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Overview 
• Brief introduction to diffusion imaging and the tensor model  
• Diffusion metrics  
• Analysis methods  
• Applications in schizophrenia, depression  
     and other clinical disorders  
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Diffusion Imaging 
• Distinguishes tissue characteristics based on the diffusion 

(random motion) of water molecules 
• Gray matter: Diffusion is unrestricted  isotropic 

• White matter: Diffusion is restricted  anisotropic 

• To describe anisotropic diffusion, diffusivity must be measured in 
more than one direction 



• Diffusion properties vary according to the local structure of 
tissue 

• Changes in MR diffusion may therefore indicate microscopic 
details and disruptions in tissue architecture non-invasively 
and in vivo 
 

Diffusion weighted image of a human brain 
after a stroke. The bright areas indicate areas 
of restricted diffusion (Image from Noriko 
Salamon, MD, PhD) 

What does it measure? 



Hagmann P et al. Radiographics 2006;26:S205-S223 
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Cellular elements impacting diffusion anisotropy 



• Echo planar imaging (EPI) 
pulse sequences can provide 
“diffusion encoding” 

• Diffusion along the direction 
of an applied magnetic 
gradient = signal decrease 

• By applying linear gradients in 
different axes, diffusivity may 
be measured in different 
directions 

• A volume is acquired for each  
gradient direction 

• Compare with baseline 
images to infer diffusion 
process 

No diffusion 
encoding 

Diffusion 
encoding in 
direction g1 

g2 
g3 

g4 
g5 
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How do we image diffusion? 



Diffusion weighted imaging  

Figure 1. DWI detected ischemic lesions not 
visualized on T2 W MRI. The solid arrow points 
to the ischemic lesion on each of the DW 
images. (A) Right thalamic lesion imaged at 5 
hours. (B) Left MCA ischemia imaged at 4.5 
hours. (C) DWI and ADC images showed the 
ability of DWI to discriminate acute right MCA 
ischemia (solid arrow) from an old right MCA 
stroke (open arrow).Lutsep et al., 1997 

• With as few as 3 gradient 
directions, DWI may 
identify CNS abnormalities 
such as cerebral ischemia, 
TBI, tumors 

• More gradient directions 
are optimal for identifying 
white matter pathology  
incl. axonal injury and/or 
myelin damage 



• Diffusion tensor model (Basser et al., 1994): shape and 
orientation of anisotropic diffusion  

• ≥6 gradient directions: 3 principal diffusivities (eigenvalues) and 
3 directions (eigenvectors)  

• Estimates magnitude and direction of water diffusion in each 
voxel 

 

Diffusion tensor imaging 



• Fiber direction is indicated by the tensor’s main eigenvector  

• These vectors can be color-coded to map the position and direction of a 
white matter pathway  

 

• Other scalar measurements derived from 
the diffusion tensor provide additional 
estimates of biophysical and geometric 
properties of brain tissue  

Fiber orientation 
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The diffusion ellipsoid 
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The diffusion tensor ellipsoid: 
Isotropic diffusion 

Directionality 

Crossing or junction of fibers 

 

• Fractional anisotropy (FA) (ellipsoid 
eccentricity): degree of anisotropy - white 
matter integrity  

• Mean diffusivity (MD) (ellipsoid size): 
rotationally invariant magnitude of 
diffusion (trace/3) - tissue atrophy and 
pathology 

 • Axial diffusivity (AD): largest eigenvalue, λ1: 
diffusion parallel to the axonal fibers -
axonal integrity 

• Radial diffusivity (RD): average of diffusion 
perpendicular to axonal fibers (λ2 and λ3) -
integrity of myelin 

Diffusion measures 



X-linked adrenoleukodystrophy 

Multiple Sclerosis 

Visualizing white matter pathology  



Beyond the tensor 

• In these areas, imaging with higher angular resolution is needed 
to provide a more accurate estimate of the diffusion pattern 

• High angular resolution diffusion imaging (HARDI) allows more 
complex models of diffusion 

• The tensor model cannot resolve fiber orientation across 
intersecting axes (crossing fibers) within the same voxel 

 

Image from Shattuck et al. MICCAI 2008 



Diffusion spectrum (DSI): 
Full distribution of orientation and magnitude 

Orientation distribution function (Q-ball): 
No magnitude info, only orientation 

Ball-and-stick: 
Orientation and magnitude for up to N 
anisotropic compartments 

Tensor (DTI): 
Single orientation and magnitude 

Non-tensor models of diffusion 



Comparison between diffusion tensor and diffusion spectrum imaging in regions 
containing fiber crossings.  

