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Tissue Microstructure HistologyTissue Microstructure Histology

Fibers

•  destructive
•  labor intensive
•  prone to artifacts

Myocardial structures

•  “gold standard”
Histology:



Myocardial Structural Models /Atlases

•  alternative to histology
•  suitable for the mouse

1. Fiber Orientation Measurement:

•  inter-species variability
•  intra-species variability
•  atlas?

2. Statistics:

Key Challenges



Imaging Based AlternativesImaging Based Alternatives

•  noninvasive / nondestructive
•  in vivo capable
•  reasonable resolution
•  intrinsic tissue contrast

Requirements:Requirements:



PDPD T2T2

MR Diffusion ImagingMR Diffusion Imaging
Detection of Early StrokeDetection of Early Stroke

DWDW

Diffusion is highly sensitive to tissue microstructure!Diffusion is highly sensitive to tissue microstructure!



Diffusion in MRIDiffusion in MRI

Conventional transport:Conventional transport:

MRI:MRI:

••  Random translational motion  Random translational motion

••  Diffusion   Diffusion inin water versus water versus
       diffusion        diffusion ofof water water
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Diffusion in Anisotropic TissuesDiffusion in Anisotropic Tissues

MR diffusion tensor imaging
(MR-DTI)

examples:
•  brain white matter
•  myocardium
•  cartilage …



•  Principles and Methods of DTI

•  Engineering Challenges

•  Applications of Cardiac DTI

•  Myocardial Structural Models and Atlases

OverviewOverview



MR Diffusion EncodingMR Diffusion Encoding
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Diffusion Induced Signal AttenuationDiffusion Induced Signal Attenuation
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Beyond Isotropic DiffusionBeyond Isotropic Diffusion
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Generalized Anisotropic DiffusionGeneralized Anisotropic Diffusion

ggʼ̓  == R g R g

Rotate G into local diffusion axesRotate G into local diffusion axes
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••  use   use gg to probe  to probe DD
DTI strategy:DTI strategy:

••  encode in at least 6 non-colinear directions  encode in at least 6 non-colinear directions
••  calculate   calculate DD, then diagonalize, then diagonalize



Tensor Tensor DiagonalizationDiagonalization: : EigenvaluesEigenvalues

diffusion along principal axes

D1 ≥ D2 ≥ D3

D1 D2 D3



DTI: Scalar Anisotropy IndexDTI: Scalar Anisotropy Index
Contrast for tissue microstructure

conventional T2 “fractional anisotropy”
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Tensor Tensor DiagonalizationDiagonalization: Eigenvectors: Eigenvectors

primary eigenvector:
a proxy for tissue
fiber orientation



RVRV

excised right ventricleexcised right ventricle

MR diffusion tensor imagingMR diffusion tensor imaging
(non-destructive)(non-destructive)

fixationfixation

histologyhistology

Validation in Cardiac DTIValidation in Cardiac DTI

Hsu et al. Am J Physiol. 274: H1727, 1998 



epicardium

endocardium

Diffusion Tensor EigenvectorDiffusion Tensor Eigenvector

counter-clockwisecounter-clockwise
transmural transmural fiber rotationfiber rotation



Depth: +2.0 mm
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Transmural Transmural Fiber RotationFiber Rotation
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Is DTI Enough?Is DTI Enough?
Assumption:  Only One Diffusion DirectionAssumption:  Only One Diffusion Direction

2. 2. Myocyte Myocyte cellular branchingcellular branching

Jeremy Ward

1. Macroscopic1. Macroscopic  merging merging 
        or or crossing fiberscrossing fibers



High-Angular Resolution Diffusion ImagingHigh-Angular Resolution Diffusion Imaging
••      More diffusion encoding directions:More diffusion encoding directions:
••      Non-tensor-based diffusion fitting:Non-tensor-based diffusion fitting:

““Q-ballQ-ball””, generalized tensors, etc. , generalized tensors, etc. 

Single fibersSingle fibers

tensortensor Q-ballQ-ball

Crossing fibersCrossing fibers

tensortensor Q-ballQ-ball



Q-ball Imaging of the MyocardiumQ-ball Imaging of the Myocardium

•• Fixed canine heart Fixed canine heart
••  Mid ventricular short axisMid ventricular short axis
•• 96 directions; b = 2000 s/mm 96 directions; b = 2000 s/mm22

Shi et al. ISMRM 2007 



forfor

Trouble for DTI?Trouble for DTI?

