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Brain White & Gray Matter 

UNC CS: Network 
cabinet 

CPU’s 
Network 

Fields, Scientific American, 2008  
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Diffusion Tensor Imaging (DT MRI) 
reveals White Matter Structure 

Gray matter 

White matter 
Susumu Mori, JHU 

DT MRI 
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Diffusion in Biological 
Tissue 

•  Brownian motion of water through tissue 

•  Anisotropy: diffusion rate depends on direction 
isotropic anisotropic 

G. Kindlmann 

Kleenex Newspaper 
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Myelin sheet	
 Nodes of Ranvier	


Main diffusion direction	


Diffusion in White Matter 
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•  Reflects the underlying structure of the tissues 
–  Water diffusion anisotropy to track fibers, estimate white matter integrity 
–  Faster diffusion along fibers than perpendicular to them  

–  DTI measures diffusion along a gradient 

From Beaulieu[02] 
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The Physics of Diffusion 
•  Density of substance changes 

(evolves) over time according to a 
differential equation (PDE) 

Change in 
density Derivatives 

(gradients) in 
space 

Diffusion – matrix, 
Tensor 

(2x2 or 3x3) 
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Solutions of the Diffusion Equation 

•  Simple assumptions 
–  Small dot of a substance (point) 
–  D constant everywhere in space 

•  Solution is a multivariate Gaussian 
–  Normal distribution 
–  “D” plays the role of the covariance matrix 

•  This relationship is not a coincidence  
–  Probabilistic models of diffusion (random walk) 
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Tensors: Eigen Directions and 
Values (Principle Directions) 

λ1 
λ2 

λ3 

v3 

v2 

v1 

v1 

v2 

λ2 
λ1 
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Tensors From DW-MRI 
•  Diffusion weighted images 
•  Tensor: Big assumption 

–  voxel scale of DW-MRI: 2x2x2mm => 100,000+ axons 
–  Diffusion of water is approximated by Gaussian 

•  Stejskal-Tanner equation 
–  Relationship between the DW images and tensor D 

kth DW Image Base image Gradient direction 

Physical constants 
Strength of gradient 
Duration of gradient 
pulse 
Read-out time 
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DWI summary: Model 
Single Tensor Model (Basser 1994) 

A0 

gi 

Ai 

D 

Dxx Dxy Dxz 

Dyy Dyz 

Dzz 

Tensor 
estimation 
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Shape Measures on 
Tensors 

•  Represent or visualization shape 
•  Quanitfy meaningful aspect of shape 
•  Shape vs size 

Different sizes/orientations Different shapes 
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Measuring Tensor “Size” 
•  Length: (1) (λ1 + λ2 + λ3)/3  

             (2) (λ1
2 + λ2

2
 + λ3

2)1/2 
•  Area – (λ1 λ2 + λ1 λ3 + λ2 λ3) 
•  Volume – (λ1 λ2 λ3) 

(1) Generally used. 
Also called: 

 “Mean diffusivity”  <MD> 
 “Trace” 

(2) Sometimes used. 
Also called: 

 “Root sum of squares” 
 “Diffusion norm” 
 “Frobenius norm” 
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ADC vs Mean Diffusivity 

•  Apparent diffusion coefficient (ADC) measures 
diffusivity in a specific direction. 

•  Mean diffusivity (<MD>) is trace of diffusion tensor. 
•  Terms often not properly used, papers often cite 

ADC but actually mean <MD> 

b0           g1             g2          g3           g4           g5           g6            FA          MD 

ADC in gradient directions Trace 
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Reducing Shape to Scalar Number 
Fractional Anisotropy 

FA increasing Properties: 
• Normalized variance of 
eigenvalues  

• Difference from sphere 
•  Invariant to size 
• FA does not uniquely 
characterize shape 
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Fractional Anisotropy  
(Tensor shape), 0..1 

Mean Diffusion 
(Tensor volume) 

Diffusion Tensor Scalars 

WM/GM 

CSF 

Axial Diffusion  
  

In WM: Diffusion 
parallel to axon 

Radial Diffusion 
  

In WM: Diffusion 
orthogonal to axon 

λ1	


λ2	


λ3	


= λ1 = λ|| =
(λ2 + λ3)

2
= λ⊥
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Example DTI Scalars 
•  DTI (AD/RD) & immunohistochemistry of Wallerian degeneration  
•  Unilateral L2–L4 dorsal axotomy in rat spine column 
•  DTI revealed dorsal lesion extending from lumbar to cervical cord 

AD RD 

3 Days  
after  
axotomy 

17 
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Immunohistochemistry 

18 

AD RD 

Myelin Stain 
Hyperphosphyl. 
Neurofilaments 

FA captures effects, no differentiation 
RD correlates with myelin degeneration  
AD correlates with loss of phosphorylated  
neurofilaments  

 

AD 

RD 
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Visualizing Tensors: 
Direction and Shape 