Hagmann P et al. Radiographics 2006;26:S205-S223 ©2006 by Radiological Society of North America 

DTI vs DSI 



Takahashi et al., 2011 

Feline DSI 
ex vivo 

Weeden et al. 

Human DTI 
in vivo 

Macaque 
DSI ex vivo 



Fiber systems 
 The cortex is connected by short and long range fiber bundles. Major 

pathways include: 
 Projection fibers (connect cortex with 
subcortical and brainstem regions): 
•Corona radiata (ant. & post. limb & 
retrolenticular part of the internal capsule) 
•Corticospinal tract 
 
Association fibers (connect regions within 
the same cerebral hemisphere): 
•Short range association (or U-fibers) 
•Superior longitudinal fasciculus (SLF) 
•Superior fronto-occipital fasciculus (SFO) 
•Uncinate fasciculus (UNC) 
•Inferior fronto-occipital fasciculus (IFO) 
•Inferior longitudinal fasciculus (ILF) 
•Cingulum (CG) 
•Fornix (FX)  
•Stria terminalis (ST) 
 
 

Commissural fibers (connect regions across 
hemispheres): 
• Anterior commissure 
• Corpus callosum  

 



Fiber systems 
 

Nieuwenhuys, Fig. 15.45. Long association 
bundles of the right cerebral hemisphere in a 
lateral view  
 



Nieuwenhuys, Fig. 15.46. Long association connections of the neocortex of the left hemisphere. The 
multimodal association cortex in the superior temporal sulcus and the parieto-occipital sulcus is dotted  

Long range association fibers 



Nieuwenhuys, Fig. 15.47A,B. Short association connections of the cerebral cortex.  

Short range association fibers 



Nieuwenhuys, Fig. 15.48. Commissural connections of the telencephalon 

Commissural connections  
 



Measuring diffusion 

• Though we cannot image 
individual axons (~m in 
width), diffusion MRI can 
image bundles of axons  

- Tract location, 
orientation, and 
anisotropy  

- Structural integrity and 
connectivity 



• Preprocess images to reduce distortions 
• Fit a diffusion model at every voxel 

– DTI, DSI, Q-ball etc. 
• Compute measures of anisotropy/diffusivity for comparison 

within or across individuals 

Processing 



Changes in diffusion metrics can be analyzed in several ways: 
• By comparing regions of interest  

• Voxel-based analysis 

• Tract-based atlasing approaches, e.g., tract based spatial 
statistics (TBSS) 

• Tractography or fiber tracking methods 

Measurement approaches 



• Since WM appears homogenous in structural MRI data, diffusion 
imaging provides an opportunity to address whether alterations in 
WM connectivity and/or integrity contribute to disease 
pathophysiology in vivo 

• Schizophrenia has been the most widely studied neuropsychiatric 
disorder with imaging methods 

Applications in Psychiatric Disorders 

• Since the first schizophrenia 
DTI publication 1998, DTI 
has been used to study 
nearly all of the major 
psychiatric disorders 



• An ROI approach showed increased MD in schizophrenia patients 
and their first-degree unaffected relatives compared to controls in 
temporal regions 

ROI and voxel based analysis: schizophrenia 

r=.80, p<0.0001 

N=132,  Narr et al., 2007 

 

VBM Gray Matter (meta-analysis) VBM DTI MD VBM DTI MD 

• Similar results were observed using 
a whole brain voxel based approach 
suggesting MD acts as biological 
marker for schizophrenia and 
disease-related genetic liability 



• Tract-based atlasing approaches circumvent potential registration 
confounds by using linear & non-linear registration to align WM 
pathways 

• While atlas-based and voxel based whole brain analyses show reduced 
FA in the callosum & fornix, voxel-based analysis shows spurious results 
in the thalamus due to increased ventricles in schizophrenia 

Tract-based atlasing: schizophrenia 

TBSS     VBM       mean FA (con.)     mean FA (schiz.) 

