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RESUME 

Le rachis est constitue d'un ensemble de vertebres entourees de tissus mous. Celui-ci est 

flexible, mais il est aussi rigide par morceau. Un modele articule permet de prendre en 

compte la nature particuliere des deformations acceptables du rachis en vue de la creation 

d'un modele statistique. 

Cependant, les modeles articules appartiennent naturellement a une variete Riemannienne 

et non a un espace vectoriel ce qui nous a amene a utiliser la moyenne de Frechet et une 

mesure generalisee de la covariance lors de la creation des modeles statistiques. Ceux-

ci peuvent etre visualises de facon intuitive et compares a l'aide de tests d'hypotheses. 

L'analyse d'un grand groupe de patients scoliotiques a revele que la variabilite de la forme 

du rachis est inhomogene et anisotrope et qu'il est aussi possible de localiser les niveaux 

vertebraux significativement affectes par un traitement orthopedique. 

L'analyse par composantes principales dans le plan tangent de la moyenne de Frechet per­

met quant a elle d'extraire des modes de deformations typiques qui facilitent 1'analyse de 

grandes bases de donnees. Ces deformations typiques revelerent des groupements clini-

quement interessants chez les patients scoliotiques. 

Finalement, une procedure d'estimation d'un maximum a posteriori permet la reconstruc­

tion 3D de modeles complets a partir de modeles 3D incomplets ou a partir de reperes 

2D identifies sur des radiographics. Les resultats obtenus indiquent que notre mehode de 

reconstruction a partir de reperes 2D est plus performante que la methode la plus utilisee 

actuellement. De plus, une erreur inferieure a 2 mm a ete obtenue lorsqu'au moins 25 % 

des vertebres etaient disponibles pour la reconstruction d'un modele complet du rachis. 

Les resultats obtenus indiquent done qu'un modele statistique de la geometrie du rachis 

complet base sur une modelisation articulee mene a des statistiques descriptives inter-

pretables cliniquement et a des algorithmes qui permettent d'obtenir des modeles 3D du 

rachis dans des circonstances ou cela aurait ete impossible par le pass6. 
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RESUME ETENDU 

Les recents progres realises dans le domaine de l'imagerie medical e et des technologies de 

1'information permettent aujourd'hui d'acquerir de grandes quantites d'images du corps 

humain avec une qualite inegalee. Cette amelioration de la quantite et de la qualite des 

images disponibles rend possible la creation de modeles statistiques de structures ana-

tomiques. Les applications de ces modeles statistiques sont nombreuses. En effet, ces 

modeles permettent d'accumuler et de resumer l'information recueillie chez de larges 

groupes de patients. lis autorisent du meme coup une comprehension intuitive des varia­

tions communes chez les patients etudies. De plus, ils rendent possible la mise a l'epreuve 

de cette comprehension intuitive par le biais de tests d'hypotheses. De nombreux algo-

rithmes d'analyses d'images reposent aussi sur ces modeles afin de guider la creation 

de modeles geometriques de structures anatomiques. Le diagnostic assiste par ordinateur, 

l'aide au pronostic, le design de traitements orthopediques et la chirurgie assistee par or­

dinateur ne sont que quelques exemples d'applications cliniques possibles. 

La scoliose adolescente idiopathique est une maladie qui entraine des deformations de la 

colonne vertebrale. Ces deformations sont tres variables et la cause de celles-ci reste, pour 

le moment, indeterminee. Ainsi, l'etude des deformations scoliotiques beneficierait gran-

dement d'un modele statistique de la colonne vertebrale. Or, il n'existe pas actuellement 

de modeles permettant de prendre en compte de facon satisfaisante la forme du rachis 

complet. La colonne vertebrale etant une structure non rigide constituee de structures ri-

gides (les vertebres), nous proposons de modeliser celle-ci comme un objet articule. Ce 

type de modelisation permet de decrire efficacement la forme du rachis tout en permet­

tant la modelisation simultanee de la forme des vertebres. Cette these est done consacree 

a l'utilisation de modeles articules pour l'etude de la scoliose. Leur utilisation est abor-

dee selon trois perspectives : l'etude des variations locales de la forme du rachis, l'etude 

des deformations globales et la reconstruction de modeles 3D basee sur une connaissance 

statistique de la forme du rachis. 

Dans un premier temps, nous proposons l'utilisation d'un modele articule pour l'etude de 

la forme locale du rachis et des changements de forme causes par les traitements de la 

scoliose. Dans ce contexte, la forme de la colonne vertebrale a ete decrite par des transfor­

mations rigides intervertebrales. Ces transformations rigides represented les changements 
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d'orientations et de positions entre les systemes de coordonnees locaux de vertebres adja-

centes. Les modifications de la forme du rachis sont quant a elles decrites par les transfor­

mations rigides qui doivent etre composees aux transformations rigides intervertebrales 

initiales pour obtenir la forme du rachis apres traitement. Le calcul conventionnel de la 

moyenne et de la covariance n'est pas applicable aux transformations rigides puisque la 

somme de transformations rigides est indefinie (a ne pas confondre avec la composition de 

transformations rigides). Cependant, la moyenne de transformations rigides peut etre de-

finie a partir de la minimisation d'une somme de distances. Cette moyenne generalisee est 

appelee moyenne de Frechet et peut etre calculee en effectuant une descente de gradient. 

De plus, la covariance traditionnelle peut etre remplacee par une covariance generalisee 

calculee dans le plan tangent de la moyenne de Frechet. 

L'analyse des modeles articules de la colonne vertebrale d'un large groupe de patients 

scoliotiques revele que la colonne vertebrale moyenne de ces patients est proche d'une 

colonne vertebrale saine avec une legere scoliose thoracique droite. La variabilite des 

transformations rigides intervertebrales calculee a partir de ce groupe de patients est in-

homogene (les vertebres lombaires etant plus variables que les vertebres thoraciques) et 

anisotrope (les plus grandes variabilites etant liees a la rotation autour de l'axe coronal et 

a la translation le long de la direction axiale). Des effets significatifs ont aussi ete consta­

tes sur la moyenne et la covariance generalisee des modifications reliees au traitement par 

corset de Boston et a la chirurgie corrective Cotrel-Dubousset lors de comparaisons avec 

un groupe temoin. Ces differences sont significatives pour des regions specifiques oil ces 

traitements produisent un effet sur la forme locale du rachis. 

Dans un second temps, nous avons etudie les deformations scoliotiques d'un point de vue 

global. Ainsi, nous avons combine les transformations rigides intervertebrales avec des re-

peres anatomiques locaux pour chaque vertebre. La dimensionality des modeles resultants 

de cette combinaison est trop importante pour qu'un individu puisse analyser les relations 

statistiques entre chaque repere anatomique et chaque transformation intervertebrale. II est 

cependant possible de resumer par quelques modes de deformation principaux les defor­

mations les plus communement observees chez de grands groupes de patients. Ces modes 

de deformations principaux peuvent etre automatiquement extraits par l'utilisation d'une 

analyse par composantes principales sur la matrice de covariance generalisee. 

Des informations cliniquement pertinentes ont pu etre extraites a l'aide de ces modes de 
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deformations principaux. En effet, les modes de deformations extraits a partir d'un groupe 

de patients scoliotiques revelent des groupements cliniquement interessants. Par exemple, 

le premier mode de deformation est associe a la croissance des patients, le second mode 

est caracterise par le developpement d'une double courbure et le troisieme mode de de­

formation correspond au developpement d'une courbure thoraco-lombaire. Ces modes de 

deformations permettent aussi de demontrer le lien qui existe entre le developpement d'une 

courbure scoliotique et la deformation des vertebres. 

Finalement, l'utilisation d'une modelisation articulee nous a permis d'etablir qu'il est pos­

sible d'estimer des modeles geometriques 3D complets a partir de modeles partiels et a 

partir d'une ou de plusieurs radiographics. En effet, l'utilisation d'une information sta-

tistique a priori se traduisant par un terme supplemental de regularisation (la distance 

de Mahalanobis) dans les procedures de reconstruction s'est revelee tres efficace. Ainsi, 

des modeles 3D partiels de la colonne vertebrale ont pu etre completes en minimisant la 

distance de Mahalanobis du modele estime avec un modele articule moyen tout en contrai-

gnant la position absolue, 1'orientation absolue ainsi que la forme des vertebres presentes 

dans un modele partiel. L'estimation a partir de radiographies est quant a elle possible en 

minimisant une somme ponderee de la distance de Mahalanobis et de l'erreur quadratique 

generee par le modele articule courant. 

La precision des methodes de reconstruction de modeles 3D de la colonne vertebrale a 

ete validee a l'aide d'une base de donnees comprenant les radiographies de pres de 300 

patients scoliotiques. L'erreur obtenue sur les reperes anatomiques estimes a partir de mo­

deles partiels est de moins de 1 mm, si au moins 50 % des vertebres sont presentes dans 

le modele partiel. Si au moins 25 % des vertebres sont presentes, l'erreur demeure en des-

sous de 2 mm. La reconstruction de modeles 3D de la colonne vertebrale a partir d'une 

seule radiographic postero-anterieure est associee a une erreur de 14 mm. L'utilisation 

d'un modele a priori de la forme des vertebres permet de reduire l'erreur a 3,7 mm, alors 

que l'utilisation de deux radiographies est associee a une erreur de 1,1 mm. 

Les resultats obtenus indiquent que combiner rotation intervertebrale, translation inter-

vertebrale ainsi que la forme des vertebres dans un cadre de travail statistique unifie per­

met d'obtenir des methodes efflcaces et des resultats interpretables cliniquement. Nous 

avons demontre comment utiliser des statistiques de forme pour caracteriser la variabilite 

de la colonne vertebrale scoliotique. Nous avons aussi mis en evidence qu'il est possible 
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d'extraire automatiquement les modes de variations qui ont un lien etroit avec les classi­

fications cliniques de la scoliose. De plus, nous avons mis en evidence la possibility de 

reconstruire des modeles 3D complets de la colonne vertebrale meme si une partie des 

donnees qui sont necessaires aux methodes traditionnelles sont manquantes. Ces resultats 

ouvrent la porte a de nouvelles etudes cliniques qui pourront effectuer des reconstructions 

3D de la colonne vertebrale dans des circonstances ou cela aurait ete impossible par le 

passe. Le modele de variability du rachis scoliotique permettra une conception plus astu-

cieuse de traitements orthopediques de la scoliose. La mise en evidence d'une methode 

permettant d'extraire des modes de deformations continus plutot que des classifications 

discretes des deformations scoliotiques permettra egalement d'ameliorer les techniques de 

planification chirurgicale actuelles. 
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ABSTRACT 

The spine is composed of bony structures (the vertebrae) which are surrounded by soft 

tissues. Thus, it is a flexible structure, but it is also piecewise rigid. An articulated model 

enables us to take into account the specific nature of the spine deformations in order to 

create statistical models of its shape. 

However, articulated models naturally belong to a Riemannian manifold and not to a vec­

tor space. Therefore, the Frechet mean and a generalized measure of the covariance were 

used to create statistical models of the spine shape. These statistical models can be intui­

tively analyzed using specialized visualization tools and compared using hypothesis tests. 

The analysis of a large group of scoliotic patients revealed that the spine shape variability 

is inhomogeneous and anisotropic, and that it is possible to localize the vertebral levels 

that are significantly altered by an orthopedic treatment. A principal component analysis 

applied in the tangent plane of the Frechet mean was used to extract the principal deforma­

tion modes, which simplifies the analysis of large databases. These principal deformation 

modes uncovered clinically relevant patterns when applied to scoliotic patients. Finally, a 

maximum a posteriori estimation procedure can be used to reconstruct 3D spine models 

from partial radiological data or from 2D landmarks identified on radiographs. Our results 

indicate that the proposed method outperforms the most commonly used 3D reconstruc­

tion method when 2D landmarks are used. Furthermore, a reconstruction error of less than 

2mm was obtained when at least 25% of the data were available. 

The results of our studies indicate that a statistical model of the whole spine geometry, 

based on an articulated description of the spine, leads to clinically interpretable descriptive 

statistics and to algorithms that can reconstruct 3D spine models in circumstances where 

this was previously impossible. 
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EXTENDED ABSTRACT 

Recent advances in medical imaging and in information technology have led to the acqui­

sition of vast numbers of medical images of unequalled quality. These improvements in 

the quality and quantity of medical images of the human body now allow the construc­

tion of detailed statistical models of anatomical structures. The possible applications of 

these models are numerous. They can be used to accumulate and summarize information 

gathered from large groups of patients. They can also facilitate an intuitive understanding 

of the variations commonly observed in different diseases. Moreover, they encourage the 

evaluation of new ideas by means of hypothesis tests. Several image analysis algorithms 

(segmentation and registration algorithms, for example) also rely on statistical models 

of anatomical structures to guide image exploration. Computer-aided diagnostic and pro­

gnostic, intelligent orthopedic treatment design and computer-assisted surgery are just a 

few examples of practical applications that can be used by clinicians. 

Adolescent idiopathic scoliosis is a disease that causes deformations of the spinal column. 

These deformations are quite variable and their cause(s) remain(s) unknown. The ana­

lysis of scoliotic deformations would benefit greatly from the use of a statistical model 

of the spine. However, there are currently no statistical models that can efficiently take 

into account both the shape of the spine and the shape of the vertebrae. The spine being 

a non-rigid structure composed of rigid objects (the vertebrae), we propose to model it 

as an articulated object. An articulated object makes it possible to analyze the shape of 

the spine, while simultaneously modeling the shape of the vertebrae. This thesis there­

fore presents the use of articulated models in the context of spinal deformity studies. We 

examined articulated modelling of the spine from three different perspectives : the charac­

terization of the local shape of the spine, the investigation of global deformations, and the 

reconstruction of 3D models using a statistical model of the spine shape. 

First of all, we introduced a method to analyze the variability of the spine shape and of its 

deformations using articulated shape models. The spine shape was expressed as a vector 

of relative poses between local coordinate systems of neighbouring vertebrae. Spine shape 

deformations were then modeled by a vector of rigid transformations that transforms the 

shape of the spine before treatment into the corrected shape of the spine after treatment. 

Because rigid transformations do not naturally belong to a vector space, conventional mean 
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and covariance computations could not be applied. Thus, the Frechet mean and a generali­

zed covariance were used instead. The Frechet mean is a generalization of the conventional 

mean based on the minimization of the summation of the distances between the mean and 

a set of elements. In practice, it is computed by performing a gradient descent on the sum­

mation. The generalized covariance is a covariance matrix computed in the tangent space 

of the Frechet mean. 

We performed a quantitative analysis of the spine shapes of a large group of scoliotic 

patients as well as the changes in spine shapes associated with the Cotrel-Dubousset cor­

rective surgery, the Boston brace and the scoliosis progression without treatment. The va­

riability of inter-vertebral poses was found to be inhomogeneous (lumbar vertebrae were 

more variable than the thoracic ones) and anisotropic (with maximal rotational variability 

around the anterior-posterior axis and maximal translational variability along the longi­

tudinal axis). Finally, brace treatment and surgery were found to have a significant effect 

on the Frechet mean and on the generalized covariance in specific spine regions where 

treatments modified the spine shape thus helping to localize treatment effects. 

Secondly, we studied the scoliotic deformations from a global perspective. The spine was 

modeled with two levels of details. At the first level, the global shape of the spine was 

expressed using a set of rigid transformations that superpose local coordinate systems of 

neighboring vertebrae. At the second level, anatomical landmarks measured with respect 

to a vertebra's local coordinate system were used to quantify vertebra shape. The dimen­

sionality of the resulting variability model is very high. Thus, it is not possible for a human 

being to analyze all possible relationships between each inter-vertebral transformation and 

each anatomical landmark. It is however possible to summarize with a few deformation 

modes the most commonly observed deformations from a large group of patients. These 

principal deformation modes were extracted by performing a principal component analysis 

(PCA) on the generalized covariance matrix. 

The resulting deformation modes reveal clinically relevant information. For instance, the 

first mode of deformation is associated with patients' growth, the second corresponds to 

a double thoraco-lumbar curve and the third corresponds to a thoracic curve. Moreover, 

relationships between local vertebral shapes and global spinal shape (such as vertebra wed­

ging) were demonstrated using a sample of 3D spine reconstructions with 14 anatomical 

landmarks per vertebra. 
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Finally, three-dimensional reconstructions of spinal geometry are extremely important for 

the assessment of spinal deformities. Roentgenography is by far the most widespread ima­

ging modality used clinically to assess those deformities. However, it is not always pos­

sible to extract enough information from the radiograph(s) to build complete 3D models. 

The missing information can be the result of the absence of a second radiograph (nee­

ded to triangulate anatomical landmarks), of unrecognizable anatomical landmarks, or of 

vertebrae that are situated outside the radiographs' frame(s). To alleviate these problems, 

we demonstrated a set of methods to build complete 3D spine models either from par­

tial 3D models or from 2D landmarks (even if only one radiograph is available) using 

maximum a posteriori estimators. Complete models were estimated by finding the articu­

lated spine descriptions that were associated with the lowest Mahalanobis distances and 

that were consistent with the absolute positions, orientations, and shapes of the vertebrae 

present in the partial models. The reconstruction of 3D spine models from 2D landmarks 

identified on radiograph(s) was performed by minimizing a weighted sum of the Mahala­

nobis distance and of the re-projection error associated with the current articulated spine 

description. 

The proposed reconstruction methods from partial data were validated using a database 

comprising information from nearly 300 scoliotic patients. The accuracy of the vertebral 

estimates obtained by using partial models was within lmm of measured values if at least 

50% of the vertebrae were available in the initial partial model. Moreover, the accuracy 

was within 2mm of measured values if at least 25% of the vertebrae were available. The re­

construction of an articulated spine description from a single posterior-anterior radiograph 

resulted in a mean error of 14mm. The addition of vertebral shape constraints lowers this 

mean error to 3.7mm, while the reconstruction from two radiographs results in a mean 

error of 1.1mm. 

The results indicate that combining rotation, translation and local vertebral shapes into 

a unified framework leads to effective and meaningful analysis and reconstruction me­

thods. We demonstrated that shape statistics can be used to characterize the variability 

of the spine shape in scoliotic patients. Moreover, we developed a method to automati­

cally extract the principal modes of deformation for a given population of patients. These 

modes have a clear connection with clinically used classifications of scoliotic deforma­

tions. We also introduced methods that can reconstruct complete 3D spine models in si­

tuations where this was previously impossible. The statistical model used here seems to 
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capture quite well the natural variability in the shape of human spine and produces accu­

rate 3D reconstructions even when large portions of information are not available. 

We believe that the results and methods presented in this thesis will enable new develop­

ments in the field of spinal deformity studies. More adapted orthopedic scoliosis treat­

ments will be developed based on the local variability of the scoliotic spine. The principal 

modes of deformation, which are continuous, will open new directions to surgical plan­

ning methods, which are currently based on discrete classifications. Finally, the proposed 

reconstruction methods will enable the creation of 3D spine models in new situations, 

which will lead to new clinical and research applications. 
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INTRODUCTION 

Les progres recents realises dans le domaine de l'imagerie medicale ont permis de creer 

des images fabuleuses du corps humain. Celles-ci sont aujourd'hui couramment utilisees 

par les medecins et les chercheurs pour le traitement de maladies et l'etude de la sante 

humaine. Ces images, prises individuellement, revelent de 1'information precieuse qu'il 

serait impossible d'obtenir autrement a propos de l'etat de sante d'un patient. Cependant, 

la valeur collective de ces images depasse largement la somme de leurs valeurs indivi-

duelles. 

Les nouvelles avancees des technologies de l'information permettent maintenant d'accu-

muler et de centraliser des quantites impressionnantes de donnees. II est done possible de 

constituer de grandes bases de donnees d'images medicales. Les applications possibles de 

ces bases de donnees sont nombreuses. On peut penser a des systemes experts d'aide au 

diagnostic, a la chirurgie assistee par ordinateur ou encore a la fouille de donnees ("data 

mining"). II est cependant necessaire d'integrer de facon intelligible l'information pour en 

tirer profit. II s'agit la d'un defi important auquel sont confronted de nombreux medecins, 

chercheurs et ingenieurs. 

Une representation abstraite de la structure anatomique ou du phenomene physiologique 

d'interet est generalement utilisee pour mettre en evidence les faits desires tout en ecartant 

les distractions. Cette representation abstraite, aussi nominee modele, permet de rendre 

comparable l'information provenant d'images medicales independamment de facteurs ex-

ternes, comme le type particulier d'imageur utilise ou encore le centre hospitalier ayant 

realise l'acquisition des images. II n'existe malheureusement pas une solution unique 

quant au choix du modele utilise et chaque situation doit etre evaluee individuellement. 

Une fois le modele choisi, il est possible d'ajuster le modele aux observations contenues 

dans une banque de donnees d'images. II est alors possible de transcender les images indi-

viduelles et de mettre en lumiere des faits qui auraient ete difficiles ou impossibles a decou-

vrir par la visualisation successive des images de la banque. L'etude de la forme moyenne 

de structures anatomiques et des ecarts individuels par rapport a cette forme moyenne est 

un exemple commun d'analyse. II est aussi possible d'analyser l'effet de traitements chez 

de grands groupes de patients ou encore de rechercher des schemas recurrents dans les 
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symptomes des patients. 

Au cours de cette these, nous nous interessons a 1'etude des deformations de la colonne 

vertebrale et plus specifiquement 1'etude des deformations associees a la scoliose idiopa-

thique adolescente. Comme son nom l'indique, la scoliose idiopathique adolescente est 

une pathologie qui afflige principalement les adolescents et pour laquelle il n'existe pas 

de cause connue. L'absence de cause connue rend l'etude statistique de la forme de la 

colonne vertebrale fort interessante. En effet, l'etude statistique est independante de la 

(ou des) cause(s) de la pathologie et de ses mecanismes de progression, mais elle peut 

permettre de mettre en evidence des sous groupes qui y sont relies. 

De plus, les applications potentielles d'un modele statistique efficace de la forme du ra-

chis scoliotique sont importantes. Une connaissance plus precise et plus intuitive de la va-

riabilite anatomique presente chez les patients scoliotiques permettrait des ameliorations 

notables dans la conception d'appareils correcteurs (corset ou instrumentation chirurgi-

cale). De plus, l'etude de l'effet de ces traitements correcteurs pourrait beneficier d'une 

modelisation efficace de la forme du rachis. La recherche de deformations typiques est 

aussi tres importante, car des categories ad hoc sont deja utilises par les chirurgiens afin 

de classifier les cas cliniques. Ces classifications sont ensuite utilisees pour la planification 

des traitements chimrgicaux. 

Les applications de la modelisation statistique ne sont cependant pas limitees a 1'analyse 

descriptive de la forme du rachis des patients scoliotiques. La modelisation statistique per-

met de reconstruire des modeles 3D du rachis dans des situations ou cela serait impossible 

autrement. Elle permet aussi d'augmenter la precision des reconstructions dans d'autres 

situations. 

De plus, la modelisation statistique du rachis est un enjeux tres important pour les chirur-

gies du rachis guidees par l'image. En effet, des systemes de chirurgies guidees par l'image 

font leur apparition dans plusieurs specialites de la medecine. Ces systemes permettent une 

plus grande precision et mettent en contexte les actions d'un chirurgien a l'aide d'images 

preoperatoires. Ainsi, un chirurgien peut, par exemple, durant une intervention critique, 

visualiser en 3D la position des instruments chirurgicaux par rapport aux organes du pa­

tient images avant 1'intervention grace a une tomodensitometrie. Cette technologie reduit 

les risques qu'un chirurgien endommage des structures anatomiques fragiles. 
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Ce type de technologie est deja utilise dans plusieurs specialites de la chirurgie. Cepen-

dant, le fonctionnement de ces systemes repose sur l'hypothese qu'une transformation 

rigide permet de superposer les images pre-operatoires et per-operatoires. Cette hypothese 

n'est pas respectee lors d'interventions sur la colonne vertebrale puisque celle-ci est une 

structure articulee qui change significativement de forme lorsque le patient change de po­

sition ou que le chirurgien effectue des manipulations. Les systemes actuels de chirurgie 

guidee par l'image contournent cette limitation en considerant les vertebres de facon indi-

viduelle. Autrement dit, des marqueurs percutanes sont installes sur chacune des vertebres 

instrumentees. Cette pratique est invasive et ralentit le deroulement de 1'intervention. Une 

etude approfondie de la variabilite associee a la forme du rachis permettra de diminuer cet 

inconvenient en reduisant le nombre de marqueurs necessaire pour obtenir une precision 

equivalente. 

Le defi principal de la modelisation statistique du rachis est de modeliser la forme du ra­

chis d'une maniere qui soit coherente avec les mecanismes de deformations. En effet, une 

modelisation coherente avec les mecanismes de deformations permet une analyse intui­

tive. L'interpretation physique des resultats est alors aisee, ce qui augmente la credibility 

des resultats obtenus et la possibilite d'utiliser ceux-ci dans un contexte clinique. 

Dans cette optique, cette these se penchera sur l'utilisation d'un modele articule pour la 

modelisation de la colonne vertebrale. La justification pour l'utilisation de ce type de mo­

dele est simple. La colonne vertebrale etant constitute d'un ensemble de vertebres rigides, 

la forme de celle-ci peut etre decrite par la position et l'orientation relatives des vertebres. 

Cependant, les vertebres ne sont pas independantes les unes par rapport aux autres. Une 

serie d'interactions complexes entre plusieurs structures anatomiques, dont les muscles, 

les ligaments, les nerfs et la moelle epiniere, contraignent les mouvements relatifs des 

vertebres. 

Ainsi, en modelisant les positions et orientations relatives des vertebres, ainsi que les re­

lations existantes entre les positions et orientations de plusieurs vertebres, il est possible 

d'obtenir une modelisation tres puissante pour resoudre plusieurs problemes importants 

auxquels les chercheurs oeuvrant dans le domaine de 1'etude des deformations du rachis 

sont confrontes. 

Le format d'une these par articles a ete choisi afin de maximiser la diffusion des resul­

tats et des methodes developpees. Les articles soumis a des journaux evalues par les pairs 
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ont ete rediges en anglais puisque leur contenu s'adresse a une communaute qui n'est 

pas entierement francophone. Cependant, les chapitres complementaires ont ete rediges 

en francais. Ainsi, le reste de la these est done structure comme suit : le chapitre 1 est 

consacre a une revue de la litterature pertinente. Le chapitre 2 presente la problematique, 

les objectifs de recherche ainsi que la methodologie generate adoptee. Les trois chapitres 

suivants (chapitre 3, 4 et 5) detaillent les contributions originales et sont des reproduc­

tions d'articles soumis a des journaux evalues par les pairs. Le chapitre 3 presente l'etude 

de la variabilite anatomique ainsi que la modelisation de l'effet de traitements orthope-

diques. Le chapitre 4 est consacre a l'etude des deformations scoliotiques a partir d'une 

generalisation de l'analyse par composantes principales appliquee aux modeles articules. 

Le chapitre 5 sera quant a lui dedie a l'estimation de modeles articules de la colonne 

vertebrale a partir de donnees radiologiques partielles. Le chapitre 6 expose une serie de 

resultats complementaires concernant la reconstruction de modeles 3D du rachis a partir 

d'une seule radiographie. Finalement, les deux derniers chapitres presentent respective-

ment une discussion globale des methodes et resultats obtenus ainsi que la conclusion des 

travaux. 
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CHAPITRE 1 

REVUE CRITIQUE DE LA LITTERATURE 

Ce chapitre presente une revue de la litterature pertinente vis a vis des sujets abordes 

au cours de la these. Les buts poursuivis par ce chapitre sont nombreux. Premierement, 

il vise a fournir au lecteur les informations necessaires pour comprendre les methodes 

qui seront presentees dans les chapitres subsequents. Deuxiemement, la revue critique 

de la litterature scientifique pertinente permet d'introduire le contexte scientifique dans 

lequel s'inscrit la presente these. Troisiemement, ce chapitre offre au lecteur des elements 

essentiels a 1'interpretation des resultats. Cependant, ce chapitre n'est pas un substitut aux 

sections consacrees a la revue de la litterature inclus dans chacun de nos articles; il s'agit 

plutot d'un complement qui cimente les differents sujets abordes. 

Ce chapitre aborde plusieurs themes. Pour commencer, le contexte medical des travaux 

est presente. L'anatomie de la colonne vertebrale est introduite. Par la suite, la scoliose qui 

est la pathologie etudiee est presentee. Les methodes couramment utilisees afin d'evaluer 

les deformations scoliotiques ainsi que l'effet de traitements sur celles-ci sont discutees. 

Finalement, la derniere portion de ce chapitre est consacree aux methodes permettant de 

reconstruire des modeles geometriques du rachis a partir d'images medicales. Une at­

tention particuliere est portee aux methodes de reconstruction a partir de radiographics 

puisqu'il s'agit de la modalite d'imagerie la plus commune dans l'etude des deformations 

du rachis. 

1.1 Anatomie de la colonne vertebrale 

La colonne vertebrale, aussi appelee rachis, est composee d'un ensemble d'os emboites 

nommes vertebres. On distingue generalement cinq segments a l ' interieur du rachis (voir 

Figure 1.1) : 

1. Le segment cervical, qui comprend sept vertebres. Ces vertebres sont numerotees de 

haut en bas de CI a C7. Les deux premieres vertebres (CI et C2) sont aussi appelees 
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atlas et axis. 

2. Le segment thoracique, qui regroupe douze vertebres numerotees de haut en bas de 

Tl aT12. 

3. Le segment lombaire, qui est constitue de cinq vertebres (LI a L5). 

4. Le sacrum, qui est compose des cinq vertebres sacrees (S1 a S5). Ces vertebres sont 

generalement soudees en une piece. 

5. Le coccyx, qui est le resultat de la soudure de quatre a six vertebres atrophiees (les 

vertebres coccygiennes). 

Une colonne vertebrale saine est rectiligne sur le plan frontal. Sur le plan sagittal, on 

distingue une sequence de quatre courbures. La premiere courbure, nommee lordose cer-

vicale, se situe au niveau du segment cervical. C'est une courbure dont la concavite est 

posterieure. La seconde courbure, appelee cyphose thoracique, se trouve au niveau du seg­

ment thoracique et forme une concavite anterieure. La lordose lombaire est la troisieme 

courbure et est situee au niveau des vertebres lombaires. Elle decrit une courbe dont la 

concavite est inverse a celle du segment thoracique, soit une courbe de concavite poste­

rieure. Finalement, le sacrum et le coccyx decrivent la derniere courbe appelee cyphose 

sacree. 

Chaque vertebre de la colonne vertebrale possede des caracteristiques qui lui sont propres. 

Cependant, les vertebres de C3 a L5 (fin du segment cervical, segment thoracique et seg­

ment lombaire) possedent une structure generate commune. D'ailleurs, lors de l'etude des 

deformations scoliotiques, seules les vertebres thoraciques et lombaires (parfois combi-

nees a quelques vertebres cervicales) sont utilisees. 

La figure 1.2 illustre une vertebre. On peut observer deux parties distinctes de la vertebre : 

la partie anterieure qui est constituee d'un bloc d'os massif appele le corps vertebral et 

l'arc osseux posterieur. Le corps vertebral est constitue d'os spongieux au centre et d'os 

cortical en peripheric L'arc osseux posterieur est forme des apophyses (4 apophyses arti-

culaires, 2 apophyses transverses et une apophyse Cpineuse), des lames vert6brales, ainsi 

que des pedicules. De part et d'autre des pedicules se trouvent les fossettes costales qui 

permettent la liaison avec les cotes de la cage thoracique. Evidemment, les vertebres qui ne 

sont pas reliees aux cotes ne possedent pas de fossettes costales. Les fossettes articulaires 

permettent, quant a elles, d'etablir des liens entre vertebres adjacentes. 
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Figure 1.1 Vue d'ensemble de la colonne vertebrate (adapte de Netter [137]). 
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L'anatomie relativement complexe des vertebres donne lieu a plusieurs points saillants. 

Ceux-ci sont identifiables de facon fiable sur des images medicales et peuvent done ser-

vir de reperes anatomiques. Grace a 1'identification de ces reperes, il est aussi possible 

de definir des systemes de coordonnees standards. La definition de systemes de coordon­

nees standards est importante puisque 1'analyse des deformations scoliotiques peut etre 

effectuee a divers niveaux. II faut done disposer de systemes de coordonnees adaptes aux 

mesures qui seront effectuees. De plus, 1'utilisation de systemes de coordonnees standards 

rend les resultats provenant de divers groupes de recherche comparables et/ou comple-

mentaires. Dans ce contexte, un comite de la SRS (Scoliosis Reasearch Society) proposa 

les systemes de coordonnees illustres a la Figure 1.4 [181]. On distingue quatre types de 

systemes de coordonnees en fonction du niveau de details souhaite : 

1. Systeme de coordonnees global du patient. II s'agit d'un systeme d'axe traditionnel 

base sur la gravite. L'origine du systeme de coordonnees se trouve au centre du 

plateau superieur de SI. L'axe « ZG » est parallele a la direction de la gravite. L'axe 

« YG » est parallele a la droite joignant les epines iliaques anterosuperieures et l'axe 

« XG » complete un systeme d'axe orthonorme. 

2. Systeme de coordonnees global de la colonne vertebrale. II s'agit d'un systeme ayant 

pour origine le centre du plateau superieur de SI. L'axe « Zs » passe par l'origine et 

le centre du corps vertebral d'une vertebre donnee (generalement C7 ou Tl). L'axe 

« Ys » est parallele a la droite joignant les epines iliaques anterosuperieures et l'axe 

« Xs » complete un systeme d'axe orthonorme. 

3. Systemes de coordonnees locaux le long du rachis. Pour ces systemes de coordon­

nees, l'origine est un point arbitraire le long d'une fonction interpolant le centre des 

corps vertebraux. L'axe « ZR » est la tangente de cette fonction, l'axe « YR » est sa 

binormale et l'axe « XR » est sa normale. 

