,
and Lateral Ventrical areas; (15 ROI=)

Cerebellar parcelation from BAL Atlas

note: a small percentage o
of the atlases above, 1 A St - as precedence Cortical>
Cerebellar>Sub ve a unigque label

HARVARD-OXFORD ATLAS:

L provided data for an atlas distributed with FSL. We ask
that publications us=zing that atlas acknowledge the data as
follows:

We are very grateful for the training data for FIRST,
particularly to David Rennedy at the CMA, also to: Christian
Haselgrove, entre for Morphometr hnaly=i=s, Harvard; EBr
Fischl, Martinos Center for Biomed 1 Imaging, MGH; Janis
Ereeze and Jean Frazier, Child and Adolescent Neuropsychilatric
Research Program, Cambridge Health Alliance; Larry Seidman and
J111 Goldstein, Department of Psychiatry of Harvard Med
Fosofsky, Weill Cornell Medical Center.
In addition, the following citations document the original
material:
Goldstein JM, Eennedy D, Hodge SM, viness V3,
8V, Tsuang MT, Seidman LJ. Decreased volume of left and
1 anterior insular lobule in schizophrenia. hizophr Res.
Apr;83(2-3):15353-71
Frazier JL, 3, Breeze JL, Makris N, Lange N, Eennedy DN,






Conn

SETUP
Conditions : Defines experimental conditions.

(assumes block design; conditions are defined
by onset and duration of each block)

Onsets and Durations are in seconds.

] CONMN functional connectivity toolbox (15.c)

Project Tools Help Setup Denoising first-level Analyses second-level Results

EXPERIMENT CONDITIONS (within-subject effects)
«s® EEEy, -

Conditions Subjects Sessions “‘ Conditi .. Opfional fiekd
ondition name ptional fields:
Sessionl  Subject 1 Session1 ¢ ) '
S 1 *
Basic Subject 2 R €5510n . Task modulation factor
Subj_ect 3 : Onset “ condition blocks/events
Structural EUEJ_QCT g 1 0 = Time-frequency decomposition
ubject - . =
Functional Subject 6 “ Duration 5 no decompaosition
T L LLLT T Subject 7 . Inf o Missing data
o*® ROIs LR Subject 8 - o No missing data
o ., Subject 9 Ce, o**
I’ Conditions K Subject 10 Qgggus®
* ® Experiment Design (scansi/sessions by conditions)
Yag, Covanates 1st-level an®®
EEEpmEmEmEsn
Covariates 2nd-level
Options
Preprocessing
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat
[ storage’ 124 6Gb available (25%)
—






Conn
SETUP

Conditions : Optional Fields.
Optionally, you may also define a temporal modulation factor
(in condition-specific temporal modulation; this defaults to a timeseries defined by
hrf-convolvution of the condition blocks/events) in order to perform gPPI analyses for
task-related designs, or analyze potential temporal-modulation in fcMRI measures.
In addition, each condition may have a condition-specific band-pass filter
as a way to explore potential frequency- modulation of fcMRI measures.

Pl CONN functional connectivity toolbox (13.c)

Project Tools Help Setup Denoising first-level Analyses second-ley el Results
“‘-llll....

o .. gPPI

< *
EXPERIMENT CONDITIONS (wilhirpsubjeg?eﬁects) 0‘
L .
Conditions Subjects Sessions Condili : Oftional field “
ondition name ptional fields:
Sessioni | Subject 1 Sessiond | = e,
Session1 M Task modulation factor .
Basic Subject 2 0 :
Subject 3 Onset - condition blocks/events 5
Structural g“gjeg g 0 * Time-frequency decomposition A
ubje ) . : L
no decomposition
Functional Subject 6 Duration ‘. p ‘.
Subject 7 Inf * , Missing data R
ROIs Subject 8 e wigsing data “‘
Subject 9 "agpgunnt®
Conditions Subject 10

Experiment Design (scans/sessions by conditions)

Covariates 1st-level

Covariates 2nd-level
Options

Preprocessing

Done Project: C:\Connechivity\NYU_N10_Sess1\conn_NYU.mat
storage: 124.6Gb available (25%)






Conn
SETUP

Conditions : Time-frequency decomposition

No decomposition (default)

Fixed band-pass filter (condition specific bpf)
Frequency decomposition (filter bank)
Temporal decomposition (sliding window)

] CONMN functional connectivity toolbox (15.c)

Project Tools Help Setup Denoising first-level Analyses second-level Results

“‘-llll....
EXPERIMENT CONDITIONS (within-subject gfie®s) s
*

* *
Conditions Subjects Sessions Conditi o Opfional fiekd * N
ondition name ptional fields:
Sessionl | Subject 1 Session1 | 5 ' ¢
S 1 & .
Basic Subject 2 €5510n & Task modulation factor A
Subject 3 Onset : condition blocks/events :
Structural gugjed g 0 . Time-frequency decomposition I
ubject .
p . no decomposition L
Functional Subject 6 Durafion . * 0
Subject 7 Inf o8 Missing data Q
*
ROIs Subject 8 7 No missing data o
Subject 9 * ., «*
iti Subject 10 a %
Conditions ] L T
Experiment Design (scansf/sessions by conditions)
Covariates 1st-level
Covariates 2nd-level
Options
Preprocessing
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat
[ storage’ 124 6Gb available (25%)
—






Conn

SETUP Explore frequency-dependent variations:
select filter-bank in the temporal filter field,
enter the desired # of frequency filters. This will
partition the freq band defined in Denoising
Frequency decomposition step into n equally-sized frequency regions, will
(filter bank) automatically create one condition associated
with each of these frequency bands.
This allows you to use between-condition
effects/contrasts as a way to analyzing

speientiaifregueney=tepencent differences

In any of your fcMRI measures

EXPERIMENT CONDITIONS (within-subject €=cts)

Conditions :

Conditions Subjects Sessions

Condition name Opfior al fields:
Sessioni | Subject 1 Sessioni S 1 Tl T clation aip)
Basic Subject 2 en® W Wy,
Subject 3 Onset “ conditon blocks/events "o
Structural Subject 4 0 [ § Time fr quel Cyd compssition @
ST Duration ’O no decompositio v
Functional Subject 6 Ya, ans®
Subject 7 Inf wﬂsging dpanm
ROIs Subject 8 No missing data
Subject 9
Conditions Subject 10
E i t Design (sc ions by conditions)

Covariates 1st-level
Covariates 2nd-level
Options

Preprocessing

Done Project: C:\ConnectivityNYU_N10_Sess1\conn_NYU mat
storage” 124 6Gb available (25%)






Conn

SETUP Trade-off when selecting the window length
Conditions : IS to get a "long enough" time-window
so that the resulting correlation estimates are
sensitive (too few samples result in too noisy estimates)
Temporal decomposition while being "short enough" to capture slow-varying
(sliding window) dynamic changes in functional connectivity.
Between 60s and 100s is a reasonable range.

