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Goals:

e To provide an introduction to diffusion
MRI.

e To Introduce some themes and subjects
covered by others.

e To raise open guestions and Issues that
we should all try to address during the
course of this Workshop.



Clinical Applications
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my, Degeneration




Neuroscience Applications
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FREE NUCLEAR INDUCTION

By E. L. Hahn

Another influence which destroys the phase memory
of precession is that due to the self diffusion of mole-
cules which contain resonant nuclei. Since there is an
established gradient of the magnetic field over the vol-
ume of the sample, a molecule whose nuclear moment
has been flipped initially in a field H,y, may, in the
course of time 2r, drift by Brownian motion into a
randomly differing field H, Therefore, as r is in-
creased, a lesser number of moments participate in the
generation of in-phase nuclear radio-frequency signals.
The theory of the diffusion effect can be incorporated
into the nuclear equations, and a useful expression is
obtained by which the self-diffusion coefficient of mole-
cules can be measured from the plotted envelope curve
and known parameters.

Physics Today, p. 4-9, 1953



“Gold Standard”
for Diffusion Measurement

“All methods for measurement of diffusion depend
on somehow f‘labelling’ molecules. To the extent
that the ‘label’ has a negligible effect on the
diffusion process itself, a method may be said to
truly the ‘self-diffusion’ constant. In the method
here described a molecule is In effect labelled by
the direction of the nuclear magnetic moment it
carries; a more innocuous label would be difficult
to imagine”.

HY Carr, EM Purcell (1954). Effects of diffusion on free precession in
nuclear magnetic resonance experiments. Phys. Rev. 94(3): 630-638.



Stejskal & Tanner
Pulsed-Gradient Spin Echo (PGSE)
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EO Stejskal, JE Tanner, Spin Diffusion Measurements: Spin Echoes in the
Presence of a Time-dependent Field Gradient, J. Chem. Phys., 42: 288-292,
1965
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Spin Diffusion Measurements: Spin Echoes in the Presence of a Time-Dependent
Field Gradient*

E. O. S1zsrant ano J, E. TANNER
Deparimeni of Chemistry, University of Wisconsin, Madison, Wisconsin
{Received 20 July 1964)
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Fic. 1. Effect of the pulsed gradient on the echo amplitude,
as ohserved in several aqueous CuS(); solutions at 25.5°:4+0.5°C.
(See Table I {or an identification of the symbols used.)



Conception of Diffusion MR

“The basic zeugmatographic [MRI] principle

permits the generation of 2- and 3-
dimensional Images displaying chemical
compositionsdiffusion coefficientsand other
properties of objects measurable by [NMR]
spectroscopic techniques”.

Lauterbur PClImage formation by induced local interactions:
examples employing nuclear magnetic resonaridature
1973; 242:191-192.



Invest Radiol, 1984;19(6):484-490.

Invest Radiol, 1984;19(6):491-498.

G= PULSED GRADIENT IN GAUSS M

Fig. 3. MRI spin echo images of the fluids at varying values of
the slice-selective gradient. Notice that the acetone relative image
intensity decreases greater than other samples with increasing gra-
dient, a qualitative indication of fast molecular seli-diffusion.



DIFFUSION WEIGHTED

Spin Echo NMR Seguence

Stejskal & Tanner, 1965
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ect of Diffusion Gradient Directions
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DM DWI Modeling & Region of Segmentation, Average Brain Tracking,
Acquisitiom Registration Statistics Interest Analysis Clustering and Atlasing Connectivity

 What experimental design (i.e, set of diffusioadjent
directions and strengths) is appropriate or opttmal

e That depends on the

— clinical or biological question asked
o Stroke?
» Connectivity / tractography study?

— scanner hardware and sequences used
« SNR
» Peak gradient strength, slew rate, etc

— model being used
« DTI

Multi-tensor

Q-ball

DSI




DM DWI Modeling & Region of Segmentation, Average Brain Tracking,
Acquisitiom Registration Statistics Interest Analysis Clustering and Atlasing Connectivity

How do you eliminate outliers In
DWI data?

e M-estimator
e« RESTORE
e |somap



DWI DWI Modeling & Region of Segmentation, Average Brain Tracking,
Acqwsmon Reglstratlon Statistics Interest Analysis Clustering and Atlasing Connectivity

How do yOou co-register
DWI brain volumes?

e Must correct for various effects and artifacts:

— Systematic Errors
« Eddy current induced distortion (particularly iR
» Susceptibility variation induced distortion angrsal dropout

— Physiological motion
« Cardiac
* Respiratory
» Gross and fine scale rigid and non-rigid motion

— MR Physics

 Different gradient directions and strengths praddiferent signal
Intensities

» Registration is challenging when diffusion sensitetion is high!
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What diffusion models can
one choose among?

o Parametric Models
— DTI
— Multi-tensor
— Tensor distribution

— CHARMED
» AxCaliber

— GDTI

 Non-parametric Models
— “k and g-space MRI” or DSI
— (-ball MRI
— PAS-MRI
— DOT
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Example: Estimating a DT In each
voxel from co-registered DWIs

e Minimize
— Log Likelihood Function (Gaussiang=
— Log Likelihood Function (Rician)

— Functional containing a data fidelity term,
regularization and constraints (e.g., positive
definiteness)




DWI N DWI Medeling & Region of Segmentation, Average Brain Tracking,
Acquisition Registration Statistics; Interest Analysis Clustering and Atlasing Connectivity

On whatmanifolddo estimated
model parameters reside?

