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Diffusion ImageDiffusion Image

Signal DecaySignal Decay
–– Gradient Gradient StrengthStrength & & DurationDuration

»» b = b = γ2 G2 δ2 (∆ - δ/3) ..roughly
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ADC mapADC map ((AApparent pparent DDiffusion iffusion CCoefficient)oefficient)

=
−

×
b

1I

I 0

ADC

ln



Diffusion ImageDiffusion Image

Diffusion weighted imageDiffusion weighted image
–– Low intensity => high diffusivityLow intensity => high diffusivity

ADC mapADC map
–– Signal intensity       diffusivitySignal intensity       diffusivity
–– Measure in single directionMeasure in single direction
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Diffusion Tensor MRIDiffusion Tensor MRI
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Y

Z
X

Water in 
Homogeneous 
Medium

Water Motion

Diffusion 
“Sphere”



Diffusion Tensor MRIDiffusion Tensor MRI

AnisotropicAnisotropic DiffusionDiffusion
Y

Z
X

Water in oriented tissue

Water motion Diffusion 
“Ellipse”



Diffusion Tensor MRIDiffusion Tensor MRI

Diffusion EllipseDiffusion Ellipse
–– Ellipsoid EquationEllipsoid Equation
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Diffusion Tensor MRIDiffusion Tensor MRI

Tensor MatrixTensor Matrix
–– G(1,1,0), G(G(1,1,0), G(--1,1,0), G(0,1,1), G(0,1,1,1,0), G(0,1,1), G(0,1,--1), G(1,0,1), G(1,0,1), G(1,0,1), G(1,0,--1)1)
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Tensor MatrixTensor Matrix
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Diffusion Tensor MRIDiffusion Tensor MRI

Tensor MatrixTensor Matrix
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Tensor MatrixTensor Matrix
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Diffusion Tensor MRIDiffusion Tensor MRI

Tensor MatrixTensor Matrix
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Diffusion Tensor MRIDiffusion Tensor MRI

DiagonalizationDiagonalization
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Diffusion Tensor MRIDiffusion Tensor MRI

Diffusivity IndexDiffusivity Index
–– TraceADCTraceADC
Diffusion Anisotropy IndicesDiffusion Anisotropy Indices
–– VVolume olume RRatio (VR)atio (VR)
–– RRelative elative AAnisotropy (RA)nisotropy (RA)
–– FFractional ractional AAnisotropy (FA)nisotropy (FA)
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Anisotropy IndexAnisotropy Index

VVolume olume RRatio (VR)atio (VR)
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Anisotropy IndexAnisotropy Index

RRelative elative AAnisotropy (RA)nisotropy (RA)
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Anisotropy IndexAnisotropy Index

RRelative elative AAnisotropy (RA)nisotropy (RA)



Anisotropy IndexAnisotropy Index

FFractional ractional AAnisotropy (FA)nisotropy (FA)
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Anisotropy IndexAnisotropy Index

FFractional ractional AAnisotropy (FA)nisotropy (FA)



Diffusion AnisotropyDiffusion Anisotropy

ColorColor--coded FA (axial view)coded FA (axial view)
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Diffusion AnisotropyDiffusion Anisotropy

Vector map FA (axial view)Vector map FA (axial view)
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TractographyTractography

DirectionDirection--coded FA (axial view)coded FA (axial view)



TractographyTractography

Discrete approachDiscrete approach
–– EZEZ--TracingTracing
–– TerajimaTerajima et al, JNR 2002et al, JNR 2002

Continuous approachContinuous approach
–– Fiber Fiber TractographyTractography using DTusing DT--MRI dataMRI data
–– Basser Basser et al, MRM 2000et al, MRM 2000



Discrete Approach Discrete Approach 

Voxel Voxel filteringfiltering
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Discrete ApproachDiscrete Approach

Voxel Voxel filteringfiltering
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Discrete ApproachDiscrete Approach

MultiMulti--voxelvoxel connectivityconnectivity
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Discrete ApproachDiscrete Approach

Tract connectivityTract connectivity
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Tracing CriteriaTracing Criteria