Z3/4

Z2

Direct Fit Tensor-simulated



QBI QBI vs vs DTIDTI
Myocardial Fiber Orientation MappingMyocardial Fiber Orientation Mapping

FiberFiber
Helix AngleHelix Angle

DifferenceDifference



QBI QBI vs vs DTI: ImplicationsDTI: Implications

1. Small macroscopic differences exist

3. Neither can resolve cellular branching

2. Little impact on fiber orientation mapping



•  Principles and Methods of DTI

•  Engineering Challenges

•  Applications of Cardiac DTI

•  Myocardial Structural Models and Atlases

OverviewOverview



DTI: Engineering ChallengesDTI: Engineering Challenges
••  diffusion encoding via signal attenuation  diffusion encoding via signal attenuation
••  large dataset size -- minimum 7 images  large dataset size -- minimum 7 images

128 x 128128 x 128
single shot DW-EPIsingle shot DW-EPI
1.0 - 2.0 mm resolution1.0 - 2.0 mm resolution
2.0 mm or larger slice2.0 mm or larger slice
3D (3D (multislicemultislice) scan in) scan in
        ~ 10 min        ~ 10 min

••    low spatial & temporal resolution, low qualitylow spatial & temporal resolution, low quality

Areas of Development:Areas of Development:

•• acquisition efficiency acquisition efficiency

•• data de-noising data de-noising
•• distortion correction distortion correction



Diffusion Tensor Diffusion Tensor ““MicroscopyMicroscopy””??

human brainhuman brain
2.0 mm2.0 mm
10 min10 min

mouse brain/heartmouse brain/heart
100 µm100 µm

Scan time  Scan time  ∝∝        11
VoxelVoxel

(    (                  ))22

1200 YRS!!1200 YRS!!



Hardware Solutions for SNRHardware Solutions for SNR
Real GainChangeFactor

1000Total

14200Longer scans

1010Smaller transceivers

3.510Stronger gradient set

22.3Stronger magnet

Doable, but not practical



low blow b

Reducing DTI Scan TimeReducing DTI Scan Time
high bhigh b FT of contrastFT of contrast

full samplingfull sampling
(N lines)(N lines)

reduced encodingreduced encoding
(N/2 lines)(N/2 lines)



Conventional DTI StrategyConventional DTI Strategy

Diffusion tensor computation and Diffusion tensor computation and diagonalizationdiagonalization

acquire b0acquire b0 acq DWI 1acq DWI 1 acq DWI 2acq DWI 2 acq DWI 3acq DWI 3

. . .. . .

. . .. . .acq DWI 4acq DWI 4

b0 imageb0 image DWI 1DWI 1
FFT FFT FFT FFT

. . .. . .
FFT

DWI 2DWI 2 DWI 3DWI 3 DWI 4DWI 4



acquire b0acquire b0 acq acq DWI 1DWI 1

Reduced Encoding DTI StrategyReduced Encoding DTI Strategy
acq DWI 2acq DWI 2 acq DWI 3acq DWI 3

. . .. . .

. . .. . .acq DWI 4acq DWI 4

b0 imageb0 image DWI 1DWI 1

constrained reconstructionconstrained reconstruction

FFT FFT FFT FFT
. . .. . .

FFT
DWI 2DWI 2 DWI 3DWI 3 DWI 4DWI 4

Diffusion tensor computation and Diffusion tensor computation and diagonalizationdiagonalization



Constrained Reconstruction MethodsConstrained Reconstruction Methods

b0b0

DWDW

zerofillzerofill

zerofillzerofill

RIGRRIGR

keyholekeyhole



Fiber Orientation Mapping AccuracyFiber Orientation Mapping Accuracy
Fiber Fiber orientation angle orientation angle vs vs ““gold standardgold standard””
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3D DTI: 256 x 128 x 128 matrix size3D DTI: 256 x 128 x 128 matrix size
9 hr vs. 30 hr scan time9 hr vs. 30 hr scan time

