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• Diffusion Tensor Imaging (DTI)

– How do we image diffusion with MRI?

• Applications and Signal Processing

– What is done with tensor information?
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Overview
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Introduction
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Introduction
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Introduction
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Diffusion

Diffusion of Spins in MRI
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Diffusion

In a viscous medium: 

Location Probability

Diffusion of Spheres

Note: Diffusivity of Free Water ~2 x 10-3 mm2/s

Time
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Diffusion

High Permeability Membranes

Jonathan Farrell
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Diffusion

Low Permeability Membranes

Jonathan Farrell

• Approximate a biological 
fiber as a impermeable 
cylindrical diffusion barrier
– Unrestricted diffusion along 

the fiber axis

– Symmetrically restricted 
diffusion perpendicular to 
the fiber axis
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Diffusion

Restricted Diffusion in Cylindrical Geometry, Soderman O.; Jonsson B., Journal 
of Magnetic Resonance, Series A, November 1995, vol. 117, no. 1, pp. 94-97(4)

Orientational diffusion reflects fiber structure within a voxel , von dem H; 

Henkelman RM., Magn Reson Med. 2002 Sep;48(3):454-9. 

• Multi-compartment 

sources of signal:

– Intra-axonal 

– Myelin 

– Extra-cellular 

– Intra-glia

• All of the above!

– And Exchange!
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Diffusion
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MRI

Hopefully a review…
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• Transverse magnetization shown in a rotating frame of 

reference
– Precession at the mean Larmor frequency (ω = γ B0) is 

represented by a vertical arrow

• Local effective fields are non-uniform: T2* effects

– Slow spins rotate counter-clockwise

– Fast spins rotate clock-wise
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MRI

T0 T1 T2
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MRI
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MRI
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MRI
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MRI
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Data

Anatomy

In general, we don’t know 
the fiber orientation to start 
with.

So acquire DWIs in many 
directions

ADCxx

ADCyy
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MRI

Weighting 
Factor

Diffusion 
Time

Number 
of Spins

Probability of Motion
“Propagator”

Phase Change Due to Motion from r to r0

Note (units: 1/length):

r0 r

Sum over 
Volume and

Motion
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MRI

Note (units: time/length2) :

b-value
Diffusion 

Tensor

Gradient
Orientation
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MRI

Observe: Sg/S0 � �

Estimate
D

• Diffusion weighting gradients sensitize 
spin-echo MRI to motion

• Coherent motion results in phase changes 

(not magnitude changes)

• Incoherent motion (diffusion) results in 
decreased magnitude

• Estimate diffusion properties from 

observed signal attenuation
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MRI

D1

D3

D2
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Tensors

x

y

z

v1

v2
v3

θ1

θ2

θ3

3-D Gaussian Diffusion - Allowing for Anisotropy
6 Degrees of Freedom

Notation
D1 = λ
D2 = λ
D3 = λ
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Tensors

Diffusion Peanut
Distance from the 
origin represents 
apparent diffusivity in 

each orientation

Diffusion Ellipsoid
Surface is an 
isosurface of the 
probability of diffusion

Diffusion Box
Length of edges 
represents the 
diffusivity along the 

principle axes

λ = 2.5, λ = λ = 1
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• Observed signal is averaged over MANY 
cells and compartments. 

• Average of many measurements from 

fixed distributions tends to a Gaussian.

• Empirically, Gaussians tends to fit well.
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Tensors

• “Crossing fibers”

– Intra-voxel “diffusion compartments” show 
strong structure

• Multi-level experiments (e.g., time)

– Multiple compartments with different T2

– Exchange between compartments

– Very long or very short diffusion times

• Tradeoff: Specificity versus Sensitivity 

November 29, 2008 Medical Image Analysis 26

Tensors
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Data

Set of Diffusion 

Weighting Directions

(“scheme”)

Reference Diffusion 

Weighted
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Data

Regression

(Linear?!?)
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Data

2           2                 2
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Data



6

November 29, 2008 Medical Image Analysis 31

Data
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Data

Magnitude Images Motion Corrected Tensors

Ref.
(b0)

Diff. Weighted
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Data

• Diffusion weighting is 
specified relative to the 
volume, not the anatomy

• Registration corrects for 

subject motion

• One must correctly 

interpret the weighting 

factors after registration
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Data
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Part II

