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Anatomy

Gall (1758-1828) : Phrenology
Talairach (1911-2007) 

Antiquity 
� Animal models 
� Philosophical physiology

Renaissance:
� Dissection, surgery
� Descriptive anatomy

VØsale (1514-1564)
ParØ (1509-1590)

1990-2000:
� Explosion of imaging 
� Computer atlases
� Brain decade

2007

Science that studies the structure and the relationship in 
space of different organs and tissues in living systems 

[Hachette Dictionary]

Revolution of observation means (1988-2007) :
� From dissection to in-vivo in-situ 3D imaging

� From representative individual to population

� From descriptive atlases to interactive and generative models (simulation)

Galien (131-201)

1st cerebral atlas, Vesale, 1543

17-20e century:
� Anatomo-physiology
� Microscopy, histology

Visible Human Project, NLM, 1996-2000
Voxel-Man, U. Hambourg, 2001

Talairach & Tournoux, 1988

Sylvius (1614-1672)
Willis (1621-1675)

ParØ, 1585
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Design Algorithms to Model and Analyze the Anatomy
� Estimate representative organ anatomies across species, populations, diseases, aging, ages�
� Model organ development across time
� Establish normal variability

To understand and to model how life is functioning
� Classify pathologies from structural deviations (taxonomy)
� Integrate individual measures at the population level to relate anatomy and function

To detect, understand and correct dysfunctions
� From generic (atlas-based) to patients-specific models  
� Quantitative and objective measures for diagnosis
� Help therapy planning (before), control (during) and follow-up (after)

Computational Anatomy
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Modeling and image analysis: a virtuous loop

Normalization,
Interpretation,

Modeling

Identification
Personalization

AnatomyAnatomyAnatomyAnatomy
PhysicsPhysicsPhysicsPhysics
PhysiologyPhysiologyPhysiologyPhysiology

Images,
Signals,
Clinics,
Genetics,
etc.

Individual

Computational 
models of the 
human body

Population
Prevention
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Computer 
assisted 
medicine
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models

Statistical 
analysis

Knowledge 
inference

Integrative models
for biology and 
neurosciences
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Methods of computational anatomy

Hierarchy of anatomical manifolds (structural models) 
� Landmarks [0D]: AC, PC [Talairach et Tournoux, Bookstein], functional landmarks
� Curves [1D]: crest lines, sulcal lines [Mangin, Barillot, Fillard�]
� Surfaces [2D]: cortex, sulcal ribbons [Thompson, Mangin, Miller�], 
� Images [3D functions]: VBM, Diffusion imaging
� Transformations: rigid, multi-affine, local deformations (TBM), diffeomorphisms

[Asburner, Arsigny, Miller, Trouve, Younes�]

Groupwise correspondances in the population 

Model observations and its structural variability 

���� Statistical computing on Riemannian manifolds

Structural variability of the cortex
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Computing on manifolds: a summary

The Riemannian metric easily gives
� Intrinsic measure and probability density functions
� Expectation of a function from M into R (variance, entropy)

Integral or sum in M: minimize an intrinsic functional
� FrØchet / Karcher mean: minimize the variance

� Algorithm to compute the mean: Newton iteration (geodesic gradient descent)

� Filtering, convolution: weighted means
� Gaussian distribution: maximize the conditional entropy

� Correction for curvature

The exponential chart corrects for the curvature at the reference point

� Gradient descent: geodesic walking

� Covariance and higher order moments

� Laplace Beltrami for free

[ Pennec, NSIP�99, JMIV 2006, Pennec et al, IJCV 66(1) 2006 ]
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Statistical Analysis of the Scoliotic Spine

Database
� 307 Scoliotic patients from the Montreal�s 

Sainte-Justine Hospital.

� 3D Geometry from multi-planar X-rays

Mean
� Main translation variability is axial (growth?)
� Main rot. var. around anterior-posterior axis 

[ J. Boisvert et al.  ISBI�06, AMDO�06 and IEEE TMI 27(4), 2008 ]

X. Pennec Statistical Computing on Manifolds for Computational Anatomy 10

Statistical Analysis of the Scoliotic Spine

� Mode 1: King�s class I or III

� Mode 2: King�s class I, II, III 

� Mode 3: King�s class IV + V
� Mode 4: King�s class V (+II)

PCA of the Covariance: 
4 first variation modes 
have clinical meaning

[ J. Boisvert et al.  ISBI�06, AMDO�06 and IEEE TMI 27(4), 2008 ]



�

X. Pennec Statistical Computing on Manifolds for Computational Anatomy 11

Points and surface registration for 
computer guided oral implantology

� Three point/surface registration pb.
� Robustness wrt the initial transfo
� Detection of failures
� Accuracy

[ AREALL, PhD Thesis S. Granger, MICCAI�01, ECCV�02 ]
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Three points / surface registrations problems 
Pre-operative CT Scan 
Bone and teeth surfaces

Optical scan of dental cast
Teeth and gum surfaces

Per-operative points

Large clouds of points
on bone surface

Isolated points
on teeth surface

Surface / surface

Per-operative
consistency loop
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Points / surface registration
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Points / surface registration performances

� Isolated points to surface registration 

� Surface to surface registration

� Large clouds of points to surface registration

ICP 2 mm 0.2 mm difficult
Multiscale EM 10 mm 0.007 mm easy (100%)

Fault detection 
(criterion value)

Repeatability
CV basin 

(translation)

ICP 6 mm 0.02 mm easy
Multiscale EM > 8 mm 0.005 mm easy (100%)

Fault detection 
(criterion value)

Repeatability
CV basin 

(translation)

ICP 2 mm 0.04 mm possible
Multiscale EM 5 mm 0.001 mm easy

Fault detection 
(criterion value)

Repeatability
CV basin 

(translation)