] CONMN functional connectivity toolbox (15.c)
- T —

Project  Tools Help Setup Denaising first-level Analyses second-levelResuits

“‘-llll....
EXPERIMENT CONDIRGNS (within-subject gfieds) s
*

L]
. . . * .0
Conditions Subjects Sessions Condit " Optional field “
ondition name ptional fields:
" [
_ Sessionl Sumﬁ Session1 | Sessiond g S .
Subject 3 Onset : condition blocks/events :
Structural gugjed g 0 . Time-frequency decomposition I
ubject .
[ Subject 6 Duration -‘ no decomposition :
Subject 7 Inf o8 Missing data R
ROIs Subject 8 ’,. No missing data o
Subject 9 s *
Conditions Subject 10 *

“, .®
"sagpguun®
Experiment Design (scansf/sessions by conditions)
Covariates 1st-level

Covariates 2nd-level
Options

Preprocessing

Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat
[ storage’ 124 6Gb available (25%)
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SETUP

Conn

Covariates — first level: Defines within-subject covariates (e.g.
realignment parameters and outliers)

(one .txt or .mat file per subject/session; files should contain as many rows as

scans)

B CONN functional connectivity toolbox (15.c)

Project Tools Help Setup

Covariates

Basic
Structural
Functional

ROIs
lllll......

Conditions J e,

.
Covariates 1st-level :

N 4

Covariates 2nd-| Ieve\ an®®
"Eiaa EEmumns

Options

Preprocessing

Done

Denoising

HRST-LEVEL COVARIATES ‘(\:ligll;—&sljlye;lgﬂeglﬁ Taag,

n

) ) . v,
Subjects Sesswng * Covariate name

_ motion

Subject 2 *e .
Subject 3 .'... ans®®
Subject 4 __::n----u:,.
Subject 5 «*® “ea,
gﬂg}gg ? .‘ [1 file] x [size 197 6]
Subject 8 ’.. c\C ... \sub05676\func\rp_Ifo. txt
Subject 9 ay ®
Subject 10 LE I nus®

- covariate tools:

Project: C:\Connectivity\lNYU_N10_Sess1\conn_NYU.mat
storage’ 124 6Gb available (25%)

first-level Analyses

second-level Results

Select covariate files

Folder -
Filter * mat; *.ixt;
Regexp

- $Recycle.Bin
-ART
-ARTIFACT
-ASD
-ATTENTION
-A_China_2011
- A_Connectome
-A_Courses
-A_HST
-A_HST2010
-A_IQ

-A Mindfulness






Outliers (Artifactual Time Points)

Six Outliers

StdDev of data is:
2.2

Threzholds.
se diff global
20 0 ! se diff motion
gcans -
e comp moti...

s

%= |W| z-threshold

Lw | 2
B Movement
‘ down  threshold

‘ up ‘ 0.02
pitch ‘ down Rotation
roll — threshold
yaw

Options
Show outliers ... =
Show d

all
outliers






Conn

SETUP

Covariates — first level:

art_regression_outliers_movement * .mat from art

NN functional conn == ]
Project Tools Help Setup Denoising first-level Analyses second-level Results
. . Select covariate files
FIRST-LEVEL COVARIATES (within-subject effects)
Covariates Subjects Sessions TR T Folder  \p Courses\Cincinnatiffimri_analysis_class!
. Subjecti  Sessioni enter covariate name here Fitter *.mat; *.bd;
Basic Regexp
Structural EEEEEEN
1.-“"". e,
. Y
Functional o® -hst V8
= REX mat -
. R4
Tz .'aiu ression_outliers_swrag59000-10-1.mat .t s®
” Swiads30m M8 4 % s mgpmmummnnn®®
Conditions rp_a859000-10-1 txt

Covariates 1st-level
Covariates 2nd-level

Options

[1file] x [size 62 13]
CA _ ement_swra859000-10-1 mat

Preprocessing

Done Project: undefined
| storage: 124.6Gb available (25%)





Conn

SETUP

Covariates — first level:

art_regression_outliers_movement * .mat from art

Dimensions [62 13]: 62 time points, 6 motion, 1 composite, 6 outliers

ONN functional connec
roject Tools Help Setup Denoising first-level Analyses second-level Results
Basic
Structural
Select covariate files
Functional FIRST-LEVEL COVARIATES (w.thwja:kﬂe!lg Tua, .
5 *
ROIs ubjects Sessions .’ Covariate name : Folder C\A_Courses\Cincinnati\fmri_analysis_class\
Conditions UGECHTNNN SESSORMMNNN *,  wofon & Oulers . Fier  « mat * it
L] .
Fesic Covariates 1st-level "tsagmmnst Regexp
Structural Covariates 2nd-level sEEEEN
su® Tay -
Functional Options o® * ) e, -hst
.‘ [1file] x [size 62 13 ] 0‘ REX mat
v’ CHA .. ement_swra859000-10-1.mat 4 ccinn midhare and mmemont o
Res L . s® ar‘t regressmn ou‘rhers 5wra859000 10-1 mat
i "saggmmunns’® Swra859000-10-1.mat
CanieE 1p_a859000-10-1.txt
Covariates 1st-level
Covarates 2nd-level ‘IJ\I‘

Options

- covariate tools:

Preprocessing

Done Step 1/4: Define/Edit experiment setup
storage: 124 6Gb available (25%)





SETUP

Covariates — first level:

Conn

May enter motion parameters and outliers seperately and choose

To take the first order derivative of the motion parameters ( in
conn denoising step).

ONN functional connectivity toolbox (15.d)
roject Tools Help Setup
Basic
Structural
Functional
ROIs
Conditions
Fesic Covariates 1st-level
Structural Covariates 2nd-level
Functional Options
ROIs
Conditions

Covariates 1st-level
Covarates 2nd-level

Options

Preprocessing

Done

Denoising

FIRST-LEVEL COVARIATES (withj Sl n
a‘WﬂM 8 -..’

) ' * ®:
ubjects Sessions N Covariate name :
*

ubject1 | Session1 .
q. Motion & Outhers| .®

"taapumunnt®

guumnRRREERREL, o
** .
.‘ [1file] x [size 62 13 ] 0‘
v’ CHA .. ement_swra859000-10-1.mat 4

L J .
.....llllll--“

- covariate tools:

Step 1/4- Define/Edit experiment sefup
storage: 124 6Gb available (25%)

first-level Analyses

second-level Results

Select covariate files

Folder A Courses\Cincinnatitfmri_analysis_class!

Filter e ik
Regexp

- hst
REX mat

art regression outliers and movement swra859000-10-1
art_regression_outliers_swra859000-10-1 mat
swra859000-10-1.mat

rp_a859000-10-1.txt
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SETUP

Covariates — second level: Defines between-subject covariates
(e.g. subject groups)
(each covariates is defined by a vector with as many values as

subjects; use 1/0 to define subject groups, or continuous values to
perform between-subject regression models)

CONN functional connectivity toolbox (15.c)

Project Tools Help Setup Denoising first-level Analyses second-level Resulis
SECOND-LEVEL COVARIATES (between-subject effects)
Covariates Covariate name
AL Al
Basic
Values
Structural [1T111111111]
Functional
ROIs
Conditions
“‘----lllll.......
- © Covariates 1st-level 5 O‘
» Y
% Covariates 2nd-level o’
4 . a0 st
frrEmpmmmmmnnt
Preprocessing
Done Project: C:\ConnectivityiNYU_N10_Sess1\conn_NYU_mat 1
storage’ 124 6Gb available (25%)






Specification of 219 |evel
Covariates

For example, we could have a study with two subject groups
and one behavioral measure of interest. In the second-level
setup step we defined the following second-level covariates:

All: containing a 1 for all subjects
groupA: containing 1 for sub in group A and O for sub in group B
groupB: containing 1 for sub in group B and O for sub in group A

Behav: containing the behavioral measure for all subjects

BehavA: containing the behavioral measure for sub in group A and
O for sub in group B

BehavB: containing the behavioral measure for sub in group B and
O for sub in group A