4. Systemes de coordonnees locaux des vertebres. L'origine des systemes de coordon­

nees locaux des vertebres sont les centroi'des des corps vertebraux. Les axes « ZL » 

locaux associes a ces systemes de coordonnees passent par le centre des plateaux 

vertebraux inferieurs et superieurs. Les axes « YL » sont definis comme etant pa-

ralleles a des droites joignant les bases des pedicules droits et gauches de chaque 

vertebre. II est possible, pour une vertebre deformee donnee, que les axes « ZL » et 

« YL » ne soient pas completement perpendiculaires. Dans cette eventualite, la pro­

cedure de Gram-Schmidt est utilisee pour definir un axe « YL » perpendiculaire a 
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Corps vertebra! 

Figure 1.2 Description de l'anatomie d'une vertebre type (adapte de Netter [137]). Vue 
axiale a gauche et sagittale a droite. 

l'axe ZL. Finalement, l'axe « XL » est choisi de facon a completer le systeme d'axes 

orthonorme. 

La definition des reperes standards, ainsi que la description de l'anatomie du rachis pre­

sentee jusqu'a maintenant, etaient surtout concentrees sur la partie osseuse du rachis. Cette 

partie du rachis constitue souvent la seule qui puisse etre observee sur les images radio-

logiques du rachis. Pourtant, les vertebres sont entourees de tissus mous qui contraignent 

les mouvements du rachis. La figure 1.3 presente un apercu de cet ensemble complexe 

de tissus qui contribuent de differentes manieres aux mouvements et aux deformations du 

rachis. Les disques intervertebraux occupent l'espace qui separe les corps vertebraux des 

vertebres adjacentes. Ceux-ci absorbent une partie de la charge lors de chocs ou de mou­

vements brusques de la colonne vertebrate. L'articulation entre les corps vertebraux est 

completee par les ligaments longitudinaux anterieur et posterieur. La partie posterieure des 

vertebres est aussi entouree de plusieurs ligaments. Les ligaments interepineux et surepi-

neux relient les apophyses epineuses, les capsules zygapophysaires relient les apophyses 

articulaires et le ligamentum flavum (aussi appele ligament jaune) relie les lames verte-

brales. Ces structures sont tres difficiles a identifier sur les images radiologiques, mais 

contribuent au couplage apparent entre le mouvement des vertebres. 
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Figure 1.3 Tissus ligamentaires entourant la colonne vertebrate (adapte de Netter [137]). 

M%. 

Figure 1.4 Reperes standards utilises pour l'etude des deformations de la colonne verte­
brate (tire de Stokes [181]). De gauche a droite : repere local standard pour les vertebres 
(a), repere standard pour une courbure de la colonne vertebrate (b), repere global standard 
pour la colonne vertebrate (c), repere standard pour le corps complet du patient. 
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Figure 1.5 Exemple d'une deformation scoliotique (tire de http ://www.nlm.nih.gov/ med-
lineplus, consulte le 27/08/07). A gauche : colonne vertebrale scoliotique. A droite : co-
lonne vertebrale normale. 

1.2 La scoliose 

La presente section a pour but de permettre au lecteur de se familiariser avec certains 

aspects medicaux relies a la scoliose, qui est la pathologie abordee au cours de cette 

these. Nous presenterons done, dans un premier temps, la pathologie elle-meme. Dans un 

deuxieme temps, les methodes couramment utilisees afin d'evaluer les deformations sco-

liotiques seront decrites. La classification des deformations sera abordee dans un troisieme 

temps et, finalement, certains traitements orthopediques de la scoliose seront introduits. 

1.2.1 Definition 

La scoliose est caracterisee par une deformation tridimensionnelle de la colonne vertebrale 

(voir Figure 1.5). Cette deformation peut etre accompagnee de deformations de la cage 

thoracique et du tronc en general. Elle apparaft normalement a l'adolescence en raison de 

la croissance rapide subie par le patient. La prevalence des deformations scoliotiques est 

d'environ 4,5 %, et pres de 80 % des personnes atteintes sont de sexe feminin. De plus, la 

j 

• » 

http://www.nlm.nih.gov/
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majorite des cas sont idiopathiques (sans cause connue) [168]. La gravite des deformations 

subies par les patients est tres variable, mais pres de 10 % de ceux-ci necessiteront un 

traitement [168]. 

La principale consequence des deformations legeres est d'ordre esthetique. Cependant, 

il ne faut pas negliger 1'impact psychologique de ces desagrements esthetiques puisque 

cette maladie atteint principalement des adolescentes durant une periode de leur vie ou 

l'estime de soi est particulierement fragile. Les deformations plus importantes peuvent 

resulter en 1'apparition de douleurs chroniques au dos. De plus, les deformations de la cage 

thoracique peuvent aussi se traduire par des perturbations du fonctionnement des organes 

vitaux, tel que l'insuffisance respiratoire. Les capacites motrices des patients peuvent aussi 

etre diminuees par des deformations importantes. 

Bien que la forme et la severite des deformations scoliotiques soient tres variables, on 

constate que la scoliose idiopathique est plus souvent thoracique (typiquement droite et 

plus rarement gauche) ou a double courbure thoracique droite lombaire gauche. 

Les deformations scoliotiques ne sont pas fixes et peuvent evoluer avec le temps. La crois-

sance encourue a l'adolescence semble jouer un role preponderant dans la progression de 

cette maladie. En effet, les deformations scoliotiques modifient la posture et la reparti­

tion des charges sur la colonne vertebrale. Ces modifications alterent le processus normal 

de croissance osseuse, ce qui accroit les deformations en generant une croissance asyme-

trique. II s'en suit un « cercle vicieux » ou les deformations scoliotiques entrainent une 

repartition assymetrique des charges au niveau de la colonne vertebrale qui amene une 

croissance assymetrique et des deformations [154, 183]. 

1.2.2 Evaluation de la scoliose et analyse de la forme du rachis scoliotique 

La majorite des patients scoliotiques consultent d'abord en raison d'une deformation du 

tronc jugee inesthetique. Ainsi, l'une des methodes devaluation de la scoliose les plus 

communes vise a quantifier cette deformation du tronc par des mesures externes. Cette 

deformation externe est en partie due a une deformation des cotes appelee gibbosite. En 

effet, les cotes subissent g£neralement un deplacement postero-anterieur du cote convexe 

de la courbure scoliotique ainsi qu'un deplacement antero-posterieur du cote oppose de la 

courbure. Cette situation cree une asymetrie de la cage thoracique qui est aisement obser-
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Figure 1.6 Illustration de la mesure de la gibbosite (inspire de http :// 
www. Scheuermann. nl/). 

vable sans moyen radiologique. La gibbosite se mesure generalement lors d'une flexion 

du patient grace a Tangle entre la surface du dos du patient et l'horizontale (voir Figure 

1.6). La mesure de la gibbosite offre l'avantage indeniable d'etre d'une grande simpli­

city. Cependant, il s'agit la d'une mesure bien indirecte de la deformation de la colonne 

vertebrale. 

Une methode de mesure plus directe de la deformation du rachis est Tangle de Cobb [34]. 

Celui-ci est defini par Tangle entre les plateaux vertebraux des vertebres se situant aux 

limites de la courbure scoliotique observee a Taide d'une radiographic postero-anterieure 

(voir Figure 1.7). Un angle de Cobb informatise peut aussi etre calcule a partir d'une 

courbe decrivant les positions des vertebres. Cette mesure informatisee vise a reduire Tin-

certitude inherente au processus de mesure manuelle sur les radiographics. Les mesures 

informatisees et manuelles de Tangle de Cobb sont generalement considerees comme etant 

equivalentes (apres Tapplication d'un facteur de conversion) [42]. 

L'angle de Cobb est le standard de facto dans T6valuation de la scoliose. La facilite avec 

laquelle celui-ci peut etre mesure et interprete est tres appreciee par les medecins. Cepen­

dant, Tirradiation repetee des patients scoliotiques entraine des risques supplementaires 

sur la sante de ces jeunes patients [80]. Dans cette optique, Jaremko et coll. [95] ainsi que 

Liu et coll. [117] ont demontre qu'il etait possible de predire Tangle de Cobb a partir de 
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Figure 1.7 Calcul de Tangle de Cobb. 

mesures externes. 

Malgre sa popularite, Tangle de Cobb demeure neanmoins une mesure basee sur une 

representation bidimensionnelle de deformations tridimensionnelles complexes. Certains 

auteurs ont done propose des indices cliniques tridimensionnels. Ceux-ci sont mesures a 

partir de reconstructions 3D du rachis. Le plan de courbure maximale et la torsion geo-

metrique du rachis sont deux exemples de cette demarche [181]. Dans le premier cas, on 

cherche a trouver le plan 3D ou la mesure de la courbure 2D est maximale. Dans le second 

cas, e'est Tenroulement de la colonne vertebrale autour de Taxe vertical qui est mesure. 

Les indices cliniques 2D ou 3D visent a reduire a quelques nombres intuitivement compre-

hensibles une deformation complexe. L'utilite clinique de ces mesures pour T evaluation 

des deformations du rachis est manifeste. De plus, il est possible de produire des etudes 

transversales ou longitudinales a partir de ces indices [195, 196]. 

Cependant, les indices cliniques presentent plusieurs problemes lorsque Ton souhaite etu-

dier la forme du rachis. Dans un premier temps, les indices cliniques sont une simplifica­

tion des deformations etudiees. On tente, par leur intermediate, de simplifier les defor­

mations scoliotiques a quelques nombres. En general, il est difficile (voir impossible) de 

convertir un ensemble d'indices cliniques en un modele geometrique du rachis. De plus, 

les indices cliniques sont developpes et choisis de fa?on ad hoc. Ainsi, les etudes statis-

tiques qui sont alors produites a partir de ces indices ne sont pas des etudes de la forme du 

rachis, mais bien des etudes d'un ensemble d'indices cliniques. 
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Figure 1.8 Classification de King (inspire de Schlenk et coll. [175]). De gauche a droite : 
Type I qui est une double courbure ou la courbe lombaire est plus importante, type II 
qui est une double courbure ou la courbure thoracique est predominate, type III qui est 
une courbe thoracique, type IV qui est une courbe thoraco-lombaire et type V qui est une 
double courbure thoracique. 

Les indices cliniques prennent aussi diverses formes (angles, ratio, longueurs) et les me-

thodes de calcul associees sont parfois complexes. La structure de la matrice de correlation 

decrivant les dependances entre plusieurs indices cliniques est done tres difficile a deduire. 

La dependance entre les differents niveaux vertebraux et les indices cliniques est aussi dif­

ficile a obtenir. Ainsi, il est difficile d'etudier les effets de modifications locales sur la 

forme de la colonne vertebrale a partir d'un ensemble donne d'indices cliniques. 

Une utilisation directe de donnees geometriques pour 1'analyse de la forme du rachis per-

mettrait de resoudre les problemes relies a 1'utilisation de ceux-ci. La difficulte principale 

devient alors de representer la geometrie d'une fagon adaptee aux deformations du rachis 

et suffisamment simple pour etre interpretee sans formation approfondie prealable. 
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Figure 1.9 Utilisation de la ligne centrale sacrale (LCS) par la classification de Lenke 
(inspire de Schlenk et coll. [175]). A : La LCS passe entre les pedicules des vertebres 
de la region lombaire ou aucune (ou une tres legere) courbure scoliotique n'est constatee 
(modificateur lombaire A). B : La LCS touche le corps vertebral ou les pedicules de la 
vertebre apicale lombaire (modificateur lombaire B). C : La LCS ne touche pas le corps 
vertebral de la vertebre apicale (modificateur lombaire C). 

1.2.3 Classifications des deformations 

Malgre leur grande variability, les deformations du rachis peuvent etre classifiees selon 

certains archetypes observes en clinique. La classification des deformations repond a plu-

sieurs besoins cliniques. Premierement, les classifications permettent de regrouper les stra­

tegies operatoires communes pour differents types de deformations. Deuxiemement, il est 

important pour les chirurgiens orthopediques de definir un vocabulaire dans le but de par-

tager et d'ameliorer les techniques et les strategies de corrections de deformations. Les 

classifications agissent done souvent en tant que vocabulaire commun lors d'etudes (voir 

par exemple Shufflebarger et coll. [178] ou Min et coll. [126]). Enfin, comme une grande 

proportion des scolioses sont idiopathiques, il est fort possible qu'il existe plusieurs causes 

et plusieurs mecanismes de progressions differents. Une classification efficace visera done 

a separer la planification de traitements de deformations n'ayant que peu de rapport entre 

elles. 

A ce jour, plusieurs classifications des deformations scoliotiques ont ete proposees. King et 

coll. [99, 98] ont developpe une classification des deformations dans le plan frontal. Cette 

classification comprend cinq classes (voir Figure 1.8). Les deformations de type I sont des 

courbes doubles ou la courbe lombaire est plus importante et plus rigide que la courbe 

thoracique. Les deformations de type II sont des courbes doubles ou la courbe thoracique 
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est plus rigide que la courbe lombaire. Les deformations de type III n'incluent qu'une 

courbe thoracique. Les deformations de type IV sont des courbures thoraco-lombaires. 

Finalement, les deformations de type V correspondent a des doubles courbes thoraciques. 

King et coll. ont aussi propose une serie de conseils quant aux strategies d'instrumentation 

a adopter lors de la correction chirurgicale de chacun de ces types de courbes. 

Les differentes classes de deformations sont cependant souvent difficiles a discriminer sur 

des cas reels. Ainsi, des etudes ont revele que les taux d'accord intra et inter-observateurs 

pour ce type de classification etaient faibles [111]. Stokes et Aronsson ont propose un 

algorithme base sur des regies binaires pour evaluer les sources de variabilites presentes 

dans cette classification [185, 184]. 

Lenke proposa plus tard une nouvelle classification ou un ensemble de six motifs de base 

(la classification de Lenke inclue une classe pour les triples courbures) sont modules par 

un modificateur lombaire et un modificateur thoracique [112]. Le modificateur thoracique 

evalue la cyphose thoracique par Tangle de Cobb dans le plan sagittal alors que le mo­

dificateur lombaire est plutot utilise pour qualifier la position de la vertebre apicale de 

la courbure lombaire par rapport a la ligne sacrale centrale (voir Figure 1.9). Les taux 

d'accord intra et inter observateurs mesures pour cette classification indiquent une plus 

grande robustesse par rapport a la classification de King [143], mais les disaccords restent 

neanmoins frequents. 

Des algorithmes automatises permettent de classifier les courbures de facon deterministe 

[185, 184, 114, 113]. Cependant, les classifications cliniques actuelles presentent de nom-

breuses limitations. A 1'interieur d'une meme classe, les objectifs des chirurgiens lors de 

corrections chirurgicales de la scoliose varient [123]. II est done raisonnable de penser que 

les chirurgiens ne conceptualisent pas les classes de deformations de la meme maniere. 

La nature discrete des classifications creent aussi des difficultes importantes autour des 

limites qui separent les differentes classes. De plus, les classifications cliniques actuelles 

prennent en compte principalement les deformations sur le plan frontal. Or, les deforma­

tions scoliotiques sont tridimensionnelles et plusieurs indices convergent vers le fait qu'il 

existe une variabilite tridimensionnelle a 1'interieur des classes actuelles [28]. 

Plusieurs strategies ont ete mises en oeuvre pour obtenir une classification tridimension­

nelle des deformations scoliotiques. Dans un premier temps, Poncet et coll. [163] propo-

serent une classification basee sur la torsion geometrique du rachis. Cette classification 
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est simple et elegante. De plus, le concept de torsion du rachis a deja permis d'amelio-

rer 1'instrumentation du rachis scoliotique [7]. Cependant, cette classification est limitee 

a un seul aspect de la variabilite tridimensionnelle du rachis. Une approche differente fut 

mise de l'avant par Duong et coll. [61]. Cette approche considere un ensemble important 

d'indices cliniques et utilise un algorithme de « clustering » pour separer les cas d'une 

base de donnees de patients scoliotiques en groupes distincts. Les resultats obtenus avec 

cette approche confirment l'existence et la complexite de la variabilite tridimensionnelle 

des deformations scoliotiques. Cependant, les resultats obtenus sont difficiles a interpre­

ter et ne favorisent pas une comprehension intuitive des deformations. Negrini et coll. 

[135, 134, 133] ont done tente d'obtenir une classification plus intuitive en considerant 

une selection arbitraire d'indices quasi-3D (calcules a partir de projections d'un modele 

3D du rachis). Cependant, le caractere arbitraire de la selection ainsi que la simplification 

de la geometrie 3D du rachis a des indices quasi-3D ne semblent pas necessaires. 

Un des aspects qui semble avoir ete delaisse par les classifications proposees par le passe 

est la deformation des vertebres. En effet, ces deformations peuvent aussi etre classifies 

[35]. De plus, la deformation des vertebres contribue a alimenter les deformations du ra­

chis complet. II est done important de les considered Evidemment, la prise en compte des 

deformations des vertebres et de la geometrie du rachis s'accompagnera d'une representa­

tion a plusieurs dimensions difficile a se representer mentalement. II sera done necessaire 

d'opter pour une methode d'analyse completement automatique. 

Un autre aspect peu etudie est l'elimination des partitions discretes qui caracterisent les 

classifications actuelles de la scoliose. Une classification continue permettrait de dimi-

nuer l'incertitude liee au classement des deformations pres des frontieres entre des classes 

discretes. De plus, cela permettrait l'appartenance simultanee a plusieurs types de d6for-

mations. 

1.2.4 Effets des traitements sur la forme du rachis 

Les orthopedistes disposent de plusieurs options pour traiter la scoliose. Les deux alterna­

tives les plus populaires sont le port d'un corset et la chirurgie corrective. Le corset vise 

principalement a arreter la progression des deformations durant la periode de croissance 

du patient, alors que la correction chirurgicale vise a corriger de facon permanente les de-
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Figure 1.10 Corset de Boston. De gauche a droite : vue de face, vue de derriere et vue de 
cote. 

formations en instrumentant directement la colonne vertebrate (installation de vis, de tiges 

metalliques, de crochets, etc.). Le traitement par corset est generalement applique a des 

deformations moderees (angle de Cobb compris entre 20 et 40 degres). Les deformations 

plus importantes sont plutot traitees a l'aide de chirurgies correctives. 

1.2.4.1 Corsets 

II existe une vaste selection de corsets disponibles pour le traitement des deformations sco-

liotiques (par exemple : le corset de Milwaukee, le corset de Cheneau, le corset Cheneau-

Toulouse-Munster et le corset de Boston). Les figures 1.10 et 1.11 presentent un exemple 

de corset communement utilise en clinique a l'hopital Sainte-Justine de Montreal. La 

conception de chacun de ces differents types de corsets presente des particularites. Ce-

pendant, le mecanisme general d'action des corsets demeure toujours le meme. Le corset 

applique une combinaison de forces sur la surface externe du tronc. Le rachis subit ensuite 

des forces qui ont ete transmises par 1'intermediate de la peau, des tissus musculaires, des 

tissus adipeux et de la cage thoracique. 

Toutefois, les mecanismes d'action precis demeurent controverses. Certaines etudes (Wy-

narsky et coll. [206], par exemple) pointent vers une correction resultant des forces exer-

cees par le corset, alors que d'autres etudes (Odermatt et coll. [142], par exemple) sug-

gerent plutot que la correction serait le resultat de Taction des muscles du tronc en reponse 
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Figure 1.11 Corset de Boston porte par un patient (tire de http ://www.sauk.org.uk /spi-
nal_braces.htm, consulte le 27/08/07) 

au port du corset. Cette ambigui'te quant au role de la masse musculaire rend la modeli-

sation biomecanique des corsets difficiles. Des etudes realisees par Aubin et coll. [10] et 

par Perie et coll. [155, 156, 157] ont tout de meme simule Taction du corset sans forces 

musculaires. Mais 1'absence de certitude quant aux mecanismes physiques reels d'action 

du corset rend 1'interpretation de leurs resultats delicate. 

Des etudes statistiques permettent cependant d'evaluer l'efficacite des corsets. En effet, 

ces methodes sont generalement independantes des mecanismes qui ont cause la correc­

tion. Cependant, T evaluation statistique de l'effet du corset est loin d'etre triviale. La 

methode la plus utilisee consiste a definir un critere de succes (ou d'echec) du traitement 

et a comptabiliser le taux de succes chez les patients participants. Le critere de succes se 

resume souvent a verifier que Tangle de Cobb n'a pas augmente. Plusieurs auteurs, dont 

Nachemson et coll. [131], Roweet coll. [171] ainsi que Coillardet coll. [36], ont opte pour 

cette approche et ont constate que le corset est plus efficace qu'un suivi sans traitement. 

Toutefois, d'autres auteurs utilisant des methodes similaires ont emis des doutes quant a 

l'efficacite du port du corset [52, 78, 79, 139, 118, 119, 193]. 

Limiter Tetude de l'efficacite de celui-ci a la courbure frontale du rachis (par Tinterme-

diaire de Tangle de Cobb) est considere insuffisant par plusieurs chercheurs. En effet, 

http://www.sauk.org.uk
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l'effet du corset est tridimensionnel. Ainsi, Labelle et coll. [104, 103] etudierent l'effet 

immediat du corset a l'aide d'un ensemble d'indices cliniques 3D. Des effets significatifs 

autant sur le plan frontal que lateral furent constates. Willers et coll. [203], Pham et coll. 

[161] ainsi que Korovessis et coll. [101] etudierent quant a eux 1'effet tridimensionnel a 

long terme et conclurent que le corset contribuait a freiner la progression de deformations 

tridimensionnelles. 

L'utilisation d'indices cliniques 3D est une amelioration notable par rapport a une ana­

lyse de radiographies bidimensionnelles et permet de prendre en compte la nature 3D des 

deformations scoliotiques. Cependant, le choix des indices cliniques demeure ad hoc et 

les methodes devaluation actuelles ne permettent pas de localiser le (ou les) segment(s) 

precis du rachis ou le corset a eu un effet significatif. Or, la localisation de l'effet est im-

portante puisque le choix d'un modele de corset peut etre guide par l'emplacement de la 

courbure du rachis [106] et l'ajustement du corset depend grandement de l'emplacement 

de l'effet sur la courbure scoliotique. 

1.2.4.2 Chirurgies 

Les chirurgies correctives de la scoliose visent a redresser la colonne vertebrale du patient 

de facon securitaire et a maintenir cette correction. Ces objectifs sont generalement pour-

suivis par la fusion de vertebres le long de la deformation et par l'instrumentation de la 

zone fusionnee. La fusion vertebrale est realisee grace a la pose de greffes osseuses entre 

les vertebres. Ces greffes entratnent une croissance osseuse qui fusionne les vertebres a 

terme. L'instrumentation de la deformation permet quant a elle de supporter la correction 

durant et apres la fusion osseuse (voir Figure 1.12). 

L'evaluation des chirurgies correctives de la scoliose est dominee par la mesure de Tangle 

de Cobb. Cependant, l'importance d'evaluer la forme de la colonne vertebrale en utilisant 

une approche tridimensionnelle fut reconnue rapidement. En effet, Duhaime et coll. [57] 

ont demontre au debut des annees 80 que l'instrumentation de Harrington (la plus popu­

late a l'epoque) entrainait une perte des courbes laterales naturelles du rachis, en plus de 

corriger les deformations dans le plan frontal. Or, ces courbes naturelles sont importantes 

pour la sante des patients corriges. 

Cette decouverte motiva d'ailleurs le developpement de l'instrumentation Cotrel-Dubousset 
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Figure 1.12 Instrumentation chirurgicale de la colonne vertebrale pour la correction de la 
scoliose. 

[40]. Ce type d'instrumentation permet de conserver les courbes naturelles du rachis grace 

a une manoeuvre appelee « denotation de tige ». Plusieurs etudes ont confirme les correc­

tions frontales et laterales liees a ce type d'instrumentation [7, 41]. Les corrections ont 

ete mesurees par les angles de Cobb frontaux et lateraux a partir de deux radiographics. 

Cependant, 1'utilisation de modeles 3D du rachis scoliotique permet le calcul d'indices 

cliniques purement tridimensionnels tel que le plan de courbure maximale ou la rotation 

axiale des vertebres apicales. Une liste plus exhaustive de ces indices ainsi qu'une standar­

disation de la terminologie associee a ete proposee par Stokes [181]. Papin et coll. [144] 

ont done etudie les changements tridimensionnels a long terme chez des patients scolio-

tiques ayant subi une correction chirurgicale a l'aide de ces indices. Delorme et coll. [44] 

ont utilise ces indices cliniques tridimensionnels afin de comparer deux types d'instrumen­

tation (Cotrel-Dubousset et Colorado). Kotwicki et coll. [102] ont compare recemment les 

approches anterieure et posterieure. 

Les indices cliniques 3D permettent aux chirurgiens d'analyser intuitivement la geometrie 

3D du rachis. Cependant, ceux-ci component aussi d'importants desavantages. La plupart 

des indices sont globaux et ne permettent pas une analyse locale de la forme du rachis. 
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De plus, ces indices ne decrivent ni completement, ni directement les changements subis 

par le rachis. Ainsi, il est possible de deformer une colonne vertebrate sans modifier ses 

indices cliniques. 

Afin de pallier a ces problemes, Ghanem et coll. [73] etudierent la position et l'orientation 

des vertebres adjacentes a l'apex de courbures scoliotiques durant les chirurgies correc­

tives. Sawatzky et coll. [174] utiliserent une methode similaire pour etudier la relation 

entre le nombre de crochets utilises au cours d'une chirurgie et la correction obtenue. Ce-

pendant, le nombre limite de patients utilises dans ces deux cas (8 pour l'etude de Ghanem 

et 32 pour l'etude de Sawatzky) rendait l'analyse statistique des donnees difficile. Petit et 

coll. [160] ont utilise un echantillon plus important pour comparer les centres de rotation 

des vertebres lors de deux types de chirurgies. Dumas et coll. [60] [59] se sont attardes a 

l'orientation des vertebres des zones apicales et jonctionnelles. Cependant, aucune etude 

ne presente des resultats sur un nombre important de patients avec une analyse simultanee 

de la position et de l'orientation des vertebres pour tout le rachis. De plus, aucune etude 

n'a documente la variabilite des corrections en translation et en rotation. Or, la variabilite 

est tres importante puisqu'elle permet d'etudier les effets personnalises des corrections (et 

pas uniquement 1'effet moyen). 

1.3 Reconstruction et ajustement de modeles 3D du rachis 

Plusieurs modalites d'imagerie sont employees pour l'etude de la scoliose dont la radio­

graphic conventionnelle, la tomographie axiale et la resonance magn6tique [51]. La radio­

graphic conventionnelle, aussi appelee rontgenographie, constitue la modalite d'imagerie 

la plus couramment utilisee. 

D'une part, cette modalite d'imagerie permet une grande flexibilite quant a la position du 

patient lors de l'examen. Ainsi, il est possible de radiographier les patients debout pour 

mieux visualiser des deformations du rachis. D'autre part, le faible cout des equipements 

necessaires a entrain6 une disponibilite quasi universelle de cette modalite d'imagerie dans 

les hopitaux et cliniques medicales occidentales. 

Les deux autres modalites d'imagerie mentionnees sont egalement utilisees dans des contextes 

specifiques. La tomographie axiale permet d'etudier certaines anomalies osseuses des ver-
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tebres avec une plus grande precision. Quant a la resonance magnetique nucleaire, elle 

permet d'etudier les tissus mous, comme la moelle epiniere, les nerfs et les disques inter-

vertebraux, qui ne sont pas visibles sur des radiographics. 

Chacune de ces modalites d'imagerie produit des images 2D ou 3D de la colonne verte­

brate et des structures anatomiques avoisinantes. Generalement, les analyses ne sont pas 

faites directement sur les images. II faut d'abord extraire ou ajuster un modele geome-

trique. Celui-ci peut ensuite etre utilise pour le calcul d'indices cliniques ou encore pour 

l'assistance chirurgicale. 

Cette section est dediee a la revue des differentes methodes reliees a l'obtention de mo-

deles 3D du rachis a partir d'images medicales dans le contexte de la scoliose. D'abord, 

nous aborderons les types de modelisation geometrique utilises dans la litterature. Par la 

suite, nous discuterons de la reconstruction de ces modeles geometriques 3D a partir de ra­

diographics. Puis, nous presenterons quelques methodes utilisees avec d'autres modalites 

d'imagerie. 

1.3.1 Modelisation geometrique du rachis 

II existe plusieurs types de representations geometriques qui sont utilisees pour modeliser 

la colonne vertebrate dans le contexte de l'etude de la scoliose. Ces differentes modelisa-

tions se distinguent les unes des autres principalement par le niveau de detail utilise et par 

le modele mathematique sous-jacent. 

Les modeles geometriques les plus simples considerent uniquement la position des cen-

troi'des des vertebres. On assume alors que chacun des centroi'des de vertebre est un point 

d'une courbe 3D (ou 2D si uniquement une radiographie est consideree). Plusieurs me­

thodes ont ete proposees afin de modeliser cette courbe. Les solutions proposees incluent 

l'estimation par la methode des moindres carres des coefficients de polynomes [186], de 

fonctions trigonometriques [54, 53] et de series de Fourier [90, 182]. L'interpolation a 

l'aide de splines a aussi ete proposee [49, 205, 208]. Le krigeage dual a, quant a lui, ete 

utilise afin de pallier aux problemes d'oscillations qui caracterisent les methodes basees 

sur l'estimation des fonctions complexes et les problemes de sensibilite aux conditions 

aux limites qui affectent les splines [3, 164]. 
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Les courbes parametriques qui resultent des methodes precedentes decrivent la forme de 

la colonne vertebrale et permettent de calculer facilement les derivees spatiales. Celles-

ci permettent alors de determiner les points d'inflexion qui sont utilises dans le calcul 

de plusieurs indices cliniques dont celui de Tangle de Cobb [42]. II est aussi possible 

d'analyser ces courbes dans le domaine frequentiel, tel qu'il a ete propose par Bergeron 

et coll. [19, 18] dans le cadre d'une application dont le but etait de predire la forme de la 

colonne vertebrale a partir de la surface externe du tronc. 

L'utilisation d'une courbe 3D est fort utile dans plusieurs situations. Cependant, l'absence 

d'information sur la forme des vertebres limite leur utilisation dans d'autres contextes. 

Les vertebres peuvent etre decrites de plusieurs facons. II est parfois suffisant d'utiliser 

des nuages de points. Par exemple, le calcul de nombreuses mesures morphometriques ne 

necessite que la position de marqueurs anatomiques. Parent et coll. [145] presentment une 

etude morphometrique des vertebres de patients scoliotiques en utilisant un grand nombre 

de ces mesures. 

Cependant, la visualisation d'un ensemble ne comprenant que quelques points par vertebre 

est peu interessante visuellement et rend difficile 1'evaluation de la severite de la deforma­

tion du rachis pour le clinicien. Pour remedier a ces problemes, Delorme et coll. [46, 47] 

ont propose de deformer, a l'aide de la methode du krigeage dual, un modele surfacique de 

vertebres (comprenant plus d'un millier de polygones) pour obtenir une reconstruction vi­

suellement plus interessante. Ghebreab et coll. [74] utiliserent plutot des surfaces b-splines 

pour decrire la forme des vertebres, et ce, dans le but de segmenter la colonne vertebrale 

dans un volume 3D. Tout comme dans le cas de la forme de la colonne vertebrale, il est 

possible de decomposer la forme de vertebres dans le domaine frequentiel. Lefaix et coll. 

[109] proposerent une telle approche en utilisant le concept d'harmoniques spheriques. 

II existe plusieurs problemes communs a ces approches de modelisation geometrique de la 

colonne vertebrale. En effet, aucune de ces methodes ne permet de modeliser simultane-

ment, mais distinctement, la forme de la colonne vertebrale et la forme des vertebres. De 

plus, ces approches utilisent des methodes de modelisation geometriques generales. Les 

coefficients gouvernant Failure des courbes ou surfaces obtenues ne sont done pas directe-

ment interpretables dans le contexte de l'etude des deformations de la colonne vertebrale. 
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Figure 1.13 Exemple de radiographics avec billes de calibrage (a gauche : radiographic 
laterale, a droite : radiographic postero-anterieure) 

1.3.2 Reconstruction 3D a partir de radiographics 

La modalite d'imagerie la plus utilisee par les cliniciens pour le diagnostic, la planifica-

tion preoperatoire et le suivi peroperatoire en orthopedie est sans nul doute la radiographic 

Cette modalite d'imagerie offre les avantages d'etre disponible presque dans toutes les cli-

niques et les salles de chirurgie, d'etre peu couteuse et de ne pas exposer les patients a 

des doses elevees de radiations. Cependant, les radiographics ne permettent que d'obser­

ver une projection bidimensionnelle d'une realite tridimensionnelle (voir les exemples de 

radiographics a la figure 1.13). Pour remedier a ce probleme, plusieurs chercheurs ont de-

veloppe des methodes permettant de reconstruire un modele 3D du rachis en utilisant un 

nombre reduit de projections radiographiques. 

Ces reconstructions peuvent etre utilisees a plusieurs fins. La creation de modeles bio-

mecaniques personnalises [157, 194] et l'assistance a la chirurgie [122, 125] sont deux 

exemples d'application utilisant des reconstructions 3D du rachis. Les besoins des ap-
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plications cliniques ainsi que les donnees disponibles ont amene le developpement de 

differentes methodes de reconstruction. 

Les methodes de modelisation du rachis a partir de radiographics peuvent etre subdivi-

sees en deux grandes families : soit les methodes basees sur la mise en correspondance de 

reperes dans plusieurs radiographies et les methodes basees sur le recalage d'un modele 

preexistant. Les methodes de la premiere famille necessitent en pratique plus d'interven­

tions manuelles, mais moins de connaissances a priori a propos de la structure a recons-

truire. Les deux sections qui suivent decrivent les methodes associees a ces deux grandes 

categories. 

1.3.2.1 Mise en correspondance multiplan 

Lors du diagnostic et du suivi de pathologies du rachis comme la scoliose, deux radiogra­

phies sont generalement acquises, soit une vue laterale et une vue postero-anterieure sans 

elevation. Dans certains cas, une radiographie postero-anterieure avec un angle de vingt 

degres d'elevation est aussi acquise (voir la figure 1.14). 

