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2 pbranches In diffusion MR
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Towards guantitative connectomics
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[Daducci, Descoteaux et al. Frontiers 2016]



Different family of algorithms
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[e.g. Agan]j et al., MIA, 2010; Behrens et al., Nimg, 2007; Cambell et al.,
Nimg, 2005; Collins et al., ACCV, 2010; Descoteaux et al., TMI, 2009; Fillard
et al., MICCAI, 2009; Fillard et al., NImg, 2011; Iturria-Medina et al., Nimg,
2008; Jbabdi et al., NImg, 2007; Jbabdi et al., J. Bio. Img., 2008; Jeurissen
et al., Hum. Brain Mapp., 2011; Jones, TMI, 2008; Merlet et al., MICCAI, 2012;
Oguz et al., MICCAI, 2012; Pontabry and Rousseau, MICCAI, 2011; Reisert et
al., NImg, 2010; Sherboody et al., MICCAI, 2010; Satiropoulos et al., Nimg,
2010; Smith et al., Nimg, 2013; Tournier et al., Nimg, 2007; Tournier et al.,
J. Img. Sys. 2012; Takemura et al., Plos Comp. Bio., 2016; Zalesky et al.,
TMI, 2008]

[Descoteaux EEEE 2015]
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[ractography challenges

=  Tractography biases
= | ength bias
= Size bias
= Shape bias
= Position bias (gyral bias, partial volume areas)

x |nvalid connections



[Jbabdi Brain Connectivity 2011
Jones et al 2013
Chamberland Frontiers 2014]

Shape/length/size bias



[Jbabdi Brain Connectivity 2011
Jones et al 2013
Chamberland Frontiers 2014]

Shape/length/size bias

x  Some bundles are easier/harder to track

x Optimal tracking parameters vary across the brain




[Jbabdi Brain Connectivity 2011
Jones et al 2013
Chamberland Frontiers 2014]

Shape/length/size bias

= Some bundles are easier/harder to track
x Optimal tracking parameters vary across the brain
® Bigger, longer, straighter bunales

x have more seeds in them




Seeding/shape bias of

"seeding the whole white matter”
[Slide Curtesy A Leemans]



Seeding/shap

! I

1)
VAR
—.'4—// A-.l"

bkt 4 T4
.\/.\\I\//..'_

"seeding the whole white matter”
[Slide Curtesy A Leemans]



Seeding/shape bias of tractography

hd - v bd
3 » P : L ) '.». ’ . - »
. S 8. - o A S . - - "
B o. : » 2 A4 . - . > y -
’ > R o - k . . L) s . s . -
4 : . " % 4 ? -
. y > 4 : . . 3
o ‘ ' ' N
> * - - -
¥ . 4 ~ 3 . e -
- - -

- . ) : .

. B B -
» . -

" - - — — C—

s

| <\l

— , * —// A_.' !
'\/o\\l\//'

\

1)
| \/

bkt 4 T4

"seeding the whole white matter”
[Slide Curtesy A Leemans]



Seeding/shape bias of tr
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[Slide Curtesy A Leemans]



Seeding/shape bias of
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"seeding the whole white matter”
[Slide Curtesy A Leemans]



Seeding/shape bias of tractography

"seeding the whole white matter”
[Slide Curtesy A Leemans]



Solution: gm/wm interface seeding

x Seeding from the wm/gm interface
reduces the shape, size & length biases

[Smith et al. Neurolmage 2012-2014] [Girard et al. Neurolmage 2014]



FPosition blas
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» near the cortex
= N deep structures (nucleil, brainstem)

® N & out of the cerebellum

are an open challenge:
= harder to track

= Under-represented in the tractogram
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FPosition bias




Particle filtering tractography (PFT)

Red streamlines = rejected
Green streamlines = valid

[Girard et al Neurolmage 2014]




Particle filtering tractography (PFT)

Red streamlines = rejected
Green streamlines = valid

[Girard et al Neurolmage 2014]
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with PVE maps for stopping -

helps to reduce the positional bias
[Girard et al Neurolmage 2014]
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Connectomics -
: Structural connectivity






tractogram




tractogram

Cortical parcellation



tractogram

Structural connectome

Cortical parcellation



Structural connectivity reproducibility through multiple acquisitions

Authors: I ﬁ-
Girard, G., Whittingstall, K., Deriche, R., Descoteaux, M. |
u‘ o

= 11 subjects - 3 times points

| Yhe — X
= [ractography (det/prob, wm/int)
= 150 cortical regions dilated by 2mm

of the Destrieux atlas (Freesurfer)
without subcortical areas

e

x  Count tracts between ROIs to produce
150x150 connectivity matrix i T
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Normalized tract count
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[Girard, Descoteaux et al., HBM 2015]



Normalized tract count
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One of the 11 subjects scanned 1 year later -

Can you find him?

