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Theory: Diffusion

Mukherjee et al. 2008

diffusion
constant (D)

Brownian motion

r2 = 6Dt



  

Theory: Diffusion

Mukherjee et al. 2008

apparent diffusion coefficient (ADC)

diffusion
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Theory: Diffusion

Mukherjee et al. 2008

isotropic vs. anisotropic diffusion



  

Theory: Diffusion tensor

Mukherjee et al. 2008

diffusion
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Theory: Diffusion tensor

Mori et Barker 1999
Jellison et al.  2004

eigenvalues

Mori et Zhang et al. 2006
http://support.brainvoyager.com
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Theory: Diffusion tensor

● Scalar measures
● Trace Tr = λ1 + λ2 + λ3

● Mean diffusivity MD = Tr/3
● Axial (longitudinal)

diffusivity Da = λ1 
● Radial (perpendicular)

diffusivity Dr = (λ2 + λ3)/2
● Fractional anisotropy

FA =  
Kingsley 2006



  

Theory: Diffusion tensor

fractional anisotropy (FA)

FA = 0 FA ~ 1

Mukherjee et al. 2008



  

Theory: Diffusion weighting

Excit. 180°

Deichmann 2007

spin echo

dephasing rephasing



  

Theory: Diffusion weighting

Excit. 180°G G

Position 
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Deichmann 2007

no motion
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reduction



  

Theory: Diffusion weighting
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Deichmann 2007
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Theory: Diffusion weighting

Excit. 180°G G

Deichmann 2007
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Theory: Diffusion weighting

Alexander et al. 2007

Excit. 180°G G

Deichmann 2007

echo planar 
imaging



  

Theory: Diffusion weighting

Deichmann 2007

gradient directions
(b vectors)
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Theory: Diffusion tensor imaging

Mori et Zhang et al. 2006



  

Theory: Crossing fibres

Jbabdi et al. 2015
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

● Problem: DT ignores partial
voluming and crossing fibres 

● Solution: more complex
diffusion models

● balls and sticks
(Behrens et. al 2003)

● q-ball orientation distribution
function (ODF) (Tuch 2004)

● constant solid angle (CSA)
ODF (Aganj et al. 2010)



  

Theory: DTI artefacts

Le Bihan  et al. 2006

● Motion
● signal loss  check your data!→

● Diffusion gradients
● eddy currents – geometric

distortions (typically skewing
and compression) that vary
among volumes  preprocessing →

● EPI
● constant geometrical distortions

around air/tissue boundaries  acquire fieldmap or →
image with opposite PE direction!



  

Applications: Clinical routine

Ernesto Roldan-Valadez and
Mariana Lopez-Mejia 2014  Chokkappan et al. 2016



  

Applications: DTI group statistics

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS

Tavor et al. 2013
Schmidt-Wilcke et al. 2014

● Measures
● FA – integrity of

the white matter
● MD – rapid plasticity

● Methods
● Voxel-based

● how to align FA images?
● Tract-based spatial statistics (TBSS) – FSL

● projection onto a "mean FA skeleton"



  

Applications: Tractography

Tournier et al. 2011

deterministic:
one direction

probabilistic:
distribution of directions 



  

Applications: Tractography

http://blog.myesr.org
Hok et al. in preparation

http://fsl.fmrib.ox.ac.uk/fsl/fdt

● Clinical
● Pre-surgical

mapping
● Research

● Structural connectivity
● Priors for brain connectom
● Connectivity-based parcellation



  

Acquisition parameters

● Different parameters based on application and hardware
● Example acquisition parameters (Soares et al. 2013)

● Spin Echo (SE) EPI, but also Fast Spin Echo (FSE), 
Stimulated Echo Acquisition Mode (STEAM)

● parallel imaging (GRAPPA) reduces EPI artefacts
● HCP: multi-band factor 3 for faster imaging

● resolution 2-2.5 mm isotropic, no gap between slices
● HCP: 1.25 mm isotropic

● acquisition matrix 96 × 96–128 × 128, FOV 240–256 mm
● TE 50–70 ms, TR 8.5–12 s