Dxx Dxy Dxz

Dyy Dyz

Dzz
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Tensors

• Contrasts

• Fiber Tracking 

• Interpolation

• Estimation: Revisited
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Contrasts

λ1

λ3

λ2

x

y

z

v1

v2
v3

θ1

θ2

θ3
Eigenvalues = Diffusivities
Eigenvectors = Orientation

• “Apparent diffusion 

coefficient” varies by 
direction: ADCg

• Need an “invariant” metric

• Solution: 

– Mean Diffusivity 

– Apparent Diffusion 

Coefficient

– Tensor Trace
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Contrasts

• First Metrics

– Ratios” of Eigenvalues

– Sorting Problem

• Invariant Metrics

– Fractional Anisotropy

– Relative Anisotropy

– Lattice Index
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Contrasts

λ1

λ

λ3
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Contrasts

FA
Fractional Anisotropy

MD (ADC)
Mean Diffusivity
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Contrasts
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Contrasts

+ =

• Mean diffusivity?

• Fractional anisotropy?

• When can we get away with fewer than 
6+1 observations? Would we want to?
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Contrasts
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Tracking

S. Mori and J. Zhang (2006) Principles of Diffusion Tensor Imaging and Its Applications to Basic 
Neuroscience Research. Neuron 51, 527–539

• Probabilistic tracking

• Fiber “sampling”

• Wave front 
propagation

• Non-tensor tracking

• Connectivity strength 
assessment

• Cluster analysis
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Tracking
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Interpolation

Linear: 

f T1+(1-f) T2

Riemannian: 

T1
1/2(T1

-1/2T2T1
-1/2 )fT1

1/2

Log-Euclidean: 

exp[ f log(T1)+(1-f) log(T2)]

Geodesic-Loxodrome

G. Kindlmann, et. al., (2007) “Geodesic-Loxodromes for Diffusion Tensor Interpolation and Difference 
Measurement”. MICCAI. 
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Interpolation

250x Faster than Geodesic-Loxodromes

(work in progress)
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• Linear regression is a Maximum Likelihood 
(ML) method when the errors are i.i.d. 
Gaussian

• Weighted linear regression (WLS) is ML 
when the errors are Gaussian with unequal 
variance

• Do we know what how the errors are 
distributed?
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Estimation: Revisited
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Aligned 

With 
DW Direction

Aligned 

Against 
DW Direction

200 Simulated Estimates Superimposed

Estimation: Revisited

Variable Shape (FA)

Variable Orientation (PEV)

Blurry 
Poles

Blurry All 
Over
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σσσσFA(PE6)

σσσσFA(Jones 30)

σσσσFA(PE6) - σσσσFA(Jones 30) 

Estimation: Revisited
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Correlated
Spatially

Correlated

Artifacts!

Estimation: Revisited
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Estimation: Revisited

Diffusion Images i.i.d.
Spatially Correlated

Diffusion Images i.i.d.
Spatially Correlated
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Estimation: Revisited

8 Unknowns 
Reference Signal (x 1)

Noise Level (x 1)
Tensor Coefficients (x 6)

Neglect Artifacts

Stejskal-Tanner Model
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Results

Correctly Correctly InitializedInitialized NoiseNoise Incorrectly Initialized Noise (Incorrectly Initialized Noise (±±20%)20%)

Bimodal behavior 
Above 20:1 SNR:

Below 20:1 SNR:
Degraded performance

Tensor Type ∆∆∆∆ MSE

Isotropic (CSF) 4.4±1.7%

Low FA (GM) 6.9±1.1%

Moderate FA (WM) 20.3±1.3%

High FA (WM) 33.3±1.7%

Bimodal behavior 
Above 25:1 SNR:

Below 25:1 SNR:
Degraded performance

Tensor Type ∆∆∆∆ MSE

Isotropic (CSF) -2.1±3.1%

Low FA (GM) 4.4±0.9%

Moderate FA (WM) 19.8±1.2%

High FA (WM) 33.1±1.5%

SNR in clinical reference images is ~40:1 
(2.5 mm isotropic – brain - 1.5T)
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Estimation: Revisited
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• My Research Interests

– Design of diffusion weighting 
protocols for spinal cord, 

musculoskeletal and brain 
imaging 

– Statistical estimation in diffusion 

weighted MRI

– non-Gaussian diffusion with 
protocols using many diffusion 
weighting directions
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