•  Color mapping 
•  Glyphs 
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•  Principal eigenvector, linear anisotropy determine color 
e1 

R=| e1
.x | 

G=| e1
.y | 

B=| e1
.z | 

Coloring by Principal Diffusion Direction 

C. Pierpaoli, 1997 

Axial Sagittal 

Coronal 

Slide G. Kindlmann 
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Issues With Coloring by 
Direction 

•  Set transparency according to FA (highlight-tracts) 
•  Coordinate system dependent 
•  Primary colors dominate 

–  Perception: saturated colors tend to look more intense 
–  Which direction is “cyan”? 
–  Coloring is not unique 

•  Only for visualization: Do not analyze colors 
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Visualization with Glyphs 
•  Density and placement based on FA or 

detected features 
•  Place ellipsoids on regular grid 
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Backdrop: FA 

Color: RGB(e1) 

G. Kindlmann 
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G. Kindlmann 
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Caution: DWI/DTI QC 
– DTI/DWI noisy, artifact rich => QC needed 

•  Often neglected => Bad data 
•  Correct motion & eddy currents 
•  Reject bad gradients  

– How to automatically detect bad gradient? 
– How much rejection is still okay?  
– Tools: DTIPrep (UNC), Turtoise (NIH) 
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What if bad QC? 
•  JCI 2006, Voss et al Possible axonal 

regrowth in late recovery from the 
minimally conscious state 

•  DTI artifact 
–  No real effect, likely vibration or eddy current 
–  Axonal regrowth/reorganization postulated 

based on low SNR DTI artifacts 

 The Journal of Clinical Investigation   http://www.jci.org   Volume 116   Number 7   July 2006

forced-choice response format. He misidentified his location and 
denied that he had been transported to his current location by air 
48 hours earlier. He indicated that he did not know the current 
year and selected “1984” (the year he was injured) from a list of 
4 alternatives. There were no discernible paraphasic or dysnomic 
errors in conversation and no evidence of alexia on single-word 
reading tasks. Confrontation naming was accurate across 10 con-
secutive trials involving high-frequency items. Phonemic (8 items 
in 60 seconds) and semantic fluency (7 items in 60 seconds) were 
severely impaired due to rapid loss of set, perseverative errors, and 
behavioral disinhibition (e.g., he began making animal noises 
while generating names of animals).

Eighteen months later, at the time of the second DTI scan, 
several areas of neurological improvement were identified. Reas-
sessment of motor functions demonstrated some functional 
recovery of the left upper extremity (i.e., he was able to point 
but could not perform self-care tasks such as using a spoon). He 
remained unable to use the right upper extremity. Most notably, 
both lower extremities, which were paretic on initial evaluation, 
showed improvements in strength to at least 4+/5 on volitional 
movement. He was able to extend both lower extremities when 
flexed at the knee. These movements were poorly controlled and 
tended to occur in a ballistic fashion. He also demonstrated a 
new ability to assume a bridging position in which both legs 

pushed down to elevate the lower back. Cognitively, there was an 
overall increase in baseline arousal accompanied by generalized 
improvement in attentional focus and response persistence. He 
was able to count from 1 to 25 without interruption and com-
pleted a 90-second auditory vigilance, detecting 19 of 30 tar-
gets with 1 false-positive error. Speech intelligibility improved, 
and there was a noticeable decrease in the severity of the logor-
rhea. He remained oriented to person only and again refused to 
accept that he had traveled by plane from his home 24 hours 
earlier. Conversational speech remained free of paraphasic and 
dysnomic errors, there were no errors on confrontation naming 
(20/20), and single-word reading was accurate. Verbal fluency 
was essentially unchanged (trial 1: 8 items in 60 seconds; trial 
2: 4 items). He continued to deny awareness of any physical or 
cognitive problems, typically providing rational but inaccurate 
explanations for the problems he encountered when symptoms 
were elicited on examination.

Case report patient 2. The patient is a 24-year-old male who sus-
tained severe traumatic brain injury in a motor-vehicle accident 6 
years prior to examination with DTI. He remained in a vegetative 
state, as judged by repeated examinations for over a year follow-
ing the injury. Approximately 17 months into the course of the 
patient’s illness, standardized testing identified reliable vertical 
visual pursuit, clear evidence of object manipulation with the left 
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Caution: Good Protocol! 

•  Different sequences 
–  Custom to built-in 

•  Simulation analysis 
–  Same SNR ~ 10 

•  ΔFA: Average error in 
FA (SimFA = 0.4) 

•  ΔPD: Average error in 
local orientation 

•  Non-uniform Philips 
sequence worst 
~50% higher orientation  & 
~75% higher FA error 

(a) (b) (c) 

13.75° 

11.46° 

8.02° 

! PD 

1.5% 

1% 

0.5% 

! FA 

(d) (f) 

(g) (h) (i) 

(e) 

42 dir UNC 30 dir Philips 6 dir (old) 
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Dream: Connectivity? 