What Is the appropriat@etricto
measure the distance between
these estimated model parameters?



DWI ) DWI Medeling & Region of Segmentation, Average Brain Tracking,
Acquisition Registration Statistics; Interest Analysis Clustering and Atlasing Connectivity

Is there a parametric statistical
distribution that characterizes the
variability of estimated model
parameters in each voxel?
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Example: What parametric
statistical distribution (if any)

characterizes the variablility of
estimated DTs in each voxel?

e Multi-variate Normal
 Tensor-variate Normal
 Riemannian Normal

e Tensor Log-Normal



DWI N DWI Medeling & Region of Segmentation, Average Brain Tracking,
Acquisition Registration Statistics; Interest Analysis Clustering and Atlasing Connectivity

Example: What metric is appropriate
to measure the distance between
DTs In the same voxel?

e Euclidean
* Log-Euclidean
 Riemannian
 Empirical

— Isomap

— LLE
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Does one metric fit all
l[applications]?

 Intravoxel variability?
 Intervoxel or spatial variability?

o Context dependent metrics
— Isomap

“One size fits all?”



DWiI N DWI Modeling & Regiom off Segmentation, Average Brain Tracking,
Acquisition Registration Statistics Interest Analysis; Clustering and Atlasing Connectivity

How do you compute an average
DT within an ROI?

e That depends on what manifold the DT
resides and what metric you use to measure
distances:

— Euclidean norm -> Arithmetic Mean

— Riemannian norm -> Geometric Mean
— Log Euclidean norm

— Isomap
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How do you segment different
tissues (e.q., gray matter, white
matter and CSF)?

 What DWI derived features do you use?

e \What procedures are most accurate and
robust?
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How do you cluster tissue Into
distinct anatomical ROls, e.q.,
collecting white matter fascicles
Into large pathways?



DWI N DWI Diffusion Region of Segmentation, Averiage Braim Tracking,
Acquisition Registration Modeling Interest Analysis Clustering and Atlasing Connectivity

How Is DT data co-registered In a
multi-subject or multi-site study?

 What features to use (tract-based,
GM/WM/CSF, shape/orientation, tensors)

e \What metrics to use (feature-based, tensor-
based)

 How do you validate different algorithms
(full-tensor, scalar-based, multi-channel)



DWI N DWI Modeling & Region of Segmentation, Average Braim Tracking,
Acquisition Registration Statistics Interest Analysis Clustering and Atlasing Connectivity

What is an average brain?

How do you construct one?



DWI N DWI Modeling & Region of Segmentation, Average Braim Tracking,
Acquisition Registration Statistics Interest Analysis Clustering and Atlasing Connectivity

How do you construct a brain atlas
with DWI data?

How do you validate your
structural assignments?



DWI N DWI Diffusion Region of Segmentation, Average Brain Tracking,,
Acquisition Registration Modeling Interest Analysis Clustering and Atlasing Comnectivity

How do you track fascicles and
white matter pathways?

e Streamline Tractography

* Probabillistic Tractography

e DTI vs. higher-order diffusion models
e Geodesic tract following




DWI N DWI Diffusion Region of Segmentation, Average Brain Tracking,,
Acquisition Registration Modeling Interest Analysis Clustering and Atlasing Comnectivity

Questions about tracking

 How can different tracking methods be
compared and validated?

— Can we detect and correct false positives?
— Can we detect and correct false negatives?
e Can we ever establish anatomic

connectivity between different brain regions
by using DWI tractography data?



Quality Assurance (QA)

 DWI Phantom
— |Isotropic vs anisotropic?
— Living vs inert?

« DWI Processing Pipeline
— Numerical phantoms
— Synthetic data

e Depends on the study type and goals
— Single subject
— Longitudinal
— Inter-subject
— Basic research



Take-Home Messages

* A goal of DWI data collection Is to enable

high quality clinical and basic neuroscience
findings to be made.

« Maintaining the integrity of the DWI

pipeline is critical for these findings to be
robust and reliable.



Thanks to

Rachid Deriche (INRIA) Ofer Pasternak (Tel Aviv U)
Raisa Freidlin (CIT) Carlo Pierpaoli (NICHD)
Guan Koay (NICHD) Joelle Sarlls (NICHD)

Maher Moakher (U. Tunesia) Ragini Verma (U Penn)
Uri Nevo (NICHD/Tel Aviv U) C-F Westin (Harvard)
Evren Ozarslan (NICHD)

uickTime™ and a [] []
TIFF (Uncompressed ) decompressor .
eeeeeeeeeeeeeeeeeeeeeeeeee Iltt //Stbb IIICIId ||||| OV/
[ ] [ ] [ ] [ ]