Mackay et al, n= 33 patients with schizophrenia and n=36 controls 



• Tract-based altasing performed by using higher order (105 parameter) 
nonlinear warping to align major tracts from the JHU WM atlas to 
each subject’s FA image demonstrate significant disease and genetic 
liability effects for FA in schizophrenia 

JHU white matter tractography atlas (Hau et al., 2010) 

Tract-based atlasing: schizophrenia 



Mean FA for the left and right inferior fronto-occipital fasciculus (IFO); left inferior 
longitudinal fasciculus (ILF); and left temporal component of the superior longitudinal 
fasciculus (fSLF) showing significant effects of both schizophrenia and genetic liability 
(Clark et al., 2011) 

JHU white matter tractography atlas (Hau et al., 2010) 

Tract-based atlasing: schizophrenia 



Tract-based spatial statistics (TBSS): MS 

Left: skeletonization stages, Right: TBSS results from 15 MS patients. Blue shows 
the group mean lesion probability distribution, thresholded at 20%. Red shows 
voxels where FA correlates negatively (across subjects) with subject total lesion 
volume, green shows the mean FA skeleton (Smith et al., 2006) 

• TBSS uses nonlinear registration and alignment-invariant tract 
representation (the "mean FA skeleton") to better target changes 
in white matter microstructure across the brain 



TBSS: ECT-related white matter plasticity 

Significant effects of 
ECT for FA, RD and 
MD estimated using 
FSL’s Tract-Based 
Spatial Statistics, red 
and blue: t > 2, p<.05, 
cluster corrected). 
n=20 MDD patients 
(Lyden et al., 2014). 



• Short-range association (U-fibers) and intra-cortical axons 
(superficial white matter, SWM) integrate information between 
proximal cortical regions 

• Since cortical thickness reductions are widely reported in 
schizophrenia, the integrity cortio-cortical connections may also 
contribute to disease processes  

• More refined mapping methods may compare SWM structural 
connectivity 

Cortico-cortical connectivity: schizophrenia  

Significant Reductions of Gray Matter Thickness in Schizophrenia 

 



Mapping SWM microstructure 

Cortico-cortical connectivity  



• Microstructural changes in 
SWM occur in distributed 
lobar regions and may 
constitute a mechanism for 
the functional disturbances 
associated with 
schizophrenia as well as 
indicate genetic liability 

Cortico-cortical connectivity: schizophrenia  

 



• Understanding how WM microstructure relates to brain function 
may determine how altered structural connectivity relates to 
specific cognitive deficits  

• The integrity of the arcuate fasciculus (AF) is shown to relate to 
gray matter macrostructure and aspects of language function 
(Phillips et al., 2011)  

Relationships with behavior 

Relationships between arcuate FA and cortical thickness show significant associations between 
FA and cortical thickness along the trajectory of the AF encompassing Broca’s area (BA 44, 45) 
and proximal prefrontal cortex (BA 6), Wernicke’s area (BA 22), and inferior parietal (BA 39 and 
40), superior and middle temporal (BA 41, 42) and inferior temporal cortices (BA 37). 

 



• Patients with schizophrenia 
show bilateral reductions of FA 
arcuate fasciculus compared to 
controls 

• Reductions of FA are greatest 
in patients with auditory verbal 
hallucinations (AVH) compared 
to patients without AVH and 
controls 

Differences between patients with 
schizophrenia (SCZ) without auditory 
verbal hallucinations (AVH−), patients with 
auditory verbal hallucinations (AVH+), and 
healthy controls in three segments of the 
arcuate fasciculus.  