Specification of 2"d level Covariates ->
2"d | evel Subject Effects

*Note: These 2"d Level Covariate con be specified anytime, everything else in Setup

must be done prior to Denoising
@QE& CONN Functional co::lnm!r.:tf'.lr't.l::,.r toolbox (14.1)

Setup Dlenoizing first-level Analyses nd-level R

FNAL‘I"SIS_M | Fﬂnfrﬂ.ﬂ manager |

Seed-to—Voxel results explorer Compute results for all sources

oMl evel analysis

. .S:Jl:jf:t affacts Canditions Seurces F" 2T TesuNe preview owelol
enn ™l e, rest MPFC_1_1 0.2
K¢ EP ‘e, PCC_11
PY SE 'S RLP_11
YOr NC A% EA.1 (L. Primary Somatosensory

RRLE TS rws WV EY L e
cluster -40 +20 +8
cluster -58 +10 +16
cluster+16 +46 +32
cluster +54 +40 +8
results.ROls

ROI-to-ROI

foxel-to—Yoxel

Dyriamic FC

Betweeh-subjects cohtrast
[1-1]

Betweeh-cohditions contrast
1

EA.1 (R). Primary Somatosensory
EA.10 L. Anterior Prefrontal Co
EA.10 (R). Anterior Prefrontal Co
EA.11 L. Orbitofrontal Cortex_]
EA.11 (R). Orbitofrontal Cortex_:
EA.13 (L. Insular Cortex_1_1

EA.13 (R). Insular Cortex_1_1

EA1T (L. Primary Visual Cortex,
EA.17 (R). Primary Visual Cortex,
EA.18 (L. Secondary Visual Corti
EA.18 (R). Secondary Wisual Cort
EA.19 L. Associative Visual Cor
EA.19 (R). Associative Visual Cor
EA.2 (L. Primary Somatosensory
BA.2 (R). Primary Somatosensory
BA.20 (L. Inferior Temporal Gy
BA.20 (R). Inferior Temporal Gyn

PR P s Bl ddle T o e | e

Betwesh-saurces contrast
1

p-uncorrected = g gpg
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SETUP

Options: Defines additional analysis options and save options

Planned analyses: ROI-to-ROI, Seed-to-Voxel, Voxel-to-Voxel,

Dynamic FC

Spatial resolution: voxel size for analyses (e.g. 2mm isotropic)

Analysis mask: brainmask.nii or implicit mask (SPM subject-specific mask)

Optional output files

Al CONN functional connectivity toolbox (15.c)

Project Tools Help Setup Denoising first-level Analyses second-level Resulis

PROCESSING OPTIONS
Enabled analyses
Basic H ROMHo-ROI
H Seed-to-Voxel
Structural
H Voxel-to-Voxel
Functional M Dynamic FC
ROIs
Analysis space (voxellevel) Optional output files
Conditions Volume: same as template (2mm isotropic voxels) M Create confound effects beta-maps
Covariates 1stlevel Analysis mask (voxellevel) W Create confound-corrected time-series
pspmEEEEEEEE gy, , Explicit mask (mask.volume.brainmask.nii) Bl Create first-level seed-to-voxel rmaps
en® eales 2nd-evel Ta, 5 M Create first-level seed-to-voxel p-maps
s CEis 3 Analysis units M Create first-level seed-to-voxel FDR-p maps
~ “’ PSC (percent signal change) M Create ROl-extraction REX files
LA - an® .
"Esapmmmunnt®
Preprocessing
Done Project: C:\Conneclivity\NYU_N10_Sess1\conn_NYU.mat

storage” 124 6Gb available (25%)
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SETUP

Optional output files are:

Confound beta-maps: these are the estimated regressors

associated with each confounding effect during the CompCor method (one volume per
confounding effect per subject per session);

Confound-corrected time-series’, BOLD timeseries volumes after CompCor

removal of confounding effects and BPF,;

First Level r, p, FDR maps

ROI extraction rex maps

Project Tools Help Setup Denoising first-level Analyses second-level Resulis

PROCESSING OPTIONS

Enabled analyses
Basic H ROMHo-ROI
H Seed-to-Voxel

Structural
H Voxel-to-Voxel amn
’ gunt® LN Y
Functional M Dynamic FC “‘ b,
o ‘e
ROls * *
Analysis space (voxellevel) " Optional output files “
Conditions Volume: same as template (2mm isoiropic vaxe\s: M Create confound effects beta-maps “
. [ ] r ¥ L
G e A T T = W Create confound-corrected time-series .
Explicit mask (mask.volume.brainmask.nii) - Bl Create first-level seed-fo-voxel -maps :
Covariates 2nd-level “ M Create first-level seed-to-voxel p-maps 4
Options Analysis units ” M Create first-level seed-to-voxel FDR-Qﬁaps
PSC (percent signal change) * M Create ROkextraction REX files o ®
*
0. “
*a, «®
"aggguus®
Preprocessing
Done Project: C:\ConnectivityNYU_N10_Sess1\conn_NYU.mat i
storage: 124 6Gb available (25%)
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SETUP

* When finished defining the experiment data press Done

= This will import the functional data, it will also perform normalization &
segmentation of the structural data in order to define gray matter/ white
matter/ CSF regions of interest if these have not been already defined.
Last it will extract the ROIs time-series (performing PCA on the within-
ROI activations when appropriate).

= This process could take between 5-10 minutes per subject.

= After this process is finished come back to Setup to inspect the
resulting ROIs for possible inconsistencies.

« a conn_*.mat file and a folder of the same name will be created for
the project.

« Save / “Save as” button will save the setup configurations in a .mat
file, which can be loaded later (Load button).

» The .mat file will be updated each time the “Done” button is
pressed





Steps

Step 1. Setup

Step 2: Denoising

Step 3: Analyze and view 15t |evel results

Step 4: Define contrasts and view 2Md |evel results
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DENOISING

Define, explore, and remove possible confounds.

Any global signal that simultaneously affects otherwise unrelated areas
(e.g. physiological noise, subject movement) can act as a confound in
functional connectivity analyses.

B4 CONN functional connectivity toolbox (15.c)

Project Tools Help Setup " Denoising : first-level Analyses second-level Results
Yay, aut *
""sampmmmmnnnt® Preview effect of Denoising
TOTAL
Linear r@ﬂﬁoﬁ B conroundlng e?fecﬁ; Taa, w, Subjects Sessions 1 BOLD % variance explained
.

al eﬂ'éslg Confounds R Subject 1 | Session1

s Subject 2
Grey Matter R LT e L R L L SUD}EC’E 3

CSF Subject 4 ll,rl"-.' _—
motion Subject 5 )
BA.1 (L). Prir Effect of Session1 Subject 6 r
BA.1 (R). Prit = Subject 7
BA. 10 (L). Ar Subject 8
BA.10 (R). Al Sibiect 9 j 4
BA11(L). O1
BA 11 (R) O i |
BA.13 (L). In ) . __
BA 13 (R). Int Histogram of functional connectivity values F
BA17 (L). Pr L |
BA17 (R). P 3
BA 18 (L). Se f
BA 18 (R). St _/"
_ s
Band-pass filter (Hz): Additional steps: . )
[0.010.1] No detrending -1 1
After regression (RegBP) No despiking voxel-fo-voxel r
threshold 0.25

Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat

storage: 124 6Gb available (25%)
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DENOISING

Define possible confounds:

By default the system will utilize white matter and CSF BOLD time-series (5
dimensions each), as well as any previously-defined within-subject
covariate (realignment parameters) together with their first-order
derivatives, and the main condition effects (blocks convolved with hrf) as
possible confounds.

