
Lecture 15 
Fiber Tract Mapping



Principal Eigenvectors



Fiber Orientation

Aligned fibers in the corpus callosum

The Gateway to Connectivity!



Streamline based tractography

Flow vector field

principal direction

Estimated orientation

“tractography”

High FA Low FA



Deterministic methods

1. Connect voxels (Conturo)
2. FACT (Mori,DTI Studio)
3. Path integral (Basser, Tuch)
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Connect voxels 
(Conturo, 1999 PNAS)

Connect-the-Voxels
(Conturo et al., 1999; PNAS)

• Super-samples the tensor field 

(e.g., resample from 2.5 mm 

to 0.5mm)

• Bi-directionally follow voxels in 

PDD direction (on the grid)

• Stopping rule:  Tensor 

anisotropy becomes small.

0.5 mm super-sampled data

Resample tensor 
(eg from 2.5mm to .5mm)

Follow voxel in direction 
of PEV (both directions)

Stop when FA low
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Fiber Assignment by Continuous Tracking (FACT)
(Mori 1999)

Start at seed and follow 
PEV until hit edge of voxel

Move to next voxel tensor, 
repeat

Interpolate between data points

Fiber Assignment by Continuous Tracking 

(FACT; Mori et al., 1999)

y Mori et al. (1999). Three-Dimensional Tracking of 
Axonal Projections in the Brain by Magnetic Resonance 
Imaging. Annals of Neurology.

y Xue et al. (1999) In Vivo Three-Dimensional 
Reconstruction of Rat Brain Axonal Projections by 
Diffusion Tensor Imaging. MRM.

• Starting in a seed voxel, step in 

PDD until voxel edge

• Use tensor from the next voxel

• Continue in PDD until the next 

edge (variable step size)

• Paths fall between data samples; 

separates tensor sampling 

resolution and path resolution

Critique of Connect-the-voxels



Fiber Assignment by Continuous Tracking (FACT)

Discrete: 
voxel connected to adjacent 

one to which it “points”

Continuous Linear:
Line is propagated

Continuous Non-linear:
Line is weighted by distanced weighted

average of the surrounding vectors

Mori & Van Zijl, NMR Biomed 2002
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Fiber Assignment by Continuous Tracking 
(FACT; Mori et al., 1999)

y Mori et al. (1999). Three-Dimensional Tracking of 
Axonal Projections in the Brain by Magnetic Resonance 
Imaging. Annals of Neurology.

y Xue et al. (1999) In Vivo Three-Dimensional 
Reconstruction of Rat Brain Axonal Projections by 
Diffusion Tensor Imaging. MRM.

• Starting in a seed voxel, step in 
PDD until voxel edge

• Use tensor from the next voxel
• Continue in PDD until the next 

edge (variable step size)
• Paths fall between data samples; 

separates tensor sampling 
resolution and path resolution

Modified algorithm



FACT

Mori & Zhang, Neuron 2006



Path Integral method
(Basser 2000)

PEV direction is considered 
to be path tangent



Tracing the Principal Eigenvectors



Streamlines

Flow vector field Principal eigenvector field



Streamlines

Flow vector field Principal eigenvector field



Streamlines

Path traced by a massless particle in a velocity vector field

R. Unterhinninghofen, et. al.



Streamlines

�1(r1)

�1(r0)

�1(r2)

�1(r3)

r3

r2

r1

r0

r4
Termination criterion:

1. Minimum FA
2. Maximum curvature
3. Maximum fiber length
4. Specified final point

Constant step size
(typically 0.5 voxels)



Streamlines

1. Deterministic 
2. Integration of principal eigenvector
3. Requires only diffusion tensor D but 
does not depend on underlying model for 
diffusion (i.e., can be any type of fiber)



Streamline Tractography

dr(s)
ds

= t(s)

r(s) = trajectory

s = arc length

t(s) = tangent to r(s) at s

Assert:  Principal eigenvector lies in direction of tangent

Space curves (Basser, et. al.)



Streamline Tractography

Assertion: Principal eigenvector e1 lies
in the direction of the tangent t(s)

t(s) = e1(r(s))



Streamline Tractography

dr(s)
ds

= t(s)

dr(s)
ds

= e1(r(s))

can then be written



Streamline Tractography

dr(s)
ds

= e1(r(s))

r(0) = ro

t(s) = e1(r(s))

Solve for r(s) with initial condition



Euler’s Method

dr(s)
ds

= e1(r(s))

Solve for initial conditions

r(0) = ro

t(s) = e1(r(s))



Streamlines



Streamlines: Trouble Ahead?

crossing fiberspath ambiguity



Tensorlines

vout = D vin

vin

vout

D

Fiber direction is deflected by tensor 
in direction of principal eigenvector

Taking into account regions of low FA



Tensorlines

from Mori  & Zhang
spherical - no deflection

highly anisotropic - large deflection



Anisotropy Indices



Anisotropy Indices

Westin, et. al.

cl =
�1 � �2

�1 + �2 + �3
linear

cs =
3�3

�1 + �2 + �3
spherical

cp =
2(�2 � �3)

�1 + �2 + �3
planar



Tensorlines

Weinstein, et. al.