Les radiographies sont obtenues grace a 1'exposition du patient a des radiations provenant 

d'une source de rayons X que Ton suppose generalement ponctuelle. La quantite de ra­

diations traversant le patient est alors enregistree en plusieurs endroits sur un film ou un 

capteur numerique (avec amplificateur de brillance). Comme certaines structures du corps 

humain ont tendance a absorber une plus grande portion des radiations, 1'image recueillie 

permet de distinguer clairement les structures denses du corps relies que les os. Les films 

et capteurs utilises en radiographie ressemblent beaucoup a ceux utilises dans les appareils 

photos. La taille des capteurs et la longueur d'onde des photons detectes sont evidemment 

differentes, mais les principes de fonctionnement restent les memes. Comme dans le cas 

de la photographie, les capteurs numeriques remplacent maintenant la plupart des films 

conventionnels dans les hopitaux. 

Les ressemblances entre la photographie et la radiographie ne s'arretent pas a la nature des 

capteurs utilises. En effet, le modele de camera stenope, qui est utilise de facon courante 

dans le domaine de la vision par ordinateur pour traiter des photographies, permet de 

decrire la relation entre les positions tridimensionnelles des reperes anatomiques et leur 

position sur une radiographie. Dans le cas d'une camera ordinaire, le point focal est une 
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Figure 1.14 Radiographics acquises lors du diagnostic et du suivi de pathologies comme 
la scoliose. 
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Figure 1.15 Formation d'images radiographiques par projection. 

petite ouverture dans la camera qui separe d'un cote le sujet et de l'autre le detecteur. 

Cependant, dans le cas de la radiographie, l'objet image (le patient) se trouve entre le point 

focal (oil se trouve la source de rayons X) et le detecteur. Cette difference conceptuelle n'a 

cependant aucun effet sur le modele mathematique. 

La figure 1.15 illustre les relations geometriques entre la hauteur y d'un point sur une ra­

diographie et la hauteur Y correspondante sur la colonne vertebrale reelle. La variable Z 

denote la distance entre le point considere et la source radiologique. La distance entre la 

source radiologique et le detecteur est quant a elle appelee focale (ou distance principale) 

et est representee par la lettre / . Les rayons X emis par la source ponctuelle de radiations 

traversent le patient et subissent une certaine attenuation pour finalement etre detectes par 

le film radiologique (ou le capteur numerique). La presence de deux triangles semblables 

dans la figure 1.15 permet d'ecrire que — = 4 et done que y = / ^ . Le meme raisonne-

ment s'appliquant aussi a la coordonnee x d'un repere anatomique sur une radiographie. 

On obtient done les equations suivantes : 

x = f c 
Zc c 

fYc 

y = fir 
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Sachant que les coordonnees Xc, Yc et Zc sont les coordonnees d'un point 3D dans le 

repere lie a la source de rayons X. 

En regie generate, on s'interesse a la position mesuree en pixels sur la radiographic II faut 

done prendre en compte le centre de la radiographie (ox, oy) (aussi nomme point principal 

et qui est la projection de la source de rayons X sur la radiographie) ainsi que la taille 

des pixels sx et sy. De plus, le systeme de coordonnees de la camera n'est generalement 

pas le meme que le systeme de coordonnees du monde. On doit done prendre en compte 

la transformation rigide reliant ces deux reperes. Ainsi, si Ton pose qu'un point dans le 

repere du monde peut etre exprime dans le repere de la camera par P c = R ( P m — T) (ou 

RetT sont respectivement la rotation et la translation permettant passer du repere global 

au repere de la camera), alors la position image (x, y) peut etre reliee a la position 3D par 

1'equation suivante: 

ax 

ay 

a 

— 
$X 
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Que Ton peut ensuite transformer en : 

a'x 

a'y 

a' _ 

= 

777-1 

m5 

m9 

m2 

m6 

m10 

m3 

7777 

m i l 

7774 

7778 

1 _ 

X 
Y 
z 
1 

(1.1) 

Si les parametres de projection de l'equation 1.1 sont connus et qu'un repere anatomique 

a ete identifie sur plus d'une radiographie, alors il est theoriquement possible de retrouver 

les coordonnees 3D de celui-ci. Or, il existe plusieurs reperes anatomiques sur les vertebres 

qui peuvent etre identifies sur plusieurs radiographics par un utilisateur expert. 

Le probleme de la reconstruction 3D a partir de radiographies peut alors etre divise en deux 

etapes. Dans un premier temps, on doit determiner les parametres de projection m\ a mn. 

Cette procedure est frequemment appelee calibrage. Elle peut etre accomplie en isolant les 



31 

parametres de projection en se servant d'un objet dont les coordonnees 3D sont connues et 

pour lequel les coordonnees 2D ont ete mesurees. Cet objet de calibrage doit etre present 

dans chacune des radiographics pour determiner les parametres de projection associes a 

chacune des radiographics. Ce type de procedure n'est pas exclusif a la reconstruction de 

la colonne vertebrale a partir de radiographics et peut aussi etre utilisee, par exemple, pour 

l'analyse d'images vasculaires acquises a l'aide de fluoroscopes (voir, par exemple, Gorges 

et al. [82]). Dans le cas de la colonne vertebrale, l'objet de calibrage peut prendre plusieurs 

formes, mais il s'agit souvent de deux grilles de billes de plomb dont les coordonnees 3D 

ont ete mesurees au prealable. Dans un deuxieme temps, les coordonnees 3D des reperes 

anatomiques doivent etre calculees a l'aide des coordonnees images et des parametres de 

projection obtenus precedemment. 

Plusieurs auteurs ont propose l'utilisation de methodes lineaires de calibrage [2, 159]. 

Celles-ci ont l'avantage d'etre conceptuellement simples et efficaces en temps de calcul. 

Cependant, un objet de calibrage couvrant l'ensemble du rachis doit etre utilise pour eviter 

les mauvaises performances de ce type de methode en extrapolation. II est aussi possible 

de mettre en place une procedure de calibrage explicite ou les parametres de projection 

sont estimes a l'aide d'une procedure d'optimisation non lineaire qui minimise l'erreur de 

reprojection de l'objet de calibrage. Ce type de methode fut propose par Cheriet et coll. 

[33] lors de l'utilisation d'un objet de calibrage porte par le patient. 

Si aucun objet de calibrage n'est disponible, il est toujours possible de minimiser l'erreur 

de reprojection des marqueurs anatomiques. On parle alors d'autocalibrage. II est done 

possible d'eviter d'utiliser un objet de calibrage qui perturbe le protocole d'acquisition 

normal. Cependant, la reconstruction obtenue n'est valide qu'a une transformation projec­

tive pres (bien que le resultat devie peu dans la pratique par rapport a une reconstruction 

metrique si on dispose d'une approximation initiale raisonnable). Cheriet et coll. [32, 31] 

ainsi que Novosad et coll. [140] ont propose des approches d'auto-calibrage appliquees a 

la reconstruction 3D du rachis a partir de radiographics. 

Le modele obtenu a l'aide des methodes precedentes n'est constitue que de quelques points 

par vertebres. Cette representation est peu interessante visuellement et rend difficile reva­

luation de la severite de la deformation du rachis par le clinicien. Ainsi, Andre et coll. [3] 

et Delorme et coll. [46, 47] ont propose de deformer, a l'aide de la methode du krigeage, 

un modele surfacique de vertebres plus precis (avec plus d'un millier de polygones) pour 
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obtenir une reconstruction visuellement plus interessante. 

Les reperes anatomiques facilement identifiables dans plusieurs radiographics sont peu 

nombreux. Cependant, plusieurs reperes anatomiques sont identifiables de facon reproduc­

tible sur une radiographie. Ainsi, Mitton et coll. [127] ont generalise l'approche de defor­

mation d'un modele surfacique pour y integrer des points non stereo-correspondants. L'ap­

proche proposee consiste a reconstruire en 3D un ensemble de points stereo-correspondants 

pour chacune des vertebres, puis a ajuster un modele generique de vertebres a l'aide de 

points non stereo-correspondants. Ceux-ci sont ajustes en minimisant l'energie suivante : 

m 1 

/c=i 

Ou Ik et l0k designent la longueur estimee et la longueur au repos de ressorts virtuels 

joignant le modele generique de vertebre et la position estimee des reperes non stereo-

correspondants. L'energie E est minimisee en deplacant les points non stereo-correspondants 

le long de l'axe de projection de la radiographie concernee. Des reperes anatomiques iden­

tifiables uniquement sur l'une des radiographics peuvent done etre utilises pour obtenir un 

modele surfacique plus precis [128, 58]. L'ajout de points non stereo-correspondants a 

permis de diminuer le nombre de reperes a mettre en correspondance et a accelerer la 

reconstruction (en diminuant le nombre d'interventions manuelles) [162]. 

Des efforts ont ete deployes afin de detecter automatiquement des reperes anatomiques 

sur les radiographies [48, 49], mais le faible rapport signal sur bruit des images radiogra-

phiques rend cette tache difficile pour 1'instant. 

Aussi, la mise en service recente de systemes de radiographies bases doses (tel que le 

systeme EOS) permet de diminuer la dose de radiation regue par les patients ainsi que 

d'augmenter la qualite des images. Les radiographies obtenues peuvent etre utilisees pour 

reconstruire des modeles 3D du rachis a l'aide des methodes citees precedemment [167, 

56, 170]. Malheureusement, la quantite d'interventions manuelles requises reste impor-

tante et la disponibilite de ces systemes est actuellement faible. 
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1.3.2.2 Recalage de modeles 

Les methodes basees sur la mise en correspondance de reperes anatomiques sont interes-

santes puisqu'elles necessitent tres peu de donnees prealables. Cependant, elles necessitent 

toutes un minimum de deux radiographies. Or, dans plusieurs circonstances, il est impos­

sible ou tres difficile de prendre deux radiographies. De plus, la mise en correspondance 

manuelle de points est peu precise et longue. L'integration d'un modele 3D prealable per-

met de contraindre le probleme et offre la possibility d'obtenir des reconstructions 3D, 

meme en utilisant une seule radiographie (bien que l'ajout de radiographies supplemen-

taires ameliore la robustesse et la precision). 

Ainsi, Lavallee et coll. [107] ont montre comment determiner la position et l'orientation 

d'un objet a partir de son contour sur une projection et d'un modele surfacique prealable 

de celui-ci. La methode consiste a optimiser la somme des carres des distances minimales 

entre le contour reprojete dans l'espace 3D et la surface de l'objet en fonction de sa posi­

tion et de son orientation. La segmentation du contour est cependant manuelle et aucune 

deformation par rapport a la forme de la surface d'origine n'est possible. Hamadeh et coll. 

[87, 88] ont combine la procedure de recalage a un algorithme de detection de contours, 

ce qui a permis d'automatiser la segmentation au niveau des vertebres lombaires. Toute-

fois, la presence de nombreux contours parasites (du a la superposition d'autres structures 

anatomiques) rend cette methode imprecise au niveau du rachis thoracique. 

Les methodes de recalage citees precedemment recherchent une transformation rigide glo-

bale qui permet d'aligner un modele surfacique prealable. Cependant, la colonne verte-

brale est flexible et une transformation rigide globale n'est pas suffisante pour prendre en 

compte les deformations du rachis. Une solution alternative consiste a recaler chaque ver-

tebre individuellement pour obtenir leurs positions et orientations. Malgre cela, la petite 

taille des vertebres par rapport a la distance focale du montage radiologique donne lieu 

a des erreurs importantes le long de l'axe de projection (voir la figure 1.16). II est done 

primordial de prendre en compte des contraintes anatomiques pour eviter d'obtenir un 

modele 3D final ou les vertebres sont completement disloquees. 

Dans ce contexte, Novosad et coll. [141] proposent une methode ou des modeles 3D de 

vertebres (prealablement reconstruits en 3D a l'aide d'une methode de mise en correspon­

dance multiplan) sont recales avec des reperes anatomiques extraits d'une seule radiogra-



34 

$P* 

wif* rm 
? f , -irk 

W$ 

14-

Figure 1.16 Recalage 3D-2D de vertebres individuelles a partir d'une radiographic 
postero-anterieure. A gauche : vue postero-anterieure. A droite : vue laterale (adapte de 
Novosad et coll. [141]) 
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Figure 1.17 Illustration de la contrainte d'alignement. Si les plateaux vertebraux sont ali-
gnes, alors le vecteur e*decrit le deplacement entre les reperes anatomiques analogues de 
deux vertebres contigues. Le vecteur g donne le deplacement reel entre des reperes ana­
tomiques analogues et d correspond a l'axe de projection de la radiographic (adapte de 
Novosad et coll. [141]). 
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phie. Grace a ces reperes et a l'application d'une contrainte d'alignement, les auteurs ont 

ete en mesure de determiner la position et 1'orientation de chaque vertebre. La contrainte 

d'alignement force un deplacement le long de l'axe de projection de la radiographic a 

chaque iteration de la procedure d'optimisation utilisee afin de maximiser l'alignement 

des vertebres. Le vecteur g de l'equation suivante correspond a ce deplacement (voir Fi­

gure ?? pour la definition de d, eet g). 

e d ex d 9 

II est a noter que seule la seconde composante de g est utilise puisque l'alignement des 

vertebres n'est contraint que dans la direction de l'axe de projection (le long duquel les 

erreurs de recalage sont importantes). 

Les auteurs ont developpe cette methode pour la reconstruction 3D du rachis lors du test 

d'inflexion laterale qui vise a evaluer la flexibilite du rachis et ou la prise de plus d'une 

radiographie est impraticable. Le temps necessaire pour extraire manuellement les reperes 

anatomiques de la radiographie rend cette methode compatible avec une utilisation pour 

le diagnostic et la planification preoperatoire, mais pas avec une utilisation peroperatoire. 

De plus, le caractere ad hoc de la contrainte d'alignement laisse croire qu'une methode 

plus generate permettant de prendre en charge plusieurs contraintes anatomiques pourrait 

ameliorer les resultats obtenus. 

II est aussi possible de recaler un modele de la colonne vertebrate si Ton possede une 

tomodensitometrie prealable d'un patient. La procedure de recalage se resume a optimiser 

la similarite entre la radiographie reelle et des radiographics simulees a partir des donnees 

tomodensitometriques ( ou en anglais : « Digitally Reconstructed Radiography »). 

La creation de radiographics simulees a partir de tomodensitometrie est possible puis-

qu'une radiographie est le resultat de Fattenuation d'un faisceau de rayons X. Chacun 

des points de la radiographie correspond a Fattenuation subie par des rayons X provenant 

d'une source en passant a travers le patient. Les zones les plus denses du patient, telles que 

les os, attenuent davantage les rayons X que les zones moins denses. Ainsi, les intensites 

enregistrees sur la radiographie varient en fonction des tissus traverses. 

On modelise frequemment Fintensite I(xp, yp) associee a un point (xp, yp) sur une radio-
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Figure 1.18 Formation d'images radiographiques par projection. 

graphie par 1'equation suivante : 

I{xP,yP) = 70exp f - / n(v)di 

Ou IQ est un facteur de proportionnalite lie a la sensibilite du detecteur, n(v) une fonction 

retournant le coefficient d'attenuation pour une coordonnee v de 5R3 et L le segment de 

droite reliant la source de rayons au point (xp, yp) du plan de projection. 

En placant la source de rayons X a l'origine du repere du monde (voir la figure 1.18 ), on 

obtient: 
I(xp,yp) = Ioesxpl-\\L1\\ ^(vLjdi 

A v e c L 1 = ( / , ^ ) 

II est done possible de produire une radiographie simulee en specifiant la distance entre le 

plan de projection et la source de rayons X, ainsi que la fonction fj,(v). Bien que les lon­

gueurs d'onde des radiations utilisees soient differentes, on peut generalement approximer 

les coefficients d'attenuation en radiographie par les coefficients obtenus lors d'une tomo-
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densitometrie. Ainsi, il est possible de produire des radiographies simulees en utilisant les 

donnees d'une tomodensitometrie (voir la figure 1.19). 

Plusieurs procedures basees sur la maximisation de la similarite entre cliches fluorosco-

piques (ou radiographies) et radiographies simulees a partir de donnees tomodensido-

metriques ont ete proposees pour recaler des vertebres de la region lombaire du rachis 

[202, 190, 153, 152, 151, 211, 172]. Cette approche est interessante puisqu'elle ne neces-

site ni segmentation prealable des donnees ni identification manuelle de marqueurs ana-

tomiques. Neanmoins, le temps de calcul est important puisque la projection du volume 

tomodensitometrique doit etre effectuee a chaque iteration de la procedure de recalage. 

De nouvelles methodes permettent aujourd'hui de reduire le temps de calcul necessaire 

pour produire des radiographies simulees [201, 72, 169, 197], mais ce type de methodes 

demeure coiiteux. De plus, il n'est pas possible de recuperer les deformations du rachis 

survenues entre la prise de la tomodensitometrie et le moment de la prise du cliche fluo-

roscopique (durant l'intervention chirurgicale). II faut aussi disposer d'une tomodensito­

metrie recente du patient, ce qui n'est pas toujours possible ou souhaitable (pour limiter 

l'exposition des patients a des radiations ionisantes). 

Si Ton ne dispose pas d'un modele personnalise et rigide de la structure anatomique re-

cherchee, il faut faire appel a un modele deformable de celle-ci. On recherche alors la 

reconstruction 3D la plus probable en fonction de la (ou des) radiographie(s) fournie(s). 

Dans ce contexte, Benameur et coll. [14, 15, 16] ont propose d'estimer une reconstruction 

3D du rachis en optimisant une fonction d'energie comportant un terme geometrique et un 

second terme statistique. Fleute et coll. [70, 68, 69] ont aussi propose une approche simi-

laire pour la reconstruction de vertebres lombaires. Le terme geometrique est determine 

en calculant une mesure de potentiel entre les contours presents sur les radiographies (ex-

traits automatiquement par un filtre de Canny) et les contours retroprojetes de l'estimation 

courante de la reconstruction 3D du rachis. Le terme statistique permet de penaliser les de­

formations des vertebres les plus improbables. Malheureusement, Benameur et coll. n'ef-

fectuent que des reconstructions a partir d'au moins deux radiographies. Pour appliquer 

cette methode au cas ou seulement une radiographic serait disponible, il faudrait integrer 

un modele statistique des deformations admissibles du rachis entier et non seulement un 

modele statistique de la forme des vertebres. 
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(a) (b) 

(c) 

Figure 1.19 Deux coupes tomodensitometriques provenant de la banque de donnees « Vi­
sible Human » (en haut) et une radiographic postero-anterieure avec un angle d'elevation 
de vingt degres simulee a l'aide de ces donnees (figure du bas). 
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1.3.3 Reconstruction et ajustements a partir d'autres modalites 

Malgre la dominance de la radiographic conventionnelle dans l'etude des deformations de 

la colonne vertebrale, d'autres modalites d'imagerie sont aussi utilisees en clinique et des 

modeles geometriques sont parfois extraits a partir des images capturees. 

La chirurgie guidee par l'image est sans doute l'application la plus commune qui neces-

site 1'utilisation de modeles geometriques issus de diverses modalites. Les images volu-

metriques issues de la tomodensitometrie ou de la resonance magnetique sont couram-

ment utilisees pour guider les chirurgiens lors de manipulations delicates. Cependant, ces 

images doivent etre recalees avec l'anatomie du patient sur la table d'operation. Plusieurs 

systemes de navigation dependent de la pose de marqueurs per-cutanes visses aux ver­

tebras d'interets pour effectuer cette operation de recalage [86, 8, 9]. Une solution moins 

invasive consiste a mettre en correspondance manuellement des marqueurs anatomiques 

3D. La transformation rigide qui minimise l'erreur quadratique peut alors etre calculee 

a l'aide d'une decomposition en valeurs singulieres (SVD) [6]. Cependant, la mise en 

correspondance manuelle risque de ralentir l'intervention et 1'identification de marqueurs 

anatomiques est parfois difficile en cours de chirurgie. Besl et McKay [20] proposerent 

l'algorithme ICP (iterative closest points) qui permet de recaler des nuages de points sans 

mise en correspondance prealable. L'absence de mise en correspondance explicite permet 

au chirurgien de faire l'acquisition d'un grand nombre de points a la surface de l'os en peu 

de temps sans se soucier du positionnement exact de ceux-ci. 

Herring et coll. [92] ont demontre qu'une approche basee sur l'algorithme ICP peut etre 

utilisee avec succes pour recaler la surface de vertebres. II est toutefois necessaire de de-

tenir une approximation initiale de qualite pour eviter que la methode ne converge vers 

un minimum local. Ainsi, certains auteurs ont propose d'opter pour une combinaison de 

recalage basee sur un ensemble reduit de points mis en correspondance et d'ICP pour 

tirer profit des avantages des deux approches [77, 76]. Les points identifies durant la chi­

rurgie peuvent provenir de differentes sources comme un stylet suivi en 3D [122, 92] ou 

d'une sonde ultrasonore suivie en 3D [29, 200, 92]. Neanmoins, les nuages de points ne-

cessaires au recalage des surfaces necessitent la segmentation de la colonne vertebrale a 

partir d'images preoperatoires 3D. 

La segmentation des images tomodensitometriques est relativement simple puisque les os 
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sont plus denses que le reste des structures du corps humain. Ainsi, une simple operation 

de seuillage ou d'extraction d'isosurfaces est generalement suffisante. Herring et coll. [93] 

ont montre que cette approche est generalement viable pour la colonne vertebrale. Nae-

gel [132] proposa recemment l'utilisation d'operateurs de morphologie mathematique afin 

d'assurer la separation des vertebres et ainsi permettre leur etiquetage. Certaines applica­

tions, telles que la mesure de la densite minerale osseuse, necessitent une segmentation tres 

precise. Des methodes plus complexes furent done aussi proposees. Par exemple, Fleute 

[70] proposa une methode basee sur la deformation de modeles vertebraux de reference. 

De plus, Mastmeyer et coll. [124] proposerent done une methode hierarchique pour la seg­

mentation des vertebres dans des images tomodensitometriques visant particulierement les 

methodes de calcul de la densite minerale osseuse. 

La segmentation de la colonne vertebrale est plus difficile a partir d'images de resonance 

magnetique nucleaire, puisque les intensites des voxels dependent du protocole d'imagerie 

choisi (par exemple : Tl, T2 ou densite de protons) et puisque plusieurs types de tissus 

peuvent etre associes a la meme valeur d'intensite. Une simple operation de seuillage 

n'est done plus possible. L'utilisation de la texture des images est une avenue potentielle 

(voir, par exemple, la methode proposee par Bourgeat et coll. [24]). Une segmentation 

semi-automatique obtenue a l'aide de modeles deformables est une autre solution. Dans 

ce contexte, Ghebreab et coll. [74] proposerent d'ajuster interactivement une serie de sur­

faces b-splinaires decrivant la forme des vertebres et liees entre elles par une « ficelle » 

imaginaire. Une autre approche consiste a modeliser les images comme des graphes ou le 

poids des arcs est fonction des differences d'intensites. Le probleme de segmentation est 

alors converti en un probleme de coupe minimale du graphe. Carballido et coll. [27] utili-

serent cette approche pour segmenter la colonne vertebrale dans des images de resonance 

magnetique en utilisant 1'algorithme de la coupe normalised. La theorie des graphes peut 

aussi etre utilisee dans certains cas pour garantir que la solution obtenue soit optimale et 

que la procedure de segmentation ne s'arrete pas dans un minimum local. Schmidt et coll. 

[176] demontrerent recemment que 1'algorithme A* (algorithme de recherche de chemin 

dans un graphe) combine a une heuristique efficace permettait d'etiqueter les vertebres sur 

des images de resonance magnetique de facon globalement optimale. 
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CHAPITRE 2 

PROBLEMATIQUE, HYPOTHESES, OBJECTIFS ET METHODE GENERALE 

2.1 Problematique 

Dans le chapitre precedent, nous avons mis en evidence plusieurs problemes avec les me-

thodes actuellement utilisees pour l'etude des deformations scoliotiques. Un grand nombre 

de ces problemes sont lies a l'absence d'une modelisation statistique adaptee a la colonne 

vertebrale. 

D'un cote, les etudes medicales et biomedicales consacrees a la forme du rachis utilisent 

un ensemble d'indices cliniques ad hoc. Ces indices fournissent une evaluation globale et 

concise de la nature de la deformation. lis sont adaptes a de nombreuses applications cli­

niques, mais sont inutilisables dans le contexte de la reconstruction 3D, de la segmentation 

ou du recalage d'images du rachis. En effet, ceux-ci prennent en charge la forme globale 

du rachis en delaissant generalement les changements locaux. 

D'un autre cote, les chercheurs oeuvrant dans le domaine de l'analyse d'images medicales 

ont developpe des methodes basees sur des primitives de bas niveau pour l'analyse et la 

creation de modeles geometriques de la colonne vertebrale. L'avantage de ces primitives de 

bas niveau est leur integration facile a l'interieur de logiciels d'analyse d'images. La forme 

des vertebres est alors prise en charge explicitement a l'aide de marqueurs anatomiques. 

Cependant, la forme de la colonne vertebrale n'est generalement pas traitee directement. 

Le caractere local de ces primitives rend 1'interpretation clinique des resultats tres difficile 

tout en empechant les algorithmes d'analyse d'images de regulariser correctement la forme 

globale du rachis. 

Ces observations nous conduisent a une premiere question de recherche. Est-il possible de 

creer un modele statistique de la geometrie du rachis complet combinant les avantages 

des approches globales et locales ? Un modele statistique n'est cependant pas une fin en 

soi. II est important de considerer sa valeur ajoutee lors de la resolution de problemes ou 

de l'analyse de donnees. 
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Une connaissance approfondie des caracteristiques des deformations du rachis observees 

en clinique est critique pour assurer la qualite des soins et pour la conception de traite-

ments. Jusqu'a maintenant, les caracteristiques des deformations ont ete etudiees princi-

palement a partir d'indices globaux. Or, la variabilite anatomique et la localisation des 

effets de traitements sont tres importantes. Une deuxieme question de recherche peut done 

etre formulee. Un modele statistique de la geometrie du rachis peut-il contribuer a Vana­

lyse descriptive de la forme du rachis chez de grands groupes de patients ? 

L'etude des deformations du rachis repose en grande partie sur 1'analyse de modeles 3D es-

times a partir de radiographics. Cependant, les radiographies presentent generalement des 

niveaux de bruits importants et comportent de nombreux artefacts. Ces caracteristiques 

rendent leur interpretation difficile et causent de nombreux problemes lors de la recons­

truction de modeles 3D. De plus, les systemes d'acquisition et les methodes de reconstruc­

tion actuels imposent de nombreuses contraintes qui limitent plusieurs applications. Ainsi, 

il est pertinent de se demander : peut-on utiliser les connaissances anatomiques codifiees 

par un modele statistique du rachis complet pour faciliter la reconstruction de modeles 

3D du rachis ? 

2.2 Hypotheses de recherche 

La problematique presentee a la section precedente conduit directement a la formulation 

de nos hypotheses de recherche. 

2.2.1 Hypothese # 1 

Nous avons constate que 1'utilisation de reperes anatomiques ponctuels ne permettait pas 

de decrire les changements de formes du rachis de facon suffisamment naturelle pour per-

mettre une analyse intuitive. La colonne vertebrale etant une structure articulee ou un en­

semble de structures anatomiques rigides (les vertebres) sont assemblees pour donner lieu 

a une structure deformable, il apparait raisonnable de proceder en analysant les positions 

et les orientations des vertebres. Notre premiere hypothese est done la suivante : 

Hypothese : Une etude statistique des systemes de coordonnees locales des vertebres per-
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met d'analyser la forme du rachis. 

Cette hypothese plutot generate est precisee grace a deux sous-hypotheses. 

2.2.1.1 Sous-Hypothese # 1.1 

L'analyse de la forme locale du rachis peut etre mise a profit pour analyser l'etendue 

des variations locales de la forme du rachis ainsi que pour etudier les effets locaux de 

traitements orthopediques. Ainsi, une premiere sous-hypothese a tester est la suivante : 

Sous-hypothese : La variability anatomique et I'effet de traitements orthopediques sur la 

forme locale du rachis peuvent etre analyses a partir de Vorientation et de la position des 

systemes de coordonnees locales des vertebres d'inter et. 

2.2.1.2 Sous-hypothese # 1.2 

La classification tridimensionnelle des deformations du rachis est etudiee activement par 

plusieurs groupes de recherche en ce moment. L'un des defis important pour les clini-

ciens est d'extraire les similarites et les differences entre les deformations se trouvant a 

l'interieur de bases de donnees de patients scoliotiques. Or, il est generalement possible 

de trouver automatiquement des motifs de deformations typiques a l'interieur de donnees 

lorsque Ton dispose d'un modele statistique adapte. 

Sous-hypothese : Les deformations du rachis (et des vertebres) les plus communes chez 

un groupe de patients peuvent etre extraites et visualisees automatiquement grace a un 

modele articule du rachis. 

2.2.2 Hypothese # 2 

Un autre defi important lie a l'etude des deformations du rachis est la presence de bruits 

et d'artefacts dans les radiographies. En effet, la reconstruction de modeles 3D est tres 

souvent limitee par ces problemes. Une connaissance prealable de l'anatomie moyenne 

des patients et des variations normales devrait faciliter le processus de reconstruction. 
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Hypothese : II est possible de combiner des mesures empiriques ainsi que des connais-

sances anatomiques codifiees par un modele statistique du rachis complet a Vaide d'une 

procedure d'optimisation numerique pour reconstruire des modeles 3D du rachis. 

2.3 Objectifs 

La problematique ainsi que les hypotheses de recherche nous permettent maintenant de 

degager des objectifs plus specifiques. Dans un premier temps, nous detaillons les objectifs 

de recherche lies aux statistiques descriptives tirees d'un modele geometrique du rachis 

complet. Par la suite, nous expliquons les objectifs poursuivis quant a l'estimation de 

modeles geometriques du rachis. 

2.3.1 Statistiques descriptives de la geometrie du rachis 

Un modele statistique du rachis complet permet de mieux comprendre comment et a quel 

niveau la forme de la colonne vertebrate varie. Nous nous interessons dans le cadre de cette 

these a trois types de variations : les variations anatomiques locales, l'effet de traitements 

ainsi que les motifs de deformations typiques. 

2.3.1.1 Variabilite anatomique locale du rachis 

La variabilite anatomique ou variabilite inter-individus exprime le degre et la nature des 

variations de la forme du rachis observables chez un groupe. Plus precisement, elle vise a 

explorer les variations locales de la forme du rachis qui sont calculees autour d'une forme 

centrale. 

Celle-ci a ete peu etudiee jusqu'a maintenant en raison de problemes techniques et metho-

dologiques. Nous proposons done une serie de solutions afin de surmonter ces differents 

problemes. Les methodes et les resultats issus de cet effort sont presentes dans le chapitre 

3. 

Les objectifs particuliers poursuivis sont les suivants : 
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- Developper un modele representant intuitivement la forme du rachis. 

- Developper des outils statistiques adaptes pour la mesure de la centralite et de la disper­

sion des donnees. 

- Developper une methode de visualisation appropriee. 

2.3.1.2 Effets de traitements orthopediques sur la geometrie du rachis 

L'effet de traitements orthopediques est un sujet tres etudie d'un point de vue medical. 

Comme nous l'avons mentionne dans le chapitre precedent, les etudes realisees a propos 

des differents traitements orthopediques analysaient l'effet de ces traitements grace a des 

indices cliniques. Par contre, l'effet de traitements orthopediques sur la geometrie 3D elle-

meme n'a pas ete examine jusqu'a maintenant. 

L'etude de la variabilite anatomique visait a analyser les variations de la forme du rachis 

chez un groupe d'individus. De facon similaire, l'etude de l'effet geometrique de traite­

ments analyse les variations de la forme du rachis. Cependant, nous devons considerer les 

variations observees chez un individu. 

Les methodes proposees pour l'etude de l'effet de traitements et pour l'etude de la varia­

bilite anatomique sont similaires. Ainsi, les methodes et les resultats relatifs a l'effet de 

traitements orthopediques sont aussi presented dans le chapitre 3. 

Les objectifs particuliers lies a la modelisation de l'effet des traitements sont les suivants : 

- Modeliser l'effet des traitements sur la forme du rachis. 

- Developper des outils statistiques adaptes a l'analyse de plusieurs instances de ce mo­

dele. 

- Developper une methode de visualisation appropriee. 

- Proposer une methode permettant de comparer l'effet local de plusieurs traitements. 

2.3.1.3 Deformations typiques 

L'etude de la variabilite du rachis permet d'analyser intuitivement la variabilite locale de 

la forme du rachis. Cependant, les deformations locales sont liees les unes aux autres, ce 
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qui explique la presence de deformations typiques dans la forme des rachis scoliotiques. 

Traditionnellement, les deformations du rachis sont classees manuellement par les chirur-

giens. Chacune des classes est generalement associee a certaines recommandations quant 

a la nature de 1'instrumentation a choisir pour le traitement. La classification des deforma­

tions est done une partie importante de la planification preoperatoire. 

Les methodes existantes de classification des deformations du rachis proposent des re-

groupements discrets. Cependant, les deformations sont plutot continues. En effet, il est 

possible de passer d'une classe a une autre en modifiant continument la forme du rachis 

sans devoir passer par une configuration invraisemblable. 

Une autre faiblesse des methodes actuelles de classification et d'analyse des deformations 

typiques est que celles-ci sont basees uniquement sur la forme de la colonne vertebrale. 

Or, les deformations des vertebres affectent les deformations de la colonne vertebrale et 

vice-versa. 

Finalement, les classifications utilisees en clinique actuellement sont basees sur une ana­

lyse bidimensionnelle de deformations tridimensionnelles. Or, plusieurs etudes confirment 

l'existence d'une variability 3D necessitant des methodes d'analyses 3D [28, 22, 61]. 