] CONN functional connectivity toclbox (15.c)

Sroject  Tools Help Setup Denoising first-level Analyses second-level Results

Preview effect of Denoising

LTI TR “.--.... CSF
Linear regression of cgnl&undlng eﬁems L4 ’..“ Derivatives or J 3 Subjects Sessions 1 BOLD % variance explained
* . )
all effects & Confounds 5% 0 X % Session1
- ) .
rSREL Left Inf .' W = . Subject 3
SRELMedF 8 M - Dimensions : Subject 4
rSRELRight] %, motion i s & 5 . Subject 5
rsREL Right / (Qfﬁect of SessionT 4% R Subject 6
rsREL Cingul R ot e, .s* Subject 7
rsREL Right ! MTTTL fEams Subject 8
rsREL Left Si Subiect 9
rsREL Leit F1 Confound timeseries
rsREL Left Ai
LLP . : .
MPEC l\ Hlstogr-am of functional c_onneclwlt_y values
PCC after denois :1‘ d:"_ez--ﬁ‘i_! 6)

RLP ’\v" W&%\ \} W JLV A
Band-pass filter (Hz): Additional steps: . .

[0.010.1] No defrending <l 0.5 0 0.5 1
After regression (RegBP) No despiking voxel-to-voxel r

threshold  0.25
Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat

storage” 124 .6Gb available (25%)





Conn

DENOISING

Define possible confounds:

» User can define at this step these or other possible confounds, and
iInspect, for each subject and session, the contribution of each confound to
the BOLD response (displayed as percentage BOLD variance explained)

* Threshold in the preview window represents r-square values

ll CONN functional connectivity toolbox (15.)

Sroject  Tools Help Setup Denoising first-level Analyses second-level Results

Preview effect of Denoising

CSF
Linear regression of confounding effects: . Subjects Sessions 1 BQI![T % vanance (ﬁplamed
Derivatives order )
all effecis Confounds 0 % Sessioni |
rsREL. Left Ini White Matter N Subject 3
rSREL Med F Dimensions St 4
rsREL Right | motion 5 Subject 5
rsREL Right s Effect of Session1 Subject 6
rSREL.Cingul = = Subject 7
rsREL.Right : Subject 8
ISREL Left Si Subiect 9
ISREL Left Fi Confound fimeseries
ISREL Left Al
LLP . . -
MPEC '\ . Histogram of functional connectivity values
PCC f\t after denois “-;1|:-:1:"I_5___-'1CIC.! 6

RLP *q i W&?

il
Band-pass filter (Hz): Additional steps: . .

[00101] No detrending -1 0.5 0 05 1 . .
Sgpus®
After regression (RegBP) No despiking voxel-to-voxel r
threshold 025
Daone Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat

storage” 124 6Gb available (25%)





Effects of noise reduction on
correlation distribution

Residual BOLD signal
after temporal preprocessing

-05 05
Voxel-to-voxel Correlation
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DENOISING

Define possible confounds:

User can visualize the shift of distribution of correlations coefficients pre/post denoising

| CONN functional connectivity toolbox (13.c)

“roject  Tools Help Setup Denoising first-level Analyses second-level Results
Preview effect of Denoising
CSkF
Linear regression of confounding effects: e Subjects Sessions 1 BOLD % variance explained
Derivatives order )
all effects Confounds 0 % Session1 |
rsREL Left Inf Inviite Matter ) ) Subject 3
rsREL. Med F Dimensions Subject 4
rsREL Right | motion 5 Subject 5
rsREL Right s . Effect of Session1 Subject 6 ywmmmmy,
rsREL.Cingul Subjece ® * . *
rsREL Right ! Syect 8 ‘e
rsREL Left Si JHbiect 9 S
rsREL Left F Confound fimeseries * "
1SREL Left A 5 .
LLP & . : . ‘
MPEC '\ & Histogram of functional connectivity values®y
! & for denoisingl(dof 09 &) .
N T T
RLP B Al s R R o % i W LT ]
UL T A RLT :
u u
[ | u
n L}
. | n
Band-pass filter (Hz): Additional steps: " . I~
[0.010.1] No detrending : -1 0.5 0 05 :
. L]
After regression (RegBP) No despiking . voxel-to-voxel r ¥
. & threshold  0.25
. 4
. 0
0 *
Done Project: C\ConnedlulWYU N10_Sess1iconn NYU.mat
glage 124 6Gb available (25‘/.1)

o~ .
"aggpanr®

L .
"sapuun®





DENOISING

Define possible confounds:

Conn

*The user can also define a band-pass filter at this stage to further reduce

the effect of possible confounds or to limit the subsequent connectivity

analyses to a given frequency window of interest

*To see a description of an input field, point cursor to the field.

i CONN functional connectivity toolbox (15.c)

Jroject  Tools Help Setup Denoising first-level Analyses

second-level Results

Preview effect of Denoising

Linear regression of confounding effects: . Subjects Sessions
Derivatives order )

all effects Confounds 0 % Sessiont |

rsREL Left Ini White Matter ) ) Subject 3

'sREL Med F CSF Dimensions Subject 4

rsREL Right | mation 5 Subject 5

rsREL Right s Effect of Session1 Subject 6

rsREL Cingul = Subject 7

rsREL Right Subject 8

rsREL Left Si Subiect 9

rsREL Left Fi Confound timeseries

rsREL Left Ai

LLP - : .
MPFC [\ Histogram of functional connectivity values
PCC after denois ‘-g|.d::|;:'-1wjn-9 6)

i it Mv&
““-‘--lllllll.....
. 0
0‘ Band-pass filter (Hz): * Additional steps: . .

* ]
[0.0101] o Nodetrending = 0.5 0 0.5 L

om

*
% After regression (RegBP) o No despiking voxel-to-voxel r

a
oy { 34
""saupgppmununn®

Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU mat
storage” 124 6Gb available (25%)

1

CSF
BOLD % variance explained

threshold  0.25






DENOISING

Define possible confounds:

*The user can also define a additional steps (detrending/despiking)

*To see a description of an input field, point cursor to the field.

I CONN functional conne:

Conn

Jroject  Tools Help Setup

Linear regression of confounding effects: .
Derivatives order

all effects Confounds 0

rSREL Left Inf White Matter e
rsREL Med F CSF Dimensions
rsREL Right | motion 5

rsREL Right Effect of Session1

rsREL Cingul =

rsREL Right

rsREL Left Si

rsREL Left Fy Confound timeseries
rsREL Left Ai

LLP

MPFC
PCC

.
Band pass filter (Hz).y » L e
*

“t\ , ; f i
RLP }Jt J W\v\mﬁ | ﬁwmwaf Wj \JJX'RF 'ﬂgWJ\erh

Additional steps: Tea,

Denoising first-level Analyses

second-level Results

Preview effect of Denoising

Subjects Sessions

Subject 1 Session1 |

Subject 3
Subject 4
Subject 5
Subject 6
Subject 7
Subject 8
Subiect 9

Histogram of functional connectivity values
after denoising|(dof __~109.6)
- 3]

L 4

[00101] o No detrending A 1 0.5 0 0.5 1
[ ]
After regression RegBP) No despiking : voxel-to-voxel r
O. "’
Yag, ws®
"tsmmpmmuunnt®®
Done Project: C'\Connectivity\NYU_N10_Sess1iconn_NYU m

storage” 124 6Gb available (25%)

CSF
BOLD % variance explained

threshold  0.25






DENOISING

Define possible confounds:
Last the user can choose After Regression or Simultaneous

*To see a description of an input field, point cursor to the field.