Relationships with clinical symptoms 

Catani et al., Biol Psychiatry 2011; 70:1143–1150 

 



• Multi-modal imaging may clarify relationships between 
functional and structural connectivity  

• For example, reduced functional connectivity in medial frontal 
regions are shown associated with reduced anatomical 
connectivity in adjacent WM in schizophrenia   

Structural and functional connectivity: schizophrenia 

Overlap between altered resting 
state DMN connectivity and TBSS 
FA reductions in medial prefrontal 
cortex in schizophrenia 
(Camchong et al., 2009) 

 



Tractography 
• DTI tractography allows the more precise mapping of tract 

anatomy within and between subjects to localize disruptions of 
connectivity in particular fiber pathways 

Narr et al. 



Tractography  

• Diffusion in adjacent voxels can be 
estimated to reconstruct entire 
pathways  

• Streamline tractography: the preferred 
direction of diffusion is mapped 
between seed points 

• Probabilistic tractography: the most 
likely fiber orientations and their 
probabilities are estimated 

• Scalar metrics, fiber number,  
    length may be measured from 
    each tract without registration 

Preferred diffusion directions are shown 
as the long axes of diffusion ellipsoids. 
The white line shows the streamline 

 



Catani and Thiebaut de Schotten 2008 



• Streamline tractography used to examine 
tracts connecting lateral and medial 
temporal lobe regions (AF, ILF and UF) 
show significant reductions of FA in 
schizophrenia 

• These abnormalities relate to thinking 
disorder and withdrawal cluster scores 

30 dir DTI data, n= 23 
schizophrenia patients, 
n= 22 controls, (Phillips 
et al., 2009) 

Tractography: schizophrenia 

 



Streamline tractography: ADHD 
• Tracts showing increased MD and decreased AD in ADHD, 

siblings of ADHD subjects compared to controls. 

Lawrence et al., 2013  



• Deep brain stimulation (DBS) has emerged as a treatment 
option for patients with major depression  

• Evidence suggests that stereotactic target selection using T2 MR 
sequences, is improved using DTI tractography to map WM 
tracts that cross in the subgenual cingulate (Johansen-Berg et 
al., 2008; Bhatia et al., 2012) 

 

Tractography: MDD 

WM connections to the subgenual 
cingulum. Seeding of the 
subgenual cingulum demonstrates 
tracts linking with the 
ventromedial prefrontal cortex, 
hypothalamus, and amygdala (via 
the stria terminalis and the 
uncinate fasciculus) 



• Fiber tracking in T1 image space 
• ROI-wise connectivity analysis 

 
 

Network connectivity 

Shattuck et al., http://brainsuite.org/ 
 



Network connectivity 

http://brainsuite.loni.ucla.edu/ 
 



 

Network connectivity 

http://brainsuite.loni.ucla.edu/ 
 



Schematic of the frontal-parietal/occipital network 
that was impaired in schizophrenia (p = .021 ± .004, 
corrected). Each connection comprising this 
network was impaired in patients but not in control 
subjects. Left: uniquely colored nodes and 
streamline representation of interconnecting fiber 
bundles. Anterior-posterior fibers: green; left–right: 
red; and superior-inferior: blue. Right: planar graph 
representation, where each node is depicted as a 
circle positioned at its node's center of gravity.  

• Used parcellation and 
whole brain tractography 
to look at structural 
integrity in schizophrenia 

• The cortex was 
interconnected more 
sparsely and 20% less 
efficiently in patients 

Zalesky et al., Biological Psychiatry Volume 69, 2011, 80 – 89 

Network connectivity: schizophrenia 



 

• Can reveal brain pathology undetectable with conventional imaging 

• Provides the unique opportunity to examine structural connectivity in vivo 

• May elucidate neuropathology associated with disease and 
behavioral/cognitive deficits 

• May serve as a biomarker in at risk populations 

• May point to mechanisms of therapeutic response and/or predictive of 
functional outcome 

Summary 

Graph showing proportion of papers that reported either an increase, a decrease, an or no difference in (a) 
functional connectivity and (b) structural connectivity in schizophrenia. William  Pettersson-Yeo et al., 2010 
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