Tractography: Coronal view 
Dell’Acqua et al. NeuroImage ‘10 

Source: Duke NeuroAnatomy 
Web Resources (Ch. Hulette) 

Forebrain Fiber Bundles: General idea 
of where various fiber bundles are 
and regions they interconnnect or 
project to. 
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Networking and Brain Connectivity 

Major Fiber 
Tracts extracted 
from DT MRI 

UNC Computer Science: 
Network wire cabinets 
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White Matter Tracts 

•  In tractography fibers are traced, with the aim to visualize white 
matter tracts. 

•  The word “tractography” is not related to “tracking”, but to “tract”. 
•  White matter tract, white matter fasciculus 

Courtesy Carl-Fredrik Westin 
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Fiber Bundles via 
Tractography 

Geng, Gilmore, Gerig, Styner, et al., 2012 
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From Tensors to Connectivity?  

•  Study diffusivity in 3D 
tensor field 

•  Propagate principal 
diffusion direction 
originating at user-
selected seed point 

•  Display paths as 
streamlines 

•  Measurement of FA 
and MD along path 
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DTI Tractography 
Seed point(s) 

Move marker in 
discrete steps 
and find next 
direction 

Direction of 
principle eigen 
value 
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Going Beyond Voxels: 
Tractography 

•  Method for visualization/analysis 
•  Integrate vector field of principle directions 
•  Requires 

–  Seed point(s) 
–  Stopping criteria 

•  FA too low 

•  Directions not aligned (curvature too high) 

•  Neighborhood coherence 

•  Leave region of interest/volume 

•  Many methods have been published during the past 
decade (Basser, Mori, Westin, Vermuri, Kindlmann, 
Lenglet, etc.) 
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The Problem with 
Tractography 
How Can It Work? 

•  Integrals of uncertain quantities are prone to 
error => error accumulation 
–  Problem aggravates by nonlinearities 

•  Related problems 
–  Open loop in controls (tracking) 
–  Dead reckoning in robotics 

Wrong turn 

Nonlinear (crossing fiber): 
bad information about 
where to go 
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Alternative methods for 
tractography 

•  Tracking in tensor field 
•  Probabilistic tractography 
•  Optimal path analysis 
•  Fiber tract by volumetric 

diffusion 
•  Higher order representation 

based tractography Georgia Tech: Opt. Path 
between source & target 
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Diffusion MRI Tractography 

Courtesy Carl-Fredrik Westin 
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Tractography Incorporating 
Uncertainty 

Courtesy of Bruce Pike, MNI 
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Stochastic Tractography 
•  Lazar, Alexander, White Matter Tractography 

using Random Vector (RAVE) Perturbation, 
ISMRM 2002 

•  D. Tuch, Diffusion MRI of complex tissue 
structure, Ph.D. dissertation, Harvard-MIT, 2002 

•  Brun, Westin, Regularized Stochastic White 
Matter Tractography Using Diffusion Tensor 
MRI: Monte Carlo, Sequential Importance 
Sampling and Resampling. MICCAI 2002. 

•  Zhang, Hancock, Goodlett and Gerig, 
Probabilistic White Matter Fiber Tracking 
using Particle Filtering and von Mises-Fisher 
Sampling, Med Image Anal. 2009 Feb;13(1) 

•  FSL: Behrens, Berg, Jbabdi, Rushworth, 
Woolrich, “Probabilistic diffusion tractography 
with multiple fibre orientations: What can we 
gain?,” NeuroImage, vol. 34, no. 1 2007. 

Courtesy Carl-Fredrik Westin 
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Stochastic Tractography 
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Probability of Connection 

Courtesy Carl-Fredrik Westin 
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Probability of Connection 

Courtesy Carl-
Fredrik Westin 
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Brain Evolution Probing via 
Stochastic Tractography 

•  Arcuate fasciculus, 
associated with 
language/expression 
–  Temporal lobe projection 

absent/smaller in non-
human primates 

•  Rilling, 2008 Nature 
Neuroscience 

•  Stochastic tractography 
is used for groups/
populations 

•  Not stable enough for 
individual data 43 
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Word of Caution 

•  Curves and streamlines from tractography are NOT AXONS but 
possible paths in vector/tensor field. 

•  “Fiber counting”, Fiber scientifically questionable. 
•  Do not “blindly” use the word “Connectivity” when applying DTI 
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Break!! 

45 

PhDcomics: Brain on a stick 
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Limitation of Tractograpy: Infer 
global structure from local estimate 

Courtesy Carl-Fredrik Westin 

We measure diffusion structure of 
local elements (2x2x2mm3) and 
make inference/guess about road 
network → axonal bundles.  
•  Voxel size: cubic mm 
•  Axon diameter: micrometers 
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Wendell JS Krieg, 1963	


DSI, 2008	


VJ Wedeen, R Wang, T Benner!
MGH-Martinos Center,Harvard Medical School!