CONN functional connectivity toclbox (15.c)

Conn

Jroject  Tools Help Setup Denoising first-level Analyses second-level Results

Preview effect of Denoising

CSF

Linear regression of confounding effects: Subjects Sessions | BOLD % variance explained

Derivatives order

all effects Confounds 0 Subject 1 Session1

rsREL Left Inf White Matter

= - " Subject 3
rSREL Med F Dimensions Subject 4
rsREL Right | mation 5 Subject 5
rsRELRights Effect of Session1 Subject 6
rsREL Cingul Subject 7
rsREL Right Subject 8
rsREL Left Si Subiect 9
rsREL Left Fi Confound timeseries
rsREL Left Al
kaLPPFC [\ Histogram of functional connectivity values

PCC

I - ! Aﬁ 'I
RLP }Jt J W\v\mﬁ | ﬁwmwaf Wj JJXW 'ﬂgWJ\erh

after denoising|(dof __~109.6)

Bal}j‘)isifﬂﬁ WS nmany 0 Additional steps:
n

o*" ‘[0 010.1] Ic;detrendmg = 0.5 0 0.5 L
[ § After regression (RegBP) No demlkmg voxel-to-voxel r
. threshold  0.25

o, .
L] -
LT T T L

Done Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.m
storage” 124 6Gb available (25%)






Reg BP vs Simultaneous

'RegBP' (the default setting in CONN)

'RegBP' vs 'Simult’: Simult allows fitting the regressor effects specifically
over the frequency of interest (i.e. the effects are assumed to be potentially
different within the frequency of interest as opposed to outside of the
frequency of interest, while RegBP assumes that the effects are
independent of frequency).

The "independence of frequency" assumption is reasonable (and specially
appropriate for regressors such as the ART-generated outlier regressors,
which are meant to identify individual scans and therefore span the entire
frequency range) so | expect RegBP to produce a more accurate
characterization and removal of these effects.

Alfonso





Conn

DENOISING

When finished defining/exploring the effect of confounds press
Done. This will remove the effects of the defined confounds on all
brain voxels and regions of interest.

This process could take %2 minute per subject.

After this process is finished go to the Analyses section

CONN functional connectivity teolbox (15.c)

Project Tools Help Setup Denoising first-level Analyses second-level Results

Preview effect of Denoising

motion
Linear regression of confounding effects: Derivaiives order Subjects Sessions 1 BOLD % variance explained
all effects Confounds ) Subject 1 Session1 |
Subject 2

Grey Matter White Matter Subject 3

CSF Dimensions Subject 4

6 SR »
BA.1 (L). Pr\_r ) Effect of Session1 Subject 6
BA.1 (R). Prit Subject 7
BA10(L). Ar Subject 8 i &
BAT0(R). A Subiect 9 l‘.
BA11(L). Or Confound imeseries
BA.11(R). O |
BA13(L). In< i . -
BA.13 (R). I Histogram of functional connectivity values
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ANALYSES

Define and initially explore the functional connectivity of different sources.

Project Tools

Analysis name:
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ANALYSES

Define sources of interest:

In this step the user defines the sources (ROIs) for the functional
connectivity analyses. Each source can be defined by a single time-series,
or it can include several time-series (several dimensions from a single ROI,

or first- or higher-order derivatives of the above). The user can choose 1 or
multiple frequency bands.

Project Tools Help Setup Denoising first-level Analyses second-level Results
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Conn

Define Analysis Option: Functional connectivity (weighted GLM),

Task modulation effects (PPI), Temporal modulation effects

(Dynamic FC)

Project Tools Help Setup Denoising
Analysis name: Functional conneclivity seeds/sources:
ANALYSIS_01
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ANALYSES

Define Analysis Option: Functional connectivity analyses can be
performed based on regression (beta values) or correlation (Fisher
transformed) measures. In addition when multiple sources are used one
can define whether the analyses should focus on bivariate or semipartial
correlation measures (or bivariate or multivariate regression)

Project Tools Help Setup Denoising first-level Analyses second-level Results

Preview first-level analysis results
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Analysis Options in Conn

Use Correlation (bivariate) to study the pairwise connectivity between every
voxel of the brain and each source ROI separately (effect sizes represent
correlation coefficients)

Use Correlation (semipartial) to study the connectivity that is unique to each
ROI (that is not mediated by connectivity from the other ROIs)

Use Regression (bivariate) to study bivarate regression models predicting each
voxel BOLD signal in terms of the BOLD signal from each of the ROIs separately
(effect sizes represent % changes in BOLD activity at each voxel associated
with a 1% change of BOLD activity in the source ROI)

Use Regression (multivariate) to study multivariate models predicting each voxel
BOLD signal in terms of the BOLD signal from all of the ROIs simultaneously





ANALYSES

Conn

Within-condition weights determines how the different scans within each
condition should be weighted when estimating connectivity measures. None
weights all scans equally, hrf weights them with a block-convolved hrf
function (incorporating expected hemodynamic delays), and hanning
weights them using a hanning window (selecting the scans at the center of
each block in order to minimize possible border effects)
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ANALYSES

Conn

At any time the resulting connectivity maps can be inspected for each
subject/condition in the preview window (Analyses here are performed in
real-time ).

*Threshold represents correlation coefficients, or beta values for regression.
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ANALYSES

When finished defining/exploring the connectivity analyses press Done.
This will perform the defined analyses for all subjects and allow the user to
explore second-level (between subject) results.

First-level results are also exported as .nii volumes (one per
Subject/Condition/Source combination) in the results/firstlevel folder

This process could take 1 minute per source (depending on number of
subjects in the study).
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RESULTS

Define and explore contrasts of interest and second-level results
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RESULTS

Explore second-level results:

Functional connectivity measures are tested at the second-level (between-
subject) using random-effect analyses. The results display shows effect
sizes (measures defined in the previous step; e.g. bivariate correlation),
which can be thresholded using an (uncorrected) false-positive threshold

-values).
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RESULTS

Explore second-level results:

Source(s) connectivity can be tested separately simply selecting the
corresponding ROI(s) in the menu

(note: when sources were defined by multiple time-series, source names
will follow the convention ROI_DimensionNumber_DerivativeOrder)
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RESULTS

Explore second-level results:

Multiple ROIls/sources can be selected simultaneously in order to aggregate
or compare the connectivity results across several ROIs (e.g. to compare
the connectivity between LLP & RLP select both sources and enter [1,-1] in
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Between Subjects Contrast

“‘Between-subjects contrast”: in the “Subjects” list will appear

all of the defined second-level effects
(e.g. subject groups, or subject covariates such as a behavioral

measures).

Selecting multiple of these effects will create a second-level
GLM that will include only the selected effects.