TraceADCTraceADC << 0.003 (mm0.003 (mm22/sec)/sec)
Tan(Tan(θθ) ) >> 1.2 ~ FA 1.2 ~ FA >> 0.10.1
CosCos((δδ) ) >> 0.80.8
CosCos((ΦΦ) ) >> 0.80.8



Discrete ApproachDiscrete Approach

EZEZ--Tracing Tracing tractographytractography



Continuous ApproachContinuous Approach

Fiber trajectory = 3D space curve Fiber trajectory = 3D space curve r(s)r(s)

–– Tangent vectorTangent vector

–– Key idea : 
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Continuous ApproachContinuous Approach

Choose a starting point, r(sChoose a starting point, r(s00))
Taylor expansion of r(s) about r(sTaylor expansion of r(s) about r(s00))

Choose r(sChoose r(s11) as the starting point, ) as the starting point, 
again and againagain and again…
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Continuous ApproachContinuous Approach

Fiber Fiber Tractography Tractography using DTusing DT--MRI dataMRI data
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Tracing CriteriaTracing Criteria

FA > 0.1FA > 0.1
Radius of curvature > 2 Radius of curvature > 2 voxelsvoxels
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Continuous ApproachContinuous Approach

Start from initial points ROIStart from initial points ROI
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Posterior
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Continuous ApproachContinuous Approach

Fiber Fiber TractographyTractography using DTusing DT--MRI dataMRI data

Posterior view

Sagittal plane



TractographyTractography

EZEZ--Tracing : start from every Tracing : start from every voxelvoxel
–– Solve fiberSolve fiber--crossingcrossing
F.T. : start from single F.T. : start from single voxelvoxel
–– Failure in crossing regionFailure in crossing region
Both assume single fiber in each Both assume single fiber in each voxelvoxel
–– VoxelVoxel contains multicontains multi--directional fibersdirectional fibers



Limitations & SolutionsLimitations & Solutions

Deviation from cigarDeviation from cigar--shape anisotropyshape anisotropy
–– Tensorline Tensorline methodmethod
Fiber crossingFiber crossing
–– Start from every pointStart from every point
ValidationValidation
–– Chemical tracer techniquesChemical tracer techniques



Deviation from Deviation from 
cigarcigar--shape anisotropyshape anisotropy
CigarCigar--shape shape 

PancakePancake--shape
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SolutionSolution

TensorlineTensorline Technique, ISMRM 2000Technique, ISMRM 2000
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TensorlineTensorline

When       is spherical or       is parallel When       is spherical or       is parallel 
to the flat plane of the pancaketo the flat plane of the pancake--shaped shaped 
elliposidelliposid, , 
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TensorlineTensorline

TensorlineTensorline, ISMRM 2000, ISMRM 2000



Fiber crossingFiber crossing

Corssing point



SolutionsSolutions

Start from multiple Start from multiple voxelsvoxels



SolutionsSolutions

EZEZ--Tracing : start from every Tracing : start from every voxelvoxel



ValidationValidation

Direct validationDirect validation
–– Sample registration, Dissection, Freezing, Sample registration, Dissection, Freezing, 

Dehydration, Fixation, Dehydration, Fixation, MicrotomingMicrotoming, , 
Thawing, etc.Thawing, etc.

–– Each will alter the microanatomyEach will alter the microanatomy
SolutionSolution
–– Chemical tracer techniqueChemical tracer technique



SolutionSolution

Chemical Tracer TechniqueChemical Tracer Technique
–– Manganese ion (MnManganese ion (Mn2+2+))
–– T1T1--shortening agentshortening agent
–– UptakenUptaken actively by  the axonactively by  the axon
–– Toxic materialToxic material



Chemical TracerChemical Tracer

MnMn2+2+--enhanced MRI (T1WI) of mouseenhanced MRI (T1WI) of mouse



Chemical TracerChemical Tracer

Validation via chemical tracer techniqueValidation via chemical tracer technique



ConclusionConclusion

Delineate the core of large white matter Delineate the core of large white matter 
tracts.tracts.
At present, it is the unique nonAt present, it is the unique non--invasive invasive 
technique to provide tract information.technique to provide tract information.
A powerful technique to investigate A powerful technique to investigate 
white matter anatomy and disease.white matter anatomy and disease.
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