New Techniques: HARDI, 
DSI, Q-Ball 
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Limitations of the Diffusion 
Tensor Model 

Courtesy B. Vemuri, MICCAI 2008 workshop 
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DTI with 12 directions & 2 averages 
Crossing Fibers Dropout on FA 

Courtesy R. McKinstry 
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Two Tensor Model  

Courtesy Carl-Fredrik Westin, MICCAI 2008 workshop 
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DTI 
MGH / DT!
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QBI 
MGH / DT!
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         DTI           DSI 

Wedeen / Wang /AGS / MGH - HST 

Centrum Semiovale 
corpus callosum (red) & corticospinal tract (blue) 
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Spherical	  Deconvolu0on	  Tractography	  	  DTI	  Tractography	  	  

60	  DW	  dir,	  Cardiac	  Gated,	  b=1500	  s/mm2	  Close	  to	  standard	  DTI	  protocols	  	  

Dell’Acqua et al. NeuroImage 2010 

Spherical Deconvolution 
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Analysis Frameworks 

•  3 major approaches 
1.  Regional via structural data or prior 

atlases 
2.  Voxel-wise on whole brain or white matter 

skeleton 
3.  Quantitative tractography: Profiles along 

fiber-tracts 
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Regional Analysis (I) 
1.  Co-registration of structural data 

–  Segmented/parcellated structural (T1w/T2w) data 
–  Deformable registration needed due to DTI/DWI 

distortions, usually to Baseline DWI 
–  Mean vs Median/Quantile stats  

•  Tensor scalars often non-Gaussian 

Macaque brain 
development via DTI, 
Shi, Styner et al, 
Cerebral cortex, 2013. 
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Regional Analysis (II) 
1.  Co-registration of atlas 

–  Atlas with prior regions 
–  Probabilistic regions => probabilistic stats 
–  Deformable registration needed 

•  (normalized) FA to FA co-registration 

Faria,Mori, et al, 
NeuroImage, 
Nov. 2010. 
 
Application to 
Cerebral Palsy 
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Regional Analysis 

+ “Simple” processing 
+ Robust against imperfect registration 
-  Mixes apples and oranges 

-  Different tracts within same region 
-  Different fiber situations (crossing vs single) 

-  Limited localization 
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Voxel Based Analysis (I) 

•  Co-registration into study-
specific atlas 
–  Reference space 

•  Wild boot strapping stats 
with FDR  
–  Liu, Zhu, Styner ISBI 09 

•  Test all voxels => great 
for hypothesis generation 

•  Needs perfect registration 

59 
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Study Specific Atlases 

•  Reference space 
–  Best mapping for a 

given study 

•  SNR increase 
•  Unbiased atlas 

building (Joshi 2004) 
Neonate 1 year 

2 year Adult 

Rhesus (15mo) 

60 
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Voxel Based Analysis (II) 

•  TBSS: tract based spatial statistics 
–  Idea: Analysis on white matter skeleton 
1.  Determine WM skeleton 
2.  Map max FA values onto skeleton 
3.  Voxelwise analysis on skeleton 

Smith, Behrens et al. 
NeuroImage, vol. 31, 
no. 4, 2006. 
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TBSS: Map FA to Skeleton 

•  Find max FA within nearest voxels 
perpendicular to skeleton 
+ Works well with imperfect alignment 
-  Max FA is less stable 
-  May mix values from different tracts 
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Voxel Based Analysis 

+ Whole brain analysis 
+ High degree of localization 
-  Needs accurate atlas building procedure 
-  Large number of features vs low sample 

size – Issues with sensitivity or false-
positive errors 

•  Well suited for hypothesis generation 
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Quantitative Tractography 
•  Use fiber tracts as curvilinear regions 

1.  Average within the whole tract 
2.  Profiles of tensor scalars along tract 

Corouge et al.  Fiber tract-oriented statistics for quantitative diffusion tensor MRI 
analysis. Medical Image Analysis 2006. 
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Modeling of fiber tracts 

Origin (anatomical 
landmark)  
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Example: WM Maturation 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Evolution of the FA according to the age

average 2years
average neonate
average 1year

mid-cc tract 

FA 

Length 

Increased white matter maturation 
with age 

  Neonate 
  1 year old 
  2 year old 
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Fiber tracts in Atlas Space 

67 

fornix and uncinate 

uncinate 

genu, splenium, motor 

Neonate (n=270) 

Macaque (n=52) 
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Transfer of Fibers to Cases 
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Fiber Profile Analysis 
•  Profile of average tensor/scalar along tract 
•  Curvilinear region 
•  Large number of features along tract 

–  Functional analysis of diffusion tensor tract 
statistics (FADTTS, Zhu NeuroImage 2011) 

−60 −40 −20 0 20 40 60 80
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FA
RD
AD
MD

Stats along Fornix 
tract, group diff 
(smokers vs non-
smokers), controlling 
for age & gender 
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FADDTS 