Dans ce contexte, nous souhaitons proposer une methode d'analyse automatique permet-

tant de deduire les deformations typiques chez des patients scoliotiques. Cette methode 

doit combiner la forme 3D des vertebres et la forme 3D de la colonne vertebrale, tout 

en considerant le spectre continu des formes possibles (et non des ensembles discrets et 

disjoints). 

En plus de proposer une methode d'analyse automatique, nous desirons demontrer la per­

tinence d'un tel outil. L'objectif n'est pas de proposer une methode d'analyse automatique 

qui remplace les classifications cliniques. II s'agit plutot de proposer une methode d'as­

sistance a 1'analyse des deformations et a la definition de nouvelles classifications clini-

quement pertinentes en permettant au clinicien d'analyser efficacement et intuitivement de 

grandes quantites de modeles 3D du rachis. Ces elements sont presentes dans le chapitre 

4. 

En resume, les objectifs relatifs a la recherche de deformations typiques du rachis sont les 

suivants : 
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- Developper une methode d'analyse continue des modes de deformations 3D du rachis. 

- Analyser simultanement la forme du rachis et des vertebres. 

- Presenter les deformations typiques les plus importantes chez les patients scoliotiques. 

- Presenter comment cette methode peut etre utilisee pour la sous-classification de classes 

existantes et pour l'assistance a la definition de nouvelles classifications cliniques. 

2.3.2 Estimation de la geometrie a l'aide de modeles articules 

Les methodes actuelles de reconstruction 3D et de recalage de modele 3D du rachis a 

partir de radiographics presentent de nombreux problemes. La sensibilite au fort bruit qui 

caracterise les radiographics, la necessite d'acquerir un minimum de deux radiographics 

et 1'absence de methode permettant de prendre en consideration des valeurs manquantes 

ne sont que quelques exemples de ces problemes. 

La prise en compte d'un modele a priori du rachis complet permettrait d'ameliorer la situa­

tion. Cependant, les modeles statistiques utilises actuellement [69, 15, 14, 16] modelisent 

la forme des vertebres et non la forme complete du rachis. 

Une methode de reconstruction basee sur un modele statistique de la forme du rachis com­

plet est interessante puisque 1'influence du modele de la forme du rachis est beaucoup 

plus etendue que l'influence d'un modele de la forme de vertebres. Les informations re-

cueillies dans une portion de l'image permettent ainsi d'ameliorer l'estimation dans des 

regions difficiles a interpreter. 

La prise en charge d'un modele statistique du rachis complet permet aussi de reduire le 

probleme d'ouverture (« aperture problem ») dont souffrent les methodes de recalage qui 

considerent chaque vertebre individuellement. Ce probleme est du au fait que deplacer une 

vertebre le long de l'axe de projection d'une radiographie modifie peu sa projection. Un 

modele statistique du rachis complet permet de regulariser les erreurs le long de l'axe de 

projection en considerant simultanement plusieurs vertebres et en limitant le recalage a 

des configurations vraisemblables de la colonne. 

Le troisieme et dernier article presente dans cette these vise done a demontrer l'utilisa-

tion d'un modele de la geometrie complete du rachis dans le contexte de l'estimation de 

modeles 3D. Les objectifs specifiques poursuivis sont enumeres ci-dessous. 
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- Developper une methode de reconstruction permettant de prendre en compte les ver­

tebres manquantes. 

- Developper une methode de recalage permettant de reconstruire un modele 3D du rachis 

a partir d'une ou de plusieurs radiographics. 

- Caracteriser les performances de ces deux methodes avec un niveau de bruit compatible 

avec le niveau generalement observe sur des radiographics utilisees en clinique. 

2.4 Methode generate 

Les chapitres 3,4 et 5 presentent de facon detaillee les methodes deployees afin d'atteindre 

nos objectifs de recherche ainsi que les resultats obtenus. Cependant, dans le but de facili-

ter la lecture de ces chapitres, nous presentons ici un apercu de la methodologie generate 

a l'interieur de laquelle s'inscrit ces chapitres. 

2.4.1 Modelisation du rachis 

La colonne vertebrale n'est pas une structure rigide. La gamme des deformations admis-

sibles par cette structure n'est pas aussi variee que celle des tissus mous. La colonne ver­

tebrale est plutot une structure rigide par morceaux. Ces morceaux, les vertebres, sont lies 

les uns aux autres pour former une structure articulee. 

Ainsi, nous proposons de representer la colonne par un modele articule (Article # 1). 

La forme de la colonne vertebrale est alors encodee par l'ensemble des transformations 

rigides intervertebrales (transformations qui permettent de passer du systeme de reference 

d'une vertebre a celui d'une voisine). 

Les changements de forme de la colonne vertebrale (resultant par exemple d'un traitement 

orthopedique) sont alors naturellement exprimes par les transformations rigides permettant 

de transformer un modele articule donne en un modele articule de forme differente (Article 

#1). 

Certaines applications necessitent la forme des vertebres en plus de la forme du rachis. II 

est done necessaire d'adjoindre une representation de la forme des vertebres a la modelisa­

tion utilisee. Nous proposons de resoudre ce probleme par l'addition d'un second niveau 
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de details aux modeles articules. Ainsi, la position de reperes anatomiques mesures par 

rapport au systeme de coordonnees standards des vertebres est utilisee afin de modeliser 

la forme des vertebres, en plus de la forme du rachis (Articles # 2 et # 3). 

2.4.2 Outils statistiques adaptes 

Les modeles articules du rachis ainsi que la representation de l'effet de traitements or-

thopediques utilisent des transformations rigides. Cependant, les methodes statistiques 

traditionnelles ne sont pas directement applicables a ces transformations. En effet, les 

operations d'additions et de multiplications par un scalaire necessaires a la plupart des 

calculs statistiques traditionnels ne sont pas definies sur les transformations rigides. Nous 

proposons de tirer profit du fait que les transformations rigides appartiennent a une va­

riete riemannienne afin d'utiliser des outils statistiques developpes autour du concept de 

distance pour l'analyse des modeles articules. 

Cette approche s'inspire de la tendance recente visant a prendre en consideration la nature 

de la variete de laquelle sont issues les donnees. A l'aide de ce type d'approche, il est 

possible de controler les invariants tel que propose par Dryden et Mardia [55] ou encore 

de calculer des statistiques intrinseques a la variete tel que propose par Pennec [149, 147]. 

Cette tendance a donne lieu a plusieurs methodes de traitements tres performantes pour 

le traitement des images de tenseurs de diffusion [13, 110, 64, 150], pour l'analyse de 

surfaces representees a l'aide de M-Reps (« Medial-Axis Representation ») [65, 189] ou 

pour l'analyse de formes planaires [100, 180]. 

Ainsi, nous utilisons la moyenne de Frechet [71], qui est une generalisation de la moyenne 

conventionnelle appliquee aux varietes riemanniennes, afin de calculer la moyenne de mo­

deles articules de rachis (Article # 1, 2 et 3). Celle-ci est calculee grace a la distance 

invariante a gauche des transformations rigides (voir Pennec et Thirion [148] pour plus 

de details). Les variations autour de cette valeur moyenne sont ensuite quantifies a l'aide 

d'une matrice de covariance calculee dans le plan tangent de la moyenne de Frechet (Ar­

ticle # l , 2 e t 3 ) . 

La visualisation de la moyenne de Frechet ainsi que des variations autour de celles-ci per-

met d'analyser la variabilite anatomique du rachis ainsi que la variabilite intra-individuelle 

(Article # 1). De plus, il est aussi possible d'appliquer des tests d'hypothese pour compa-
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rer plusieurs groupes (Article # 1). Finalement, une analyse par composantes principales 

effectuee dans le plan tangent de la moyenne de Frechet permet d'extraire les modes de va­

riations (ou modes de deformations) les plus communs a l'interieur d'une base de donnees 

de model es (Article # 2). 

La moyenne de Frechet ainsi que la matrice de covariance associee peuvent aussi etre 

utilisees pour calculer la distance de Mahalanobis associee a un modele articule du rachis. 

La minimisation de cette distance combinee avec une mesure de la vraisemblance des 

donnees radiographiques permet d'estimer des modeles 3D du rachis (Article # 3). 

2.4.3 Analyse de donnees cliniques 

L'atteinte des differents objectifs de recherche necessite 1'analyse de donnees reelles pro-

venant de patients scoliotiques. Les donnees utilisees proviennent de la clinique de sco-

liose de l'hopital Sainte-Justine de Montreal (Montreal, Canada). Nous avons pu regrouper 

un ensemble d'environ 300 patients ayant ete examines a l'aide de radiographics bipla-

naires au moins une fois. Ce groupe important de patients a permis 1'etude de la variability 

anatomique (Article # 1), des deformations principales (Article # 2) ainsi que la validation 

des methodes statistiques de reconstruction 3D et de recalage (Article # 3). 

Des groupes de patients plus restreints ont aussi et6 crees pour l'etude de l'effet de trai-

tements. Les changements de forme du rachis ont ete etudies pour 39 patients traites a 

l'aide d'un corset de Boston, 33 patients ayant subi l'installation d'une instrumentation 

corrective de type Cotrel-Dubousset et 26 patients controles non traites (Article # 1). 

La plupart des modeles 3D reconstruits a partir de radiographics biplanaires comprennent 

six reperes anatomiques par vertebre. Ce nombre est insuffisant pour l'observation de cer-

taines deformations des vertebres. Ainsi, un groupe de 117 patients reconstruits en 3D avec 

14 reperes par vertebre est utilise pour demontrer que la methode des modes principaux 

de deformations permet de mettre en relation les deformations des vertebres ainsi que les 

deformations de la colonne vertebrale (Article # 2). 

Finalement, les resultats obtenus a l'aide d'un groupe de 86 patients presentant une cour-

bure de type Lenke I et d'un groupe de 47 patients presentant une courbure de type Lenke 

V demontrent que les deformations principales permettent de mettre en evidence les varia-
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tions 3D intragroupe (Article # 2). La presence et la nature de ces variations 3D intragroupe 

permettront le developpement futur de nouvelles sous-classifications cliniques. 
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CHAPITRE 3 

ARTICLE 1: GEOMETRIC VARIABILITY OF THE SCOLIOTIC SPINE USING 

STATISTICS ON ARTICULATED SHAPE MODELS 

Jonathan Boisvert*+~, Farida Cheriet*", Xavier Pennec"1", Hubert Labelle~ and Nicholas 

Ayache+ 

* Ecole Polytechnique de Montreal, P.O. Box 6079, Sue. Centre-Ville, H3C 3A7, Montreal, 

Canada 
+ Asclepios Project Team, INRIA, 2004 route des Lucioles - BP 93 06902 Sophia Antipolis 

Cedex, France 

~ Sainte-Justine Hospital, 3175, Chemin de la Cote-Ste-Catherine, Montreal, Canada 

3.1 Presentation 

Cet article a ete accepte pour publication dans «IEEE Transaction on Medical Imaging » 

le 8 octobre 2007. Son objectif general est l'etude geometrique de la variability du rachis et 

de l'effet de traitements orthopediques. Les objectifs particuliers associes ont ete presented 

a la section 2.3.1. 

3.2 Abstract 

This paper introduces a method to analyze the variability of the spine shape and of the 

spine shape deformations using articulated shape models. The spine shape was expressed 

as a vector of relative poses between local coordinate systems of neighbouring vertebrae. 

Spine shape deformations were then modeled by a vector of rigid transformations that 

transforms one spine shape into another. Because rigid transformations do not naturally 

belong to a vector space, conventional mean and covariance could not be applied. The Fre-

chet mean and a generalized covariance were used instead. The spine shapes of a group 

of 295 scoliotic patients were quantitatively analyzed as well as the spine shape defor­

mations associated with the Cotrel-Dubousset corrective surgery (33 patients), the Boston 
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brace (39 patients) and the scoliosis progression without treatment (26 patients). The va­

riability of inter-vertebral poses was found to be inhomogeneous (lumbar vertebrae were 

more variable than the thoracic ones) and anisotropic (with maximal rotational variability 

around the coronal axis and maximal translational variability along the axial direction). 

Finally, brace and surgery were found to have a significant effect on the Frechet mean 

and on the generalized covariance in specific spine regions where treatments modified the 

spine shape. 

3.3 Introduction 

Adolescent idiopathic scoliosis is a disease that causes a three dimensional deformation 

of the spine. As suggested by its name, the cause of the pathology remains unknown. 

Furthermore, the shape of a scoliotic spine varies greatly from a patient to another (see 

Fig. 1). 

Previous statistical studies (such as [193, 45, 43, 144]) investigated the outcome of dif­

ferent treatments in term of the variation of clinical indices used by physicians to quantity 

the severity of the deformation. However, the variability of the spine geometry was not ex­

tensively studied. Two important reasons explain the limited number of studies interested 

in the geometric variability of the scoliotic spine : the availability of significant data and 

the lack of statistical tools to handle geometric primitives that do not naturally belong to 

vector spaces. In the past, the vast majority of the studies analyzed the geometry of the 

spine using indices derived from the patient's radiographs or from 3D reconstructions of 

his/her spine. Those indices were used to classify the spines' curves [112, 143, 165, 185] 

and also to compare the outcome of different orthopaedic treatments [193,45,43,144,44]. 

The most popular index is certainly the Cobb angle [34], but there are several other indices 

such as the orientation of the plane of maximal deformity or the spine torsion [181]. Those 

indices have the advantage of enabling physicians to assess quickly and easily the seve­

rity of the scoliosis. However, they also present many problems. First of all, most clinical 

indices are global to the whole spine and thus do not provide spatial insight about the lo­

cal geometry. Furthermore, most of the indices (including the Cobb angle) are computed 

on 2D projections, where a significant part of the curvature could be hidden (since the 

deformity is three-dimensional). 
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Figure 3.1 Some examples of scoliotic spine shapes from our patient database 

To overcome those limitations, some authors investigated the scoliotic spine geometry or 

the effect of orthopaedic treatments by measuring the position and orientation of vertebrae. 

Those descriptors provide insights that are both local and geometric. Ghanem et al. [73] 

proposed a method to compute vertebrae translation and orientation during a surgery using 

an opto-electronic device. Unfortunately, it was a preliminary study and measures were 

only performed on a group of eight patients. Furthermore, translation and orientation were 

computed just for the vertebrae adjacent to the apex of the curvature. 

Sawatzky et al. [174] performed a similar study, but their goal was to find a relation bet­

ween the number of hooks installed during a corrective surgery and the position and orien­

tation of the vertebrae. This study was performed on a larger group of patients (32), which 

allowed the computation of more advanced statistics. However, only the results for the 

apical vertebra were reported in their article. 

More recently, Petit et al. [160] compared inter-vertebral displacements in term of modi­

fications of the center of rotation for two types of instrumentation used during corrective 

surgeries (Colorado and Cotrel-Dubousset). The patient sample used was larger than for 

previously cited studies (82 patients), which made statistically significant more subtle dif­

ferences between the two groups of patients. Furthermore, results for all vertebrae were 

reported (not only vertebrae adjacent to the curve apex). However, the authors did not 

study extensively the variability of the displacement of the center of rotation or of the 
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vertebrae rotations. 

One of the common limitations of those studies is that only mean values of the modifica­

tions of the positions or of the orientations of the vertebrae were extensively studied. An 

analysis of the mean spine shape using both orientations and positions of the vertebrae 

was never published. Furthermore, the variability of the spine anatomy was not studied in 

that context either. 

Unlike surgical treatments, braces effects were never analysed using the relative posi­

tions and orientations of the vertebrae. Usually, braces effects were analyzed primarily 

by measuring the Cobb angle (which is only a two-dimensional measure) of the major 

curve in the frontal plane [209, 106]. Some studies tried to take into account the three-

dimensional nature of spine deformity by measuring the curve gravity in both the frontal 

and the sagittal plane [191]. However, repeating a 2D analysis twice is not a substitute for a 

true three-dimensional analysis. Finally, three-dimensional analysis of the brace effect was 

also conducted [104] by using a set of clinical indices extracted from three-dimensional 

reconstructions of the spine. However, those clinical indices were not independent, which 

made effect localization and analysis difficult. Moreover, brace effect variability itself was 

not studied. 

To overcome all these limitations, we propose to study the statistical variability of the 

spine shape and of the spine shape deformation using local features that describe both 

the position and the orientation of the vertebrae (i.e. rigid transformations). However, ma­

thematical and computational tools need to be developed because conventional statistical 

methods usually apply under the assumption that the primitives belong to a vector space 

(where addition and scalar multiplication are defined). Unfortunately, this is not the case 

for rigid transformations. For example, the conventional mean is not applicable to rigid 

transformations since it would involve the addition of the measures followed by a division 

by the sample size. 

Recently, many researchers have been working towards the generalization of mathemati­

cal tools on Lie groups and Riemannian manifolds. A general framework for the develop­

ment of probabilistic and statistical tools on Riemannian manifolds was recently proposed 

[147, 149]. Riemannian manifolds are more general than Lie Groups, thus findings rea­

lised on Riemannian manifolds also apply to Lie groups (and to rigid transformations 

by extension). Concepts such as the mean, covariance and normal distribution have been 
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formalized for Riemannian manifolds. Many studies were realized more specifically for 

the tensors space, because of the development of Diffusion Tensor Imaging (for example : 

[150, 13, 5, 110, 66] and references therein). The idea of computing statistics on manifolds 

was also used to perform anatomical shape analysis. For example, this idea can be found in 

our previous work [22] where an analysis of the spine shape anatomy based on Lie groups 

properties was proposed and in the work of Fletcher et al. [65] where a generalization of 

the PCA was introduced and applied to the analysis of medial axis representations of the 

hippocampus. However, a Riemannian approach to the study of articulated models of the 

spine shape was never used. 

To our knowledge, no previous work reported a variability analysis of the scoliotic spine 

shape and of the scoliotic spine shape deformations using rigid transformations as geo­

metric descriptors. In that context, the contributions of this paper are : to introduce a new 

model of the variability of spine shapes and of spine shape deformations based on well 

posed statistics on a suitable articulated shape model, to suggest a method to compare the 

variability between different groups of patients, to propose a 3D visualization method of 

this variability and, last but not least, to present the resulting variability models computed 

using large groups of scoliotic patients. 

3.4 Material and Methods 

This section presents the material and methods used to construct and analyze variability 

models of the spine shape. We will first describe the method used to create articulated 

models representing the spine from pairs of radiographs. The procedure used to create va­

riability models from samples of articulated spine shapes will then be presented. Since our 

articulated shape models do not naturally belong to a vector space, conventional statisti­

cal methods could not be applied. However, it is still possible to define distances between 

articulated shape models. Therefore, some statistical notions had to be generalized based 

on the concept of distance between primitives. Riemannian geometry offers a good fra­

mework for this purpose. Thus, centrality and dispersion measures applied to Riemannian 

manifolds and their specialization to articulated models will be introduced. Finally, the 

visualization and the quantitative comparison of variability models built from articulated 

spine shapes will be discussed. 
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3.4.1 Articulated Shape Models of the Spine from Multiple Radiographs 

Multi-planar radiography is a simple technique where two (or more) calibrated radiographs 

of a patient are taken to compute the 3D position of anatomical landmarks using a stereo-

triangulation algorithm. It is one of the few imaging modalities that can be used to infer 

the three-dimensional anatomy of the spine when the patient is standing up. Furthermore, 

bi-planar radiography of scoliotic patients is routinely performed at Sainte-Justine hospital 

(Montreal, Canada). Thus, a large amount of data is available for analysis. 

In the case of bi-planar radiography of the spine, six anatomical landmarks are identi­

fied on each vertebra from Tl (first thoracic vertebra) to L5 (last lumbar vertebra) on a 

posterior-anterior and a lateral radiograph. The 3D coordinates of the landmarks are then 

computed and the deformation of a high-resolution template using dual kriging yields 16 

additional reconstructed landmarks. The accuracy of this method was previously establi­

shed to 2.6 mm [11]. 

Once the landmarks are reconstructed in 3D, we rigidly registered each vertebrae to its first 

upper neighbour and the resulting rigid transforms were recorded. By doing so, the spine is 

represented by a vector of inter-vertebral rigid transformations S = [Ti, T 2 , . . . , TN] (see 

figure 3.2). This representation is especially well adapted to an analysis of the anatomical 

variability since the inter-vertebral rigid transformations describe the state of the physical 

links that are modified by the pathology and alter the shape of the whole spine. 

Most scoliotic patients are adolescents or pre-adolescents. Thus, spine length of patients 

afflicted by scoliosis varies considerably. In order to factor out that variability source from 

the statistical analysis, one could be tempted to normalize the articulated models. On the 

one hand, this could be desirable since the global spine size is associated primarily with pa­

tients' growth and most physicians are more interested in analyzing the variability linked to 

the pathology. On the other hand, the development of many musculoskeletal pathologies, 

for instance adolescent idiopathic scoliosis, is tightly linked with the patient growth pro­

cess. Thus, normalization could discard valuable information. Furthermore, preliminary 

experiments revealed that, with scoliotic patients, the only notable effect of normalization 

was found along the axial direction where the translational variability was almost elimi­

nated (a reduction ranging from 3.0 mm2 in the thoracic region to 8 mm2 in the lumbar 

region). In summary, normalization could be desirable in certain situations, but it did not 



58 

led to more probative results in our application. Thus, to preserve the clear physical inter­

pretation of the variability models we chose not to normalize the articulated spine models. 

The vector S enables a local analysis of the links between the vertebrae. However, it is so­

metimes preferable to analyze the spine shape using absolute instead of relative transfor­

mations. For example, posture analysis is simpler when one uses absolute transformations. 

However, it is easy to convert S into an absolute representation Sabsoiute using recursive 

compositions (where o is the operator of composition). 

Sabsoiute = [Ti, T i o T 2 , . . . , 7 \ o T 2 o . . . o TN] (3 .1 ) 

The transformations are then expressed in the local coordinate system of the lowest ver­

tebra. The choice of this reference coordinate system is arbitrary, but it can be changed 

easily based on the application needs. 

To study spine shape deformations caused by the progression of the pathology or by a 

treatment, we need to compute the "differences" between shape models. This can be rea­

lised once again using a vector of rigid transformations. Let S = [Ti,T2,..., T^] and 

S' = [T{, T'2, • • •, T'N] be two vectors of rigid transformations extracted from two different 

radiological exams of the same patient (before and after a surgery, for instance), then ano­

ther vector of rigid transformations can be defined with the transformations that turn the 

elements of S into the corresponding elements of S' (see figure 3.2). The resulting vector 

AS will only depend on the difference between the two 3D spine geometries and not on 

the anatomy of the patient. 

AS=[AT1,AT2,...ATN] with AT^^oT" 1 (3.2) 

Since this vector is still a vector of rigid transformations the analysis performed on S could 

also be performed on AS to study spine shape modifications. 
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Figure 3.2 Spine shape and spine shape deformation expressed using rigid transformations 

3.4.2 Statistics on Rigid Transformations and Articulated Models 

The articulated shape models that are constructed from stereo-radiographs are vectors of 

rigid transformations and there is no addition or scalar multiplication defined between 

them. Therefore, conventional statistics do not apply. However, rigid transformations be­

long to a Riemannian manifold and Riemannian geometry concepts can be efficiently ap­

plied to generalize statistical notions to articulated shape models of the spine. 

To use a Riemannian framework, we need to define a suitable distance and to find the 

structure of the geodesies on the manifold. To achieve this task, we introduce two repre­

sentations of rigid transformations. 

First, a rigid transform is the combination of a rotation R and a translation t. The action of 

a rigid transform on a point is usually written as y = Rx +1 where R £ SO3 and x,y,t € 

!ft3. Thus, a simple representation of a rigid transform would be T = {R, t}. Using this 

representation composition and inversion operations have simple forms (respectively, Tx o 

T2 = {R1R2, Rit2 + t i} and T'1 = {RT, -RTt}). 

Another way to represent a rigid transformation is to use a rotation vector instead of the 

rotation matrix. The rotation vector representation is based on the fact that a 3D rotation 
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can be fully described by an axis of rotation supported by a unit vector n and an angle 

of rotation 6. The rotation vector r is defined as the product of n and 9. So we have a 

representation T = {r, t] = {On, t}. 

The conversion between the two representations is simple since the rotation vector can 

be converted into a rotation matrix using Rodrigues' formula (numerical implementation 

details can be found in [148]): 

R = I + sm(8).S(n) + (l-cos(6)).S2(n) where S(n) = 

0 

nz 

-n„ 

-nz 

0 

nx 

ny 

—n. 

0 

(3.3) 

And the inverse map (from a rotation matrix to a rotation vector) is given by the following 

equations : 

e = a r c c o s(I^i) and S W = | - | ,3.4) 

A left-invariant distance (d(Ti,T2) = d(T3oTi, T3oT2)) between two rigid transformations 

can easily be defined from the rotation vector representation : 

d(f1,f2) = Nx(f2
1of1) with: Nx(f)

2 = Nx({r,t}f = \\r\\2 + \\Xt\\2 (3.5) 

The parameter A is a real number that controls the relative weight of the translation and 

rotation in the computation of the distance. Because the rotation vector and the transla­

tion do not have the same units it can also be understood as a unit conversion constant. 

Preliminary experiments showed that our results are not sensitive to the exact value of A 

(values ranging from 0.01 to 1 were assessed). Thus, unless otherwise noted, A was set to 

0.05 since this value leads to approximatively equal contributions of the rotation and the 

translation to the variance. 

To use the Riemannian machinery described in [149], the exponential map Expx and the 
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logarithmic map Log ,̂ associated with the distance presented at Equation 3.5 are also 

needed. Those two maps connect the manifold itself and its tangent spaces. They can 

be understood as the folding (Expx) and unfolding (Logj,) operations that connect the 

tangent space at x to the manifold. More formal definitions of those two maps based on a 

Riemannian metric can be found in the Appendix. 

In the general case, one would have to solve a system of partial differential equations (see 

Equation 3.14 in the Appendix). However, in our case, there is no interaction between the 

translational and rotational part of the rigid transformation involved in the computation of 

the norm (more formally, the local representation of the metric is a block diagonal matrix 

formed by the local representation of the metric on rotations and the local representation 

of the metric on translations). Therefore, the geodesies for this distance are the Cartesian 

product of the geodesies of the rotation and translation parts of the rigid transformations. 

The geodesies of the translational part are simply straight lines since translation belongs 

to a vector space. The rotational part is slightly more complex. However, because the 

selected distance between the rotations is left and right invariant, their Exp and Log maps 

correspond to the conversion between a rotation matrix and the corresponding rotation 

vector and, thanks to the Rodrigues' Formula (Eq. 3.3), these computations can be done 

very efficiently. 

Moreover, Exp (x) = fj, o Exp/d(D(/x)-1x) and LogM(T) = D(/j)LogId(n~l o T) with 

D(x) = j^j-x o y\y=id since the distance of Eq. 5 is left-invariant. Finally, Exp7d and Log/d 

are the conversions between the rotation vector and the rotation matrix combined with a 

scaled version of the translation vector. 

Exp7d(T) = 
R(r) 

t 
and Log7d(T) = 

r(R) 
( 3 - 6 ) 

3.4.2.1 Centrality 

The next step to build a variability model is to define a centrality measure. Because scalar 

multiplication and addition are not defined on rigid transformations, the conventional mean 

cannot be used. A generalization of the mean that can be applied to Riemannian manifolds 
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is thus needed. 

It can be observed that the conventional mean (defined on vector spaces) minimizes the 

Euclidian distance of the measures with the mean. Thus, when given a distance, a gene­

ralization of the usual mean can be obtained by defining the mean as the element /i of a 

manifold M. that minimizes the sum of the distances with a set of elements X0...N of the 

same manifold M. 

N 

[i — argmin V^d(x, X;)2 (3.7) 
x€M . = 0 

This generalization of the mean, called the Frechet mean [71 ], is equivalent to the conven­

tional mean for vector spaces with a Euclidian distance. However, when it is applied to 

more general Riemannian manifolds, the mean is no longer guaranteed to be unique. In­

deed, the mean is the result of a minimisation; therefore more than one minimum can 

exist. However, Kendall [97] showed that the Frechet mean exists and is unique if the data 

is sufficiently localized. 

The computation of the Frechet mean directly from the definition is difficult because of 

the presence of a minimization operator. Hopefully, a simple gradient descent procedure 

can be used to compute the mean [147]. This procedure is summarized by the following 

iterative equation : 

1 N 

Hn+1 = Exp^(— J^Log^fc)) (3.8) 

The equation is guaranteed to converge toward a local minima. Moreover, in practice it 

converges rather quickly (for instance convergence is generally obtained in less than five 

iterations for rigid transformations). 

To use Equation 3.8 one has to initialize the mean to start the procedure. The initial value 

can be one of the point of the set in which the mean is to be computed. Furthermore, more 

than one starting point can be tried to test the uniqueness of the mean and escape local 

minimums. 
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3.4.2.2 Dispersion 

In addition to the centrality measure given by the Frechet mean, a dispersion measure is 

also needed to perform most tasks of practical interest. Since the mean is computed based 

on the minimisation of the distance between a set of primitives and the mean, then the 

variance can be defined as the expectation of that distance. 

1 N 

a2 = E [d(fi, xf] =j^Yld^ x^ <3-9> 
i=0 

A directional dispersion measure would also be needed in most cases, because the ana­

tomical variability is expected to be greater in some directions. The covariance is usually 

defined as the expectation of the matricial product of the vectors from the mean to the 

elements on which the covariance is computed. Thus, a similar definition for Riemannian 

manifolds would be to compute the expectation in the tangent space of the mean using the 

Log map : 

1 N 

E = E [ L o g » r L o g / i ( x ) ] = - J ^ L o g ^ f L o g ^ ) (3.10) 
i=0 

This generalized covariance computed in the tangent space of the mean and the associated 

variance are connected since Tr(S) = a2, which is also the case for the usual vector space 

definitions. 

3.4.2.3 Extrinsic Approximations 

The Riemannian approach enables a statistical analysis that is intrinsic to the manifold. 

Furthermore, it provides a rationale to the choice of algorithms and representations used 

to work on rigid transformations. However, it also leads to an iterative scheme to compute 

the mean, while ad hoc but computationally more efficient methods to average 3D rotations 

also exist. 

These methods are based on the computation of the mean of an extrinsic representation of 
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3D rotations. The two most frequently used are the computation of the mean rotation ma­

trix (followed by an SVD renormalization) and of the mean unit quaternion. Theoretically, 

those methods do not lead to the same result and are not stable with respect to a reference 

frame shift. Nevertheless, simulation experiments were performed for those two extrinsic 

methods by Eggert et al. [62] in a registration context and by Gramkow [83] to compare 

the intrinsic mean and those two extrinsic methods. These simulations showed that the 

results were similar when the standard deviation of rotations was less than 40 degrees. 

Therefore, if speed is a concern and only small differences of orientation are expected for 

a given application, then one would be justified to approximate the Frechet mean by a 

more computationally efficient approximation. 

3.4.3 Visualization of the Statistical Models of the Spine 

The mean spine shape model is easily visualized by reconstructing a 3D spine model 

with standard surface models of vertebrae separated by the associated mean inter-vertebral 

transforms. However, the mean spine shape deformations are small and a direct visualisa­

tion of those would be difficult. Therefore, the mean spine shape deformations are visua­

lized by reconstructing a mean model before and after deformation. 

The generalized covariance matrix associated with a single rigid transformation is a six by 

six matrix. Thus, an intuitive visualization of the whole covariance matrix is difficult. Ho­

wever, the upper left and lower right quarters of this matrix are three by three tensors and 

can easily be visualized in 3D using an ellipsoid. The principal axes of these ellipsoids are 

the eigenvectors scaled by the corresponding eigenvalues. The extent of the first ellipsoid 

(associated with the rotation) in a given direction is the angular variability around that axis 

and the extent of the second ellipsoid (associated with the translation) in a given direction 

is the translational variability along that direction. 

Because, the first tensor is the covariance of the rotation and the second tensor is the 

covariance of the translation this visualisation is quite intuitive and can be understood by 

people without strong mathematical backgrounds. The drawback of this visualisation is 

that the coupling between the rotation and the translation is lost during the visualisation 

process. 
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3.4.4 Comparing Statistical Models of the Effect of Orthopaedic Treatments 

In addition to the qualitative visualisation of the variability models, it would be very inter­

esting to compare two sets of rigid transformations used to model the spine shape defor­

mations in order to locate significant "differences". 

It could be observed that, unlike inter-vertebral transformations, the rigid transformations 

associated with the effect of orthopaedic treatments are usually small so the manifold 

locally looks like a vector space. This observation enables us to approximate hypothesis 

tests on rigid transformations modelling spine shape deformations with hypothesis tests 

developed for vector spaces. More formally, it was shown that a normal distribution on 

a Riemannian manifold could be approximated by a vector space normal distribution on 

the tangent space if the Ricci curvature matrix is small compared to the inverse of the 

covariance [149]. 

The T2 test and the Box's M test are commonly used to compare the mean and the co-

variance of multivariate datasets [166]. Those two tests operate under the assumption that 

both datasets have normal distributions. Therefore, if one finds a tangent space where both 

datasets can be approximated by a normal distribution, then it is justified to use those tests. 

For that purpose, we performed the T2 and M tests in the tangent space of the Frechet 

mean of the union of both datasets. There is no guarantee that it is the best tangent space 

to obtain normal distributions and other choices may be justifiable in other applications. 

However, this tangent space is a good compromise since it minimises the non-linearities 

associated with large rotations in both sets. The normality assumption was tested using 

Lilliefors tests [38] with a significance level of 5%. Moreover, hypothesis tests based on 

the T2 statistic often assume that the covariance matrices of the two samples are equal, 

which is not always true in our experiments. The T2 test described by Nel and Van der 

Merwe [136] was thus selected since it is not based on that assumption. 

The use of non-parametric tests on distances between the primitives, like this was done 

by Terriberry et al. [189] on medial axis representations of the lateral ventricles, could 

have been a possible alternative to the T2 test. However, the statistical power of non-

parametric tests based solely on distances is generally inferior, therefore parametric tests 

were preferred. 

The variance of the treatment effect is also relevant to analyze because it is expected to be 
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greater than the one of the motion observed between two reconstructions without treatment 

(if the treatment is efficient). A one-sided test on the variances was thus performed by 

applying a rank sum test [38] to the squared norm of the rigid transformations expressed 

in the tangent space of the mean. 