Hsu & Henriquez. J  Cardiovasc Magn Reson. 3: 339, 2001



3D Myocardial Fiber Orientation Mapping3D Myocardial Fiber Orientation Mapping
dog heart

fiber helix anglefiber helix angle

9090
4545
00

-45-45
-90-90Streeter et al., 1969

MR-DTIMR-DTI
selected short-axis slicesselected short-axis slices

10 cm



Image RegistrationImage Registration
b0b0 DWIDWI differencedifference

••  DT estimation errors at borders  DT estimation errors at borders
••  Loss of fine structures  Loss of fine structures

••  Diffusion gradient direction dependent  Diffusion gradient direction dependent
••  Causes: eddy-currents, field  Causes: eddy-currents, field inhomogeneity inhomogeneity, motion, etc, motion, etc



Challenges:Challenges:

Registration of DW/DT ImagesRegistration of DW/DT Images

••  3D landmarks difficult  3D landmarks difficult
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Joint intensity histogramJoint intensity histogram

••  No exact one-to-one intensity correlation  No exact one-to-one intensity correlation
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Mutual Information Image RegistrationMutual Information Image Registration
Sub-pixel InterpolationSub-pixel Interpolation
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Mistry et al. Magn Reson Med. 56: 310, 2006



Mutual-Information RegistrationMutual-Information Registration
beforebefore

shift_x*shift_x*
shift_y*shift_y*
shift_z*shift_z*
scaling_xscaling_x
scaling_yscaling_y
scaling_zscaling_z
shear_xyshear_xy**
shear_yxshear_yx**
shear_yzshear_yz**
shear_zyshear_zy**
shear_xzshear_xz**
shear_zxshear_zx**

12-dimensional12-dimensional
search space: search space: 

*Fourier deformation*Fourier deformation

afterafter



BEFOREBEFORE

  

AFTERAFTER



•  Principles and Methods of DTI

•  Engineering Challenges

•  Applications of Cardiac DTI

•  Myocardial Structural Models and Atlases

OverviewOverview



Post-Injury / Surgery RemodelingPost-Injury / Surgery Remodeling

NormalNormal AneurismalAneurismal Surgically Surgically 
RepairedRepaired

Sheep heartsSheep hearts
2T, 256 x 128 x 128 acq2T, 256 x 128 x 128 acq
10 cm FOV10 cm FOV
Scan time: 9.1 hrScan time: 9.1 hr

Walker et al. J. Thoracic Cardiov Surg. 129: 382, 2005
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Regional ComparisonRegional Comparison

•  No change after infarction!!

•  Post-plication changes in adjacent regions



Cardiac Mechanics of LV AneurysmCardiac Mechanics of LV Aneurysm
Circumferential Strain DTI-based FEM

In Vivo Tagging

Walker et al. Am J Physiol. 289: H692, 2005



Myocardial ElectrophysiologyMyocardial Electrophysiology
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  0Courtesy: E. McVeigh (NIH)

In Vivo Mapping DTI-based FEM

                M. Sermesant (INRIA)

Canine Ectopic Pacing Action Potential Wave Front



DT Microscopy of Mouse HeartsDT Microscopy of Mouse Hearts

mouse
1.0 cm

dog heart

10 cm

9T, 100 µm isotropic resolution
200,000+ measurement points

90
45
0

-45
-90

fiber helix angle

Jiang et al. Magn Reson Med. 52: 4453, 2004



LV LV Transmural Transmural Fiber Helix AnglesFiber Helix Angles

septal wall

free wall

 Courtesy:  K. Pandya (UNC-CH) Courtesy:  K. Pandya (UNC-CH)

Fiber Angle Mapping 
Accuracy:  ± 5º 



Mouse Heart ElectrophysiologyMouse Heart Electrophysiology

transmembrane transmembrane 
potentialpotential
5 ms post pacing5 ms post pacing

extracellular extracellular 
potentialpotential
5 ms post pacing5 ms post pacing

Collaborators:  Collaborators:  
J. Tranquillo (Duke)J. Tranquillo (Duke)
C. Henriquez  C. Henriquez  
D. Weinstein (Utah)D. Weinstein (Utah)
G. KindlemanG. Kindleman



DTI and Tissue EngineeringDTI and Tissue Engineering

fibronectin etchmyocyte culture

50 µm

““Biologically InspiredBiologically Inspired”” 2D Heart Slice 2D Heart Slice
N. N. Bursac Bursac (Duke)(Duke)

fiber direction vectors



Myocardial Fiber VisualizationMyocardial Fiber Visualization

G. Gullberg, LBNL

DTI-based renderings of a rat LVDTI-based renderings of a rat LV



In Vivo Cardiac DTI?
Possible, but . . .