Multivariate varying coef!cient model

We develop a multivariate varying coef!cient model to model J
diffusion quantities (e.g., FA) measured along !ber bundles with a set
of covariates of interest. The J diffusion properties along !ber tracts
are treated as functional data, which are functions of the position of
the tracts and have no connectionwith functional magnetic resonance
imaging data. Let s! [0,L] be the arc length of any point on a speci!c
!ber bundle relative to a !xed end point of the !ber bundle, where L is
the longest arc length on the !ber bundle. For the i-th subject, we
consider a J!1 vector of diffusion properties, denoted by yi(sm)=(yi, 1
(sm),",yi, J(sm))T, and its associated arc length sm for the m-th location
grid point on the !ber bundle for i=1,",n and m=1,",M, where n
and M denote the numbers of subjects and grid points, respectively.
We consider a multivariate varying coef!cient model (Fan and Zhang,
1999; Wu and Chiang, 2000; Fan et al., 2003; Fan and Zhang, 2008;
Wang et al., 2008; Ferguson et al., 2009), which assumes that for i=1,
",n and j=1,", J,

yi;j s! " = xT
i Bj s! " + !i;j s! " + "i;j s! "; !1"

where Bj(s)=(!j1(s),",!jp(s))T is a p!1 vector of coef!cient functions
of arc length s, xi is a p!1 vector of covariates of interest with xi, 1=1,
and !i, j(s) are measurement errors. Moreover, "i, j(s) characterizes
both individual curve variations from xiTBj(s) and the correlation
between yi, j(s) and yi, j(t) for different s and t. That is, "i, j(s) measures
both subject-speci!c variability and location-speci!c variability. In
addition, !j1(s) describes the average curve ( i.e., the typical curve), of
the j-th diffusion property.

It is also assumed that "i(s)=("i, 1(s),","i, J(s))T and !i(s)=(!i, 1(s),
", !i, J(s))T are mutually independent, and "i(s) and !i(s) are, respec-
tively, independent and identical copies of SP(0,#") and SP(0,#!),
where SP($,#) denotes a vector with elements being stochastic
processes with mean function $(s) and covariance function #(s, t) for
any s, t! [0,L]. Moreover, for any 1#u,v#M, the covariance structure
of yi(s), denoted by #y(s, t)=(#y,uv(s, t)), is given by

#y;uv s; t! " = Cov yi;u s! "; yi;v t! "
! "

= #!;uv s; t! " + #!;uv s; t! "1 s = t! "; !2"

where #",uv(s, t) and #!,uv(s, t) are the (u,v)-th component of M!M
matrices #"(s, t) and #!(s, t), respectively.

Since the design matrix is the same for all diffusion properties, the
estimators of Bj(s) for j=1,2,", J from Eq. (1) obtained by pooling all
diffusion properties together are identical to those obtained by !tting
diffusion properties individually (Zellner, 1962). However, the
covariance structure of yi(s) plays an essential role in the inference
procedure (e.g. hypothesis test and con!dence bands), which can only
be estimated by pooling all diffusion properties together using model
(1). Moreover, in practice, it is also interesting to compare different
tensor-derived statistics along the tract, and thus a functional analysis
method for multiple outcomes is necessary and useful. For instance, in
real data analysis, one may be interested in testing which eigenvalue
grows faster (Zhu et al., 2010c).

As an illustration, in our clinical study on early brain development,
we are interested in studying the evolution of the three eigenvalues Lj,
j=1,2,3, of diffusion tensor !L1$L2$L3" along two selected !ber
tracts in 128 healthy pediatric subjects (Figs. 4(a) and 8(a)). We

Fig. 1. A schematic overview of FADTTS: a multivariate varying coef!cient model for the diffusion properties of a tract, a weighted least squares method for estimating the
coef!cient functions, a functional principal component analysis model for analyzing the covariance structure, a hypothesis test for coef!cient functions using both local and
global test statistics, a resampling method for estimating the p-value of the global test statistics, and a method for constructing the con!dence bands of the coef!cient functions
based on a resampling method.

1414 H. Zhu et al. / NeuroImage 56 (2011) 1412–1425
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Krabbe Leukodystrophy 
•  Rare, lethal genetic leukodystrophy 

–  Autosomal recessive pattern (not X-linked) 
–  Worldwide: 1 in 80,000 births.  
–  Isolated communities: 6 per 1,000 births 

•  Deficiency in galactosylceramidase enzyme 
–  Buildup of undigested fats affects myelin sheath 
–  Imperfect growth and development of myelin 
–  Severe degeneration of mental and motor skills 

•  Lorenzo’s Oil featured similar leukodystrophy 
•  Normal at birth, symptoms usually start 2-6 mts 
•  Fever, uncontrollable crying, seizures, vomiting, 

spasticity, paralysis, blind, finally death within 2y 
•  Juvenile- and adult-onset cases rare 

Escolar 2009 AJNR 71 
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Krabbe: Treatment  
•  Therapy (Maria Escolar, U Pittsburgh) 

–  Myeloablative chemotherapy followed by stem cell 
transplantation from umbilical-cord blood 