In addition to testing for differences between the mean, covariance and variance, it would 

also be interesting to test if post-treatment groups are on average closer to the mean of 

a group of healthier patients than pre-treatment groups. It would be unethical to expose 

healthy subjects without therapeutic reasons to ionizing radiation in order to build a heal­

thy spine model. Thus, it was decided to compare pre-treatment and post-treatment groups 

with the mean spine shape of an healthier group of patients. This healthier group was com­

posed of patients that were diagnosed with very mild scoliosis (Cobb angle [34] of less 

than 30 degrees) and did not receive any treatment. These patients had a radiographic exa­

mination prescribed for diagnostic purposes; therefore no additional radiation exposure 

was needed. The distance between the mean spine model of this group and another arti­

culated model could be regarded as a distance to normality. The distance used is the one 

described in equation 3.5 with A = 0.005 (to limit the bias introduced by having patient 

samples with different age distributions). This distance to normality was then computed 

on pre-treatment and post-treatment reconstructions of patients that received either a Bos­

ton brace or a Cotrel-Dubousset instrumentation. The differences between pre and post 

treatment groups was then tested for statistical significance using a sign test [38] which 

can cope with the unknown but asymmetrical distribution of the differences. 

A relatively large number of hypothesis tests were performed in this study, thus false po­

sitives could become a problem and needs to be controlled. The most common method to 

control false positives is to control the family wise error rate (FWER), which is the proba­

bility of having one or more false positives among all the tested hypotheses (see Shaffer 

[177] for a review of many methods to control the FWER). However, the FWER offers 

an extremely strict criterion, which is not always appropriate and results in a drastic re­

duction of the statistical power of individual tests. Benjamini and Hochberg [17] proposed 

an alternative to the control of the FWER where one controls the accumulation of false 

positives relative to the number of significant tests. However, the original method of Ben­

jamini and Hochberg did not take into account that an unknown proportion of the tests can 

be expected to be significant, which is our case since orthopedic treatments are expected 

to have an effect on the spine shape. Furthermore, their method assumes that all tests are 
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independent, which might not be true in this case if the orthopedic treatments altered the 

patients' standing posture. Fernando et al. [63] recently proposed a method to control the 

proportion of false positives (PFP) which does not depend on the correlation structure bet­

ween the tests and that takes into account the proportion of true null hypothesis out of all 

the tested hypothesis. The numerical values of the PFP will let us determine if the signi­

ficance levels chosen are stringent enough with respect to our tolerance to false positives. 

The PFP for a significance level a can be computed using the following equation : 

PFPa = C-^ (3.11) 

where k denotes the number of tests performed, Ra the number of null hypothesis rejected 

for a level of significance a and p0 the estimated proportion of true null hypothesis. The 

value of k, a and Ra are readily available and p0 was estimated based on the distribution 

of the p-values using the method described in Mosig et al. [129]. 

3.5 Results 

The methodology described in the previous sections was applied to four groups of scoliotic 

patients of the Montreal's Sainte-Justine Hospital. The selection of the patients included 

in these groups was based on the availability of the radiographs needed to compute 3D 

reconstructions of the spine. The main characteristics of these groups are the following : 

I. A group of 295 scoliotic patients who had biplanar radiographs at least once. 

II. A group of 39 patients who had biplanar radiographs while wearing a Boston brace 

and without it on the same day. 

III. A group of 33 patients that had a Cotrel-Dubousset corrective instrumentation surgi­

cally installed and had biplanar radiographs taken before and after the surgery (with 

less than 6 months between the two examinations). 

IV. A group of 26 untreated scoliotic patients who had biplanar radiographs two times 

within 6 months. 
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3.5.1 Geometric Variability of the Scoliotic Spine Anatomy 

A variability model of the scoliotic spine shape anatomy was computed using the group I. 

The mean spine shape and the variability based on relative transformations are illustrated 

in figure 3.3, where it can be observed that the mean shape has curvatures in the lateral 

and frontal plane. The curvatures in the lateral plane correspond to healthy kyphosis and 

lordosis, but the light curve in the frontal plane is not part of the normal anatomy of the 

spine and is caused by scoliosis. It is also interesting to note that the curve is on the right 

side because there is more right thoracic curves than left thoracic curves among scoliotic 

patients. The variability is also inhomogeneous (it varies from a vertebra to another) and 

anisotropic (stronger variability in some directions). The strongest translational variability 

is found along the axial direction and one can also observe from figure 3.3 that the main 

extension of the rotation vector covariance ellipsoid is along the anterior-posterior axis, 

which indicates that the main rotation variability is around this axis (as it could be expected 

for scoliosis). 

Complementary information can also be extracted from a model based on absolute po­

sitions and orientations of the vertebrae, as illustrated in figure 3.4 (with the reference 

coordinate system fixed to the lowest vertebrae). As it was expected, the mean of this se­

cond model is very similar to the mean of the model based on the relative positions and 

orientations. However, the variabilities are greater, which is normal since the vertebrae on 

top are farther away from the reference frame. Furthermore, the relative contributions to 

the global variability of the translational variability in the coronal direction and of the ro­

tational variability in the sagittal direction are more important. One could also notice that 

the rotational variability is maximal in the middle of the spine (around T10) and not on 

the top, which might be the result of patients' tendency to keep their head and shoulders 

straight during the radiological examination. 

3.5.2 Geometric Variability of the Spine Shape Deformations 

In addition to the analysis of the spine anatomy, the method described in this document can 

also be used to analyze deformations of the spine (for example, the deformations associa­

ted with the outcome of orthopaedic treatments). To do so, one could compare the spine 

shape models computed for all subjects before and after the deformation (before and after 
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Figure 3.3 Statistical model of the inter-vertebral poses for group I. From left to right : 
mean spine model, rotation and translation covariance. Top: frontal view. Bottom : sagittal 
view. 
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treatment). However, inter-patient variability would hide the variability that is intrinsic to 

the deformation process. To reduce the effect of the inter-patient variability, the deforma­

tion is defined as a vector of rigid transformations that transforms the spine shape before 

into the spine shape after deformation for a given patient (see figure 3.2 and Equation 3.2). 

Then, a statistical analysis of these rigid transformations is performed on each patients 

group. Two treatments (the Boston brace and the Cotrel-Dubousset instrumentation) and 

a control group (untreated patients) were analyzed that way. 

3.5.2.1 Boston Brace 

The Boston brace is a treatment that is prescribed for patients with mild to moderate sco­

liosis. In order to validate the brace design and adjustment, biplanar radiographs of the 

patients are taken with and without brace. We thus used those radiographs to construct a 

statistical model of the spine shape deformations associated with the brace without expo­

sing the patients to additional doses of radiation. This model is illustrated by figure 3.5. It 

could be observed from this model that the variability of the Boston brace effect is more 

important in the lower part of the thoracic spine (approximately from T7 to LI, with a 

maximum at Tl 1). Moreover, the mean curve in frontal view seems to be reduced by the 

treatment. However, the healthy kyphosis and lordosis found in the sagittal view are also 

reduced which is not a desirable effect (from a medical perspective). 

3.5.2.2 Cotrel-Dubousset Surgery 

The surgical treatment that was used is the installation of a Cotrel-Dubousset instrumenta­

tion. Other types of instrumentations also exist, however the Cotrel-Dubousset type is the 

most common in North America and is the type of surgery for which the highest number of 

cases were available. The variability model of the effect of the Cotrel-Dubousset surgery 

is illustrated at figure 3.6. It comes with no surprise that the variability of the treatment 

effect is greater for the Cotrel-Dubousset surgery than it is for the brace, since the surgery 

is a more invasive treatment that is reserved for severe cases. Furthermore, it is interes­

ting to note that the variability reaches its maximum at T12, two vertebrae lower than for 

the Boston brace. Unlike the Boston brace, the Cotrel-Dubousset treatment preserved the 

mean curves in the sagittal view. 
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3.5.2.3 Untreated Patients 

The spine shape deformation model computed for the Boston brace and the Cotrel-Dubousset 

surgery were influenced by variability sources other than the treatment itself such as pa­

tient posture, growth stage and 3D reconstruction error. To assess the relative importance 

of those sources of variability a group of 26 untreated patients, whom had two biplanar 

radiographs examinations with at most six months between them, were used to analyze 

the deformation progression without treatment. The results are illustrated in Figure 3.7. 

The variability for L5 —> LA was removed from Figure 3.7 because it was corrupted by 

an artifact of the 3D reconstruction process. As it was expected, the mean spine shapes 

for the two examinations are very similar and the variability of the spine shape deforma­

tion appears to be much smaller than the ones associated with the Boston brace or the 

Cotrel-Dubousset surgery. 

3.5.2.4 Comparison of the Effect of Treatments between Groups 

The presence of a group of untreated patients enables us to test for significant effect of a 

treatment on our centrality and dispersion measure (respectively the Frechet mean and the 

generalized covariance). 

Since the variances are small and the means are near zero, the non-linearities linked to 

the manifold curvature are small, so the Hotelling's T2 test and Box's M test were used 

to test for significant differences between the untreated group and the two other groups 

(the null hypothesis being that they are not different). The results are reported in table 3.1 

where p-values lower than 0.01 are marked with a star ("*"), p-values lower than 0.001 

are marked with a two stars and p-values lower than 0.0001 are marked with a three stars. 

The table 3.1 shows that the Boston brace has a significant effect on the mean shape and 

on the variability for two different regions of the spine, respectively from Tl to T6 and 

from T8 to T12. The Cotrel-Dubousset surgery appeared to have a very sparse effect on 

the mean shape, however it has a significant effect on the variability of the spine shape 

deformation for all studied vertebral levels. 

Table 3.2 presents the difference between the distance to normality before receiving a 

treatment and after receiving the treatment. The table 3.2 also introduces the significance 
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of this distance reduction (p-value computed from a one-sided sign test). The total row is 

computed by considering the summation of the distances for all inter-vertebral levels. The 

reduction of the distance to normality range from 3% to 34% for the Cotrel-Dubousset 

instrumentation and from -12 % to 11 % for the Boston brace. This table seems to indicate 

that a Cotrel-Dubousset instrumentation deforms the spine of the patients toward the mean 

shape of the healthier group. However, this reduction is not significant for many inter­

vertebral levels. In the case of the Boston brace no significant reduction was found. 

The PFP numerical values (Eq. 3.11) for significance level of 0.01, 0.001 and 0.0001 (the 

three significance levels used in this study) computed from all tests results presented are 

respectively of 0.00167, 0.000257 and 0.0000423. This means that a significance level of 

0.01 on individual tests will lead on average (if we were to repeat this study many times) 

to 1 false positive for every 600 rejected null hypothesis. 
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3.5.3 Quantification of the Reconstruction Error 

The anatomical landmarks reconstruction error induces variability on inter-vertebral trans­

forms. However, we are interested in the variability that is intrinsic to the patients. Thus, 

we ran computer simulations to assess the relative effect of reconstruction error on the 

computed variability. 

The 3D reconstruction method used to compute the 3D coordinates of the anatomical land­

marks was previously validated and the mean error on the landmarks reconstruction was 

evaluated to 2.6 mm [11]. So, we simulated virtual spine models with mean reconstruc­

tion errors from 0.25 mm to 5 mm and we computed the variabilities of the corresponding 

spine shapes and spine shape deformations models. 

The augmentation of the simulated error had a linear effect on the standard deviations of 

the corresponding rigid transformations. In the case of spine shape model, the standard 

deviation of the translational part varied from the 0.1 to 2 mm and the rotational part 

varied from 0.2 to 3.9 degrees. The spine shape deformation model was a little bit more 

sensitive to the reconstruction error since the standard deviations of the translational part 

varied from 0.1 to 2.5 mm and the rotational part varied from 0.2 to 5.3 degrees. 

In summary, with error levels compatible with the previous validation studies, all simulated 

variances are way below the variabilities observed from scoliotic patients. Therefore, the 

observed variabilities are mainly associated sources intrinsic to the patients and not with 

3D reconstruction errors. 

3.6 Discussion 

3.6.1 Variability Sources 

The models used in this study describe the variability of the observed 3D spine shape. This 

variability is partially the result of the anatomical variability inherent to the pathology, but 

other causes were also present. 

Scoliosis is very often diagnosed during puberty, thus growth status is likely to be a si­

gnificant variability factor. This was confirmed by the fact that the maximal translational 
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Tableau 3.2 Reduction of the distance to an healthier spine shape between pre and post 
treatment groups and the associated significance of this reduction (expressed as a p-value). 
One star indicates a p-value lower than 0.01, two stars indicates a p-value lower than 0.001 
and three stars indicates a p-value lower than 0.0001 

Inter-vertebral 
levels 

T2 -*T1 
T3 ^ T 2 
T4 -^T3 
T5 -+T4 
T6 -^T5 
T7 -^T6 
T8 -^T7 
T9 -^T8 
T10-^T9 
T l l ^ T l O 
T12-+T11 
LI ->T12 
L2 ->L1 
L3 ^ L 2 
L4 -^L3 
Total 

Cotrel-Dubousset 
Reduction 

3.0% 
8.5% 

27.9 % 
24.5 % 
13.3 % 
24.8 % 
17.4 % 
18.2% 
34.4 % 

9.3% 
31.2% 
33.7 % 
24.6 % 
20.7 % 
27.7 % 
23.3 % 

p-value 
6.3e-l 
1.4e-l 
4.1e-2 
2.5e-4 ** 
8.2e-2 
8.2e-2 
1.5e-l 
4.1e-2 
2 .5e^ ** 
4.1e-2 
7.4e-3 * 
7.4e-3 * 
8.2e-2 
8.2e-2 
4.1e-2 
2.5e^ ** 

Boston Brace 
Reduction 

3.0% 
-9.6 % 
5.2% 

10.6 % 
9.3% 

-7.9 % 
11.4% 
-6.3 % 
10.8 % 
7.6% 
5.6% 
0.5% 
8.4% 

-12.2% 
7.1 % 
3.3% 

p-value 
5.0e-l 
5.0e-l 
1.0e-l 
5.5e-2 
2.7e-2 
5.0e-l 
3.7e-l 
5.0e-l 
2.6e-l 
5.0e-l 
1.7e-l 
5.0e-l 
1.0e-l 
8.3e-l 
5.0e-l 
1.0e-l 
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variability is along the axial direction. 

The posture during the acquisition was standardized, but a certain proportion of the varia­

bility might be the result of small differences between patients' postures during the stereo-

radiographic exams. Scoliotic patients are however known to have postural problems, so 

the variability caused by differences in the posture and the variability caused by scoliosis 

might be hard to discern. 

The anatomical landmarks 3D reconstruction error is also a source of variability. However, 

the variances simulated from synthetic data with a controlled 3D reconstruction error are 

well below the variabilities computed from real patients. The observed variabilities are 

thus mainly associated with spine geometry and not with 3D reconstruction errors. 

3.6.2 Individual Vertebrae Positions and Orientations Variability 

The inter-vertebral poses variability model illustrated in Figure 3.3 showed that the main 

rotational variability was found on the anterior-posterior axis. This was expected since 

orthopaedists routinely use the anterior-posterior radiograph to compute the Cobb angle 

(which is used to estimate scoliosis severity). Furthermore, the main translational variabi­

lity was found in the axial direction which makes sense since the elongation of the spine 

that characterizes the growth process could be described using axial translations. 

It was also noted that the relative contributions of the translational variability in the co­

ronal direction and of the rotational variability in the sagittal direction are larger when 

absolute positions and orientations are considered. This greater variability along the natu­

ral flexion/extension motion axis of the spine tend to confirm that absolute positions and 

orientations are more suitable to analyse posture and motion, while relative positions and 

orientations are more adapted to the analysis of the anatomical variability. 

Furthermore, there is also a significant proportion of the variability along all the degrees of 

freedom (DOF) of the inter-vertebral transforms. Thus, all the six DOF of the rigid trans­

formations are needed to capture the variability of the spine shape. Practical implications 

of this improved knowledge of the variability include the design of new orthopaedic treat­

ments (either braces or surgical instrumentations) that achieve a better balance between 

geometric correction and patient freedom of motion. 
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The representation of the spine shape as an articulated object is intuitive and the obtained 

results proved that anatomical insights can be gained that way. The Riemannian framework 

that was used to build the variability model naturally leads to the use of the rotation and 

of translation vector in the computation of the mean shape and of its variability. This 

representation was one of the keys to an intuitive visualization of both the mean spine 

shape and the variability around that mean shape. 

3.6.3 Effect of Orthopaedic Treatments 

A visual comparison between the variability models associated with group II, III and IV 

(see Figures 3.6, 3.5 and 3.7) revealed that the mean spine shape of treated patients seems 

closer to a healthy spine shape than the untreated patients. Furthermore, the variability 

of the spine shape deformations linked to a treatment appeared to be greater than the 

one linked to the progression of the disease. The variability associated with the Boston 

brace also appeared to be smaller than the variability associated with the Cotrel-Dubousset 

instrumentation. 

More interestingly, the difference between the mean shape and the difference between the 

variability are not uniform. Table 3.1 clearly states that the Boston brace has a significant 

effect on the mean shape and on the variability for two different regions of the spine, 

respectively from Tl to T6 and from T8 to T12. This suggest a systematic effect of the 

Boston brace on the geometry of the upper-thoracic spine of all patients treated with it 

regardless of strength and shape of the curvature caused by scoliosis. It also suggest that 

severe scoliotic cases were submitted to larger corrections in the lower-thoracic segment 

of the spine than mild cases which lead to larger variabilities. Therefore, this difference 

suggests that most of the therapeutic effect of the Boston brace is localized in the region 

from T8 to LI. The effect of the Cotrel-Dubousset appeared to have a very sparse effect 

on the mean shape. However it has a significant effect on the variability associated with 

all the inter-vertebral transforms. This greater variability might explains the sparsity of 

the significant results obtained on the mean shape since a greater variability generally 

results in a reduction of the statistical power of tests performed on the mean. These results 

strongly indicate that not only the mean shapes but also the shape variabilities have to be 

analysed when two groups of patients are compared. 
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The Table 3.2 as a whole suggests that a surgical correction of scoliosis using a Cotrel-

Dubousset instrumentation deforms the spine towards a more "normal" spine shape, while 

the Boston brace has only a small effect on the distance to normality. This situation is un­

derstandable since a surgical intervention aims at correcting the deformity while a brace 

primarily goal is to stop the evolution of the deformity by applying subtle structural mo­

difications. 

Unfortunately, few of the distance differences associated with individual inter-vertebral 

level were found to be significant. A larger patient sample would be necessary to draw 

stronger conclusions from an analysis of these distances. The statistical tests performed 

directly on the centrality and dispersion measures (presented at Table 3.1) seemed to be 

more powerful with the number of patients available and did not require a sample of heal­

thy patients. 

Moreover, surgical correction objectives are to optimally correct the spine deformity to 

obtain a spinal shape as "normal" as possible while instrumenting and fusing the least 

amount of vertebrae and avoiding complications. These contradictory objectives lead to 

a large variability among the spinal instrumentation configurations used by experienced 

surgeons [12]. Furthermore, what orthopedists usually defines as "normal" is not based on 

a statistical model of the spine geometry but on their clinical experience. More specifically, 

orthopedists usually try to obtain a straight spine in the frontal view with level shoulders 

and the trunk centered over the pelvis, a thoracic kyphosis between 20 and 40 degrees and 

a lumbar lordosis between 30 and 50 degrees in the sagittal view. The distance measure 

used to create the Table 3.2 approximate the correction objectives but do not take into 

account factors that are extrinsic to the spine geometry (shoulders and pelvis position, post­

operative mobility, instrumentation strategies, etc. ). Thus, the Table 3.2 is an indication 

that the proposed variability model can efficiently capture the geometric component of 

orthopedic correction of scoliosis, but the distance used to create it should not be used to 

clinically evaluate treatment outcomes. 

In the context of the comparison of two corrective instrumentation of scoliosis, Petit et 

al. [160] published a comparison between modifications of the centers of rotations. Their 

results are compatible with ours although centers of rotation are not explicitly used here. 

However, only the means were compared in the study of Petit et al., while it is now clear 

that the variability should also be analyzed in this context. 
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3.7 Conclusion 

A method to quantitatively analyze the variability of the spine shape was presented in 

this paper. The proposed method is based on the decomposition of the subjects' spine 

shape into instances of an articulated shape model. This articulated shape model uses rigid 

transformations to describe the state of the link between each vertebra. Then, the use of 

a Riemannian framework enabled us to compute relevant statistics from this articulated 

shape model. In addition to the spine shape, a model to analyze and compare the effects 

of orthopaedic treatments on the spine geometry was also proposed and a visualization 

method of the variability models was developed as well. Finally, a comprehensive study 

of the scoliotic spine shape variability and of the treatment effect variability for two well 

established treatments of scoliosis were presented (the Cotrel-Dubousset surgical instru­

mentation and the Boston brace). 

Experimental findings included the observation that the variabilities of inter-vertebral 

transformations were inhomogeneous (lumbar vertebrae were more variable than for the 

thoracic ones) and anisotropic (with maximal rotational variability around the anterior-

posterior axis and maximal translational variability in the axial direction). Furthermore, 

brace and surgery were found to have a significant effect on the Frechet mean and on the 

generalized covariance. These significant differences were observed in specific regions 

of the spine where the treatments actually modified the spine geometry. The therapeutic 

effects of orthopaedic treatments could thus be precisely localized. 

In this study the correlations between the motions of non-adjacent vertebrae were not 

analyzed. In that context, one of the future directions for our work will be to study the 

global motions of the spine using joint covariances. Moreover, it would be interesting 

to see if a global model could be linked to clinically used surgical classifications of the 

deformities or if one could use a global model to study curve progression. 

The proposed method is not limited to the spine and could easily be extended to other bony 

structures (elbows, knees or fingers for instance). Moreover, the variability model could be 

used to constraint a deformation field like Little et al. [115] did or to incorporate statistics 

in the registration process as it was recently proposed by Commowick et al. [37]. 

In conclusion, this study suggests that medically relevant knowledge about the spine shape 
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and its deformations can be obtained by studying articulated shape models. From an or­

thopaedist's point of view, these findings could be used to optimize treatment strategies 

and diagnostic methods. For example, better braces (or surgical instrumentations) could 

be designed by exploiting the strong anatomical variability in the coronal plane and the 

localisation of their effects on the spine geometry could be analyzed more easily. 
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3.8 Appendix : Riemannian Metric, Geodesic Curves and Distance 

A Riemannian manifold M is a manifold possessing a metric that can be expressed as a 

smoothly varying inner product ( l ^ in the tangent spaces TXM. for all points x G M.. 

A local representation of this Riemannian metric is given by the positive definite matrix 

G(x) = [gij (x)] when the inner product between two vectors v and w of the tangent space 

TXM. is written as (v\w)x = vT • G(x) • w. The norm of a vector v G TXM is given by 

I\v\I = V(v\v) a n c * t n e length of any smooth curve ~/(t) on M. can then be computed by 

integrating the norm of the tangent vector ^(t) along the curve : 

L{l) = I' \\i\\dt = / 2 Vmmt))dt (3.12) 

In order to compute the distance between two points (say X\ and x^) of a connected Rie­

mannian manifold, we have to take the minimum length computed among all the smooth 

curves starting from xi and ending at x2- Thus, the distance d{xy, x2) between those two 

points is : 
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d(xi,x2) = argminZ/(7) (3.13) 
7 

where 7(0) = xi and 7(1) = x2. 

The distance minimising curves 7 between any two points of the manifold are called geo­

desies. Calculus of variations shows that the geodesies are the curves satisfying the follo­

wing differential system (using Einstein summation convention). 

7 + IVy>'7* = 0 (3.14) 

^ = ^ m ( ^ - + ^ - ^ ) ( 3 ' 1 5 ) 

Where Hfc are the Christoffel symbols and [gtj(x)] is the inverse of the local representation 

of the metric [gij (x)]. 

3.9 Appendix : Exponential and Logarithmic Maps 

Geodesic curves are unique in the sense that there is one and only one geodesic jx>v starting 

from x £ M with a tangent vector v € TxM. at t = 0. Using the geodesies, it is possible 

to define a diffeomorphism between a neighbourhood of 0 € TXM and x e M called the 

exponential map. 

The exponential map at x G M. maps each vector v of the tangent plane TxM. to the point 

of the manifold reached by following the geodesic 7 ^ in a unit time. In other words, if 

we have 7(x>t;)(l) = y, then Expx(v) = y. The inverse mapping is noted Logx(y) = v. 

Moreover the distance with respect to the deployment point is simply given by the norm of 

the result of the logarithmic map (which is also the norm of the tangent vector in TXM). 

Thus : 

dist(x,y) = \\Logx{y)\\ (3.16) 
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The Exp,,, and Logx maps can be thought as the folding and unfolding operations that 

connect the tangent space at x and the manifold. 
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CHAPITRE 4 

ARTICLE 2 : PRINCIPAL DEFORMATIONS MODES OF ARTICULATED 

MODELS FOR THE ANALYSIS OF 3D SPINE DEFORMITIES 

Jonathan Boisvert*"1"-, Farida Cheriet*-, Xavier Pennec+, Hubert Labelle- and Nicholas 

Ayache+ 

* Ecole Polytechnique de Montreal, P.O. Box 6079, Sue. Centre-Ville, H3C 3A7, Montreal, 

Canada 

+ Asclepios Project Team, INRIA, 2004 route des Lucioles - BP 93 06902 Sophia Antipolis 

Cedex, France 
- Sainte-Justine Hospital, 3175, Chemin de la Cote-Ste-Catherine, Montreal, Canada 

4.1 Presentation 

L'article presente dans ce chapitre a ete soumis pour publication dans « Electronic Letters 

on Computer Vision and Image Analysis » pour un numero special intitule « Human Mo­

tion Analysis and Recognition » le 5 juin 2007 et revise le 18 fevrier 2008. L'invitation 

recu pour publier dans ce numero special donne suite a un article presente lors de « Arti­

culated Models and Deformable Objects 2006 » [23] pour lequel les auteurs ont remporte 

le prix du meilleur article. 

L'objectif de cette etude est la presentation d'une methode de recherche des deformations 

typiques du rachis observes chez les patients scoliotiques. Les objectifs particuliers asso-

cies ont ete presentes a la section 2.3.1.3. 

4.2 Abstract 

Articulated models are commonly used for recognition tasks in robotics and in gait ana­

lysis, but can also be extremely useful to develop analytical methods targeting spinal de­

formities studies. The three-dimensional analysis of these deformities is critical since they 
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are complex and not restricted to a given plane. Thus, they cannot be assessed as a two-

dimensional phenomenon. However, analyzing large databases of 3D spine models is a 

difficult and time-consuming task. In this context, a method that automatically extracts the 

most important deformation modes from sets of articulated spine models is proposed. 

The spine was modeled with two levels of details. In the first level, the global shape of the 

spine was expressed using a set of rigid transformations that superpose local coordinates 

systems of neighboring vertebrae. In the second level, anatomical landmarks measured 

with respect to a vertebra's local coordinate system were used to quantify vertebra shape. 

These articulated spine models do not naturally belong to a vector space because of the 

vertebrae rotations. The Frechet mean, which is a generalization of the conventional mean 

to Riemannian manifolds, was thus used to compute the mean spine shape. Moreover, 

a generalized covariance computed in the tangent space of the Frechet mean was used 

to construct a statistical shape model of the scoliotic spine. The principal deformation 

modes were then extracted by performing a principal component analysis (PCA) on the 

generalized covariance matrix. 

The principal deformations modes were computed for a large database of untreated sco­

liotic patients. The obtained results indicate that combining rotation, translation and local 

vertebra shape into a unified framework leads to an effective and meaningful analysis me­

thod for articulated anatomical structures. The computed deformation modes also revealed 

clinically relevant information. For instance, the first mode of deformation is associated 

with patients' growth, the second is a double thoraco-lumbar curve and the third is a tho­

racic curve. Other experiments were performed on patients classified by orthopedists with 

respect to a widely used two-dimensional surgical planning system (the Lenke classifica­

tion) and patterns relevant to the definition of a new three-dimensional classification were 

identified. Finally, relationships between local vertebrae shapes and global spine shape 

(such as vertebra wedging) were demonstrated using a sample of 3D spine reconstructions 

with 14 anatomical landmarks per vertebra. 

4.3 Introduction 

Articulated models are collections of objects linked together so that the relative motion 

of any two parts is rigid (combination of a 3D rotation and a translation). This family 
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of models can be used to describe a wide variety of objects. A popular application is 

human gait analysis from video sequences. In this type of application, human body motion 

is characterized by articulations states and about thirty degrees of freedom are usually 

necessary to obtain convincing results. This number of degrees of freedom (DOF) makes 

model estimation from video sequences challenging from a computational perspective. 

However, probabilistic methods can be used to discard unlikely positions and to deal with 

occlusions [50, 85, 179, 210]. 

The human body being composed of 206 bones, it is easily understandable that those mo­

dels are highly simplified representations of the human skeleton. Only articulations criti­

cal to gait description are considered and only these articulations' most important DOF 

are included in the models. Thus, DOF unnecessary to ideal gait patterns, but necessary 

to represent pathological motions would be omitted. For example, most articulated mo­

dels used for motion capture only attribute one degree of freedom to the knee, whereas 

many musculoskeletal problems of the knee are characterized by more complex 3D rota­

tions. Considering all the possible DOF in an articulation is also important to analyze the 

anatomical variability in a general population or in a group afflicted by a specific muscu­

loskeletal problem. 

This situation contrasts with statistical shapes models currently used to process radiolo­

gical spine images. Those statistical models are based on point-to-point correspondences 

[120, 14] and many points are sampled on each vertebra, therefore the number of DOF 

could reach several hundreds. These statistical shape models describe efficiently the local 

shape of the vertebrae and they can improve the performances of segmentation and regis­

tration algorithms. However, they fail to take into account that the spine is a collection of 

vertebrae linked together by soft tissues (ligaments, spinal chord, nerves, etc.). Thus, the 

spine shape is changed primarily from the rigid motions of the vertebrae. Capturing the 

articulated nature of the spine will lead to a statistical shape model that can be interpreted 

more intuitively and that will uncover more clinically relevant relationships. 

Point-to-point correspondences are therefore not the best choice of primitives. A more 

natural choice would be to use frames (points associated with three orthogonal axes) to 

deal with articulated anatomical structures. The main reason for this choice is that frames 

enable a more natural analysis of the relative orientations and positions of the models, 

whereas point primitives would only properly deal with positions. In this context, arti-
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culated models of the spine will be created by associating a frame to each vertebra. The 

deformations of the spine shape will then be described in terms of rigid transformations 

applied to those frames. 

A variability model of inter-vertebral rigid transformations based on Lie group properties 

was recently proposed [22]. However, the inter-vertebral transformations were analyzed 

individually thus discarding the coupling between different vertebral levels. It is difficult 

to take into account the coupling between all vertebral levels because of the high dimen­

sionality of the model. In fact, there are 5 lumbar and 12 thoracic vertebrae (excluding 

cervical vertebrae) and a rigid transformation has 6 DOF, which means that an articulated 

description of the spine shape is characterized by at least 102 DOF. A clinician can hardly 

perform the analysis of such large variability model. It is therefore necessary to find a way 

to extract only the most meaningful modes of variability. These modes will indicate what 

varies the most from a geometric perspective in a given group, thus helping the physician 

in the task of analyzing large sets of 3D spine models, which is a necessary but tedious 

task, to define a clinically relevant 3D classification. 

In this context, the main contributions of this paper will be to propose a method based on 

Riemannian geometry to perform principal components analysis on articulated spine mo­

dels and to apply that method to a large database of scoliotic patients in order to construct 

the first statistical atlas of 3D deformation patterns for adolescent idiopathic scoliosis (a 

pathology that causes spine deformations). The combination of point-based and frame-

based model will also be demonstrated to analyze the relation between the shape of the 

spine and the shape of individual vertebrae. 

The remaining of the manuscript is divided in four sections. The next section review re­

levant works performed about scoliosis deformities analysis and about dimensionality re­

duction applied to articulated models. The section 4.5 then presents the proposed methods 

and the acquisition materials used for this study. The results obtained on large databases of 

scoliotic patients are presented in section 4.6. Finally, section 4.7 summarizes the conclu­

sions and new perspectives that resulted from this study. 
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4.4 Background 

4.4.1 3D Spine Models Classifications 

Analyzing large databases of 3D spine models is becoming more and more important be­

cause there is a consensus among orthopedist surgeons that spinal deformations like ado­

lescent idiopathic scoliosis (AIS) are three-dimensional. However, there is no consensus 

yet regarding the way to use 3D information to improve patients' care. 

Classification is a decisive part of AIS patient assessment because it is used to guide the 

selection of fusion and instrumentation levels in corrective surgeries. King first proposed a 

classification of frontal thoracic curves, which was used to guide surgeries performed with 

the Harrington instrumentation [98]. This classification did not address sagittal deforma­

tions neither lumbar curves. Moreover, its reliability was contested [111, 184]. Lenke later 

proposed another classification [112] that includes lumbar and sagittal modifiers. Lenke 

classification is more complete; however combining 2D measures is different from a per­

forming a real 3D analysis. Thus, new three-dimensional classifications of the spinal de­

formations associated with AIS are been investigated. 

However, taking into account the three-dimensional nature of the deformations is far from 

being trivial. Many classifications were recently introduced. Duong et al. [61] used a wa­

velet transform of the vertebrae centroids and a clustering method to agglomerate similar 

3D spine shapes. The method is technically elegant but its complexity might not be compa­

tible with clinical practice. Poncet et al. [163] proposed a classification that is based solely 

on spine torsion. Spine torsion is certainly an important factor to take into account but 

Duong et al. demonstrated that it is not the only one. Finally, Negrini et al. [135, 134, 133] 

recently proposed a classification based on "quasi-3D" indices (measure performed on 

multiple 2D projections). The main drawbacks of their approach are the arbitrary charac­

ter of the indices selected and the two-dimensional nature of the classification. 