Weighted average of tensor deflected vectors

vnew = clv1 + (1� cl)ṽ

vout = D vin

ṽ = fvin + (1� f)vout , 0 ⇥ f ⇥ 1



Tensor interpolation
Tensor data

from Wandell

Start the path in the PDD at a seed
Many seeds will be used



Tensor interpolation

from Wandell

Interpolate a new tensor at path endpoint

interpolate new tensor at endpoint ...



Tensor interpolation

from Wandell

Take next step based on interpolationRepeat until termination condition

interpolation ... repeat...



Termination

from Wandell

Terminates for angle Terminates for isotropy

angle anisotropy



Tensorlines

Weinstein, et. al.



Tensorlines

Weinstein, et. al.



Validation

Figure 6. Four viewing angles 
show 3D depictions of callosal 
fibers. A, Anterior view; B, left 
lateral view; C, superior view; D, 
oblique view from right anterior 
angle. Corticocortical
connections through corpus 
callosum (cc) are magenta. 
Subset of the tracts that project 
to temporal lobe (tapetum) are 
pink. 
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Occipital seedsFT Estimates from left occipital seeds
(Dougherty et al., PNAS, 2005)

Dougherty PNAS 2005



Left occipital seeds

Dougherty PNAS 2005

FTs from left occipital that pass through CCSame calculation using right hemisphere dataRight occipital seeds

Tracking through corpus callosum



Probabilistic tractography

• Take into account the uncertainty of fiber orientation
• Allows multiple paths
• Schemes based on
- Regularized stochastic models
- Linear state space models
- Bending energy models
- Monte-Carlo methods 



Probabilistic tractography

Assume partial volume model for voxels:
Some fraction f gray matter (isotropic) diffusion and

the remaining fraction (1-f) is white matter 
(anisotropic) diffusion  

s(bi)
s(0)

= fe�bid + (1� f)e�biD̃

D̃ = RD�Rtwhere

FSL’s FDT (Behren’s et. al.)



Probabilistic tractography

s(bi)
s(0)

= fe�bid + (1� f)e�biD̃

D̃ = RD�Rt

D� =

�

⇤
d 0 0
0 0 0
0 0 0

⇥

⌅ NOT the diffusion
tensor model!

Only models diffusion along fiber direction



Probabilistic tractography

Behrens, et. al.

s(bi)
s(0)

= fe�bid + (1� f)e�biD̃

D̃ = RD�Rt

D� =

�

⇤
d 0 0
0 0 0
0 0 0

⇥

⌅

assumes same d!



Probabilistic tractography

Behrens, et. al.

s(bi)
s(0)

= fe�bid + (1� f)e�bidÃ

Ã = RARt

A =

�

⇤
1 0 0
0 0 0
0 0 0

⇥

⌅



Probabilistic tractography

Behrens, et. al.

P (y|�, M) =
n�

i=1

P (yi|�, M)

y = {y1, y2, . . . , yn}

P (yi|⇥, M) � N(µi, ⇤)

signal model parameters: ⇥ = {�,⌅, d, ⇤, f, so}



Probabilistic tractography

Bayes’ Theorem

P (�|y, M) =
P (y|�, M)P (�|M)�

� P (y|�, M)P (�|M)d�

P (�|y, M) = joint distribution of the parameters �

P (�|M) = prior distribution of the parameters �

Seek maximum posterior probability of parameters



Probabilistic tractography

Generation of connected regions

Dyrby, NeuroImage 37 (4) 2007



Probabilistic tractography

Seeding with constrains on path

Dyrby, NeuroImage 37 (4) 2007



Probabilistic tractography

Reproducibility
Dyrby, NeuroImage 37 (4) 2007



Probabilistic tractography

Multifiber

Behrens, NeuroImage 37 (4) 2007



Probabilistic tractography

Advantages

1.  Can represent uncertainty in fiber direction
so can go in many directions
2.  Robust to noise.  Tracks along “noisy” paths tend
to be of low probability and so disperse.

These have the effect of reducing the importance
of curvature and anisotropy stopping criteria



Probabilistic tractography

Interpretation:

Connectivity PDF is not distribution of connections
from a seed point.

It is confidence bounds on location of most probable 
single connection



DSI Studio



Track density imaging

3D presentation of the ODFs in Matlab 



Track density imaging

3D presentation of the ODFs in Matlab 



DSI Studio



Track density imaging



The challenge



Overview of synthetic data set



Summary of teams and tractography pipeline setups



Tractography identifies most of the ground truth bundles, 
but not their full extent



Between-group differences in tractography reconstructions 
of VBs and IBs



Overview of VBs and IBs and examples of invalid streamline clusters



Tractography on ground truth directions with no noise 
still affected by IB problem



Ambiguous correspondences between diffusion directions 
and fiber geometry



Bottlenecks and the fundamental ill-posed nature of tractography



Is this correct??

Data: M. Tyszka, CalTech
DTI in Mustelus henlei @ 9.4T