–  Treatment at Birth, no effect at symptomatic stage  
–  Treated kids show differences in motor abilities 
–  Survival rate depends on survival of therapy (15 of 17 ~ 88%) 

•  Krabbe’s screening with enzyme test 
–  New York started August 2006 
–  Parents often wait, as no damage assessment at neonate 

•  DTI: Assessing damage at birth via DTI 
–  Illustration of damage to parents? Diagnosis? 
–  Prediction of developmental outcome for motor abilities 

72 
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Controls - Left Internal Capsule Tracts 

P1 P2 P3 P4 

Krabbe’s - Left Internal Capsule Tracts 

FA = 0            FA = 1  

Worst motor development 
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Fiber Region Analysis 

Gross motor 

Fine Motor 

Cognition FA Ratio at Baseline in central region 
of CST 0.70 

0.89 

0.91 

0.84 

Calendar Age (months) 
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74 Escolar, Styner et al JNR 2009 
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Tract Profile Analysis 
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Controls 

Krabbe 

FA 

Crossing Fibers 

Internal Capsule In review, unpublished 

•  Spearman Correlation 
of Gross Motor and 
Internal Capsule FA: 
0.85 (p< 0.0001) 

• Group diff results 
•  Potential marker for 

WM degeneration in 
Krabbe 
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WM maturation 0-2 years 
•  Geng, Gerig, Styner NeuroImage 2012 
•  211 subject (98 male, 113 female) 
•  Longitudinal modeling 
•  Single average within tract region 
•  Along tract profile analysis 

in the parameterized space of the atlas tract for each subject, we obtain
a congregation of functions of diffusion along tracts (see Fig. 1), which
represent the statistical variability of the population (Corouge et al.,
2006). This representation is input to subsequent tract-based statistical
analysis using methodologies described in the following.

Fig. 2 shows the sagittal and coronal views of the 21 !ber bundles.
The genu CC is the anterior part CC with tracts ending in prefrontal
cortex. The body CC is de!ned in the central body CC with bundles
connecting bilateral motor/sensory cortices. The splenium CC is the
posterior CC with tracts ending in occipital cortex. The PLIC tracts
start from cerebral peduncle, passing through posterior internal
capsule (IC), centrum semiovale, and ends in motor sensory cortex.
The ALIC tracts start from cerebral peduncle, passing through anterior

IC, and ends in prefrontal cortex. The motor and sensory tracts are
part of PLIC including tracts connecting cerebral peduncle and
motor and sensory cortex respectively. The arcuate tract includes
three sub-tracts: arcuate-superior tract connecting from the rostral
inferior parietal lobe to the lateral ventral part of the frontal cortex,
comparable with the superior longitudinal fasciculus subcomponent
III in Schmahmann and Pandya (2007), and also comparable with
the anterior indirect segment of the arcuate fasciculus in Catani
et al. (2005); arcuate-inferior-temporal tract linking the middle and
inferior temporal lobe and rising up towards the temporo-parietal
junction and then towards the frontal region; arcuate-superior-
temporal tract running from the superior temporal lobe rises up-
wards to turn towards the frontal lobe. The uncinate fasciculus links

Fig. 1. Flow chart of the DTI tract-based analysis. The !rst part is DTI preprocessing including the computation of DTI indices of FA, RD and AD. The second part is atlas construction
1) construction of neonate atlas, 2) construction of 1 and 2 year atlas, and 3) transforming the neonate atlas to 1 and 2 year atlas for a !nal atlas. The third part maps all individuals
to the !nal atlas. The fourth part shows procedures of the tract pro!le calculation. The last part includes procedures of tract-based analysis.

Fig. 2. 3D visualization of 10 !ber pathways (including 21 tracts bilaterally) in sagittal (left and right) and coronal views. C1, genu corpus callosum (CC); C2, body CC; C3, splenium
CC. A1a, arcuate-inferior-temporal tract; A1b, arcuate-superior-temporal tract; A1c, arcuate-superior tract; A2, uncinate fasciculus; A3, inferior longitudinal fasciculus (ILF); P1,
posterior limb internal capsule (PLIC); P2, anterior limb internal capsule (ALIC); P3, motor tract; P4 sensory tract.

545X. Geng et al. / NeuroImage 61 (2012) 542–557
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Profile Analysis 

tracts (21 tracts in total) were examined with tract-based analysis,
which provided more detailed and continuous spatial developmental
patterns compared to conventional ROI based methods. All !ber
tracts show increasing FA (16.1–55.0%) and decreasing RD (24.4–
46.4%) and AD (13.3–28.2%) in the !rst 2 years of life, and FA and
RD have larger changes than AD. The changing rates of the diffusion
indices are faster in the !rst year than the second year for all tracts.
Callosal tracts have a lower myelination degree and more organized
axonal structures than other tracts in neonates, and exhibit larger
RD changes in the !rst year. Projection tracts including motor and
sensory tracts achieve a higher maturation degree at birth and develop
more slowly than other tracts. Association tracts continuously have a

lower maturation degree in the !rst 2 years. Tract-based analysis
revealed different local developmental patterns of each !ber bundle.
For example, callosal bundles show larger FA changing rates in central
regions than peripheral regions. Motor and sensory tracts show larger
FA and RD changing rates in sites close to cortical regions compared to
sites close to cerebral peduncle. The gender effects on the diffusion
measures are small.