Between-subjects contrast can then be used to define what

aspect
of this second-level model one wishes to analyze





RESULTS
Explore second-level results:

Conn

Selecting multiple second-level effects in the Subject effects list and
defining Between-subjects contrast can be used to test more complex
second-level models (e.g. regression analyses for age-related connectivity
changes)
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RESULTS

Explore second-level results:
ROI-ROI

Fd CONN functional connectivity too - Y Y ‘
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Explore second-level results:
ROI-ROI Results Explorer

Fd CONN functional connectivity too - Y Y ‘
Project Tools Help Setup Denoising first-level Analyses second-level Results
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Explore second-level results:

ROI-ROI Results Explorer. Connectome Display

nnections  Opti

ROI-to-ROI connections (by intensity)
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RESULTS

Explore second-level results:

ROI-ROI Results Explorer: Connectome Display with Brains

Targets are source ROIs only (connectivity matrix: 99x99 ROls)

Select all

ROI-to-ROI connections (by intensity) - 0.05 p-FDR (se... »| |two-sided

Enable permutation tests
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Explore second-level results:

ROI-ROI Results Explorer: Axial Display

Options

ROI-to-ROI connections (by intensity)
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Explore second-level results:
ROI-ROI Results Explorer: Axial Display 3D
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Explore second-level results:

ROI-ROI Results Explorer: Axial Display - Example
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Figure 6. ROI-to-ROI temporal connectivity for the general task contrast (alternate uses > object
characteristics) with the right PCC specified as the source ROI (black sphere) and all other ROIs
specified as targets (red spheres). Regions labeled in black on the right show positive connectivity with the
source ROI; regions labeled in gray were not significant.

Beaty et al., Scientific Reports 2015
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Explore second-level results:
ROI-ROI Results Explorer: Graph Metrics

] CONN functional connectivity toolbox (13.c)
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Explore second-level results:

ROI-ROI Results Explorer: Graph Metrics Adjacency Matrix Threshold

Network Node Selection

Network nodes Network edges (adjacency matrix threshold)
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Explore second-level results:

ROI-ROI Results Explorer: Graph Metrics Examples
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Figure 9. Graph theory analysis of the functional network associated with divergent thinking. (A) Nodes
(ROIs from the whole-brain analysis) and edges (paths between the nodes) that were used to define the
divergent thinking network. (B) Scatter plot depicting the correlation between composite creativity scores
(i.e., average divergent thinking creativity ratings) and global efficiency of the divergent thinking network.

Beaty et al., Scientific Reports 2015
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Explore second-level results:

ROI-ROI Results Explorer: Graph Metrics Examples

Negative Associationg between 1Q and normalized path length

van den Heuvel et al. replication
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Explore second-level results:
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871 voxels covering 66% of atlas.PaCiG | (Paracingulate Gyrus Left)
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735 voxels covering 15% of atlas.sLOC | (Lateral Occipital Cortex, superoir division Left)
678 voxels covering 14% of atlas.sLOC r (Lateral Occipital Cortex, superoir division Right)
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538 voxels covering 20% of atlas.SFG r (Superior Frontal Gyrus Right)
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Effect-sizes within significant clusters:

Surface display H Volume display ‘ Slice display \ SPM display \ \ Export mask Import values ‘ Display values






Volume display C:\Connectivity\NYU_N10_Sess1\conn_NYU\results\secondlevel\ANALYSIS_01.SUBJECT_EFFECTS_AIL.CONDITIONS_Session1\MPFC_1_1\SPM.mat

(i ) e S

Clusters

+00 -12

-40 -68
+60 -26
+50 -66
-38 -46
+18 -82
-48 -76
+56 +10
+58 +00
-58 +04
+00 -84

Surface display

! A #a
s
a ]
i
| N
M »

(X,V,2) k cluster p-FWE cluster
+40 ) 4605 0 0.
-14 ) 1462 0 0.
+52 ) 930 0 0.
+32 ) 874 0. 0.
+60 ) 675 0.0 0.
-06 ) 670 0.003396 0.
+38 ) 637 0.004283 0.
-02 ) 564 0.007412 0.
-34 ) 531 0.009664 0.
+10 ) 516 0.010945 0.
+16 ) 446 0.020267 0.

H Volume display Slice display

p-FDR cluster
000030 0
000035 0
000147 0
000157 0
000389 0
000389 0
000430 0.
000662 0
000778 0
000802 0
001367 0
l SPM display

height thr: voxel p <

cluster thr: cluster p <

.000000
.000001
.000005
.000006
.000021
.000021

000027

.000047
.000061
.000069
.000128

o=

[

o

oK B

o

7S

&
res

.839446
.000000
.000000

58312

.000000
.000000

84818

.000000
.983750
.000000
.000000

0.01
0.05

oo of

o0 o0 oo

o oo

p-uncorrectegd T(1,9)_min=325

#t€r p-FDR corrected ~ k_min=151

1441 voxels covering 18% of atlas.FP r (Frontal Pole Right)

1331 voxels covering 19% of atlas.FP | (Frontal Pole Left)
1155 voxels covering 48% of atlas.PC (Cingulate Gyrus, posterior division)
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678 voxels covering 14% of atlas.sLOC r (Lateral Occipital Cortex, superoir division Righ
634 voxels covering 22% of atlas.SFG | (Superior Frontal Gyrus Left)
538 voxels covering 20% of atlas.SFG r (Superior Frontal Gyrus Right)

AA7 vinvale nnviarina 2004 Af atlac | 2 1/ inanal Qurie | afi
i

.000004
.009990
.009974 3
.000004 i
.009994
.009996
.000013
.009985
.000013
.009996
.009957

Effect-sizes within significant clusters:

Export mask Import values Display values






Atlas

The current atlas being used in CONN for the anatomical locations is the one in
[rois/atlas.nii. This atlas includes cortical and subcortical ROIs from the FSL
Harvard-Oxford atlas, as well as cerebellar ROIs from the AAL Atlas.

You can find more info about how this atlas was generated in /rois/atlas.info. Users
can change the atlas that will be used for this anatomical labeling of CONN
displays by going to the Tools.GuiSettings menu and clicking on the 'background
reference atlas' button (e.g. you can revert that back to our previous BA atlas in the
conn/utils/otherrois/ folder)

Project Tools Help Setup Denoising first-level Analyses second-level F

Select image

'C:\Conn_2015\conn15\conniroistatias.nii

roject: undefined
storage: 120.4Gb available (24%)





RESULTS

Explore second-level results:

Seed-Voxel Explorer: Display Options: Surface; Volume; Slice; SPM
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Explore second-level results:

Seed-Voxel Explorer: Display Options: Surface; Volume; Slice; SPM

¥ View yz plane (sagittal)
V| View xz plane (coronal)
¥ View xy plane (axial)

View activation volume
V| View axis

Voxellevel (0,0,0) T([19])=2.76 p = 0.011054 (two-sided p = 0.022107)
Closest-cluster: ( +02 +50 +00 ) k= 14407 p = 0.000000
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Explore second-level results:

Seed-Voxel Explorer: Export Mask
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» " ' 917 voxels covering 93% of atlas.MedFC (Frontal Medial Cortex)
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Effect-sizes within significant clusters:
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Explore second-level results:

Seed-Voxel Explorer: Import Values
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RESULTS

Explore second-level results:

Seed-Voxel Explorer: Import Values

B'Y REX interface e e

Extract average connectivity values
(effect sizes) from clusters of interest

Or other clusters of interest
(select mask.img)

clusters of interest in current analysis

connectivity values in current analysis
Or Connectivity Values
(select SPM.mat)

Cancel
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Explore second-level results:

Import Values -> Tools -> Calculator

Tools

Predictor variables

cluster +2 +50 +0

Outcome variables
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red dots: observed values
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RESULTS

Explore second-level results:

Seed-Voxel Explorer: Display Values






RESULTS Conn

voxel-to-voxel connectivity

Analyzing the entire matrix of voxel-to-voxel correlations (entire connectome)
has the potential to address issues of functional connectivity without being
limited to a priori seeds/ROIs (e.g. what aspects of the functional connectivity
between brain areas change with age)

