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Brain Anatomy

\White matter ~45% of the
brain

‘Myelinated nerve fibers
(~ 10 um axon diameter)




White Matter Exploration

Jules Joseph Dejerine
(Anatomie des cenires
nerveux (Paris, 1890-1901):
Atlas of Neuroanatomy based
on myelin stained preparation




Diffusion Tensor Imaging (DTl)

* First non-invasive
window on white
matter anatomy

e Measurement of the
motion of water
molecules using MRI
techniques.

* Three-dimensional
reconstruction of the
trajectory of white
matter bundles




Diffusion Weighted Imaging (DWI)

In this example, the DWI scan was acquired with 12 diffusion sensitizing gradient
directions (S1-S12) and 2 non-diffusion sensitizing gradients (SO)
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Diffusion Tensor Imaging
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Diffusion Tensor Imaging
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Diffusion Tensor Imaging
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Tractography

DTI tractography provides 3D reconstruction of the
trajectory of white matter pathways



Tutorial Outline

This tutorial is an
Introduction to the
fundamentals of
Diffusion MRI analysis,
from the estimation of
diffusion tensors to the
Interactive 3D
visualization of fiber
tracts.




Tutorial Dataset

The tutorial dataset DiffusionMRI _tutorialData is a
Diffusion Weighted MR scan of the brain acquired

with 41 gradient directions and one baseline.

Diffusion
Sensitizing
Gradients

Download the dataset at:

Diffusion
Weighted
Images

https://www.slicer.org/w/images/e/e6/Dti tutorial data.zip




3D Slicer

The tutorial uses the 3D Slicer (Version 4.8.1,
revision 26813, Stable Release) software
available at:

http://download.slicer.org

Disclaimer

It is the responsibility of the user of 3DSlicer to comply with both the terms of the license
and with the applicable laws, regulations and rules. Slicer is a tool for research, and is not

FDA approved.



SlicerDMRI

An open-source project to improve and
extend diffusion magnetic resonance
imaging software in 3D Slicer:

http://dmri.slicer.org

Disclaimer

It is the responsibility of the user of 3DSlicer to comply with both the terms of the license
and with the applicable laws, regulations and rules. Slicer is a tool for research, and is not

FDA approved.



Install SlicerDMR
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Install SlicerDMR
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Install SlicerDMR
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Install SlicerDMR
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Install SlicerDMR
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Install SlicerDMR
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Learning Objectives

Following this tutorial, you'll be able to

1) Estimate a tensor volume from a set of
Diffusion Weighted Images

2) Understand the shape and size of the
diffusion ellipsoid

3) Reconstruct DTl tracts from a pre-defined
region of interest

4) Interactively visualize DTI tracts seeded
from a fiducial



MR Diffusion Analysis Pipeline

DWI Tensor Scalar 3D
Acquisition Calculation Maps Visualization
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Understanding the DWI Dataset

8
&
o
o
o
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The Diffusion Weighted Imaging (DWI) dataset is composed of
41 volumes acquired with 41 different diffusion-sensitizing
gradient directions, and one baseline image acquired without
diffusion weighting.



Loading the DWI Dataset
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oading the DWI Dataset
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oading the DWI Dataset

@ Slicer File Edit View Help 3 M . a T o 100%E2 E= Tue10:47AM FanZhang Q =
[ ] 3D Slicer 4.8.1
Modules: i\ Welcome to Slicer 4| mm = @ QO % 5 7  ~ qo 5B v E A
= 1 E
@) (%)
m—
{.m Slicer

Welcome

[Giacay Load DICOM Data ooy Load Data
E Install Slicer Extensions O Download Sample Data S I ICe r d IS p I ays DWI
i#: Customize Slicer E=Explore Loaded Data =
volume of the brain
v Feedback

Share your stories with us on the Slicer forum and let us know
" about how 3D Slicer has enabled your research.

We are always interested in improving 3D Slicer, to tell us about your = |EaliEEE SE0:000mm - Y i =—x— R: 1.500mm |80 G EE R ES OO

problem or submit a bug report, open Help -> Report a Bug.
» About

» Documentation & Tutorials

» Acknowledgment

v Data Probe

| Red (L59.5,A79.5,S0.0) AxialSp:1.5

L None
F None
B dwi (104, 11, 47) 49 components




oading the DWI Dataset

@ Slicer File Edit View Help 3 @M o 2 T o 100%@@ B Tue10:47AM FanZhang Q =
o 3D Slicer 4.8.1
B@ |Modules: £\ Welcome to Slicer A EWV O % 5 2« H ¢t~ Y i > Ka

All Modules »

e H1E
=

Z Annotations

B s Eow Click on the Modules

& DICOM

Welcor - s menu and select the

Markups

, module Volumes

w

Fa Scene Views

| 4 Segment Editor
1%

[Gisay Load DICOM Data

g Install Slicer Extensions ° . bata
Segmentations b
{: Customize Slicer 4 Transforms a
[ View Controllers
v Feedback /@ Volume Rendering