Wu et al. Circulation. 114: 1036, 2006

MD FA αH



Myocardial Sheet StructureMyocardial Sheet Structure
primary and secondary 
diffusion tensor eigenvectors

• Morphologically consistent
• Not fixation artifact
• Biophysical origin still unknown



•  Principles and Methods of DTI

•  Engineering Challenges

•  Applications of Cardiac DTI

•  Myocardial Structural Models and Atlases

OverviewOverview



Myocardial Structural Models /Atlases

•  alternative to histology
•  suitable for the mouse

1. Fiber Orientation Measurement:

•  inter-species variability
•  intra-species variability
•  atlas?

2. Statistics:

Key Challenges



Myocardial Fiber Orientation:Myocardial Fiber Orientation:
Inter-Species VariabilityInter-Species Variability

951.2 cm9.4 T10Mouse

1024.0 cm7.0 T6Rabbit

12510 cm2.0 T5Sheep

SNRFOVScannerNSpecies

3D DTI:
•  normal, fixed in end-systole 
• 128 x 128 x 128 matrix
•  b0 + DWI in 12 optimized directions
•  9.1 hr acquisition



Myocardial Fiber Orientation:Myocardial Fiber Orientation:
Inter-Species VariabilityInter-Species Variability

••  subepicardial subepicardial helix anglehelix angle
••  epi-to-endocardial epi-to-endocardial rangerange
•• linearity linearity

2-way ANOVA comparing2-way ANOVA comparing
across species andacross species and
myocardial zonesmyocardial zones

septalseptal mid free LVmid free LV

upperupper

lowerlower



Range Sub-epi αH Linearity

mouse-sheep YES YES YES

mouse-rabbit YES YES YES

rabbit-sheep YES YES NO

No significant zonal difference detected, 
but species-species differences are significant



Inter-Species Variability: ImplicationsInter-Species Variability: Implications

•  fewer myocyte in smaller hearts
•  steeper transmural angle = higher torsion?

1. Biomechanics:

•  cannot scale across species
•  at least hearts of different sizes

2. Myocardial modeling:



•  define anatomically-equivalent points
•  quantitative comparison of tensor fields

Areas of Development:

Myocardial Fiber Orientation:Myocardial Fiber Orientation:
Intra-Species VariabilityIntra-Species Variability



Large Deformation DiffeomorphicLarge Deformation Diffeomorphic
Metric Mapping (LDDMM)Metric Mapping (LDDMM)

•  infinite DOF
•  invertible



Image Processing PipelineImage Processing Pipeline
original align segment affine LDDMM

atlas



Statistics of Group AveragesStatistics of Group Averages

AnisotropyαH

• averages scalar of quantities vs. tensor
• pixel-wise vs. whole-heart comparison



Principal Component AnalysisPrincipal Component Analysis
• reduces 10,000s to (N-1) DOF
• scalar measurements
• whole-heart comparison

helixhelix
angleangle

Group of 11 mouse hearts



Statistical Power:Statistical Power:
First Helix Angle ComponentFirst Helix Angle Component

Mean ± SD of 20 sub-samplesMean ± SD of 20 sub-samples

Eigenvalue mean Eigenvector dot product

cohort size cohort size



Detection of Detection of Hypertrophic Hypertrophic HeartsHearts

Ellipses include 95% of data  with ± 2SD in each dimension in 3D PCA spaceEllipses include 95% of data  with ± 2SD in each dimension in 3D PCA space

AnisotropyαH

Collaborators: K. Padya, O. Smithes



Fiber Orientation Helix AngleFiber Orientation Helix Angle

Pixel-wise ComparisonPixel-wise Comparison

Group MeanGroup Mean DifferenceDifference SignificanceSignificance

Whole-heart comparison can be advantageous



•  Alternative to histology found
•  Inter-species differences significant

ConclusionsConclusions

•  Intra-species variability tractable



•  Even more efficient DTI acquisitions

•  Vector or tensor-based statistics

Works in ProgressWorks in Progress

•  4D and longitudinal atlases

•  Better in vivo cardiac DTI
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