I'robabilistic - WM 'robabilistic - Interface
S1 S1
S2 S92 0.54
S3 S3
S4 S4 0.48
S5 S5
S6 S6
S7 S7 0.42
S8 S8
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S11 S11
S12 S12
. e . . - . . 0.30
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S2 S2 0. .24
S3 S3 '
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S5 S5 0.18
S6 S6
S7 S7
S8 S8 0.12
S9 S9
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S11 S11 Wy 0.06
S12 S12
HARDI HARDI 0.00
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One of the 11 subjects scanned 1 year later -

Can you find him?

I'robabilistic - WM

St

0.54

S2

S3

ca 0.48

S5

S6 S6

S7 S7 0.42

S8 S8

S9 S9

S10 S10 Q.36

S11 S11

S12 S12

.. . .. | 0.30

Determmstie - WM Delermmmstie - Tnlerlace
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Tractography .
Deterministic Probabilistic
WM Intertace WNM Interface 2

Inter-subject distance 39.9% 32.3% 32.7% 27.3%

Intra-subject distance 29.4% 23.2% 19.9% 16.8%

Dunn index 1.36 1.39 1.64 1.63 0




Probabilistic - W\ Probabilistic - Interface

3 subjects
4 time points

Deterministic - Deterministic < Interface




Probabilistic - W\ Probabilistic - Interface

3 subjects
4 time points

Deterministic - Deterministic < Interface
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Open challenge! Reducing variability

Probabilistic - W\ Probabilistic - Interface

v3-Al -
3 subjects i -I

4 time points

Deterministic < Interface

At best,
15% from
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30% from
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[ractography challenges

=  Tractography biases
= | ength bias
= Size bias
= Shape bias
= Position bias (gyral bias, partial volume areas)

x |nvalid connections



Position bias :
the gyral bias




positive mean curvature

red =

blue =

Viean-curvature flow



positive mean curvature

red =

blue =

Viean-curvature flow
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coronal sagittal axial
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Surface-Enhanced Tractography

Etienne St-Onge®, Alessandro Daducci®, Gabriel Girard®, Maxime Descoteaux®

A o
9
4 NS
Reducing gyrial bias NS
[St-Onge et al ISMRM

Neurolmage

» More unitorm cortical coverage by streamline€s . ver minor review)

® |mproves test-retest of connectome (better reproducibility)
iIncreases the inter/intra ratio from 1.6 to 2.0

® Reduces number of small ‘broken’ streamlines, better
reconstruction of longe-range connections




Open challenge 40% of empty cortex)

Surface endpoints count
without SET with SET

[St-Onge et al ISMRM 18]



[ractography challenges

=  Tractography biases
= | ength bias
= Size bias
= Shape bias
= Position bias (gyral bias, partial volume areas)

x |nvalid connections



nvalid connections
(false positives)




Dense Invalid Connections

Connecting invalid cortical
or subcortical regions

x  Connecting valid regions but throu
a WrOng path [Cote, Girard et al., MIA, 2013]



Dense Invalid Connections

Connecting invalid cortical
or subcortical regions

x  Connecting valid regions but throu
a WrOng path [Cote, Girard et al., MIA, 2013]



1 he talse positive problem

= Recent studies have shown that false positives are a
major problem for tractography and connectomics

Anatomical accuracy of brain connections derived from
diffusion MRI tractography is inherently limited

Cibu Thomas* ™', Frank Q. Ye*“, M. Okan Irfanoglu®®, Pooja Modi*, Kadharbatcha $. Saleem®, David A, Leopold™®,
and Carlo Pierpachi™®

“Program on Pedatric magng s Tinue Scences, Eunce Kennedy Shviver Nationad Institute of Child Health and Mumes Development, Bethewda, MD

20892, "Cemter for Nowostence and Regenerative Medcine, Unidoemed Services Universty of the Mesith Scences, Sethesda, MO 20814, "Newrophysiology

Imaging Facility, National insttute of Mental Health, National lastitute of Neurological Disorders and Stroke, and Natonal Eye Institute, Bethesda, MD 20852

Section on Cognitive Neurophysaiogy and Imaging and "Section on Cogritive Neuroscence, Laboratory of Newropsychology, National Institute of Memal
Bethesda MO, 20852
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Connectome sensitivity or specificity: which is
more important?