Welcome to Slicer

Share your stories v i us know

" h D Sli
about how 3D Slicer Wizards

Informatics
Registration
Segmentation
Quantification
Diffusion

IGT

Filtering
Converters
Surface Models
Endoscopy
Utilities
Developer Tools
Legacy
MultiVolume Support

¥ RE S:0.000mm |~ Y & 0—— R:1.500mm |% G ¥ A: 1.500mm

We are always interested in ir
problem or submit a bug report,

» About

out your

» Documentation & Tutorials

» Acknowledgment

vy Y Y Y Y VY VY Y VY VY VvVvywvywyw

v Data Probe

Show Zoomed Slice

L
F
B




Loading the DWI Dataset
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Loading the DWI Dataset
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Loading the DWI Dataset
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Loading the DWI Dataset

@ Slicer File Edit View Help

32 @M d a = o

*

100% B2 E=

L
& P B .
Modules:

E Slicer

» Help & Acknowledgement

& Volumes

Active Volume dwi

» Volume Information

v Display

v Scalar Display

DWI Component: s
Lookup Table: | [JJ§ Grey
Interpolate: v
Window/Level:

b1 ES

Click on the Slicer layout menu
™ and select the Red slice only

W: 4

o

-600

' layout

v Data Probe

Show Zoomed Slice

L
F
B

\
i

<

e H1E

3D Slicer 4.8.1

VO %

<

10

4

<

'S: 0.000m|

$ ~ o o

|[E] Conventional

§ Conventional Widescreen
Conventional Quantitative ’
Four-Up

Four-Up Table

Four-Up Quantitative »
Dual 3D

Triple 3D

3D only

[#] 3D Table

[l One-Up Quantitative »

T | ey

[E]

B [E B

[ Yellow slice only

[C] Green slice only

[ Tabbed 3D

[F] Tabbed slice

E= Compare ’

[T] Compare Widescreen »
FH Compare Grid
[ Three over three
[ Three over three Quantitative »
[ Four over four

[ Two over two

[T] side by side

[ Four by three slice
[ Four by two slice
B Three by three slice

vEF

, 1.500mm

Tue 10:50 AM Fan Zhang




Loading the DWI Dataset
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Creating a brain mask
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Creating a brain mask
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Creating a brain mask
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Creating a brain mask
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Estimating the tensor
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Estimating the tensor
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Estimating the tensor
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Exploring the DWI Dataset
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Diffusion Tensor Data

_ @ -béi' Dg,

Stejskal-Tanner equation (1965)

Dxx ny sz
0 DyX Dyy Dyz
sz Dzy Dzz

The diffusion tensor D in the voxel (I,J,K) is a 3x3 symmetric matrix.



Diffusion Tensor

* The diffusion tensor D in each voxel can be visualized as
a diffusion ellipsoid, with the eigenvectors indicating the
directions of the principal axes, and the ellipsoidal
proportional to the square root of the eigenvalues
defining the

e Scalar maps can be
derived from the
rotationally invariant
eigenvalues A1, A2, A3
to characterize the size
and shape of the
diffusion tensor.




Diffusion Tensor Shape

A1=2A2= A3

|sotropic media
(Cerebrospinal
Fluid, gray matter)

A1>> 22, A3 A1~A2>> )3

Anisotropic media
(white matter)



Exploring the DWI Dataset
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Corpus Callosum

Tela ehovicider of thivd venlricle  Posterior commissure
Intermediate mass |
Imterventricular foramen |

——

Corpora quadrigemina

Pineal body

/ .
Splentum

Pia mater

Rostrum
Anrerior commissure
Lawmina terminalis
Optic recess
Optic chiusma
Infundibulum

Corpus mamillare
Oculomaotor nerve

Cerebral aqueduct Choroid plexus

Iourth ventricle

Image from Gray’s Anatomy

The corpus callosum
IS a broad thick bundle
of dense myelinated
fibers that connect the
left and right
hemisphere. It is the
largest white matter
structure in the brain



Corpus Callosum
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Characterizing the Size of the
tensor: Trace

Trace(D) = M+ A2+A3

*Trace(D) is intrinsic to the tissue and is independent
of fiber orientation, and diffusion sensitizing gradient
directions

*Trace(D) is a clinically relevant parameter for
monitoring stroke and neurological condition (degree
of structural coherence in tissue)

*Trace(D) is useful to characterize the size of the
diffusion ellipsoid
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Scalar Maps: Fractional Anisotropy

JOu= 1) +( = 2) + (A= 2,)
\/5\/&12+)L§+)L32

FA(D) =

*FA(D) is intrinsic to the tissue and is independent
of fiber orientation, and diffusion sensitizing
gradient directions

*FA(D) is useful to characterize the shape (degree
of ‘out-of-roundness’) of the diffusion ellipsoid

Low FA: () High FA: 4




Fractional Anisotropy
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Fractional Anisotropy
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Fractional Anisotropy
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Fractional Anisotropy
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Part 2:
Visualizing the
tensor data