In summary, analyzing large databases of 3D spine models is an important task but it is 

also a difficult and time-consuming one. Automatically extracting the most important de­

formation modes from a set of articulated spine models would greatly help surgeons to 

reliably and efficiently explore 3D spine models databases, which is a necessary prerequi­

site to the definition of a clinically relevant 3D classification of scoliotic deformities. 
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4.4.2 Principal components analysis of the 3D articulated spine models 

Dimensionality reduction applied to the spine or to articulated models is not a new idea 

and methods were proposed in the past. As a part of a method that aim to predict the 

geometry of the spine based on the geometry of the trunk, Bergeron et al. [18] performed 

a principal component analysis on the 3D coordinates of vertebrae centers in the frequency 

domain. The most important limitation of this approach is that vertebrae orientations are 

not modeled. Moreover, performing the analysis in the frequency domain does not allow a 

physically grounded intuitive interpretation of the results. Benameur et al. [14] and Fleute 

et al. [69] both proposed principal components analysis (PCA) based spine registration 

method but only the shapes of the vertebrae were considered not the global spine shape. 

Principal components analysis was also used to process articulated body models. Yacoob 

and Black [207] applied PCA analysis on motion parameters measured with respect to the 

image plane in the context of activity recognition. Unfortunately, since the measurements 

are not intrinsic to the geometry of the articulated object the same viewpoint and camera 

have to be used, which is unrealistic for clinical studies that involves multiple research 

centers. Gonzalez et al. [81] and Green et al. [84] both performed a PCA analysis on 

aligned time-series of articulated models descriptions in order to recognize human actions. 

Jiang and Motai [96] proposed a similar approach for on-line robot learning. Finally, Al-

Zubi and Sommer [1] performed PCA to learn articulated motions of human arms. These 

approaches used representations that were either only based on 3D coordinates or only 

based on an angular description of the articulated body. However, using both positions 

and orientations would allow a better separation of different physiological phenomena 

such as pathological deformations and normal growth (that is expected to be dominated 

by translation). Moreover, these methods compute the mean without taking into account 

that 3D rotations form a curved manifold. Therefore, the obtained results dependent on 

the arbitrary configuration of the local coordinates systems used to performed angular 

measurements. 
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4.5 Material and Methods 

This section is divided in three subsections. One of the problems with previous attempts 

to find variability modes from 3D spine models was that their underlying spine geometry 

representations were based on point-to-point correspondences, which are not adapted to 

an analysis of orientations. The first subsection (4.5.1) will thus present an articulated des­

cription of the human spine that include both vertebrae's relative position and orientation 

as well as the method used to estimate these articulated spine models from radiographs. 

The articulated description chosen uses rigid transformations to encode the relative po­

sition and orientation of the vertebrae. However, rigid transformations naturally belong 

to a Lie group and conventional statistical methods usually apply only in vector spaces. 

To alleviate this problem, the second subsection (4.5.2) will present how to rigorously 

generalize concepts such as the mean and the covariance to articulated spine models. 

Finally, the last subsection (4.5.3) will introduce a simple mechanism to extract and visua­

lize the most significant deformations modes observed in a database of articulated spine 

models. 

4.5.1 Articulated Spine Models from Radiographs 

Articulated models could be estimated from a wide variety of image modalities. Computed 

tomography or magnetic resonance could be used since the images recorded using those 

modalities are three-dimensional. However, large portions of the spine deformations are 

lost when patients are asked to lie down. Moreover, adolescent idiopathic scoliosis pa­

tients often present postural problems, which are relevant to the analysis. In light of those 

constraints, we choose to use multi-planar radiography in order to digitize the 3D anatomy 

of the patients' spine. 

Multi-planar radiography is a simple technique where two (or more) calibrated radiographs 

of a patient are taken to compute the 3D position of anatomical landmarks using a trian-

gulation algorithm. It is one of the few imaging modalities that can be used to infer the 

three-dimensional anatomy of the spine when the patient is standing up. Furthermore, bi-

planar radiography of scoliotic patients is routinely performed at Sainte-Justine hospital 



Figure 4.1 Anatomical landmarks used to digitize the spine geometry and to analyze local 
vertebra shape. 

(Montreal, Canada). 

The anatomical landmarks used in this study are illustrated in Figure 4.1. The identification 

of all anatomical landmarks is time consuming and costly because it is performed by a qua­

lified technician. However, it provides a more robust anatomical matching of landmarks, 

which ensures a more precise 3D reconstruction. Thus, only the anatomical landmarks 1 

to 6 were used when only the shape of the spine and not the local shapes of the verte­

brae were analyzed. These anatomical landmarks were identified on each vertebra from 

Tl (first thoracic vertebra) to L5 (last lumbar vertebra) on a posterior-anterior and a lateral 

radiograph. The 3D coordinates of the landmarks were then computed and the deforma­

tion of a high-resolution template using dual kriging yielded a total of 24 reconstructed 

landmarks. The accuracy of this method was previously established to 2.6 mm [11]. 

Once the anatomical landmarks presented in Figure 4.1 are reconstructed in 3D, they are 

expressed in the local coordinates system of their respective vertebra (see Stokes [181] for 

a formal definition of the local coordinates system of a vertebrae). These local landmarks 

coordinates pi,p2, • • • ,pn (where n is the number of anatomical landmarks used for each 
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Figure 4.2 Frames and transformations used to express the spine as an articulated model. 

vertebra) will be used to analyze the vertebrae shapes. Each vertebra is then rigidly registe­

red to its first upper neighbor and the resulting rigid transformations are recorded. By doing 

so, the spine is represented by a set of rigid transformations (see the Figure 4.2). These 

inter-vertebral transformations Ti, T 2 , . . . , T17 will be used to analyze the spine shape. 

The combination of the local landmarks coordinates and the inter-vertebral transforma­

tions is especially well adapted to an analysis of the spinal deformities since the inter­

vertebral rigid transformations describe the state of the physical links that alter the shape 

of the whole spine while the local landmarks coordinates can quantify the local vertebral 

deformations. 

Most scoliotic patients are adolescents or pre-adolescents and the spine length of these 

patients varies considerably. At this point one might be tempted to normalize the spine 

models to improve comparability. However, the development of many musculoskeletal pa­

thologies, such as adolescent idiopathic scoliosis, is tightly linked with the patient growth 

process. Thus, normalization could discard valuable information and should be avoided in 

most applications. 
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4.5.2 Elements of Articulated Models Statistics 

The articulated spine models presented in the last subsection express the spine shape using 

a vector of inter-vertebral rigid transformations. This idea is very intuitive and models clo­

sely pathological mechanisms of spinal deformities. However, rigid transformations do not 

naturally belong to a vector space (they belong to a curved Riemannian manifold). Simple 

operations necessary to conventional multi-variate analysis such as addition and scalar 

multiplications are not defined on rigid transformations. A generalization of concepts as 

simple as the mean and the covariance is therefore needed. 

One could be tempted to parameterize the rigid transformations using one of the many 

available representations (Euler angles and translation vector, for example) and then to 

compute the mean and covariance on that representation. However, the result would not 

be intrinsic. In other words, the mean and covariance would be dependent on the viewpoint 

from which the orientation and position would have been measured. 

The distance is a general concept that can be used to perform those generalizations and 

Riemannian geometry offers a mathematical framework to work with primitives when 

only a distance function is available. Concepts of probability and statistics applied to Rie­

mannian manifolds were recently studied [149]. Moreover, a Riemannian framework was 

also used in the context of statistical shape modeling to perform PGA (principal geodesic 

analysis) on medial axis representations [65]. 

The next subsections introduce a generalization of the conventional mean called the Fre-

chet mean and a generalized covariance measure computed around the Frechet mean. 

These generalizations are based on the idea that it is possible to locally unfold a Rie­

mannian manifold on a tangent vector space and to fold back the elements of the tangent 

space on the Riemannian manifold. These two operations (folding and unfolding) are per­

formed by the exponential and logarithmic maps. Thus, these two maps will be introduced 

more formally in the next subsection as well as their application to our articulated spine 

models. 
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Y = Expx(y) 

= Logx(Y) 

Figure 4.3 Graphical representation of the Logx and Expx maps on a three-dimensional 
sphere. 

4.5.2.1 Exponential and Logarithmic Maps 

In a complete Riemannian manifold M. the smallest smooth curve j(t) such that 7(0) = x 

and 7(1) = y (with x,y 6 M) is called a geodesic and the length of that curve is the 

distance between x and y. Two important maps can be defined from the geodesies : the 

exponential map Expx, which maps a vector dx of the tangent plane TXM to the element 

reached in a unit time by the geodesic that starts at x with an initial tangent vector dx and 

the logarithmic map Log ,̂ which is the inverse function of Expx. In other words, these two 

maps enable us to "unfold" the manifold on the tangent plane (which is a vector space) and 

to project an element of the tangent plane to the manifold (see Figure 4.3 for an example 

of Logx and ExpT). 

In this paper, the spine shape is modeled as a set of frames associated to local coordi­

nates systems of vertebrae. The modifications of the spine geometry are then modeled as 

rigid transformations applied to those frames. In order to compute the principal deforma­

tions modes (from equation 4.7), the exponential and logarithmic maps associated with a 

distance function on rigid transforms are thus needed. 

A rigid transform is the combination of a rotation and a translation. Defining a suitable 

distance on the translational part is not difficult since 3D translations belong to a real vector 

space. However, the choice of a distance function between rotations is more complex. 

Rotations are usually expressed using a three by three matrix that belongs to the special 

orthogonal group SO3 and simple solutions, like the norm of the difference, does not 

respect the prerequisites conditions for distance functions. 
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Figure 4.4 Rigid transform expressed by an axis of rotation n, an angle of rotation 9 and a 
translation vector t 

To define a suitable distance function between rigid transforms, another representation of 

the rotations called the rotation vector is needed. This representation is based on the fact 

that a 3D rotation can be fully described by an axis of rotation supported by a unit vector 

n and an angle of rotation 9 (see figure 4.4). The rotation vector r is then defined as the 

product of n and 9. 

The conversion from the rotation vector to the rotation matrix is performed using the Ro-

drigues equation : 

R = I + sm(9)S(n) + (1 - cos{9))S(n)2 with S(n) 
0 — nz ny 

nz 0 — nz 

-riy nx 0 

And the inverse map (from a rotation matrix to a rotation vector) is given by the following 

equations : 

. ,Tr(R)-l, , qf . R-RT 

9 = arccosi ) and Sin) — -——r^r v 2 ' y ' 2sin(0) 
(4.1) 
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Using the rotation vector representation, a left-invariant distance (d(T3 oTi,T3 o T2) 

rf(Ti, T2)) between two rigid transformations can easily be defined : 

d(T1:T2) = Nw(Tz1oT1) with Nu{T)2 = Nu{{r,t})2 = \\ur\\2 + \\t\\2 (4.2) 

Where a; is used to weight the relative effect of rotation and translation, r is the rotation 

vector and t the translation vector. Because the selected distance function is left-invariant, 

we have ExpM(a;) = /i o ExpId(D(fj,)~lx) and LogAt(T) = D(fj)Log/d(/i
_1 o T) with 

JD(X) = j-x o y\y=id. Furthermore, it can be demonstrated that the exponential and log 

map associated with the distance of equation 4.2 are the mappings (up to a scale) between 

the combination of the translation vector and rotation vector and the combination of the 

rotation matrix and the translation vector [146]. 

ExP/d(T) f{r) and Log/d(T) = 
L 

Lor(R) 

t 

The Riemannian structure of the anatomical landmarks used to quantify the local shape 

of the vertebrae is much more simple. In fact, anatomical landmarks simply belong to 

•R3, which is a vector space. Thus, with respect to the Euclidian distance, the anatomical 

landmarks belong to a flat Riemannian manifold. The Exp and Log maps are then as simple 

as translations of the original landmarks : 

Expp(q) = p + q and Logp(r) = r — p with p,q,r € 3£3 

4.5.2.2 Frechet Mean 

For a given distance, the generalization of the usual mean can be obtained by defining the 

mean as the element \i of a manifold M that minimizes the sum of the distances with a set 

of elements ^O...TV of the same manifold M : 
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N 

in 
xeM 

H — arg min Y^ d(x, x,)2 

i=0 

This generalization of the mean is called the Frechet mean. Since it is defined using a 

minimization, it is difficult to compute it directly from the definition. However, it can be 

computed using a gradient descent performed on the summation. The following iterative 

equation summarizes this operation : 

1 N 

Lin+1 = ExP|in(— J ^ L o g ^ ) ) (4.3) 
i=0 

4.5.2.3 Generalized Covariance 

The variance (as it is usually defined on real vector spaces) is the expectation of the L2 

norm of the difference between the mean and the measures. An intuitive generalization 

of the variance on Riemannian manifolds is thus given by the expectation of a squared 

distance: 

1 N 

a2 = -J2d(v,Xi)2 (4-4) 
i=0 

To create statistical shape models it is necessary to have a directional dispersion measure 

since the anatomical variability of the spine is anisotropic [22]. The covariance is usually 

denned as the expectation of the matricial product of the vectors from the mean to the 

elements on which the covariance is computed. Thus, a similar definition for Riemannian 

manifolds would be to compute the expectation in the tangent plane of the mean using the 

log map : 

1 N 
E = -K7EL°g/>)L%>)T (4-5) 

i=0 
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4.5.2.4 Multivariate Case 

The Frechet mean and the generalized covariance make it possible to study the centrality 

and dispersion of one primitive belonging to a Riemannian manifold. However, to build 

complete statistical shape models, it would be most desirable to study multiple primitives 

altogether. Therefore, a generalized cross-covariance E/5 is needed. 

1 N 

i=0 

A natural extension is to create a multivariate vector / = [/i, /2, / 3 , . . . , fk]T where each 

element corresponds to a part of a model made of several primitives. In our case, these 

primitives are the inter-vertebral rigid transformations and the local anatomical landmarks 

described in Figure 4.1. The mean and the covariance of this multivariate vector will thus 

be: 

M 

Ml 

M2 

Mfc. 

and E = 

E / i / i 

S / 2 / i 

_ S / f c / i 

S / l / 2 • 

S / 2 / 2 • 

S / f c / 2 • 

" E / l / f c 

• S / 2 / f c 

• ^fkfk 

(4.6) 

This is very similar to the conventional multivariate mean and covariance except that the 

Frechet mean and the generalized cross-covariance are used in the computations. 

4.5.3 Principal Deformations 

The equation 4.6 allows us to compute a statistical shape model for a group of models 

made of several primitives. However, the different primitives will most likely be correlated 

which makes the variability analysis very difficult. Furthermore, the dimensionality of the 

model is also a concern and we would like to select only a few important uncorrelated 

components. 

Unlike the manifold itself, the tangent plane is a vector space and its basis could be 
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changed using a simple linear transformation. Thus, we seek an orthonormal matrix A 

{AAT — I) to linearly transform the tangent plane ( Log (g) = ALog (/) ) such as 

the generalized covariance in the transformed tangent space is a diagonal matrix (Y,gg — 

diag (A1; A2, • • •, Afc)). The covariance matrices of the transformed tangent space and of 

the original tangent space are connected by the following equation : 

Egg = diag (Ai, A2 , . . . , Afc) = AEffA
T 

If A is rewritten as A = [a\, a2 , . . . , (ik]T, then it is easy to show that: 

[Aiai, A2a2 , . . . , Xkak] = [£//ai, E / / a 2 , . . . , £//afc] (4.7) 

The line vectors of the matrix A are therefore the eigenvectors of the original covariance 

matrix and the elements of the covariance matrix in the transformed space are the eigen­

values of the original covariance. This is the exact same procedure that is used to perform 

PCA in real vector spaces. Like for real vector spaces, the variance is left unchanged since 

<r2 = Tr(H ff) = Tr(E99) and the cumulative fraction of the variance explained by the first 

n components is : 

i=l...n 

A shape model can be re-created from coordinates of the transformed tangent space simply 

by going back to the original tangent space and projecting the model on the manifold using 

the exponential map. So if «»is the coordinate associated with the ith principal component, 

the following equation can be used to re-create a shape model: 

k 
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4.6 Results and Discussion 

This section presents and discusses the results obtained using the method previously des­

cribed. Principal spine deformations modes are presented in three different contexts. First 

of all, the principal spine deformation modes of a group of patients afflicted by AIS is 

presented. These results indicated that the principal deformation modes can efficiently 

extract the most important modes of variability and that those modes have a strong cli­

nical meaning. Then, a comparison of the principal deformations modes of two groups 

of scoliotic patients classified according to the Lenke classification is introduced. This 

experiment demonstrates that the principal deformation modes can extract clinically re­

levant patterns that could easily be missed by a direct visualization of the spine models. 

Finally, we present results obtained from a group of spine models with 14 landmarks by 

vertebra where we show that global deformations of the spine are correlated with vertebral 

deformations. 

4.6.1 Spine Shape Analysis 

The method described in the previous sections was applied to a group of 307 scoliotic 

patients. The patients selected for this study had not been treated with any kind of ortho­

pedic treatment when the radiographs were taken. Therefore, the inter-patients variability 

observed was mainly caused by anatomical differences and not by any treatment. A total 

of 6 anatomical landmarks were identified manually by a qualified technician, this number 

of landmarks is sufficient to analyze the shape of the spine, but is not enough to properly 

analyze vertebrae shapes. Thus, only the inter-vertebral rigid transformations were used 

for this experiment. The constant UJ was set to 20 because this value leads to approximately 

equal contributions of the rotation and translation to the variance. 

To illustrate the different deformation modes retrieved using the proposed method, four 

models were reconstructed for each of the first five principal deformation modes. Those 

models were reconstructed by setting ak to —3y/Xk, —\f\k, -v/AJt and 3\/Afc for k — 1 . . . 5 

while all others components (ctj with i ^ k) were set to zero (see figures 4.5 and 4.6). 

A visual inspection reveals that the first five principal deformation modes have clinical 

meanings. The first mode is associated with the patient growth because it is mainly cha-
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racterized by an elongation of the spine and also includes a mild thoracic curve. The se­

cond principal deformation mode could be described as a double thoraco-lumbar curve, 

because there are two curves : one in the thoracic segment (upper spine) and another in 

the lumbar segment (lower spine). The third principal mode of deformation is a simple 

thoracic curve (the apex of the curve is in the thoracic spine), but it is longer than the tho­

racic curve observed in the first principal component. It is also interesting to note that, in 

addition to the curves visible on the posterior-anterior view, the second and third principal 

deformation modes are also associated with the development of a kyphosis (back hump) 

on the lateral view. The fourth component is a lumbar lordosis (lateral curve of the lumbar 

spine). Finally, the fifth component is related to the patient's frontal balance. 

Those curve patterns are routinely used in different clinical classifications of scoliosis 

(used to plan surgeries). For instance, the reconstructions built from the first principal 

deformation mode would be classified using King's classification [98] as a type II or III 

(depending on which reconstruction is evaluated), the second deformation mode would be 

associated to King's type I or III and the third principal deformation could be associated 

to King's type IV. 

Previously those patterns were derived from surgeons' intuition using 2D images and cli­

nical indices, whereas it is now possible to automatically compute those patterns from 

statistics based only on 3D geometries. 

Furthermore, the cumulative variance explained by an increasing number of principal de­

formations modes (illustrated in Figure 4.7) shows the capacity of the proposed method to 

reduce the dimensionality of the model while keeping a large part of the original variance. 

The variability observed from our dataset is predominantly associated with anatomical va­

riability, but it also includes variability caused by other factors such as patients' postures 

and landmark reconstruction errors. Therefore, the principal deformations modes associa­

ted with small eigenvalues are likely to be more closely related to acquisition noise than 

to anatomical variations between individuals. 

The method also appears to be an appropriate mean to perform dimensionality reduction 

for articulated anatomical structures. It is however important to select a parameter u> that 

reflect the relative importance of rotation and translation in a given application. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 4.5 First, second and third principal deformation modes of an AIS patient database. 
Posterior-anterior view (a) and lateral view (b) of the first principal deformation mode. 
Posterior-anterior view (c) and lateral view (d) of the second principal deformation mode. 
Posterior-anterior view (e) and lateral view (f) of the third principal deformation mode. 
Spine models were rendered for —3, —1,1 and 3 times the standard deviation explained 
by the corresponding deformation mode. 
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(a) (b) 

(c) (d) 

Figure 4.6 Fourth and fifth principal deformation modes of an AIS patient database. 
Posterior-anterior view (a) and lateral view (b) of the fourth principal deformation mode. 
Posterior-anterior view (c) and lateral view (d) of the fifth principal deformation mode. 
Spine models were rendered for —3, —1,1 and 3 times the standard deviation explained 
by the corresponding deformation mode. 
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Figure 4.7 Variance explained by the principal deformation modes 

Moreover, the algorithm is not very sensitive to the exact value of u, since values between 

4 and 100 were tried and yielded similar results with our database. However, setting a 

value considerably too high or too low would discard either the rotation or translation part 

of the rigid transforms from the analysis. 

4.6.2 Surgical Classifications Analysis 

Classifications of spinal deformities are used for several purposes : as a training tool for 

new residents, as mean of communication between practitioners, as a guideline for the se­

lection of a corrective treatment, etc. Current classifications used for adolescent idiopathic 

scoliosis are based on 2D measures performed on radiographs. However, the deformities 

are three-dimensional and therefore it is very likely that clinically relevant sub-groups 

could be identified by a 3D analysis. 

Two groups of untreated AIS patients with two different curve types (according to the 

Lenke classification) were identified from the Sainte-Justine Hospital's archive : 86 pa­

tients with type I curves and 47 patients with type V curves. Type I curves are characterized 

by a main thoracic curve while type V curves are thoracolumbar or lumbar curves. A qua­

lified physician performed the classification and six anatomical landmarks were identified 

on each radiograph. Only the inter-vertebral rigid transformations were used to compute 
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the principal deformation modes (not the anatomical landmarks). The first three princi­

pal modes of deformations (with ui = 20) computed from the two groups of patients are 

presented in Figure 4.8 and Figure 4.9. 

Figure 4.8 shows that the most important mode of deformation for scoliotic spines of type 

I is an elongation of the spine combined with the development of a right thoracic curve 

and little curvature modification visible from the lateral view. Type I curves are defined as 

main thoracic curvatures and right curves are more prevalent then the left among scoliotic 

patients. Moreover, smaller patients are usually younger and scoliosis progress during 

growth. Thus, this deformation mode is compatible with the progression of the disease 

for patient that suffers from a curve of the first type. The second mode of deformation is 

associated with a double curve and strong sagittal curvature of the lower spine (lordosis) 

caused largely by a rotation of L5 (the lowest lumbar vertebra). This L5 rotation could 

indicate a deformation of a structure below the spine, thus it would be very interesting to 

also analyze the position and orientation of the pelvis. Finally, the third mode exhibit the 

development of a right thoracic curve, but a curve with a lower apex (close to T9-T10) 

than the right thoracic curve present in the first deformation mode. 

The deformations modes presented in Figure 4.9 were computed in the database of sco­

liotic models with curves of the fifth type. The first mode of deformation in this case is 

characterized by an elongation of the spine associated with the creation of a left thoraco­

lumbar curve. Lenke defined curves of the fifth type as thoracolumbar or lumbar curves. 

This first deformation mode is therefore similar to the first deformation mode of type 1 

curves as they both depict the worsening of the 2D curve they were aimed to represent and 

are combined with an elongation of the spine. The second mode of deformation is thoraco­

lumbar curve going from left to right with an increasing kyphosis. Finally, the third mode 

is the transformation of a double curve with very little lordosis and kyphosis to a small 

thoracolumbar curve with large lordosis and kyphosis. 

These two figures indicate that the principal deformations modes can efficiently capture 

the clinically intended deformation mode in a given category of a surgical classification 

system (main thoracic for curves of the first type and thoracolumbar/lumbar for curves of 

the fifth type). It is also interesting to note that other important 3D curve patterns could 

also be identified. Those minor patterns would most probably be missed by a direct exa­

mination of the 3D spine models, which demonstrates the usefulness of the method to 
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Figure 4.8 First, second and third principal deformation modes of AIS patient with type 
I curves. Posterior-anterior view (a) and lateral view (b) of the first principal deformation 
mode. Posterior-anterior view (c) and lateral view (d) of the second principal deformation 
mode. Posterior-anterior view (e) and lateral view (f) of the third principal deformation 
mode. Spine models were rendered for —3, —1, 1 and 3 times the standard deviation ex­
plained by the corresponding deformation mode. 
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(c) (d) 

(e) (f) 

Figure 4.9 First, second and third principal deformation modes of AIS patient with type 
V curves. Posterior-anterior view (a) and lateral view (b) of the first principal deformation 
mode. Posterior-anterior view (c) and lateral view (d) of the second principal deformation 
mode. Posterior-anterior view (e) and lateral view (f) of the third principal deformation 
mode. Spine models were rendered for —3, —1,1 and 3 times the standard deviation ex­
plained by the corresponding deformation mode. 
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analyze rapidly and efficiently large databases of articulated models. 

4.6.3 Combined Spine Shape and Local Vertebrae Shape Analysis 

Surgical classifications of the spine are more concerned with the shape of the whole spine 

and less with the shape of individual vertebrae. This small interest is due to the fact that 

little can be done to correct vertebral deformations, especially if the patient's growth is 

over. However, there are several applications where a combined analysis of both spine and 

vertebrae shapes is very important. 

First of all, image-guided spine surgeries are based on efficient and reliable registration 

methods. Those methods optimize a similarity measure between a spine model and spine 

images by deforming the spine model. Thus, registration methods would benefit from the 

correlation that exists between spine and vertebrae deformations. Moreover, vertebral de­

formations could be a physiological link between vertebral deformations and spine defor­

mations in AIS patients [183]. Thus analyzing vertebral deformation in the context of their 

underlying spine deformation will lead to a better understanding of scoliosis progression. 

Vertebrae shapes were already studied on dry human specimens [145], their deformation 

patterns were documented on scoliotic chickens [35] and asymmetric vertebral growth 

was experimented on rats [183]. However, our method offers the possibility of analyzing 

real patients and to visualize the relationships between the spinal deformities and vertebral 

deformities. 

For this experiment 117 patients were selected and 14 anatomical landmarks for each 

vertebrae were digitized from the patients' radiographs. The principal deformation modes 

were then extracted using both the inter-vertebral transformations and the anatomical land­

marks. Figure 4.10 illustrates that large deformations of the spine can be connected with 

vertebral deformations. In this particular case, the development of a thoracic curve (the 

camera does not move) is associated with an asymmetrical deformation of the vertebral 

bodies near the curve apex. A group of video sequences demonstrating the first five prin­

cipal modes of deformations are available on the journal website. 

Although, vertebral deformations appears to be connected with spinal deformations our 

method cannot conclude if there is a causality link (or what this link is). The relationships 
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observed between spinal curves types and vertebral deformations could however be used 

to validate conclusions obtained from animal studies or from biomechanical simulations. 

4.7 Conclusion 

A method to extract the principal modes of deformation from articulated models was des­

cribed. The method consists in performing a principal component analysis in the tangent 

space of a Riemannian manifold. This manifold is composed of rigid transformations that 

describe the spine shape and also includes anatomical landmarks. We applied this method 

to databases of scoliotic patients reconstructed in 3D using biplanar radiographs. 

Results suggest that PCA applied to a suitable representation of the spine, namely a set of 

rigid transformations, leads to an algorithm that can expose natural modes of deformation 

of the spine. Clinically relevant patterns of deformations were extracted and dimensiona­

lity reduction was successfully achieved. Patterns defined in existing surgical classifica­

tions were automatically identified from an unclassified group of scoliotic patients. 

Moreover, the application of the proposed method in the context of 3D classification of the 

scoliotic deformations was demonstrated by comparing the principal deformation modes 

of two groups of the Lenke classification. This experiment lead to the identification of 

deformations patterns that would have been very difficult to identified using another ap­

proach. An analysis of different patterns extracted from all Lenke's classes using the pro­

posed method would thus be interesting to realize in the future. 

One important characteristic of the proposed method behind these promising results is the 

absence an arbitrary selection of clinical indices. All the information needed to describe 

the 3D spine models is used, but it is regrouped into uncorrected modes and sorted in 

descending order of explained variance. The proposed method is therefore a promising 

analytical tool and it will certainly contribute to the definition of new 3D classifications. 

We also showed that the vertebral deformations could be linked to the deformation of 

the whole spine. This experiment is compatible with the "vicious cycle" described by 

Stokes et al. [183] that could explain a progression mechanism of scoliosis. However, 

describing vertebrae shapes with anatomical landmarks might be simplistic and alternate 

representation such as spherical harmonics or medial axis representations could also be 
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(a) 

(c) (d) 

Figure 4.10 Asymmetrical deformation of a vertebral body located near the apex of a 
spinal curve (a phenomena also called vertebra wedging) observe in the third principal 
deformation modes of a group of scoliotic patients which had 14 anatomical landmarks 
reconstructed on each of their vertebrae. Model reconstructions (with a fixed camera) for 
- 3 ^ (a), - y ^ (b), v 7 ^ (c) and 3 v ^ (d) 
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used. 

A very promising perspective is the longitudinal analysis of patients. Multiple acquisition 

of the patients' spine geometry could be used to extract progression modes instead of 

deformation modes. This could be a significant breakthrough since patients belonging to 

more severe progression modes could be followed more closely by their physician and 

patients with lower progression risks could be treated less aggressively. 

Finally, one of the reasons to perform dimensionality reduction on statistical shape models 

is to reduce the number of DOF that needs to be optimized during model registration. The 

proposed method will therefore be integrated to a spine registration algorithm in the future. 

It might also be useful for the integration of a large number of rigid structures in non-rigid 

registration procedures [115] of the whole human torso. 
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5.1 Presentation 

Cet article a ete accepte pour publication dans «IEEE Transaction on Biomedical Engi­

neering » le 25 mars 2008. L'objectif principal de cet article est de presenter l'utilisation 

de modeles statistiques du rachis complet pour la reconstruction de modeles 3D a partir de 

donnees partielles. Cette approche permet notamment d'obtenir des modele 3D de l'ana-

tomie du rachis dans des circonstances ou cela etait auparavant impossible. Les objectifs 

particuliers associes a cette etude ont ete presentes a la section 2.3.2. 

5.2 Abstract 

Three-dimensional models of the spine are extremely important to the assessment of spinal 

deformities. However, it could be difficult in practical situations to obtain enough accurate 

information to reconstruct complete 3D models. This paper presents a set of methods to 

rebuild complete models either from partial 3D models or from 2D landmarks. The spine 

was modeled as an articulated object to take advantage of its natural anatomical variabi­

lity. A statistical model of the vertebrae and spine shape was first derived. Then, complete 

models were computed by finding the articulated spine descriptions that were consistent 
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with the observations while optimizing the prior probability given by the statistical model. 

The observations used were the absolute positions, orientations, and shapes of the verte­

brae when a partial 3D model was available. The reconstruction of 3D spine models from 

2D landmarks identified on radiograph(s) was performed by minimizing the Mahalanobis 

distance and the landmarks re-projection error. The vertebrae estimated from partial mo­

dels were within 2 mm of the measured values (which is comparable to the accuracy of 

currently used methods) if at least 25% of the vertebrae were available. Experiments also 

suggest that the reconstruction from posterior-anterior and lateral radiographs using the 

proposed method is more accurate than the conventional triangulation method. 

5.3 Introduction 

Three-dimensional models of the spine are widely used in applications related to spinal 

deformities. They are necessary since spinal deformities are three-dimensional and cannot 

be evaluated thoroughly using only 2D images (i.e. radiographs). They can be used to 

diagnose and evaluate the severity of those deformities. The three-dimensional nature of 

the models enables analysis that would be impossible to perform directly on radiographs. 

For example, clinical indices such as the orientation of the plane of maximal curvature or 

the spine torsion [181] rely on the availability of 3D spine models. Furthermore, these 3D 

models are also used to plan and evaluate outcomes of orthopedic treatments [193, 144]. 

Finally, biomechanical studies of the spine also rely on personalized properties that are 

extracted from 3D spine models [158, 105]. 

In theory, 3D spine models can be obtained from a wide variety of imaging modalities. Ho­

wever, few modalities are flexible enough to image patients in different postures. Further­

more, spinal deformities often afflict children or adolescents and require multiple follow-

up examinations, which means that exposure to ionizing radiation should be minimized. 

For these reasons, the most commonly used modality is roentgenography (radiographs). 

Reconstructing 3D spine models from radiographs can be done using different methods. 

The most common methods generally involve identifying anatomical landmarks on more 

than one calibrated radiographs and then triangulating their 3D positions. The underlying 

calibration method can implicitly compute the calibration parameters by solving a system 

of linear equations [2, 11, 47], or it can explicitly optimize the calibration parameters 
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to minimize the re-projection error [33]. Methods based on self-calibration algorithms 

were also proposed to avoid using a calibration object [140, 31]. These methods, however, 

do not cope very well with missing or unrecognizable landmarks. The 3D positions of 

anatomical landmarks not visible on at least two radiographs cannot be computed. The 

resulting incomplete models are generally useless for biomechanics or statistical studies. 

However, incomplete models are common because radiographs are noisy by nature and 

because the superposition of structures and artifacts can be misleading. It is also common 

to observe vertebrae that are partially or completely hidden because of incorrect framing. 

The presence of orthopedic instrumentation (rods, screws, and hooks used to straighten 

the spine) can also occlude anatomical landmarks. Moreover, the time required to iden­

tify the anatomical landmarks makes the operation of reconstructing the spine in 3D time 

consuming and costly. 

If a large proportion of the needed data is missing, then, most of the time, the whole ex­

periment has to be cancelled. Moreover, if a small proportion is missing, the authors are 

faced with a difficult decision. They can either abandon the incomplete models or make 

educated guesses about the missing information. The former can reduce the statistical po­

wer of the experiment to the point where hypothesis testing is useless, while the precision 

and accuracy achieved with the latter strategy are questionable at best. 