● HCP: TE 89.5 ms, TR 5520 ms



  

Acquisition parameters

● Diffusion gradient directions
● 3 – clinical routine ADC
● 6 – minimum for tensor estimation
● 20-30 – borderline for tractography
● >60 high-angular-resolution diffusion imaging (HARDI)
● up to ~300 per session in Human Connectome Project
● preferably full-sphere sampling, no co-linear directions

● one b
0
 image per 5-10 diffusion directions

● Multi-shell acquisition
● several b values (HCP: 1000, 2000, and 3000)

● more sensitive to crossing fibres
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy



  

Acquisition: DTI extensions

● DTI issues:
● classical DTI assumes Gaussian (normal) displacement 

distribution of water, but
● violated in the presence of cellular membranes
● diffusion becomes non-monoexponential at higher b
● at least 2 diffusion components 

● Solutions:
● Q-space imaging (Assaf et al. 2002)

● b ~14,000 s/mm2

● diffusion spectrum imaging (DSI) (Wedeen et al.2005)
● diffusion kurtosis imaging (DKI) (Jensen et al. 2005)

● b value ~2000 s/mm2



  

Analysis: Toolboxes

● FMRIB Software Library (FSL)
● MedINRIA
● FreeSurfer
● DTI-TK
● BrainVoyager
● TrackVis
● DTIStudio
● preprocessing: AFNI, SPM
● …



  

Analysis: FDT

FMRIB Software Library 

The Oxford Centre for 
Functional MRI of the Brain,

Nuffield Department of 
Clinical Neurosciences

http://www.fmrib.ox.ac.uk/

FMRIB's Diffusion Toolbox http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

registration:
FLIRT, FNIRT

tractography:
PROBTRACKX



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

brain extraction:
BET

tractography:
PROBTRACKX

MRIcron: dcm2nii, dcm2niigui



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

brain extraction:
BET

tractography:
PROBTRACKX

FMRIB's Diffusion Toolbox

motion + eddy currents only



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TOPUP

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

brain extraction:
BET

tractography:
PROBTRACKX

TOPUP

EPI distortions



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/EDDY

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

brain extraction:
BET

tractography:
PROBTRACKX

EDDY

(EPI distortions) + motion + eddy



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET

DICOM  NIFTI:→
dcm2nii

Motion + eddy 
currents + EPI 

distortions

brain extraction:
BET

model estimation:
BEDPOSTX

brain extraction:
BET

tractography:
PROBTRACKX

Brain Extraction Tool



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Eddy currents:
FDT

brain extraction:
BET

model estimation:
BEDPOSTX

registration:
FLIRT (FNIRT)

tractography:
PROBTRACKX

Bayesian Estimation of Diffusion 
Parameters Obtained using 

Sampling Techniques



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Eddy currents:
FDT

brain extraction:
BET

model estimation:
BEDPOSTX

registration:
FLIRT, FNIRT

tractography:
PROBTRACKX

built-in FMRIB's (Non-)Linear 
Image Registration Tool



  

Analysis: FDT pipeline

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide

DICOM  NIFTI:→
dcm2nii

Eddy currents:
FDT

brain extraction:
BET

model estimation:
BEDPOSTX

registration:
FLIRT, FNIRT

tractography:
PROBTRACKX

Probabilistic Tractography
with Crossing Fibres



  

Analysis: PROBTRACKX



  

Analysis: FSLView

http://fsl.fmrib.ox.ac.uk/fsl/fslview/



  

Pitfalls: T
1
-weighted template

Nyquist

BET fails



  

Pitfalls: b vectors

bvecs OK

bvecs BAD



  

Pitfalls: Registration/Unwarping

linear

non-linear



  

Bottom line

Thank you for your attention!
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Contact
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Palacký University Olomouc
Czech Republic
pavel.hok@upol.cz
http://fmri.upol.cz
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