In general CC tracts show a lower myelination degree at birth and
develop more rapidly than other tracts in the !rst year. The splenium
of the CC is one of the tracts that have the largest FA and smallest RD
in the !rst year, and maintains this high level of maturation degree in
the second year. This pattern continues at least until late adolescence

Fig. 4. Tract-based FA, RD and AD pro!les of 12 representative tracts and age and gender effects on the diffusion measures. Solid lines are predicted values of the observed data.
Note: in each plot, p1 is the p value of age effect in the !rst year, p2 is the p vale of age effect in the second year, p12 is the p value of the difference between the !rst year change
and second year change, and pG is the p value of gender effect. The p values of main age effect in the !rst 2 years are 0 s for all tracts.

549X. Geng et al. / NeuroImage 61 (2012) 542–557

•  p1 = pvalue of 0-1 
•  p2 = pvalue of 1-2 
•  p12 = pvalue of 0-1 vs 1-2 
•  pG = pvalue of gender 

effect 
•  Most change 0-1 
•  Posterior to anterior wave 

of development 
•  RD => mainly myelination 
•  AD => local organization/

density/fiber spread 

in the parameterized space of the atlas tract for each subject, we obtain
a congregation of functions of diffusion along tracts (see Fig. 1), which
represent the statistical variability of the population (Corouge et al.,
2006). This representation is input to subsequent tract-based statistical
analysis using methodologies described in the following.

Fig. 2 shows the sagittal and coronal views of the 21 !ber bundles.
The genu CC is the anterior part CC with tracts ending in prefrontal
cortex. The body CC is de!ned in the central body CC with bundles
connecting bilateral motor/sensory cortices. The splenium CC is the
posterior CC with tracts ending in occipital cortex. The PLIC tracts
start from cerebral peduncle, passing through posterior internal
capsule (IC), centrum semiovale, and ends in motor sensory cortex.
The ALIC tracts start from cerebral peduncle, passing through anterior
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part of PLIC including tracts connecting cerebral peduncle and
motor and sensory cortex respectively. The arcuate tract includes
three sub-tracts: arcuate-superior tract connecting from the rostral
inferior parietal lobe to the lateral ventral part of the frontal cortex,
comparable with the superior longitudinal fasciculus subcomponent
III in Schmahmann and Pandya (2007), and also comparable with
the anterior indirect segment of the arcuate fasciculus in Catani
et al. (2005); arcuate-inferior-temporal tract linking the middle and
inferior temporal lobe and rising up towards the temporo-parietal
junction and then towards the frontal region; arcuate-superior-
temporal tract running from the superior temporal lobe rises up-
wards to turn towards the frontal lobe. The uncinate fasciculus links

Fig. 1. Flow chart of the DTI tract-based analysis. The !rst part is DTI preprocessing including the computation of DTI indices of FA, RD and AD. The second part is atlas construction
1) construction of neonate atlas, 2) construction of 1 and 2 year atlas, and 3) transforming the neonate atlas to 1 and 2 year atlas for a !nal atlas. The third part maps all individuals
to the !nal atlas. The fourth part shows procedures of the tract pro!le calculation. The last part includes procedures of tract-based analysis.

Fig. 2. 3D visualization of 10 !ber pathways (including 21 tracts bilaterally) in sagittal (left and right) and coronal views. C1, genu corpus callosum (CC); C2, body CC; C3, splenium
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tracts (21 tracts in total) were examined with tract-based analysis,
which provided more detailed and continuous spatial developmental
patterns compared to conventional ROI based methods. All !ber
tracts show increasing FA (16.1–55.0%) and decreasing RD (24.4–
46.4%) and AD (13.3–28.2%) in the !rst 2 years of life, and FA and
RD have larger changes than AD. The changing rates of the diffusion
indices are faster in the !rst year than the second year for all tracts.
Callosal tracts have a lower myelination degree and more organized
axonal structures than other tracts in neonates, and exhibit larger
RD changes in the !rst year. Projection tracts including motor and
sensory tracts achieve a higher maturation degree at birth and develop
more slowly than other tracts. Association tracts continuously have a

lower maturation degree in the !rst 2 years. Tract-based analysis
revealed different local developmental patterns of each !ber bundle.
For example, callosal bundles show larger FA changing rates in central
regions than peripheral regions. Motor and sensory tracts show larger
FA and RD changing rates in sites close to cortical regions compared to
sites close to cerebral peduncle. The gender effects on the diffusion
measures are small.