One possible solution is to identify only a small number of reliable landmarks that approxi­

mate the volume of the vertebral bodies and that are easy to identify on both lateral and 

posterior-anterior radiographs [162]. Another solution is to identify anatomical landmarks 

only on the radiograph(s) where they can be reliably identified. A three-dimensional mesh 

can then be deformed to fit the observations of anatomical landmarks, while minimizing 

the deformation energy [127] [128]. However, this method cannot be used to estimate the 

shape of a vertebra if no landmarks are available, since relationships between adjacent 

vertebrae are not taken into account. 

Another possibility is to use radiographs directly in order to register 3D vertebral templates 

[14, 68]. The possible deformations of the template, however, have to be constrained by a 

statistical shape model [14, 69]. These methods depend highly on the quality of the metric 

used to quantify the similarity between the 3D model and the radiographs. Current metrics 

cannot handle occlusions caused by surgical implants. Moreover, the method relies on the 

presence of a good initial estimate of the geometry, which in most cases mean a manual 
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identification of anatomical landmarks. A method able to reconstruct complete 3D spine 

models from a small number of vertebrae would alleviate those problems. 

5.4 Theoretical Background : Articulated Modeling of the Spine 

Three-dimensional spine models are usually simple collections of 3D anatomical land­

marks. Depending on clinical constraints and research objectives, six to fourteen land­

marks are identified on each vertebra. This operation is performed by a trained technician, 

so there is a tradeoff between the level of detail and the cost of the study. The advantage 

of only using landmarks is simplicity, since the resulting models belong to a vector space 

in which all conventional statistics and analytical methods can be applied. The articulated 

nature of the spine is, however, completely discarded. No discrimination is made between 

landmarks belonging to the same vertebra and landmarks from two different vertebrae. 

However, there is a fundamental distinction that should not be ignored. Vertebrae are bony 

structures, which can be considered as rigid bodies, whereas the spine is flexible. The spine 

can be deformed in complex ways because it is a collection of multiple rigid bodies (the 

vertebrae) linked together by soft tissues such as joint capsules, ligaments, intervertebral 

discs, and muscles. Thus, it is logical to model the shape of the spine using relative rigid 

transformations between neighboring vertebrae. This enables us to take into account the 

variability of the "inter-vertebral articulations" state. 

In addition to the shape of the spine, the shapes of vertebrae can also be modeled in the 

context of an articulated model by using the local anatomical landmarks. These landmarks 

are expressed in the local coordinate system of the vertebra to which they belong. Any 

consistent local coordinate system can be used. However, good guidelines to establish 

such consistent local coordinate systems were provided in Stokes et al. [181] and in Wu et 

al. [204]. In our case, the origin of the coordinate system is the middle point between the 

centers of the upper and lower endplates. The local Z axis passes through the centers of 

the upper and lower endplates. The local Y axis is parallel to the line joining the centers 

of the left and right pedicles. Finally, the local X axis complete an orthonormal base. 

In summary, the articulated description of the spine used throughout this paper is the com­

bination of the inter-vertebral rigid transformations To, T1; T 2 , . . . , TN (see Figure 5.1) 
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Figure 5.1 Inter-vertebral rigid transformations used to describe the spine shape 

and the local anatomical landmarks pi,i,pi,2, • • -PI.M • • -PN,M (where N is the number of 

vertebrae studied and M is the number of landmarks digitized for each vertebra). In this 

paper N = 17, because thoracic and lumbar vertebrae are considered. 

Absolute rigid transformations (transformations between the general frame of reference 

and a vertebra's local reference frame) can be easily computed by composing all the inter­

vertebral rigid transformations up to the vertebra of interest. This operation is summarized 

by the following equation (where o is the composition operator): 

^absolute = T0oT1o...oTi 

Consequently, transforming the local anatomical landmarks into absolute landmark coor-
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dinates can be performed using the following equation (where * is the operator that applies 

a transformation to a point) : 

absolute rpabsolute , 
Pi,j ~~ 1i ~* Pi,j 

Important statistical tools can be adapted to work work with articulated models. First, 

the mean of a group of articulated spine descriptions can be defined simply by avera­

ging the individual components of these descriptions, i.e., the local anatomical landmarks 

and the inter-vertebral rigid transformations. The local anatomical landmarks are three-

dimensional vectors (!R3), thus their mean is well defined. However, the conventional mean 

cannot be applied to inter-vertebral rigid transformations since scalar multiplication and 

addition, are not defined on rigid transformations. Nonetheless, a left-invariant distance 

(d(Ti, T^) — d(T$ o Ti, T3 o T2)) exists. In this context, the mean is defined as the rigid 

transformation that minimizes the sum of the distances to the rigid transformations that 

need to be averaged [148]. In practice, this mean can be computed by performing a gra­

dient descent on the distance summation, which is summarized by the following equation : 

( x N A 

fln+i=finol—^2fin
1oxi\ (5.1) 

The inter-vertebral rigid transformations are usually well localized and the convergence 

is usually reached within five iterations [21]. Moreover, the starting point (/̂ o) can be 

selected from the set of rigid transformations that are averaged. The arrow symbol (—») 

indicates that the summation have to be performed on a vectorial representation of rigid 

transformations compatible with the selected distance. This suitable vectorial representa­

tion is a vector containing the translation vector and the axis of rotation scaled by the angle 

of rotation. (Numerical details of the conversion to/from this representation and a matrix 

representation of rigid transformations can be found in Pennec and Thirion [148].) 

The mean inter-vertebral transformations Tj (computed using Equation 5.1) and the mean 

local anatomical landmarks pitj can then can then be used to compute the departure from 

the mean spine shape. This departure can be expressed by a vector S such as : 
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Si = [Si,Pi,l -Pi,l,Pi,2-Pi,2,'--,Pi,M -Pi,MJ 

S=(s1,s2,...,sN) (5.2) 

Using the departure vector S, it is now possible to quantify the dispersion of the articulated 

models around their mean. To do so, one can use the covariance matrix, which is given by : 

5.5 Novel 3D Reconstruction Methods 

5.5.1 Estimation from Partial 3D Spine Models 

The articulated description of the spine presented in the last section is well adapted to 

the estimation of 3D spine models from incomplete data since it captures efficiently the 

variability of the spine's shape (with the inter-vertebral rigid transformations) and of the 

local anatomy of the vertebrae (with local anatomical landmarks). In many situations, 

researchers and clinicians are confronted with incomplete 3D spine models. Anatomical 

landmarks not digitized because of a lack of resources, anatomical landmarks hidden by 

surgical instrumentation, or vertebrae located outside the radiographs' field of view are 

just a few examples. 

The proposed approach is to estimate the most likely articulated description of the spine 

that matches available 3D measurements. This is achieved by minimizing the Mahalanobis 

distance of the estimated model in the tangent plane of the mean articulated description. 

The minimization, however, has to be constrained so that known vertebrae's positions, 

orientations, and shapes match available 3D measures. 
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5.5.1.1 Rigid Constraints 

The articulated models presented in the last section are based on relative rigid transfor­

mations and local anatomical landmarks. Partial spine models, however, provide us with 

information in absolute coordinates. Additional precautions must therefore be taken to en­

sure that the estimated model preserves the absolute poses of known vertebrae. An elegant 

solution is to use constrained optimization. 

Finding the most likely articulated spine description given a partial model can be perfor­

med by solving the following constrained optimization problem : 

S = argmin S E _ 1 £ r (5.3) 
s 

Subject to : 
f absolute = rpabsolute Q f. 0 fi. \Ji £ K (5 .4 ) 

Pi,j = PiJ V (hj) ^ L> ( 5 - 5 ) 

where T?bsolute are known vertebrae' absolute poses, pi j are known anatomical landmarks, 

K is the set of all known vertebrae, and L is the set of known landmarks. 

It is important to stress that T?bsolute depends on 5o, 5i,..., 8i, which are variables that 

must be estimated. For example, Figure 5.2 depicts a situation in which K = {0,2,3,6} 

(unknown vertebrae are semi-transparent). In this case, the constraints on vertebrae poses 

are : 

T~iabsolute rp r 
0 — 10 ° O0 

f absolute = f0 o ,$„ o ? i o <$! o ? 2 o (J2 

f absolute = f0 O «$o O ? i O J i O ? 2 O <J2 O f3 O fc 

f absolute = T o O ^ o f i O ^ o f a O ^ o f a O ^ O 

T 4 o 64 o T$ o <55 o TQ O <56 
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Figure 5.2 Combination of the mean inter-vertebral rigid transformations % and the de­
partures Si to produce actual inter-vertebral rigid transformations on a partial spine model 
(semi-transparent vertebrae are assumed to be missing). 
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The number of degrees of freedom varies based on the number of local anatomical land­

marks used, the number of vertebrae considered, and the number of constraints. Typically, 

the number of degrees of freedom ranges between 350 and 700. Analytical derivatives of 

the cost function and of the constraints can therefore substantially decrease the computa­

tional requirements of the optimization process. 

The cost function (Equation 5.3) and the constraints presented in Equation 5.5 are simple 

to differentiate since they are linear or quadratic functions of S. However, the constraints 

that preserve the absolute poses of known vertebrae (introduced in Equation 5.4) involve 

the multiple compositions of rigid transformations, which are non-linear functions over 

the rotation and translation vectors. 

By using the definition of T^hs and the chain rule, the derivative of Eq. 5.4 with respect to 

the j t h inter-vertebral rigid transformation can be expressed by : 

9 - T # o H o Sl = ±Tf = JL;T?bs4rT?s (5-6) 
85j <_1 ^ l 85j

 l 8Tabs l 85/ 

with : 

1/ mnhc U r-r*nhc t / rr-,abs ^ rpabs rpabs rpabs ^ rpabs rpabs / c *j\ 
1i ~ arnahs1i annahsL i - 1 • ' ' arnahs 1_7 + 1 W-') arpabs i fjrpabs i arpabs »—1 ' ' ' firpabs j + 1 

3 i—l i—2 j 

These equations are valid only if j < i, otherwise T?bs does not depend on 5j, and the de­

rivative is zero. The intermediate values of Equation 5.7 can be reused in the computations 

of the derivatives of multiple constraints. 

The derivatives contained in Equations 5.6 and 5.7 are the derivatives of the composition 

of two rigid transformations with respect to one of the two transformations. From the 

definition of the composition of two rigid transformations, the derivatives of T2 o 7\ can 

be expressed as follows : 

9 T2oTx 
8T< 

£-Ji°r2 0 
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9 T 2oT 1 = 
dTx 0 i?2 

The symbols r\, r2, represent the rotation vectors associated with the rigid transformations 

7\ and T2. Moreover, t\ is the translation vector associated with the rigid transformation 

Ti, i?2 is the rotation matrix equivalent to r2 and 1$ is a 3x3 identity matrix. The values 

°f §f~ri ° r2» ^~ r i ° r2 a nd ^" r2 * h can be obtained using the Rodrigues formula or 

using unit quaternions as an intermediary representation. Detailed descriptions of those 

computations, as well as linear developments around numerical instabilities, can be found 

in Pennec and Thirion [148]. 

5.5.1.2 Optimization Method and Initialization 

The minimization problem presented in Equations 5.4 and 5.5 can be solved using standard 

constrained optimization methods. The method selected for the experiments presented in 

this paper is sequential quadratic programming [187]. This method was selected because 

the cost function is quadratic and the constraints are close to linear constraints in most 

solutions. Sequential quadratic programming is a generalization of Newton's method for 

unconstrained optimization that iteratively solves a quadratic model of the problem with 

linear approximations of the constraints. Like Newton's method, it is a local optimization 

method, and it is subject to entrapments in local minima. 

A good starting point is thus necessary. Preliminary experiments have shown that the most 

critical characteristic of a good starting point is the satisfaction of the constraints intro­

duced in Equations 5.4 and 5.5. A simple method to obtain such initial estimates is to 

subdivide the difference of orientation and position between two known vertebrae into 

equal rigid transformations. More precisely, the initial estimates At of the inter-vertebral 

rigid transformations located between two known vertebrae (with index j and k) needs to 

satisfy : 

(At)k~j = (T/6s)_1Tfs, 

where rigid transformations are expressed as 4x4 transformation matrices. 
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The initial estimates can thus be computed using the following equation : 

At ~ « P { J— J • 

where exp and log represent respectively the matrix exponential and the logarithm of a 

matrix. 

5.5.2 Articulated Spine Model Reconstruction from Radiograph(s) 

We now introduce a new general 3D reconstruction method that let researchers (or clini­

cians) extract 3D spine models from landmarks on any number of radiographs. The key 

difference with current methods is that a prior knowledge of the spine shape encoded by a 

statistical articulated model of the spine is used. This permits us to restrain the search for a 

3D spine model that fits the measurements made on radiographs to anatomically plausible 

configurations. 

Let p^jf be the image coordinates of an anatomical landmark identified in a radiograph. 

The index i associates a landmark with a vertebra. The index j indicates the position of 

the anatomical landmark within the set of landmarks used for the ith vertebra. Finally, k 

denotes the index of the radiograph on which the coordinates were measured. Now let / 

be the set of all anatomical landmarks identified on radiographs. More formally, we have : 

I = {p^jflO < i < n, 0 < j < m, 0 < k < o}, (5.8) 

where n is the number of vertebrae considered, m the number of anatomical landmarks by 

vertebra, and o the number of radiographs used. 

A simple but effective way to combine the similarity between / and S with prior know­

ledge of possible spine shapes is to sum the Mahalanobis distance and the quadratic error 

on the anatomical landmarks. The following equation summarizes this operation : 
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n m o 

c(s, i) = SX-IST+« E E E ii^fc(5) - ^feir, (5.9) 
i=0 j=0 fe=0 

where a is the relative weight of the landmark error with respect to the prior spine shape 

knowledge. 

If one assumes that S follows a normal distribution, then the cost function C(S, I) leads to 

a maximum a posteriori estimation. This assumption is generally justified since the Ricci 

curvature of manifold to which S belongs is inconsequential, given the level of dispersion 

of the inter-vertebral rigid transformations. 

The image coordinates of the anatomical landmarks p1^ (S) are computed by first com­

puting the absolute 3D coordinates of all given anatomical landmarks. This is done by 

composing the inter-vertebral rigid transformations to obtain the absolute pose of the ver­

tebrae and then by applying the associated rigid transformation to the local anatomical 

landmark. 

[Xabs, Yabs, Zabsf = f0 o S0 o ?i o Si o . . . o % o Si * p\J
D (5.10) 

Then the 3D absolute coordinates of the anatomical landmark can be projected on the 

radiograph image plane by a simple linear transformation in homogenous coordinates. 

[x, y, z] = M [Xabs, Yabs, Zabs, 1] 

P2D = [x/z y/z)T (5.11) 

This linear projection model assumes that the measured coordinates p^o w e r e already 

corrected for geometric distortion (if necessary). The projection matrix M is computed 

from a calibration object visible on the radiographs using a linear method [2]. 

The cost function presented in Equation 5.9 can be analytically differentiated using the 

equations introduced in Section 5.5.1.1 to differentiate rigid constraints. These analytical 

derivatives lead to significant improvements in computational requirements in comparison 

to numerical derivatives because of the scale of the optimization problem. The Maha-
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lanobis distance regularizes the cost function and reduces the number of local minima. 

Theoretically, there is no guarantee that the optimization will not be trapped by a local 

minimum. One could choose a robust optimization method, such as simulated annealing, 

because of the local minima. In practice, however, a simple gradient descent procedure 

was sufficient. 

The proposed method has only one free parameter, a, which controls the relative weight of 

the Mahalanobis distance and the re-projection error. If one assumes identical independent 

normal distributions for the landmark localization errors and a normal distribution for the 

articulated description of the spine, then the optimal value would be a = - | - (where aiix 
pix 

is the variance of the landmark localization errors). Unfortunately, the distribution of the 

noise is rarely known and the actual value of a has to be adjusted manually (a = -^— 
pixels 

can however be used as an initial guess). 

5.6 Experiments and Results 

The validation of anatomical model estimation methods is challenging since two important 

but contradicting factors must be managed. First, the ground truth against which the results 

are compared must be as accurate and precise as possible. Second, the realism of the 

experiments is also very important. Realism is even more important when the estimation 

method relies on statistical models of the anatomy, since those models are sensitive to 

posture and pathologies. 

Simulation studies can be appealing since the ground truth is known with absolute cer­

tainty. Such studies are very useful to investigate intrinsic limitations of the method and 

to test the sensitivity of the method to different error sources. However, the realism of 

simulation studies is limited since it is not possible to take into account all error sources. 

Highly accurate, three-dimensional measures of the spine (sub-millimeter accuracy) can­

not generally be achieved on living patients, and the shape of spine phantoms are unlikely 

to follow the same statistical distribution as the spines of living patients, because liga­

ments, discs, joint capsules and neuromuscular tonus may influence the 3D-shape of the 

spine. Moreover, the patients' postures have to mirror closely the posture used in real clini­

cal applications because two postures (e.g., standing up and lying down) will be associated 
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with two different statistical distributions. 

The de-facto standard in three-dimensional evaluation of scoliosis is stereo-radiography. It 

can be performed on living patients and its accuracy is more than adequate for a wide va­

riety of applications (diagnostic, surgical planning, braces design, biomechanics research, 

etc.). 

The validation of the proposed method was thus conducted using a group of 291 patients 

from the Sainte-Justine Hospital (Montreal, Canada) diagnosed with adolescent idiopa­

thic scoliosis (AIS). The mean age of the patients was 13.5 years old (with a standard 

deviation 1.8 years) and 89 % were females (AIS mainly afflicts young adolescent wo­

men). These patients were selected because they had a stereo-radiographic examination 

where a standardized posture and imaging protocol were used. Vertebrae from L5 to Tl 

were digitized using six anatomical landmarks. For each experiment, | (242) of the pa­

tients were randomly selected to compute the statistical distribution of articulated spine 

description. The remaining \ (49 patients) was then used to compute articulated spine des­

cription using the proposed methods. In other words, no patient was ever used both for the 

estimation of the statistical distribution of the articulated spine descriptions and for vali­

dation. Leave-one-out cross-validation could be used to increase the number of patients 

used to estimate the mean and covariance. However, the distribution estimation and vali­

dation sets are large enough for practical purposes and the computational requirements of 

cross-validation outweigh its benefits in our application. The errors were always measured 

in absolute coordinates (with respect to a global frame of reference). 

5.6.1 Estimation from Partial 3D Spine Models 

The estimation of complete 3D spine models from partial models can be influenced by two 

important factors : the distribution of the missing vertebrae in the input partial model and 

the sensitivity of the method to the accuracy of the known vertebral shapes. 

5.6.1.1 Distribution of the Missing Vertebrae 

The number of possible configurations for the placement of missing vertebrae is too large 

to test every possibility. However, it is possible to select a smaller number of representative 
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Figure 5.3 Error on the estimated vertebrae with respect to the number of vertebrae missing 
(uniformly distributed along the spine). The largest gap between two known vertebrae for 
each considered missing vertebrae configuration is also provided on top of the graph. 

configurations for validation purposes. In this case, we chose to study configurations with 

one to fourteen missing vertebrae that are evenly spread across the spinal column. 

The 49 randomly selected 3D spine models were thus successively altered to remove a 

given number of vertebrae. Then, the missing vertebrae were estimated using the method 

presented in section 5.5.1. The resulting complete 3D spine models were compared to 

the original reconstructions. The obtained error with respect to the number of missing 

vertebrae is presented in Figure 5.3. 

The mean difference range from 0.8mm with a single missing vertebrae to 3.25mm with 

fourteen missing vertebrae (out of seventeen vertebrae). The 95th percentile of the error 

follows a curve similar to the mean error but ranges from 1.5mm to 7.5mm. The error 

appears to be linearly dependent on the number of missing vertebrae until the proportion 

of missing vertebrae reaches about 75 % ; the performances degraded more rapidly after 
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this point. This behavior is explained by the fact that the shapes and poses of the vertebrae 

are statistically related, thus a complete 3D spine model implicitly contains redundancies. 

These redundancies are used to rebuild a complete model when parts are missing. Ho­

wever, if the proportion of missing vertebrae is too great, then redundancy cannot coun­

terbalance the missing data, which leads to a precipitous increase in the reconstruction 

error. 

5.6.1.2 3D Error Effect 

An important concern with the estimation from partial models is whether errors on the 

partial models result in dramatic errors on the estimated vertebrae. In order to test the 

effect of errors in input data on the proposed method, we added artificially generated noise 

to the partial models before using them to estimate complete models. Artificially generated 

noise was added to the absolute landmarks coordinates. Standard deviations from 0 to 5 

mm with 0.5 mm increments were tested. In this experiment, one out of two vertebrae 

starting from L5 were present in the partial model. 

The results of this experiment are summarized in Figure 5.4. The mean error without 

noise was about 1 mm (same as Figure 5.3) and progressed linearly to 3.5 mm, when the 

standard deviation of the noise was 5 mm. This shows that the proposed method is tolerant 

of variations in input data. 

5.6.2 Reconstruction from Radiograph (s) 

We first compared the sensitivity to identification errors of the proposed method and of the 

standard linear triangulation algorithm used in previous 3D reconstruction methods [11]. 

In order to do so, the same 49 randomly selected 3D spine models were projected using 

known projection matrices and artificially generated noise was added to the obtained pixel 

coordinates. The projection matrices emulate a posterior-anterior and a lateral radiograph, 

which is the most common acquisition setup used in spinal deformity studies. 

The resulting 2D coordinates were then used to reconstruct the 3D spine models. The mean 

differences between the original 3D models and the reconstructed models are illustrated 

by Figure 5.5. It can be observed that the proposed method is associated with smaller 
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Figure 5.5 Simulation of the noise effect on the 3D reconstruction of spine models from 
two radiographs (a lateral and a posterior-anterior) using the proposed method (articulated 
reconstruction) and using triangulation. 

errors when the standard deviation of the noise is greater than 1 pixel and that the errors 

associated to both methods are similar when the noise standard deviation is less than 1 

pixel. 

We also used the same number of randomly selected patients to reconstruct 3D spine mo­

dels from raw landmark coordinates recorded from radiographs (posterior-anterior and la­

teral) by a qualified technician. We compared the 3D spine models obtained using the pro­

posed method to the 3D spine models obtained with the conventional stereo-radiographic 

method [11] and the mean difference between the reconstructions was 1.1mm. 
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5.7 Discussion 

5.7.1 Estimation from Partial 3D Spine Models 

The proposed method takes advantage of a strong prior knowledge of the inter-vertebral 

rigid transformations. This prior knowledge has to be completed by constraints on absolute 

positions and orientations. Otherwise, the accumulation of small errors on relative inter­

vertebral estimations would result in an articulated spine description inconsistent with the 

known absolute coordinates of the vertebrae. 

This combination of strong prior knowledge and constraints resulted in a method that was 

resistant to a reasonable amount of noise on the known vertebrae, as suggested by the 

experimental results presented in Figure 5.4. Thus, the method is likely to withstand the 

noise present in clinical data without dramatic failures. 

The accuracy of the method with respect to the number of missing vertebrae is also very 

interesting (results illustrated by Figure 5.3). The difference between the estimated land­

marks and the coordinates measured from stereo-radiography is below the accuracy of 

the stereo-radiographic reconstruction method when less than 13 vertebrae are unknown. 

We cannot conclude that the estimated landmarks are more accurate than the stereo-

radiographically reconstructed landmarks in those cases, since we lack a more accurate 

(and realistic) ground truth. However, we can conclude that the accuracy of the estimated 

landmarks is close to the accuracy of a conventional stereo-radiographic reconstruction 

method when more than 25% of the vertebrae are available and uniformly spread along 

the spine. 

These results were obtained with uniformly distributed missing vertebrae. In the case of 

different distributions, the disposition of the missing vertebrae might be even more im­

portant than their number. Thus, if one is not interested in uniformly distributed missing 

vertebrae, then the Figure 5.3 should be considered with caution. The largest gap between 

two known vertebrae might provide more guidance and enable a more conservative esti­

mation of the expected reconstruction error. In any case, the results presented in Figure 5.3 

show that gaps of different sizes and positioned in different locations can be successfully 

filled. Thus, we are confident that the proposed method can be used with a large variety of 

missing vertebrae dispositions. 
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From a practical perspective, the obtained results indicate that the method can be used to 

fill the small gaps that are the result of radiographic artifacts or surgical instrumentation. 

These results also demonstrate that it would be possible to use this method to digitize 

complete models from a small number of vertebrae, thus saving physicians and researchers 

a lot of time and money. The resulting complete spine models can be used in applications 

such as : diagnostic, surgical planning, and biomedical research. 

Statistical studies based on the resulting complete models should, however, be undertaken 

with caution. The variability of the resulting models is likely to underestimate the true 

variability of the shapes of patients' spines since their estimation is not based on actual 

measurements for all vertebrae. This underestimation, if uncorrected, could bias statistical 

hypothesis tests (see [116] for more details). 

5.7.2 Estimation from 2D Landmarks 

Reconstruction of articulated descriptions from radiographs serves a different purpose than 

the estimation of complete models from partial ones. The latter is a general procedure to 

complete a 3D spine model regardless of imaging source used to build this partial model. 

The reconstruction of articulated spine descriptions from radiographs specializes in cases 

where projections of the anatomy are available. 

The overall mean difference when two radiographs were used is 1.1mm, (with real data). 

This difference is too close to the precision of the stereo-radiographic method [47] used for 

comparison to make strong claims about it. Furthermore, both stereo-radiographic recons­

truction and the proposed method share the same calibration procedure, thus the errors of 

both methods are not independent. However, the calibration is performed using two grids 

of lead pellets, which can be accurately and precisely identified on radiographs. The ana­

tomical landmarks are much more difficult to identify reliably. Landmarks identification 

is thus probably a greater source of error than the calibration process. Synthetic results 

(presented in Figure 5.5 ) indicate that the proposed method might be more accurate than 

the stereo-radiographic method currently used. 
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5.7.3 General Remarks 

Articulated models of the spine are very versatile. They could be used to solve 3D recons­

truction problems in many clinical applications with different constraints. We presented 

in this paper the most common and most important situations related to spinal deformities 

studies. However, there are other possibilities. 

For example, we studied the case of missing vertebrae in section 5.5.1 but the method 

could be extended to also accommodate missing anatomical landmarks. Moreover, some 

anatomical landmarks are easy to identify on posterior-anterior radiographs, but are diffi­

cult to locate on lateral radiographs since ribs and lungs often hide parts of the thoracic 

vertebrae. This situation could be handled by the proposed method by allowing some ana­

tomical landmarks to be reconstructed from one view and other from two views. 

The reconstruction based on radiographs is not limited to the case in which a posterior-

anterior and a lateral radiograph are available. The same method could be used with a 

different pair of radiographs or with a single radiograph. This could be especially useful in 

clinical tests where it is difficult to acquire more than one radiograph (for example, during 

bending tests). 

The accuracy will however always be function of the quality and completeness of the 

input data. For instance, a reconstruction based on a single radiograph will be associated 

with an important error along the projection axis of the radiograph since no information is 

provided by the radiograph along that axis. 

Clinical applications often depend on indices computed from 3D reconstructions. These 

indices can be local measures such as the shifts between adjacent vertebrae, or global 

measures such as the Cobb angle. The effect of the reconstruction errors on those clinical 

indices is not always linear and will therefore have to be quantitatively evaluated in the 

future. The proposed methods should yield acceptable results since they implicitly smooth 

the 3D reconstructions, which reduce the effect of noise. For comparable reconstruction 

errors, the proposed methods should be associated with equal or better estimates of the 

clinical indices than conventional reconstruction methods. However, for cases in which 

a large portion of information is missing, the resulting 3D spine models will be biased 

toward the mean. This situation might trend toward an unacceptable bias in some clini­

cal indices (for example, if one wants to compute the lateral Cobb angle when only one 
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posterior-anterior radiograph is available). 

5.8 Future Work and Conclusion 

In this paper, we proposed methods to estimate 3D models based on an articulated descrip­

tion of the spine. A statistical model of the spine was proposed and used to leverage the 

implicit redundancy contained in three-dimensional spine models. This statistical model 

enabled us to reconstruct 3D models of the spine in cases where conventional methods 

could not be applied because of missing information. 

The articulated description used includes inter-vertebral rigid transformations as well as 

3D positions of anatomical landmarks measured with respect to vertebrae's local frame of 

reference. This description naturally captures the deformations of the spine shape, which 

are described by rigid transformations between adjacent vertebrae, and the variability of 

vertebrae's anatomy, which is characterized by landmark positions. Two different recons­

truction problems were discussed. 

First, the reconstruction of complete 3D spine models from partial 3D models was consi­

dered. These reconstructions were performed by minimizing the Mahalanobis distance of 

the estimated articulated spine model while constraining the absolute positions, orienta­

tions, and shapes of known vertebrae. The anatomical landmark estimates obtained by 

using partial models were within 1 mm of measured values if at least 50% of the vertebrae 

were available in the initial partial model. Moreover, the estimates were within 2 mm of 

measured values (i.e. equivalent to the conventional method with complete models) if at 

least 25% of the vertebrae were available. 

The second reconstruction problem is the estimation of 3D spine models from radiographs. 

Three-dimensional reconstruction of the spine from two or more radiographs can be solved 

by using calibration and triangulation methods borrowed from the computer vision field. 

The proposed statistical shape model enables more accurate 3D reconstructions and is very 

flexible since it could be applied in spite of missing landmarks or missing vertebrae. 

The proposed methods could be used in a large number of clinical applications, such as 

diagnosing problems, follow up, and surgical planning. More importantly, three-dimensional 

reconstructions of the spine will be available in situations where they were formerly im-
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possible to compute. 

The ideas discussed in this paper could be integrated in an automated or semi-automated 

reconstruction system. This could be accomplished by using an automated method for the 

detection of landmarks, such as the one previously proposed by Deschenes et al. [49]. 

Another possible approach would be to integrate an image-based metric, but the main 

challenge of this approach would be to efficiently generate simulated radiographs from 

articulated spine descriptions and to compare those with actual radiographs. 

Registration of soft-tissues surrounding rigid structures by combining multiple rigid trans­

formations, using methods similar to the method previously proposed by Little et al. [115] 

or to the more recent method proposed by Arsigny et al. [4], will also be considered in the 

future. Registration of structures such as the spinal cord and the inter-vertebral discs could 

be greatly improved with applications ranging from the correction of spinal deformities to 

epidural injections of steroids in the treatment of back pain. 

Finally, although the proposed methods are extraordinarily well suited for research on spi­

nal deformities, they could also be applied to any other anatomical structures that can be 

divided into multiple parts. The added value of the articulated description will depend on 

the strength of the statistical relationships that exist between the positions, orientations 

and shapes of the individual parts. Articulations are ideal candidates, but statistical rela­

tionships also exist between the positions, orientations and shapes of softer structures. 
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CHAPITRE 6 

RESULTATS COMPLEMENTAIRES : RECONSTRUCTION 3D A PARTIR 

D'UNE RADIOGRAPHIE 

II est parfois impossible de faire 1'acquisition de plus d'une radiographie lors de certains 

examens de la colonne vertebrale. L'obligation ethique de minimiser la dose radiologique 

recue par les patients prohibe en effet souvent la mesure de radiographics supplementaires. 

De plus, la nature de certains examens combinee a la geometrie des salles d'examens 

empechent souvent 1'acquisition de radiographics a partir de plusieurs points de vue. 

Le test de flexion lateral est un bon exemple de ce type de situation. Celui-ci est utilise pour 

evaluer la flexibilite des courbes scoliotiques. Les patients sont invites a flechir leur dos au 

maximum vers la droite ou vers la gauche et une radiographie est acquise afin de visualiser 

la forme de la colonne vertebrale lors de cette flexion. L'amplitude du mouvement rend 

impossible l'utilisation de l'appareillage normalement utilise lors de la reconstruction a 

partir de deux vues. La prise de radiographics per-operatoires est un autre exemple de 

situation ou les contraintes de temps et d'equipement resultent souvent en l'acquisition 

d'une seule radiographie. 

En l'absence de plusieurs radiographics acquises a partir de differents points de vue, il est 

impossible d'utiliser les techniques de reconstruction 3D basees sur une triangulation de 

reperes anatomiques. La seule alternative actuellement disponible consiste a optimiser les 

parametres de transformations rigides pour que les projections de modeles 3D prealables 

soient alignees avec la radiographie [107]. Les vertebres etant relativement petites en com-

paraison avec la distance principale de l'appareillage, les erreurs de reconstruction le long 

de l'axe de projection sont generalement tres importantes. Une contrainte "ad hoc" d'ali-

gnement des vertebres imposee lors de 1'optimisation, tel que propose par Novosad et al. 

[141], permet de reduire significativement ces erreurs. Cependant, ce type de methode est 

difficilement modifiable afin de prendre en compte un plus large eventail de contraintes. 

L'utilisation d'un modele statistique de la geometrie du rachis pourrait permettre une plus 

grande flexibilite. 

En effet, la procedure presentee a la section 5.5.2 pour ameliorer la reconstruction a partir 
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de deux vues en utilisant notre modele statistique de la geometrie du rachis complet est 

aussi applicable si une seule radiographic est disponible. Le cas particulier de la recons­

truction a partir d'une seule vue correspond a prendre o = 1 lors de 1'evaluation de la 

fonction de cout presentee a l'equation 5.9. 

II est done possible de reconstruire un modele 3D de la colonne vertebrale a l'aide d'une 

seule radiographic Cependant, la precision du modele obtenu sera moindre que si plu-

sieurs radiographics avaient ete utilisees. Le modele statistique permet de regulariser l'es-

timation du modele 3D ce qui reduit grandement les erreurs le long de l'axe de projection 

de la radiographie utilisee. Toutefois, la precision sera toujours limitee par le fait qu'une 

radiographie obtenue en placant un petit objet pres d'une source de rayons X est essentiel-

lement identique a une radiographie obtenue en placant un objet de grande taille plus loin 

de la source. 