3D Visualization: Glyphs
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3D Visualization: Glyphs
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3D Visualization: Glyphs
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3D Visualization: Glyphs
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3D Visualization: Glyphs
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3D Visualization: Glyphs

@ Slicer File Edit View Help 3 @M o0 8 o« 8sxm B Tue1:23AM FanzZhang Q =
3D Slicer 4.8.1
Modules: . | @ Volumes = Q EPO® & & 7 t- 8wl B
ex H1E
(.:‘ Slicer
= 4

Position your mouse over the
pin icon select the eye icon
idonto | & to display the axial, coronal,

AW 0 and sagittal slices in the 3D

viewer

Scalar Mode: | ColorOrientation

4
»

Lookup Table:

21

W: 255 |[2|[Auto W/L $|[L:128 |2

Threshold: Off s

-600 = 600 |,

v Glyphs on Slices Display

Slice Visibility: v Red v Yellow v Green

Opacity: ' 100 J| H=R S:0.000mm |~ Y & ——— A:1.500mm
Scalar ColorMap: 2 « @ & v Axial ¢ EE < @ g7 @ Y« -~

Color by Scalar: | ColorOrientation

s e 2 None S
Scalar Range: = =
Glyph Type: Ellipsoids s 1.00 ;| @] fa
Scale Factor: D —— =
Spacing: — 500 |2 - B dti

v Data Probe

Show Zoomed Slice

L
F 3D Visualization: Glyphs F: fa (100% L F: fa (100%) F: fa (100%)
B B: dti B: du B: dti



isualization: Glyphs
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3D Visualization: Glyphs
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Diffusion MRI tractography
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Diffusion MRI tractography
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DTI tractography

* Definition of a region of interest (ROI) for
seeding tract in an FA map (Editor module)

* Single-tensor tractography (Tractography
Interactive Seeding module)

* Fiducial-seeding tractography (Tractography
Interactive Seeding module)



Diffusion MRI tractography
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Diffusion MRI tractography
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Diffusion MRI tractography
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Diffusion MRI tractography

@ Slicer File Edit View Help 3T @ a o 7%x@E B Tuell:31AM FanZhang Q =
o 3D Slicer 4.8.1

&3 |Modules: | Editor = O EVO® e 5 2@t~ fa S il = N
- Y & ¢ R: 1.500mm

@ 3DSlicer

» Help & Acknowledgement

¥ #ue Select the DrawEffect tool

v Create anc

4

Master Volume: |fa

4

Merge Volume: | fa-label

» Per-Structure Volumes

v Edit Selected Label Map

R|B| |4 x| B = || EE 6 E
_
w88 eTETE 0 (|©

Undo/Redo: « v
Active Tool: DrawEffect
Label: tissue 1 2 [:]
¥ Paint Over -

v Data Probe

Show Zoomed Slice

L
F
B




Diffusion MRI tractography
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Diffusion MRI tractography
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Diffusion MRI tractography
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Step1: 1/0
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Step 2: Seeding parameters
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Step 3: Generate Tracts
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Step 4: Undesirable track removal
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Step 4: Undesirable track removal
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Step 4: Undesirable track removal
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Step 4: Undesirable track removal
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Step 4: Undesirable track removal
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Step 4: Undesirable track removal
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ducial Seeding
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Fiducial Seeding
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ducial Seeding

@ Slicer File Edit View Help 33 |54 8 o s58%xm) B Tue1:48 AM FanzZhang Q =
Modules: . | 4 Tractography Seeding Select the module Markups

All Modules &

Z Annotations

(‘2 Slicer k= Data
~ DataStore
{84
» Help & Acknowledgement 3 DICOM

/. Editor

arkup:

» Parameters Node

View Controllers

- =

Input Fiducials, Model or Label M @ Volume Rendering
&

&

@ Models
v 10
1 fa Scene Views
Input DTI Volume | dti 4 Segment Editor
Output Fiber Bundle | corpusCall¢ % Segmentations
~ Seeding | 4= Transforms

Seeding Label Value 1 Volumes

Seed Spacing (mm) |\ Welcome to Slicer

Use Index Space v Wizards »
Random Grid Informatics >
Fiducial Seeding Registration ’
. Segmentation » i
v Tractography Parameters |  Quantification ’ [=1 R 50 $:0.000mm [~ Y & e R:1.500mm |8 G 5 A:1.500mm
Threshold Type Frz ~ Diffusion d :
1 IGT »
Seeding Threshold === Filtering , /030 =
Stopping Threshold == Converters »||0.25 =
Integration Step Length (mm) =& Surface Modsls > |[0.500mm |2
| Endoscopy v
» Advanced Options Utilities »
Developer Tools »
Legacy »
. N
~ Data Probe MultiVolume Support
Show Zoomed Slice
L y . -
F ) ) 100%) L: fa-la...100
B B: fa




iducial Seeding
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Conclusion

This tutorial guided you
through the different
steps of a Diffusion MR
analysis pipeline, from
tensor estimation to 3D
tracts visualization, for
exploring and studying
the 3D architecture of
the brain white matter.
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