In general CC tracts show a lower myelination degree at birth and
develop more rapidly than other tracts in the !rst year. The splenium
of the CC is one of the tracts that have the largest FA and smallest RD
in the !rst year, and maintains this high level of maturation degree in
the second year. This pattern continues at least until late adolescence

Fig. 4. Tract-based FA, RD and AD pro!les of 12 representative tracts and age and gender effects on the diffusion measures. Solid lines are predicted values of the observed data.
Note: in each plot, p1 is the p value of age effect in the !rst year, p2 is the p vale of age effect in the second year, p12 is the p value of the difference between the !rst year change
and second year change, and pG is the p value of gender effect. The p values of main age effect in the !rst 2 years are 0 s for all tracts.
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(Lobel et al., 2009). The genu of the CC has relative small RD until the
second years of life. The rapid maturation of splenium CC compared
to the genu CC is consistent with the functional developmental
order: the presence of visual function requiring inter-hemispheric
communication in occipital/visual cortex is prior to higher order func-
tions in prefrontal regions. Motor and sensory tracts have matura-
tional trajectories different from CC and association tracts involved
with higher-order functions. PLIC, sensory and motor tracts achieve
a higher maturation degree at birth and follow a slower growing
rate compared to all others. Association bundles including arcuate,
uncinate fasciculus and ILF tracts show a lower maturation degree
at birth, but relatively faster maturation rates (larger RD changes) in
the !rst year compared to motor and sensory tracts. Arcuate tracts
are related with language function (Duffau et al., 2002; Rilling et al.,

2008). ILF tracts connect occipital and temporal lobes and have
been considered to be involved with language semantics (Agosta et
al., 2010; Duffau et al., 2005; Mandonnet et al., 2007) and verbal
memory (Shinoura et al., 2011). Uncinate fasciculus tracts connect
temporal and frontal lobes, which are considered to be commonly im-
plicated in emotional and behavioral regulation (Johnson et al., 2011;
Nakamura et al., 2005).

Above evidence con!rms that white matter myelination is associ-
ated with the development of cognitive functions during the human
life span (Yakovlev and Lecours, 1967). It has been proposed that a
tract is not completely functional until it is myelinated, and that
myelination represents the anatomic correlate of neurophysiological
maturation (Richardson, 1982). Our results show that motor tracts
have larger rate of RD change compared to sensory tracts in the
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!rst year, suggesting that motor tracts develop later than sensory,
which is consistent with the functional maturation order. Along ALIC
tracts, the frontal portions have smaller FA and larger RD values, indi-
cating a lower maturation degree than mid-brain and occipital regions
in the !rst 2 years. A recent functional connectivity study (Gao et al.,
2009b) revealed that the frontal components in the “default mode net-
work” show similar distribution to adults until age two whereas the
posterior components are close to adult pattern at neonate. Both struc-
tural connectivity and resting-state functional connectivity indicate a
prolonged maturation of the frontal regions compared to other brain
regions.

Our results of age dependent of increasing FA and decreasing
diffusivities in the !rst 2 years of life are consistent with previous

literature (Gao et al., 2009a; Lobel et al., 2009; Neil et al., 1998).
Our study provides more detailed anatomical localization with
tract-based analysis compared to existing studies whose results
were obtained from selected local sites in white matter. Although
all 21 major !ber bundles studied in this work show signi!cant age
effect of the three diffusion indices, the maturation degree re"ected
by diffusion indices varies along the same tract. Most regions on a
tract have signi!cant diffusion property changes with the amount
varying along the tract (in general larger in the central regions) in
the !rst year. Many local regions along tracts do not show changes
in the second year.

The diffusion property changes are signi!cantly greater in the !rst
year compared to the second. Although FA of projection tracts show
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Visualization on Tract 
•  Map stats back on tract for optimal interpretation 
•  Brain development in macaques 1-5y (~3-15 humans) 
•  Significant change over this period 
•  Front to back wave of development, similar pattern to 

earlier human development   

Diffusion tensor imaging-based characterization of brain neurodevelopment 
in primates,Shi, Styner et al, Cerebral cortex, 2013. 



79 

Tract Based Analysis 

+ Functional analysis of data 
+ High degree of localization 
+ Higher sensitivity than voxel-based 
-  Needs accurate atlas building procedure 
-  Needs hypothesis for tract selection 
-  Not fully automatic yet (interactive 

tractography in atlas space) 
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Conclusion Analysis 

•  3 approaches with different strengths 
– Regional: Easy to do, thus do it… 
– Voxel-based: If you don’t know what you 

are looking for, this is the best 
– Fiber tract: Hypothesis driven, good 

localization, most time intensive 
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Conclusion DWI/DTI 

•  DTI great modality to investigate white 
matter development & pathology 

•  DWI’s are noisy => do you QC 
•  DTI fibers are not actual WM fibers 
•  For good information in fiber crossings 

=> go to higher models than tensor 
•  4 major scalars: FA, MD, RD, AD 

highlighting different properties (but not 
independent from each other) 