Andrew Zalesky “*, Alex Fomito “, Luca Cocchi ., Leonardo L. Gallo
Martijn P. van den Heuvel ©, Michael Breakspear ©




How often do invalid
bundles/connections occur?



3= bioRyiv

THE PRIPRINT SERVER FOR OLOCY

New Reusry View current version of this article

E

Tractography-based connectomes are dominated by false-positive
connections
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The challenge of mapping the human connectome
based on diffusion tractography
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* Includes 25 well-known ground truth bundles
» Exact ground truth connectivity (terminations)
* Covers ~70% of the white matter

Diffusion
Tensor Imaging

ISMRM 2015 Tractography
challenge data

FiberFox: Neher, Laun, Stieltjes, Maier-Hein. MRM (2014)



* Includes 25 well-known ground truth bundles
* Exact ground truth connectivity (terminations)
* Covers ~70% of the white matter

Diffusion
Tensor Imaging

ISMRM 2015 Tractography
challenge data

FiberFox: Neher, Laun, Stieltjes, Maier-Hein. MRM (2014)



Evaluation with the Tractometer
(comparison with ground truth)
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[Tractometer: C6té et al Descoteaux. Medical Image Analysis (2013)]

http://www.tractometer.org/ismrm_2015_challenge/



http://www.tractometer.org/ismrm_2015_challenge/

Overview of frequently occurring valid (red) & invalid (blue) bundles.

Red: valkd
und by 1
founs By M4
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found &y 72

Blue: mvand
Uiy !
found by 24
Cung oy 48
und by T2

v Invalid bundles
detected by

more than half
of the submissions

[Maier-Hein et al, NatureComm 2017]



The tractography algorithms found most
existing valid bundles, but ...

Bundie detection
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[Maier-Hein et al, NatureComm 2017]
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The tractography algorithms found most
existing valid bundles, but ...

Bundie detection
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http://www.tractometer.org/ismrm_2015_challenge/ [Maier-Hein et al, NatureComm 2017]
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The tractography algorithms found most
existing valid bundles, but ...

Bundle detection
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[Maier-Hein et al, NatureComm 2017]
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Tracking on ground truth directions helps
on some measures but not for false positives
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http://www.tractometer.org/ismrm_ 2015 challenge/ [Maier-Hein et al, NatureComm 2017]
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Tracking on ground truth directions helps
on some measures but not for false positives

Bundle detection - Global tractography

’5 - Higher spatial resolution
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What do false positives look like?



Examples of invalid bundles from HARDI probabilistic




Examples of invalid bundles from HARDI probabilistic




What’s happening?



SLF, CST, Cg,

[Maier-Hein et al, NatureComm 2017]




SLF, CST, Cg,

[Maier-Hein et al, NatureComm 2017]




SLF, CST, Cg,

Easy to track
un-existent bundles!

[Maier-Hein et al, NatureComm 2017]




a. Valid bundles through bottleneck

bottlenecks

/ #Sugnal peaks )

L
"o,

'# Valid bundles \

oooooooooo

[Maier-Hein et al, NatureComm 2017]



a. Valid bundles through bottleneck

bottlenecks

'------------

t’#Sl nal peaks”

c. Invalid bundles through bottleneck (selection)

Valld bundles
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[Maier-Hein et al, NatureComm 2017]
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Advanced
. streamline-weighting/filtering to
: reduce invalid connections



Advanced streamline
filtering techniques

x SIFT1, SIFT2, LIFE, - COMMIEE
[Smith et al 2014-2015, Pestilli et al 2014, Daducci et al 2014]

x  RBemove streamlines that

do not explain the difftusion MRI data
(or assign a low weight to streamlines not explaining data)



Advanced streamline
filtering techniques

x SIFT1, SIFT2, LIFE, - COMMIEE
[Smith et al 2014-2015, Pestilli et al 2014, Daducci et al 2014]

= Remove streamlines that
do not explain the difftusion MRI data
(or assign a low weight to streamlines not explaining data)

» [ractometer reveals that they reduce invalid connections but
at the price of removing some valid connections



Advanced streamline
filtering techniques

x S|IFT1, SIFT2, LIFE, - COMMITE
[Smith et al 2014-2015, Pestilli et al 2014, Daducci et al 2014]

®x  RBemove streamlines that
do not explain the difftusion MRI data
(or assign a low weight to streamlines not explaining data)

» [ractometer reveals that they reduce invalid connections but
at the price of removing some valid connections

= (Global tractography shows similar trends



There Is no space for evewone!