II est possible de contourner ce probleme en ajoutant une information a priori a propos 

de la geometrie de la colonne vertebrale a reconstruire. Les situations ou une reconstruc­

tion a partir d'une seule vue est necessaire subviennent generalement alors qu'un modele 

3D recent de la colonne vertebrale du patient est disponible. La forme des vertebres ne 

changeant que tres peu au cours d'une courte periode de temps, il est possible d'utiliser la 

forme des vertebres issues de ce modele 3D prealable pour contraindre la reconstruction 

a partir d'une vue. La forme globale de la colonne vertebrale est cependant sujette a des 

variations importantes. Ainsi, la procedure de reconstruction a partir d'une vue consiste 

alors a estimer les transformations rigides intervertebrales. 

Afin d'evaluer l'erreur associee a ces deux methodes de reconstruction a partir d'une vue, 

nous avons selectionne au hasard 49 patients pour lesquels nous disposions de deux radio­

graphics (une radiographie laterale et une radiographie postero-anterieure). Nous avons 

ensuite reconstruit un modele 3D pour chacun de ces patients en utilisant les deux radio­

graphics a notre disposition [11]. Nous avons pu comparer ces modeles 3D de reference au 

resultat de la reconstruction a partir d'une vue. Les modeles 3D de reference ont ensuite ete 

projetes a l'aide d'une matrice de projection simulant une radiographie postero-anterieure 

(PA). Les reperes anatomiques 2D resultants de cette projection analytique ont ete utilises 

pour evaluer l'erreur de reconstruction realisee lorsque les reperes 2D sont connus de fa-

con exacte. Finalement, nous avons ajoute une erreur normale (ayant un ecart-type de 0.5 

pixels) aux coordonnees 2D pour evaluer l'effet d'une erreur de localisation connue. Les 
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resultats de ces experiences sont compiles dans le Tableau 6.1. 
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Les resultats obtenus suggerent que la reconstruction d'un modele 3D du rachis a partir 

d'une seule radiographie est possible si un modele statistique de la geometrie du rachis 

complet est utilise pour regulariser l'algorithme de reconstruction. L'erreur de reconstruc­

tion moyenne obtenue sans contraindre la forme des vertebres est de 14mm en moyenne. 

Contraindre la forme des vertebres a l'aide d'un modele prealable permet de diminuer cette 

erreur moyenne a 3.8mm. Cette diminution importante de l'erreur provient probablement 

du fait qu'imposer la forme des vertebres contraint fortement la taille de la colonne ver­

tebral ce qui permet de deduire plus precisement la distance du modele par rapport a la 

source de rayons X. 

La difference entre les erreurs obtenues a l'aide des projections analytiques, des projec­

tions analytiques bruitees et des donnees reelles semblent indiquer que l'erreur de recons­

truction obtenue sans utiliser de contraintes sur la forme des vertebres est peu liee avec 

les erreurs de localisation des reperes anatomiques. Cependant, les erreurs de localisation 

semblent etre une cause importante d'erreur lorsque la forme des vertebres est contrainte. 

La difference entre les erreurs de reconstruction obtenues avec et sans contraintes indique 

que l'ajout d'information supplementaire peut ameliorer grandement les resultats obtenus. 

La nature et la quantite d'information supplementaire utilisee dependra de l'application 

consideree et de la precision recherchee, mais le modele statistique developpe est tres 

flexible et devrait permettre d'accommoder une grande variete d'information supplemen­

taire. Une possibilite interessante pourrait etre la combinaison des surfaces partielles de 

vertebres (obtenues a l'aide d'ultrasons ou d'outils de pointage suivis en 3D) avec une 

radiographie, tel que cela avait ete propose par Fleute [70] dans le cas d'une vertebre 

solitaire. 

La reconstruction de modeles 3D a partir d'une seule projection est un probleme extreme-

ment difficile. En effet, il existe en general une infinite de modeles 3D qui peuvent mener 

a une seule projection. Notre approche consiste a calculer le modele 3D le plus probable. 

II reste a determiner dans quelles circonstances les erreurs de reconstruction obtenues sont 

acceptables et quel est l'effet de ces erreurs sur les indices cliniques utilises par les clini-

ciens. Cependant, il est certain que ces resultats ouvrent la porte a la creation de modeles 

3D du rachis dans des circonstances ou cela etait precedemment impossible. De plus, au 

dela des applications immediates, les resultats presentes dans ce chapitre illustre tres bien 

la puissance du modele statistique utilise. 
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CHAPITRE 7 

DISCUSSION GENERALE 

La revue de la litterature presentee au chapitre 1 nous a permis de constater les limita­

tions des methodes actuelles de modelisation statistique du rachis. Ces constats ont mene 

a l'objectif general de ce projet qui etait de proposer une modelisation statistique de la 

geometrie du rachis suffisamment adaptee aux particularites du rachis pour etre interpre-

tee directement par des specialistes de l'etude des deformations et suffisamment generate 

pour etre partie integrante d'algorithmes d'analyse d'images medicales. 

Ce double objectif peut sembler contradictoire. Nous avons toutefois demontre que cette 

contradiction etait seulement apparente en proposant une modelisation qui represente na-

turellement les changements de formes observes en clinique chez des patients scoliotiques 

en faisant usage de primitives geometriques adaptees (i.e. systemes de references relatifs 

et reperes anatomiques). Les chapitres 3 et 4 ont permis de developper les qualites descrip-

tives de notre modele. De plus, le chapitre 5 demontre comment l'integration d'un modele 

statistique de la geometrie du rachis a des algorithmes de recalage et de reconstruction 3D 

permet d'obtenir des modeles 3D du rachis merae a partir de donnees partielles. 

Les avantages et les inconvenients des methodes proposees et des resultats obtenus ont 

deja ete discutes individuellement dans les chapitres 3, 4 et 5. Cependant, il convient de 

discuter de maniere plus generale de l'etat d'achevement des objectifs particuliers ainsi 

que les relations des travaux effectues avec des travaux anterieurs. 

7.1 Analyse de la forme locale du rachis 

Nous avons presente dans les chapitres precedents un modele de la variabilite anatomique 

du rachis. Les objectifs poursuivis presentes a la section 2.3.1 ont tous ete atteints. 

Ainsi, nous avons propose une modelisation intuitive de la forme du rachis. De plus, nous 

avons developpe des outils statistiques bases sur un cadre de travail riemannien afin de 

quantifier les concepts de centralite et de dispersion des donnees autant pour la forme du 
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rachis que pour l'effet de traitements. 

Le developpement d'une modelisation intuitive combinee a des outils statistiques adaptes 

a celle-ci a permis de prendre en compte de facon rigoureuse les transformations rigides 

inter-vertebrales dans leur integralite. Ainsi, nos travaux permettent de considerer simulta-

nement les positions et orientations relatives des vertebres alors que les travaux precedents 

presentes par Ghanem et coll. [73], Sawatzky et coll. [174] ainsi que Petit et coll. [160] ne 

s'attardaient qu'a l'orientation des vertebres. 

De plus, le modele de la variabilite anatomique presente est aussi beaucoup plus complet 

que les modeles presentes precedemment. En effet, les resultats presentes par Petit et coll. 

[160] se limitaient a la variance de la position du centre de rotation le long des trois axes 

de l'espace. 

Un autre objectif particulier important pour cette etude etait la mise en place d'une me-

thode intuitive de visualisation de la variabilite. L'utilisation de deux ellipsoi'des permit 

done de visualiser en 3D la variabilite des transformations inter-vertebrales. Le desavan-

tage principal de cette methode est qu'elle ignore le couplage entre la variabilite de la 

rotation et de la translation. Ce couplage etait faible dans le cas de la scoliose. Ainsi, cette 

perte d'information a la visualisation etait benigne. 

7.2 Modelisation des changements de formes du rachis 

Nous avons demontre que des transformations rigides pouvaient etre utilisees a la fois pour 

representer la forme du rachis et les modifications de celle-ci. La consequence immediate 

de cette situation est que les methodes de calculs et de visualisation utilisees pour l'etude 

de la variabilite anatomique ont pu etre utilisees pour l'etude des changements de formes. 

Dans ce contexte, nous nous sommes principalement interesses aux changements de forme 

resultants de traitements orthopediques de la scoliose. Les objectifs poursuivis ont ete pre­

sentes a la section 2.3.1. Ainsi, nous avons modelise l'effet geometrique des traitements 

et nous avons presente un modele statistique des effets observes chez les patients etudies. 

Nous avons aussi ete en mesure de proposer des tests statistiques qui permettent de com­

parer les differents types de traitements orthopediques. 



146 

Notre approche compare les modeles statistiques obtenus pour differents groupes de pa­

tients. Cette comparaison ne repose pas sur des indices cliniques et compare directement 

les deformations. Notre approche purement geometrique permet de localiser avec une 

grande facilite les vertebres ou des differences significatives sont presentes. Les etudes 

anterieures se contentaient generalement de separer les segments lombaires et thoraciques 

pour leur analyses (voir, par exemple, Delorme et coll. [44], Korovessis et coll. [101], 

Kotwicki et coll. [102], Labelle et coll. [104, 103], Pham et coll. [161] et Willers et coll. 

[203]). 

Les tests statistiques utilises approximent la distribution des modeles articules par une 

distribution normale multi-variee dans le plan tangent de la moyenne. Or, cette condition 

n'est verifiee que si la dispersion des donnees est faible par rapport a la courbure locale de 

la variete. Autrement dit, ces tests sont valides uniquement si les rotations considerees sont 

suffisamment petites. II serait utile d'etudier les limites de cette approximation a l'aide de 

simulations dans le futur. 

Les applications de capture de mouvements sont des exemples ou cette approximation 

risque de ne pas etre verifiee. II serait possible de creer des tests parametriques bases sur 

une connaissance analytique de la courbure de la variete pour palier aux limites de l'ap-

proche actuelle. Une autre possibilite serait de choisir des tests non-parametriques simi-

laires a la methode proposee par Terriberry et coll. [189] pour l'analyse de representations 

mediates. L'utilisation de tests non-parametriques entraine cependant en general une perte 

de puissance statistique. 

Les causes de changements de formes du rachis ne sont en general pas limitees aux traite-

ments orthopediques. II existe de nombreuses causes tel que : les changements de postures, 

les contractions musculaires, les pathologie progressives et la croissance. Ces changements 

de forme peuvent etre decrits par une fonction temporelle continue. Dans le cas de traite-

ments orthopediques, nous avons considere un echantillon avant traitement et un second 

echantillon apres traitement. Nous avons selectionne des patients pour lesquels les de-

lais entre les premiers et les seconds echantillons etaient approximativement egaux. Ainsi, 

nous n'avons pas tente de compenser pour les petites differences de delais. Cependant, il 

serait necessaire de compenser pour ces differences si Ton souhaitait etudier l'effet des 

traitements a plus long terme. En effet, le suivi a long terme des patients est sujet aux 

contraintes horaires des patients et des orthopedistes et n'est pas toujours regulier. 
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7.3 Deformations typiques 

L'approche presentee au chapitre 4 permet de calculer et de visualiser les deformations 

typiques les plus importantes dans une base de donnees de modeles articules de la colonne 

vertebrate. Cette nouvelle approche permet d'aborder l'analyse des deformations du rachis 

d'une facon nouvelle. 

Le premier objectif relatif aux deformations typiques etait de presenter une methode d'ana-

lyse basee sur une decomposition continue des deformations et non sur une classification 

discrete. En effet, les approches anterieures visaient principalement a classifier les defor­

mations en un nombre predetermine de classes semblables. Ces differentes classes peuvent 

etre basees sur des modes 2D selectionnes manuellement par les chirurgiens. C'est le cas 

de la classifications de King [99, 98] et de la classification de Lenke [111]. Elles peuvent 

aussi etre basees sur une agregation automatique d'un grand nombre d'indices cliniques 

tel que propose par Duong et coll. [61]. 

L'analyse dans le domaine continue permet d'eviter les problemes de desaccords entre 

les observateurs qui sont communs autours des frontieres entre des classes discretes [111, 

185, 184, 143]. Cependant, l'analyse des resultats est differente puisque la forme du rachis 

d'un patient scoliotique est associee a plusieurs deformations typiques simultanement (a 

differents degres). L'analyse de resultats obtenus a l'aide de la methode des deformations 

typiques demande done une adaptation par rapport aux methodes anterieures. 

Le second objectif poursuivi etait d'analyser simultanement la forme globale du rachis et 

la forme des vertebres. Nous avons pu atteindre cet objectif grace a l'usage de reperes 

anatomiques locaux. Nous avons done ete en mesure de mettre en correspondance les 

variations de formes du rachis et les variations de formes des vertebres. La selection des 

reperes anatomiques influencera cependant les resultats. II serait ainsi interessant de consi-

derer la surface complete des vertebres dans le futur. Ainsi, des statistiques intrinseques a 

la forme des vertebres pourraient etre obtenues. Celles-ci pourraient etre particulierement 

utiles pour regulariser la reconstruction de modeles 3D. L'analyse de diffeomorphismes 

entre surfaces est une avenue interessante dans cette direction. Des methodes basees sur 

l'analyse de diffeomorphismes ont deja ete proposees pour l'analyse d'images medicates 

dans des contextes differents. Les methodes proposes par Arsigny et coll. [4], par Vailant 

et coll. [192] ainsi que par Wang et coll. [199, 198] sont quelques exemples de ce type de 
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methode. L'amelioration de la methode d'analyse de la forme des vertebres risque cepen-

dant d'avoir peu d'effets sur les resultats finaux dans notre cas, car les reperes anatomiques 

utilisees ont ete selectionnes avec soin par des experts en radiologie (voir figure 4.1). 

Le troisieme objectif etait de presenter les deformations typiques pour les patients sco-

liotiques. Ainsi, les deformations typiques obtenues a partir de donnees experimentales 

colligees sur un grand nombre de patients scoliotiques ont ete presentees. Ces resultats 

demontrent la pertinence de la methode. En effet, les deformations typiques sont obtenues 

sans interventions manuelles et ont une interpretation clinique claire. Le groupe de patients 

etudie est constitue de patients scoliotiques suivis a l'hopital Sainte-Justine de Montreal. 

II serait interessant de calculer les modes de deformations principaux chez un groupe de 

patients plus grand et representant mieux la population affectee par la scoliose. 

Finalement, les resultats illustres par les figures 4.8 et 4.9 demontrent que les modes de 

deformations principaux peuvent etre utilises pour analyser en 3D des classes existantes 

et ainsi contribuer a la sous-classification de celles-ci. Les methodes de classification 3D 

precedemment proposees ne permettaient pas cette fiexibilite. Les classifications propo-

sees par Negrini et al. [135, 134, 133] et par Poncet et al. [163] sont fixes et ne peuvent 

pas s'adapter aux particularites d'un groupe donne. La methode de Duong et al. [61] peut 

quant a elle s'adapter aux specificites d'un groupe puisqu'elle est basee sur une methode 

d'agglomeration automatique des donnees. Cependant, cette methode permet de regrouper 

des deformations similaires et non de mettre en evidence des modes recurrents dans les 

donnees. 

7.4 Reconstruction de modeles 3D a partir de donnees partielles 

Nous avons demontre la pertinence d'utiliser un modele statistique articule pour la re­

construction de modeles 3D du rachis grace aux methodes et aux resultats presentes au 

chapitre 5. Les resultats obtenus montrent qu'un tel modele permet d'obtenir des resultats 

de grande qualite meme lorsque tres peu d'informations sont utilisables. 

Le premier des objectifs presentes a la section 2.3.2 etait de mettre en place une methode 

capable de prendre en compte les vertebres manquantes. Cet objectif a ete paracheve avec 

succes comme le demontre la methode presentee a la section 5.5.1. De plus, les niveaux 
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de precision obtenus lorsque la majorite des vertebres etaient manquantes sont eleves. En 

effet, la precision obtenue est du meme ordre que la precision de la methode du DLT ou 

« Direct Linear Transform » (voir figure 5.3 ). 

Le second objectif poursuivi au cours du chapitre 5 fut la reconstruction de modeles 3D du 

rachis a partir d'une seule ou de plusieurs radiographie(s). Ainsi, le modele statistique per-

met de diminuer l'impact du bruit sur le resultat final quand au moins deux radiographics 

sont utilisees. De plus, l'utilisation d'un modele statistique de la forme 3D du rachis per-

met de regulariser le probleme de la reconstruction 3D a partir d'une seule radiographie. 

Cette regularisation ne remplace malheureusement pas les informations supplementaires 

que fournirait une radiographie additionnelle. Les resultats obtenus avec une seule radio­

graphie seront done generalement de moins grande qualite que les resultats obtenus avec 

plusieurs. 

Notre approche se distingue des approches anterieures par la modelisation de la forme de 

la colonne vertebrate. Les approches precedentes presentees par Fleute et coll. [69] ou par 

Benameur et coll. [14, 16] modelisaient en effet la forme locale des vertebres et non la 

forme de la colonne vertebrate. Une regularisation basee sur la forme du rachis est plus 

efficace, puisque la colonne vertebrate couvre une plus grande portion des radiographics 

que les vertebres prises individuellement. 

La modelisation de la colonne vertebrate en tant que structure articulee nous distingue 

aussi des methodes visant a estimer la surface complete d'os a partir de donnees partielles. 

En effet, ces methodes assument generalement la presence d'une seule structure rigide. Par 

exemple, la methode proposee par Fleute et Lavallee [67] a ete utilisee pour reconstruire 

la surface complete du femur a partir d'une surface partielle de celui-ci et la methode 

recemment proposee par Buchaillard et al. [25] a permis de reconstruire la surface de dents 

en presence d'occlusions. Cependant, ces methodes ne sont pas adaptees a la presence 

d'articulations complexes. 

L'approche proposee utilise des reperes anatomiques identifies par un operateur. Cette 

procedure d'identification est deja en place a l'hopital Sainte-Justine depuis plusieurs an-

nees. II a done ete possible de tirer profit du travail important de numerisation effectue 

par le personnel de l'hopital sans utiliser de ressources supplementaires. II serait cepen­

dant possible d'adapter une metrique de similarite comparant le modele 3D reconstruit 

et les radiographies directement. Une methode similaire a la methode de Benameur et al. 
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[14, 16] ou a celle de Fleute et Lavallee [68] pourrait etre utilisee. Cette methode quantifie 

la similarite entre les contours observes sur les radiographics et les contours reprojetes 

du modele reconstruit. II serait aussi possible de comparer une radiographie simulee par 

un algorithme de lances de rayons (« ray tracing ») avec les radiographics reelles afin de 

prendre en compte les intensites et pas uniquement les contours. Certaines hypotheses 

simplificatrices devraient cependant etre utilisees dans la pratique pour compenser le fait 

que les coefficients d'attenuation ne sont generalement pas disponibles. 

Le dernier objectif relatif a la reconstruction 3D de modeles du rachis utilisant un mo­

dele statistique des deformations etait la caracterisation de la precision des methodes de 

reconstruction developpees. Cette validation a ete conduite en comparant les resultats ob-

tenus avec une methode dont la precision a deja ete validee. De plus, nous avons aussi 

presente les resultats d'experiences synthetiques pour caracteriser la sensibilite au bruit 

des methodes developpees. Ces differentes experiences nous conduisent a penser que les 

methodes presentees sont aussi performantes sinon plus que 1'algorithme de reconstruction 

couramment utilise (la methode du DLT) tout en offrant un plus vaste domaine d'appli­

cation (reconstruction a partir d'une vue et estimation a partir de modeles incomplets ). 

Malheureusement, les fantomes radiologiques actuels ne sont pas suffisamment realistes 

pour etre utilises lors de la validation des methodes proposees. En effet, les transforma­

tions rigides inter-vertebrales des fantomes radiologiques sont beaucoup plus irregulieres 

que celles observees chez des patients. Une etude future utilisant plusieurs reconstructions 

3D d'un meme patient pour estimer un « bronze standard » [94, 75] pourrait permettre une 

meilleure validation des methodes proposees. 

7.5 Representativite du modele statistique 

Les methodes et resultats presentes dans cette these utilisent un modele statistique de la 

forme du rachis. La forme du rachis depend de plusieurs facteurs. Les variations anato-

miques normales entre individus, les effets de pathologies comme la scoliose idiopathique 

et la posture en sont trois exemples. 

Pour que le modele statistique soit utile, celui-ci doit etre representatif des formes de co-

lonnes vertebrates qui seront analysees. L'on risque d'introduire un biais dans les resultats 

dans le cas contraire. Par exemple, si le modele statistique est cree a l'aide de donnees pro-
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venant de patients adultes et est utilise pour 1'analyse de donnees provenant d'une clinique 

pediatrique, alors il est probable que toute analyse de la taille des patients soit biaisee. II 

s'agit la d'un exemple extreme, cependant le meme raisonnement tient si Ton tente de 

reconstruire des donnees peroperatoires (acquises lorsque les patients sont couches) a par-

tir d'un modele statistique preoperatoire (cree a partir de patients en position debout). Ce 

biais est peut-etre acceptable selon les objectifs poursuivis et le degre de representativite 

de l'echantillon ayant servi a la creation du modele statistique. Un experimentateur pru­

dent prendra done soin de comparer le modele statistique a priori et la distribution des 

reconstructions obtenues pour detecter la presence d'un biais. 

7.6 Estimations de la geometrie versus analyse statistique 

Nous avons presente des methodes pour creer et analyser des modeles statistiques de la 

forme du rachis a partir de modeles geometriques 3D. Nous avons aussi presente des me­

thodes permettant de creer des modeles geometriques 3D du rachis a partir de donnees 

radiologiques et d'un modele statistique. 

Ainsi, dans les circonstances ou les methodes conventionnelles ne permettent pas de re­

construire les modeles geometriques 3D, Ton se retrouve confronte a un probleme interes-

sant: comment obtenir le modele statistique et les modeles geometriques simultanement. 

En effet, le modele statistique est cree a partir des modeles geometriques et la creation des 

modeles geometriques necessite le modele statistique. 

Au cours de notre projet, nous avons utilise des methodes de reconstruction 3D conven­

tionnelles pour reconstruire les modeles 3D necessaires au calcul du modele statistique. 

Ainsi, nous n'avons pas ete confronte a ce probleme. 

Celui-ci pourrait neanmoins etre resolu en raffinant de fa§on iterative une estimation du 

modele statistique a l'aide des reconstructions obtenues en utilisant le modele statistique 

de 1'iteration precedente. 
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7.7 Classification avant ou apres modelisation statistique 

La scoliose idiopathique est, comme son nom l'indique, une pathologie dont la cause est 

inconnue. II n'est pas exclue que plus d'une cause puisse etre a l'origine de cette patho­

logie. Dans ce contexte, il est possible que les differentes classes de deformations corres­

pondent a differentes causes. 

La variabilite de la forme du rachis des patients atteints de scoliose idiopathique sera done 

generalement plus importante que la variabilite de la forme du rachis pour les patients 

d'une classe de deformation donnee. Or, plus la variabilite est faible et plus le modele 

statistique permettra de corriger l'effet du bruit d'acquisition lors de la reconstruction de 

modeles 3D. 

Ainsi, il pourrait etre interessant de classifier les deformations a partir des radiographies 

avant de debuter le processus de reconstruction 3D. Le modele statistique correspondant a 

la classe selectionnee serait alors utilise pour la reconstruction. L'utilisation d'un modele 

statistique plus specifique pourrait permettre de reduire les erreurs de reconstruction. Ce-

pendant, la classification manuelle des deformations est sujette a l'erreur humaine et les 

erreurs de classification risquent de resulter en une augmentation de l'erreur de recons­

truction. Ainsi, il faudrait verifier dans une etude future si l'effet final de la classification 

des radiographies avant la reconstruction du modele 3D augmente la precision de facon 

significative. 
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CONCLUSION ET RECOMMANDATIONS 

La presente these a permis d'explorer l'utilisation de modeles articules dans l'etude des 

deformations de la colonne vertebrale. Nous nous sommes interesses plus particulierement 

a la scoliose adolescente idiopathique. Les deformations causees par cette maladie sont 

tres variables et, a l'heure actuelle, plusieurs incertitudes subsistent quant aux causes de 

cette maladie, a ses processus de progression et a Taction des traitements usuellement 

recommandes. Ce contexte nous a amene a developper des methodes d'analyse statistique 

de la forme de la colonne vertebrale qui sont independantes de la mecanique interne de la 

pathologie. 

La colonne vertebrale etant une structure flexible constitute de structures rigides (les ver-

tebres), nous avons propose de modeliser celle-ci comme un objet articule et de l'etudier 

selon trois perspectives differentes. D'abord, nous avons considere les variations locales 

de la forme du rachis, ainsi que l'effet de traitements orthopediques de la scoliose. En-

suite, nous avons examine les deformations d'un point de vue global afin de developper 

une mefhode d'aide a l'analyse de grandes bases de donnees de modeles 3D du rachis. 

Finalement, nous avons etudie la possibilite de reconstruire des modeles 3D du rachis a 

partir de donnees radiographiques incompletes. 

L'etude de la variabilite locale de la forme du rachis, ainsi que de l'effet de traitements or­

thopediques furent menes en representant la forme de la colonne vertebrale par des trans­

formations rigides intervertebrales. Ces transformations rigides represented les degres de 

libertes des articulations entre vertebres adjacentes. Les modifications de la forme du ra­

chis sont quant a elles decrites par les transformations rigides qui doivent etre appliquees 

aux transformations intervertebrales initiales pour obtenir les transformations interverte­

brales apres traitement. La moyenne de Frechet, qui est une generalisation de la moyenne 

conventionnelle, a ete utilisee afin de pallier au fait que les operations d'addition et de 

multiplication par un scalaire ne soient pas definies sur les transformations rigides. De 

plus, la covariance traditionnelle a ete remplacee par une covariance generalisee calculee 

dans le plan tangent de la moyenne de Frechet. L'analyse d'un grand groupe de patients 

scoliotiques revela que la colonne vertebrale moyenne des patients scoliotiques est proche 

d'une colonne vertebrale saine avec une legere scoliose thoracique droite. Nous avons pu 

constater que la variabilite des transformations rigides intervertebrales etait inhomogene 
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(les vertebres lombaires etant plus variables que les vertebres thoraciques) et anisotro-

pique (les plus grandes variabilites etant liees a la rotation autour de 1'axe coronal et a la 

translation le long de la direction axiale). Des effets significatifs ont aussi ete constates 

sur la moyenne et la covariance generalisee des modifications liees au corset de Boston et 

a la chirurgie corrective Cotrel-Dubousset lors de comparaisons avec un groupe temoin. 

Ces differences permettent maintenant de localiser les regions qui sont significativement 

alterees par un traitement orthopedique donne. 

Apres l'etude de la forme locale du rachis, nous avons etudie les deformations scolio-

tiques d'un point de vue global. Ainsi, nous avons combine les transformations rigides 

intervertebrales avec des reperes anatomiques locaux pour chaque vertebre. La dimen-

sionnalite des modeles resultants de cette combinaison est trop importante pour qu'un in-

dividu puisse analyser les relations statistiques existantes entre chaque repere anatomique 

et chaque transformation intervertebrale. Nous avons cependant demontre qu'il est pos­

sible de resumer par quelques modes de deformation principaux les deformations les plus 

communement observees chez de grands groupes de patients. Ces modes principaux de 

deformations peuvent etre automatiquement extraits par l'application d'une analyse par 

composantes principales sur la matrice de covariance generalisee. Des informations clini-

quement pertinentes ont pu etre extraites a l'aide de ces modes de deformations principaux. 

Par exemple, le premier mode de deformation est associe a la croissance des patients, le 

second mode est caracterise par le developpement d'une double courbure et le troisieme 

mode de deformation correspondant au developpement d'une courbure thoraco-lombaire. 

Ces modes de deformations permettent aussi d'illustrer le lien qui existe entre le develop­

pement d'une courbure scoliotique et la deformation des vertebres. 

Les liens statistiques qui ont ete mis a jour autant par l'etude locale que par l'etude glo-

bale de la forme de la colonne vertebrale permettent une meilleure comprehension des 

deformations scoliotiques et de leurs traitements. II est aussi possible de tirer profit des 

liens statistiques tres forts qui ont ete mis a jour pour reconstruire des modeles 3D du ra­

chis lorsque tres peu d'informations sont disponibles. Ainsi, nous avons demontre qu'il est 

possible de reconstruire des modeles geometriques 3D complets a partir de modeles par-

tiels ou a partir d'une ou de plusieurs radiographics grace a un estimateur MAP (maximum 

a posteriori). Les modeles 3D partiels de la colonne vertebrale ont pu etre completes en 

minimisant la distance de Mahalanobis du modele estime avec un modele articule moyen 

tout en contraignant la pose et la forme des vertebres presentes dans le modele partiel. 
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L'estimation a partir de radiographics a ete realisee par la minimisation d'une somme 

ponderee de la distance de Mahalanobis et de l'erreur de reprojection. La precision des 

methodes de reconstruction de modeles 3D de la colonne vertebrale a ete validee a l'aide 

de la base de donnees comprenant les radiographics de pres de 300 patients. L'erreur sur 

les reperes anatomiques estimes a partir de modeles partiels est de moins de 1 mm, si au 

moins 50 % des vertebres sont presentes dans le modele partiel. De plus, la precision est 

de moins de 2 mm, si au moins 25 % des vertebres sont presentes dans le modele partiel. 

La reconstruction de modeles 3D de la colonne vertebrale a partir d'une seule radiographie 

postero-anterieure est associee a une erreur absolue de 14 mm. L'utilisation d'un modele 

a priori de la forme des vertebres permet de reduire l'erreur absolue a 3,7 mm, alors que 

l'utilisation de deux radiographies mene a une erreur absolue de 1,1 mm. 

En resume, les contributions originales realisees dans le cadre de cette these sont les sui-

vantes : 

- Proposer une modelisation statistique articulee pour la colonne vertebrale en tant qu'en-

tite anatomique complete. 

- Developper des outils et methodes d'analyse et de visualisation de la variabilite anato­

mique locale du rachis. 

- Modeliser les effets de traitements orthopediques par un ensemble de transformations 

rigides et utiliser des outils statistiques adaptes pour analyser ces effets. 

- Combiner la modelisation de la forme du rachis et la modelisation de la forme des 

vertebres. 

- Developper un outil permettant d'extraire automatiquement les modes principaux de 

deformations 

- Proposer une methode de reconstruction statistique de modeles 3D complets de la co­

lonne vertebrale a partir de modeles 3D partiels. 

- Introduire l'utilisation de contraintes absolues sur l'orientation et la position des ver­

tebres afin de tirer profit simultanement des mesures 3D disponibles et du modele sta­

tistique base sur des transformations relatives. 

- Developper une methode de recalage 2D-3D minimisant l'erreur de reprojection d'un 

modele articule et la distance de Mahalanobis avec une distribution a priori des formes 

de colonnes vertebrales scoliotiques disponibles. 

- Valider les methodes proposees a partir d'une grande base de donnees de patients sco­

liotiques. 
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Les resultats obtenus indiquent que combiner rotation intervertebrale, translation interver­

tebral ainsi que la forme des vertebres dans un cadre de travail statistique unifie permet 

d'obtenir des methodes efficaces et des resultats interpretables cliniquement. Ces resultats 

ouvrent la porte a de nouvelles etudes ainsi qu'a de nouvelles applications cliniques. 

En effet, il sera desormais possible d'effectuer des reconstructions 3D de la colonne ver­

tebrale dans des circonstances ou cela aurait ete impossible par le passe. Par exemple, il 

sera maintenant possible de reconstruire des modeles 3D lors de tests de flexion laterale 

(avec ou sans connaissance a priori de la forme des vertebres). L'estimation de modeles 

complets a partir de modeles partiels permettra de rendre utilisables de nombreux cas ou 

1'instrumentation chirurgicale rendait auparavant impossible la reconstruction. De plus, la 

grande precision des modeles estimes a partir de modeles partiels, permettra la reconstruc­

tion rapide a partir d'un nombre reduit de points ce qui se traduira par des economies en 

temps et en argent pour les chercheurs oeuvrant dans le domaine de 1'etude des deforma­

tions de la colonne vertebrale. 

Le modele de variabilite du rachis scoliotique permettra aussi une conception plus astu-

cieuse de traitements orthopediques de la scoliose. En effet, une meilleure connaissance 

des zones « actives » (les zones ou l'effet du traitement sur la geometrie du rachis est signi-

ficatif) permettra d'arriver a des ajustements a la fois plus confortables pour les patients et 

plus efficaces dans la correction des deformations. 

La mise en evidence d'une methode permettant d'extraire des modes de deformations 

continus plutot que des classifications discretes des deformations scoliotiques permettra de 

mieux documenter les deformations et peut-etre d'ameliorer les techniques de planification 

chirurgicale dans le futur. De plus, la possibilite d'analyser rapidement et efficacement des 

bases de donnees importantes permettra aux chirurgiens orthopediques impliques dans la 

creation de nouvelles classifications cliniques tridimensionnelles d'observer facilement les 

deformations 3D les plus communes chez differents groupes de patients. 

Bien que nos travaux actuels portent sur la scoliose idiopathique, les methodes presentees 

dans cette these sont applicables directement a l'etude de la colonne vertebrale en general. 

De plus, les methodes presentees (sauf le recalage 3D-2D) sont independantes de la mo-

dalite d'imagerie utilisee. II est done aise d'appliquer les memes methodes a des donnees 

provenant de l'imagerie par resonance magnetique, de tomodensitometrie ou d'imagerie 

par ultrasons. 
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De plus, les applications des modeles articules ne sont pas limitees a la colonne vertebrale. 

En effet, la plupart des articulations du corps humain pourraient etre modelisees de la 

meme fa9on. De plus, il n'est pas necessaire qu'une articulation reelle soit presente, mais 

plutot qu'il existe un lien statistique entre la position et 1'orientation de plusieurs struc­

tures auxquelles il est possible d'attribuer un systeme d'axes. Dans ce contexte, meme des 

structures molles telles que les organes internes pourraient etre considerees. 

Finalement, un des aspects interessants qui n'a malheureusement pas pu etre aborde dans 

le cadre des travaux presentes est l'ajout de la dimension temporelle au modele de varia-

bilite. Cet ajout ouvrirait la porte a la prediction de revolution des deformations chez les 

patients. Ceci permettrait de traiter plus agressivement les deformations a risque, tout en 

limitant les inconforts subis par les patients affliges de deformations associees a un faible 

risque devolution. 
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