CONN functional cennectivity toolbox (15.c)
Project Tools Help Setup Denoising first-level Analyses second-level Results
1.9¢€ Analysis results preview (voxel-level)
Subject effects Conditions VoxelHo-Voxel Measures
A  SeSSOTN  connectome-MVPA_1
cluster +2 +50 +0 connectome-MVPA 2
cluster +0 -12 +40 connectome-MVPA_3
Iser-defined contrast cluster -30 -26 -32 connectome-MVPA 4
cluster +50 -66 +32
ROHo-ROI cluster +18 +20 +48 RadialCorrelationContrast_1
Seed-toMaoval cluster -48 -76 +38 RadialCorrelationContrast_2
cluster +58 +0 -34 RadialCorrelationContrast 3
Voxelto-Voxel cluster -54 -8 -26 IntrinsicConnectivityContrast_1
i R cluster -24 +16 +52 Rada\S!m\Iar!tyCcmtrast_ﬂ
! cluster +62 -32 -10 RadalSimilarityContrast_2
cluster -18 +38 +42 RadalSimilarityContrast_3
Between-subjects contrast Between-conditions contrast Between measures contrast
1 1
Effect of All Effect of Sessiont Effect of Integratedl ocalCorrelation_1
p-uncorrected < 0.001
Results explorer
Project: C:\Connectivity\NYU_N10_Sess1\conn_NYU.mat I
— storage127.1Gb available (25%)






RESULTS Conn

voxel-to-voxel connectivity

Analyzing the entire matrix of voxel-to-voxel correlations (entire connectome)
has the potential to address issues of functional connectivity without being
limited to a priori seeds/ROIs (e.g. what aspects of the functional connectivity
between brain areas change with age)

Problem: Huge multiple comparisons issues. N=200.000 voxels (2mm isotropic
voxels). Voxel-to-voxel correlation matrix contains 199.000.000.000
correlations. Multiple comparison correction results in very low sensitivity

| vox _

Correlation between
area A and area B

voxels






Conn

voxel-to-voxel connectivity

Several approaches have been proposed

Functional connectivity indexes. Focus on specific aspects of the functional
connectivity between each voxel and the rest of the brain

Integrated Local Correlation (ILC, Deshpande et al. 2007). Average
connectivity between a voxel and its neighbors (one number per voxel)

Radial Correlation Contrast (RCC, Goelman, 2004). Spatial asymmetry of the

local connectivity pattern between a voxel and its neighbors (three numbers per
voxel)

Intrinsic Connectivity Contrast (ICC, Martuzzi et al. 2011). Average squared
connectivity between a voxel and the rest of the brain (one number per voxel)

Instead of this whole
pattern of functional
connectivity (200.000
Correlation between area | NUMbErs), consider
A and the rest of the brain | only some aspect of
this pattern
(characterized by a few
numbers)

voxels

voxels *





Conn

voxel-to-voxel connectivity

A natural extension of these approaches uses a data-driven approach (PCA)
to determine a low dimensional characterization of the pattern of connectivity
between each voxel and the rest of the brain

Connectome-MVPA (Nieto-Castanon et al. in preparation). Multivariate pattern
analyses of the functional connectivity pattern between each voxel and the rest
of the brain

Instead of this whole
pattern of functional
connectivity (200.000
Correlation between area | NUMbErs), consider a data-
A and the rest of the brain | driven low dimensional
characterization
(characterized by a few
numbers)

voxels

voxels *





Voxel-to-Voxel analyses

MVPA (multivoxel pattern analyses)
Feature of interest: Connectivity pattern (abstract multivariate representation)
Omnibus test (exactly equivalent of seed-level F-test in ROI-to-ROI analyses;

Similar to Shehzad et al. CWA) PCA Eig 3

Subjects:
Group A

PCA: Principal Component
Decomposition of variability in seed-
to-voxel connectivity patterns across
subjects and conditions. Keep N
strongest components (disregards
average)

Eig 2
Eig1l \

F stats





RESULTS
voxel-to-voxel connectivity: MVPA: Conn Examples

Figure 2. MVPA-based brain regions predicting clinical response in SAD to CBT.
Empirically-defined seed regions (left). Clusters in red (right) identify brain regions that
Figure 1. Multivariate pattern analysis for the whole-brain task contrast (alternate uses > objec predICted C|InICa| Outcome as a funCtlon Of temporal COI’re|atI0nS Wlth the Seed reglonS

Whitfield-Gabrieli et al., Molecular Psychiatry, In Press

characteristics).

Beaty et al., Scientific Reports 2015










White Matter and CSF Erosion

In order to form white matter ROIs, the white matter partial
volume maps are thresholded at a partial volume fraction
of 0.99 and then eroded by one voxel in each direction to
further minimize partial voluming vwith gray matter.

CSF voxels were determined by first thresholding the CSF
partial volume maps at 0.99 and then applying a three
dimensional nearest neighbor criteria to minimize multiple

tissue partial voluming.
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White Matter and CSF Erosion

"a) White matter and CSF masks eroded by 1 voxél






Atlases

There are two formats of the associated .txt files that can be entered to conn;

1) [ROI _label]: enter in order all of the labels in the atlas (the one in the first
row of the .txt file will correspond to the areas in the .nii file labeled as '1', the
label in the second row will correspond to the areas labeled as '2', etc.)

2) [ROI_number ROI_label]: enter pairs of numbers/labels (separated by a
whitespace or a tab) and, for each pair, conn will associate the areas in the .nii
file labeled as 'ROI_number' value with the associated 'ROI _label' string.

In addition you can also use (instead of a .txt file) a .csv file (comma-separated
file) or .xls file (excel format) using the same convention as the case (2) above
(two columns, the first with ROI numbers and the second with ROI labels).

Note: you can also find the AAL atlas (relabeled to this format) in the standard
distribution of conn under the directory conn/utils/otherrois/ (the files named
aal.nii and aal.txt)





“ROI” Free Surfer

 To be able to use the FreeSurfer parcellation file (e.qg.
aparc+aseg.nii) in the toolbox we’ll need to locate the
appropriate color table file from Freesurfer
(FreeSurferColorLUT.txt) and copy and rename this file
to the same

 Name as the .nii file (but with the .txt extension, e.g.,
aparc+aseg.txt). Then the .nii file can be used as the
standard ROI files in the toolbox and all of the ROIs and
labels are imported.






Basic fMRI Design and Analysis

Preprocessing






fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial filtering
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Two Approaches to Slice Timing
Correction

® Addition of temporal
basis functions to the
first-level statistical
model

® Correction using
temporal interpolation

T T T T T >

?






IS

Slice Timing Correction

Time






29[S

Slice Timing Correction

interpolation

__________

__________






Slice Time Correction Improves Sensitivity Using
a Visuomotor Task

Paired t-Test: orginal vs
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Sladky et al., Neuroimage (2011)





What is the best time to do
slice timing correction?

Field map

I —— | Realignment |— | Slice timing correction

l —— | Slice timing correction

Realighnment

Slice timing correction can be done either before or after
realignment, depending on the amount of head motion.