» Prior1: Streamlines are not just Imes' Yy

= [hey have a volume

= [here must be a conservation of density In space

]‘

“Density” map
Gives the total
intra-axonal
volume fraction
In each voxel
(NODDI)

l//'

Streamlines have
“volume”
Every fiber
contributes by its length



There Is Nno space for everyone!

x Priorl: Streamlines are not just lines! W

= [hey have a volume

= [here must be a conservation of density In space

z‘

“Density” map
Gives the total
intra-axonal
volume fraction
In each voxel
(\[e]n]n])

/

Streamlines have
“volume” . .
Every fiber This map might cgme
contributes by its length

e.g. myelin, T1, gMR



There Is Nno space for everyone!

= Prior 2: Fibers are organized in bundles

= Streamlines are not iIndependent

argmin [|Ax —y{l§ + A 3 Xl

[Curtesy of A Daducci x>0

& Mateo Frigo MSc]
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There Is Nno space for everyone!

= Prior 2: Fibers are organized in bundles

= Streamlines are not iIndependent

=  COMMIT implementation with
priors1 (conversation of density in space)
priors2 (group sparsity)

argmin [|Ax —y{l§ + A 3 Xl

[Curtesy of A Daducci x>0

& Mateo Frigo MSc]

9€g




False positives identification with COMMIT

m Synthetic phantom

» Geometry mimicking a real brain

- 27 bundles

- Various configurations of crossing,
bending and fanning fibers

- CSF contamination

» Known ground-truth

N %
i )
8 &
® ®
4 o
i -
True Positives (TP)  False Positives (FP) ‘. -
¢ .

- e
e -
0. -
.. Q.
Sawme®

TP=27 (sensitivity=100%)
FP=0 (specificity=100%)

[Slide curtesy of A. Daducci] Alessandro Daducci




ith COMMIT v2
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False positives identification with COMMIT v2

After COMMIT
density & group sparsity prior

Streamline det tracking

TP=27 (sensitivity=100%) TP=27 (sensitivity=100%)
FP=235 (specificity=31.3%) FP=18 (specificity=94.7%)




False positives identification with COMMIT v2
After COMMIT

Streamline det tracking

density & group sparsity prior

' 4
/
/ \

& ) | Al
Reducing invalid connections‘ ““./‘

TP=27 (sensitivity=100%) TP=27 (sensitivity=100%)
FP=235 (specificity=31.3%) FP=18 (specificity=94.7%)




More anatomical priors to
reduce invalid connections



Tract selection with atlases, ROIs
& anatomical knowledge

Human
Brain
Connections

® [ractometer reveals that they reduce invalid connections
but at the price of removing some valid connections



FPosition blas;
hard to track bundles

x Bundle-Specific Tractography (BST)

® Prior knowledge and bundle-specific parameters

[Chamberland et al 2014] [Rheault et al COMRI 2017]
[Chamberland et al HBM 2016]



Bundle-specific tractography

x Use streamlines to create prior masks for seeding / masking

x Create orientational distribution priors




I'he valigation challenge!
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Markov, Ercsey-Ravasz,
Ribeiro Gomes, Lamy, Magrou et al., 2014







High resolution (300 um)
High angular (192 dirs)
\ Multi b-value (4 b’s)

. .
L . -

.. ‘ ‘-°'
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-~ [Theaud etal. ISMRM18



V1-V2 binary connectome § ™

Prob PFT tracking
5/5 valid bundles

21 invalid bundles




V1-V2 binary connectome H

L oty Mgtn

Prob PFT tracking
5/5 valid bundles
21 invalid bundles

------

Surface-enhanced prob PFT

with multi-shell multi-tissue + anat priors
- 5/5 valid bundles

4 invalid bundles



+ Can machine learning
+ help tractography?



L earn to track: Deep learning
for tractography

= RBNN learns the complicated and complex local/global streamline
configurations not to get lost into them

x | earn to avoid invalid connections/bundles

= Notion of history & neighbbouring streamlines

Training Tracking

[Poulin et al. MICCAI 2017]




Bundle volume
80- RNN l
RNN

(New results) &
__60- ahy
~©
e )
) ad A
3 40 !
O
2 . T
© =
S AAL A
a0

20 A =
l“ A
¥\
- o
0 20 40 60 80 100
Bundle overreach [%]

Overview of scores reached by the different teams of the ISMRM
2015 tractography challenge’
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Bundle volume
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Bundle volume




Bundle volume




Open data challenge!

