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Goals:

• To provide an introduction to diffusion 
MRI.

• To introduce some themes and subjects 
covered by others.

• To raise open questions and issues that 
we should all try to address during the 
course of this Workshop. 



• Aging

• Alcoholism
• ALS

• Alzheimer’s Disease
• Autism

• Chemical Surgery
• Development

• Dyslexia
• Epilepsy

• HIV

Clinical Applications

• Leukoaraiosis

• Multiple Sclerosis
• Neurosurgical 

Planning
• Parkinson’s Disease
• Schizophrenia

• Stroke
• Tumors

• Wallerian   
Degeneration

• …



• Anatomical 
Connectivity

• Functional 
Connectivity

• Comparative 
Neuroanatomy

• Parcellation of 
Cortical Gray Matter

• Neuroanatomical 
Basis for Behavior

Neuroscience Applications

• Normal and 
Abnormal Brain 
Development

• Knock-in and 
Knock-out Animal 
Models

• Drug and Alcohol 
Effects on the Brain

• “Functional” 
Diffusion MRI

• …



Physics Today, p. 4-9, 1953



“Gold Standard”
for Diffusion Measurement

“All methods for measurement of diffusion depend 
on somehow ‘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)

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



Stejskal and Tanner (‘65)

Did Stejskal and
Tanner err by not 
imposing the
positivity constraint, 
i.e.,  that D > 0 ?

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.



Conception of Diffusion MRI

“The basic zeugmatographic [MRI] principle 
… permits the generation of 2- and 3-
dimensional images displaying chemical 
compositions, diffusion coefficients, and other 
properties of objects measurable by [NMR] 
spectroscopic techniques”.

Lauterbur PC. Image formation by induced local interactions: 
examples employing nuclear magnetic resonance. Nature 
1973; 242:191-192.



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

Invest Radiol, 1984;19(6):484-490.
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Effect of Diffusion Gradient Directions
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DWI Acquisition
• What experimental design (i.e, set of diffusion gradient 

directions and strengths) is appropriate or optimal? 
• That depends on the

– clinical or biological question asked
• 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
• …
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How do you eliminate outliers in 
DWI data?

• M-estimator
• RESTORE
• Isomap
• …
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How do you co-register
DWI brain volumes?

• Must correct for various effects and artifacts:
– Systematic Errors

• Eddy current induced distortion (particularly in EPI)
• Susceptibility variation induced distortion and signal dropout

– Physiological motion
• Cardiac
• Respiratory
• Gross and fine scale rigid and non-rigid motion

– MR Physics
• Different gradient directions and strengths produce different signal 

intensities
• Registration is challenging when diffusion sensitization is high!
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What diffusion models can
one choose among?

• Parametric Models
– DTI
– Multi-tensor
– Tensor distribution
– CHARMED

• AxCaliber

– GDTI

• Non-parametric Models
– “k and q-space MRI” or DSI
– q-ball MRI
– PAS-MRI
– DOT
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Example: Estimating a DT in each 
voxel from co-registered DWIs

• Minimize
– Log Likelihood Function (Gaussian) -c2

– Log Likelihood Function (Rician)
– Functional containing a data fidelity term, 

regularization and constraints (e.g., positive 
definiteness)

…
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What is the appropriate metricto 
measure the distance between 

these estimated model parameters?

On what manifolddo estimated 
model parameters reside?
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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 variability of 
estimated DTs in each voxel?

• Multi-variate Normal
• Tensor-variate Normal
• Riemannian Normal
• Tensor Log-Normal
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Example: What metric is appropriate
to measure the distance between 

DTs in the same voxel?

• Euclidean
• Log-Euclidean
• Riemannian
• Empirical

– Isomap

– LLE

DWI
Acquisition

DWI
Registration

Modeling &
Statistics

Modeling &
Statistics

Region of
Interest Analysis

Average Brain
and Atlasing

Tracking,
Connectivity

Segmentation,
Clustering



Does one metric fit all 
[applications]?

• Intravoxel variability?
• Intervoxel or spatial variability?
• Context dependent metrics

– Isomap

– …
QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.
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How do you compute an average 
DT within an ROI?

• 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.g., gray matter, white 

matter and CSF)?
• What DWI derived features do you use?
• What procedures are most accurate and 

robust?
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How do you cluster tissue into 
distinct anatomical ROIs, e.g., 

collecting white matter fascicles 
into large pathways?
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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)

• What metrics to use (feature-based, tensor-
based)

• How do you validate different algorithms 
(full-tensor, scalar-based, multi-channel)
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What is an average brain?
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How do you construct a brain atlas 
with DWI data?

How do you validate your
structural assignments?
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How do you track fascicles and 
white matter pathways?

• Streamline Tractography
• Probabilistic Tractography
• DTI vs. higher-order diffusion models
• Geodesic tract following
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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?

• Can we ever establish anatomic 
connectivity between different brain regions 
by using DWI tractography data?
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Quality Assurance (QA)

• DWI Phantom
– Isotropic vs anisotropic?
– Living vs inert?

• DWI Processing Pipeline 
– Numerical phantoms
– Synthetic data

• Depends on the study type and goals
– Single subject
– Longitudinal
– Inter-subject
– Basic research
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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.
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