Slice Timing

® Siemens system
® For interleaved acquisition

® |f odd number of slices:
~13,57,....2,46,8....
If even number of slices:
246,..241,3,57..23 E.g. [2:2:24 1:2:23]
Acquisition is from inferior -> superior





fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial normalization

Spatial filtering
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Signal Dropout and Geometric Distortion






Jezzard and Balaban, MRM (1995)





Corrected EPI






fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial normalization

Spatial filtering





Head Motion in fMRI

The goal is to compare brain locations across
time
Subjects move relative to the recording system

Individual voxel time series are affected by this
motion

Motion effects on signal amplitude are non-
linear and complex

Motion therefore inflates the residual variance
and reduces detection sensitivity

Task correlated motion is particularly
problematic






Head Motion Can Cause Partial
Volume and Spin History Effects
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Head Motion Can Cause Partial
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Head Motion Can Cause Partial
Volume and Spin History Effects

Whitfield-Gabrieli





Head Motion Detection

® compute time series center-of-intensity
® compute variance map of time series
® single-slice animation





Head Motion Detection

® compute time series center-of-intensity






Head Motion Detection

® compute time series center-of-intensity
® compute variance map of time series
® single-slice animation
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Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

e Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fieldmaps

e Covariate correction with outlier
identification
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Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

e Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fieldmaps

e Covariate correction with outlier
identification






Prospective Motion Correction

------->

time

Prospective motion correction makes predictions that
may be dependent on outdated information.





“We drive into the future using only our
rearview mirror.” - Marshall McLuhan






Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

 Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fieldmaps

e Covariate correction with outlier
identification
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Spatial Realignment

® Realignment (of same-modality images from
same subject) involves two stages:

— Registration - determining the 6 parameters that
describe the rigid body transformation between
each image and a reference image

— Reslicing - re-sampling each image according
to the determined transformation parameters

Henson





Spatial Realignment

VA Roll Yaw

Pitch

Henson





Spatial Realighment: Registration

Determine the rigid body transformation that minimises the sum of
squared difference between images

Rigid body transformation is defined by:

— 3 translations - in X, Y & Z directions
— 3 rotations - about X, Y & Z axes

Operations can be represented as affine
transformation matrices:

Xy =My Xy + MyrYe + My3Z5 + My y

Yi = My Xg + MyyYe + My3Zg + My 4
Zy = M3 Xg + M3,Yy + M337Z5 + Ms3 4

Henson





Spatial Realignment:

® [terative procedure
(Gauss-Newton

ascent)
® Additional scaling
parameter
® Nx6 matrix of 05—

realignment
parameters written to
file (N is number of
scans)

® Orientation matrices
in header of image
file (data not changed
until reslicing)

Registration

translation

o i‘"mrr;ilrl (a0 !
'.'."ll'lllul'l'uu I T
Wi,

100 150 200 250 300
Image

rotation

Henson





Spatial Realignment: Reslicing

FResampled Image

® Application of registration parameters
involves re-sampling the image to create
new voxels by interpolation from existing
voxels

® [nterpolation can be nearest neighbour (0-
order), tri-linear (7st-order), (windowed)
fourier/sinc, or nth-order “b-splines”

| ld1] a2 |

Henson
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after
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Effects of Realignment on
Statistical Maps
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Residual Error After Realignment

Even after realighnment a considerable amount of the
variance can be accounted for by movement

Causes:

1. Movement between and within slice
acquisition
2. Interpolation artifacts due to resampling

3. Non-linear distortions and drop-out due to
inhomogeneity of the magnetic field





Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

e Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fieldmaps

 Covariate correction with outlier
identification
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Realignment with Movement
Covariates

Friston et al., Movement-related effects in fMRI
time series. Magn. Reson. Med. 35:346-355

(19906)

- estimate motion parameters

- use estimates as confounds in the
statistical model
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Movement Correction

Covariate Unwarp

No correction . .
correction correction
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Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

 Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fieldmaps

e Covariate correction with outlier
identification






Corrected EPI






Movement-by-Distortion Interactions

Time dependent fMRI signal changes are
dependent upon:

® position of the object in the scanner

geometric distortion
B, field effects

slice select gradient edge effects

® history of the position of the object

spin history effects





Movement-by-Distortion Interactions

Original position After rotation
|

-

Qriginal position After rotation

FIL Methods Group





Movement Correction

Covariate Unwarp

No correction . .
correction correction
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Mitigation of Head Motion Effects

* Prevention
* Prospective correction
* Realignment

 Covariate correction with head
motion estimates

* Movement by distortion effect
correction with fiel[dmaps

e Covariate correction with outlier
identification






Outlier Identification

Time Series

Global
mean

(&)

Global
Std. Dev.

> &
gm
& E
;o o
» 2

“—

o

—_
()

=% mymt

Translation

o

— ymymt

2 mymt

—pitch

Rotation

ol |

— yaw






Global
mean

COMBINED

OUTLIERS

StdDew of data is;
h.B284

& 250
1

100 120 140

160

150

_|Use differences

10

Std. Dev.

-
4=

INTENSITY

OUTLIERS

se narms

Thresholds

1 BE

ot Z-threshald

-10

=0

Translation
e

up | 5[

I M ovement
clam

threshald

-5l

0.5

[ MoTioN

Rotation

Pl

vl TJ(DUTUERS

pitch ||

Fall

Ia

up 0.5
1 down Fotation

threshald

0.3
a

&0 10
s0ans

I 120

160

_|Show design

_|motion-task corr,

150

all
autliers

7960 81 62 83 94 95 86 &G 45

Outliers

o |Show spectra

_|signal-task carr.

Save






Image
time series

5
'.J.‘lh
v -

" l |
|

Realignment

Outlier
Detection

|

Field map

A 4

Slice timing
correction

|

Kernel

l

Design matrix

—| Smoothing

General linear moded

|

Normalization

A

ero
=/

Template

Parameter estimates

FIL Methods Group





fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial normalization

Spatial filtering





Temporal Filtering

Time >






Respiration Modulates BOLD Contrast

Lund et al., Neuroimage (2006)





Cardiac Motion Modulates BOLD Contrast

Lund et al., Neuroimage (2006)
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Respiration Modulates BOLD Contrast

% of time-series signif. corr. w/ RVT
e " o~

25%

Birn et al., Neuroimage (2006)





one subject

group maps

Respiration Modulates BOLD Contrast at Rest

negative positive correlation between
correlation correlation RVT and fMRI signal
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Birn et al., Neuroimage (2006)





Respiration Modulates BOLD Contrast at Rest
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Birn et al., Neuroimage (2006)





Cardiovascular and Respiratory Artifacts

Poncelet et al., Brain parenchyma motion: measurement with
cine echo-planar MR imaging. Radiology 185:645-651
(1992).

Biswal et al., Reduction of physiological fluctuations in fMRI
using digital filters. Magn. Reson. Med. 35:107-113 (1996).

Hu et al., Retrospective estimation and correction of
physiological fluctuation in functional MRI. Magn. Reson.
Med. 34:201-212 (1995).
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Task Effect High-Pass Filter
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fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial filtering





Global signal changes





Global Intensity Variation

® machine instability

® slobal blood flow changes

— arousal
— respiratory effects

— drug effects





Global Intensity Correction

® Proportional global intensity
normalization

® ANCOVA global intensity
normalization
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Global Intensity Correction

® Global intensity normalization per
time point

— PET

® Global intensity normalization per
session

— fMRI





Global Intensity Normalization
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Time >

Intensity normalization per time point





Global Intensity Normalization
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Intensity normalization per time point





Global Intensity Normalization
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Intensity normalization per session
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fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial filtering





Spatial filtering
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Spatial Filtering

Time >






Gaussian Kernel

amplitude






Spatial Filtering

Slice from S I fror 8
nonsmoothed noise .ame > {ce after Hmm
volume isotropic smoothing

voxel size Tmm?





How much smoothing?

® Noise reduction
® Spatial normalization compensation
® Matched filter theorem





fMRI Preprocessing

Slice timing correction
Geometric distortion correction
Head motion correction
Temporal filtering

Intensity normalization

Spatial filtering
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