= Need more labeled data for learning!

x \alid bundles / valid connections

x |nvalid bundles / invalid connections

= Density maps
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Diffusion measurements can be
sensitive to different axon calibers

Diffusion propagator visualization [Girard et al IPMI 2015]



AxTract: Microstructure-
INnformed tractographny oA

» Add microstructure information from the propagator Gk
or ActiveAx-like fast solution with AMICO

= Reduce the number of false positives
(oy reducing the amount of bad turns taken)

B R/ MAPPING

AxTract: Toward microstructure informed tractography
Gabriel Girard [}, Alessandro Daducci, Laurent Petit, IEELRResCREFIE

Kevin Whittingstall, Rachid Deriche wassermann, Maxime Descoteaux

First published: 2 August 2017  Furg



Deterministic HARDI Tractography - Tractometer
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[Girard et al., HBM 2017]



Deterministic HARDI Tractography - Tractometer

Valid connections

>

Kissing phantom

SNR:20
Valid

connections:
53%

Invalid
connections:
47%

Invalid connections :
[Girard et al., HBM 2017]



AxTract - Synthetic Data Experiment

[Girard et al., HBM 2017]



AxTract - Synthetic Data Experiment
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[Girard et al., HBM 2017]



AxTract - Synthetic Data Experiment
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AxTract - Synthetic Data Experiment
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AxTract - Tractometer Analysis
‘\(
&

[Girard et al., HBM 2017]



AxTract - Tractometer Analysis

N

'C

2.44um 6.88um

[Girard et al., HBM 2017]



AxTract - Tractometer Analysis

S

2.44um 6.88um

SNR:20
Valid

connections:
87%

Invalid
connections:

13%

[Girard et al., HBM 2017]



AxTract - Tractometer Analysis

“

,l

2.44um 6.88um

conndctions:

conngctions:

[Girard et al., HBM 2017]



HCP MGH data:
34 subjects - 5 shells b1000-10000

Average occurence map where local directions was picked
differently than standard tractography



Arcuate Fasciculus Corticospinal Tract

Uncinate Fasciculus Inferior Fronto-Occipital Fasciculus




« Can functional imaging
+ help tractography?



Fibre directionality and information flow through

the white matter: Preliminary results on the

fusion of diffusion MRI and EEG

Samuel Deslauriers-Gauthier. Jean-Mare Lina, Russell Butler,
Kevin Whittingstall, Pierre-Michel Bernier, Maxime Descoteaux

= Exploiting time delay
from EEG data

[Deslauriers et al. ISMRM 2016]
[Deslauriers et al. MICCAI 2017]




Fibre directionality and information flow through

the white matter: Preliminary results on the

fusion of diffusion MRI and EEG

Samuel Deslauriers-Gauthier. Jean-Mare Lina, Russell Butler,
Kevin Whittingstall, Pierre-Michel Bernier, Maxime Descoteaux

= Exploiting time delay
from EEG data

[Deslauriers et al. ISMRM 2016]
[Deslauriers et al. MICCAI 2017]
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Towards guantitative connectomics

Connectomics

Tractography
Tractometry
Connectomics

Tissue properties
local modelling
microstructure
(axon diameter,
g-ratio,

intra-extra axonal)

I’lnh.lhil.isli( Vi-Al

T iIv. l" . y
o T PV R

) "'&ﬁii}ltﬁ?lr‘*;l i- ﬁ Y
R e 4 i
Q 2 - YR

[Daducci, Descoteaux et al. Frontiers 201



Improving connectivity

Adaptive tractography (position bias)
Notion of neighbours (hybrid/global tracking)
Need for advanced filtering (no space for everyone)

Notion of anatomy (priors) &
microstructure (AxIract)

Validation and reproducibility (simulations and work
on real data with tract-tracing/PLIl/others)

Bring multi-modal imaging in the picture
(myelin & functional)



Diffusion in DIPY DIPY

(Diffusion in Python) i

Pre-processing, registration,
denoising & data quality

Reconstruction of the
local diffusion phenomena

Tractography with anatomical priors

Bundle analysis & streamlines
post-processing

Connectomics

Visualization



http://www.dipy.org

In

B |

ank you!
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NSERC  iimre. . UNIVERSITE DE —*
Q CRSNG Québec 5 E SHERBROOKE Diffusion Imaging in Python


http://scil.dinf.usherbrooke.ca

