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Le corps et l’esprit sont une méme chose,
vue sous deux angles différents.
Et nul ne sait ce que peut le corps.

L’Ethique
Spinoza

Points Seuil, 1999
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RESUME LONG EN FRANCAIS

R -1 Introduction générale

Le vieillissement mondial de la population (22% de personnes plus dgées que 60 ans dans le monde en
2020, contre 12% en 2015 (World Health Organization, 2008)) pose la question “comment bien vieillir
77 Le vieillissement impacte le corps localement et de facon globale, ce qui a des conséquences sur la
vie quotidienne des personnes dgées. En particulier, on sait que les adultes 4gés de plus de 65 ans sont
plus sujets aux chutes (World Health Organization, 2008): alors qu'un jeune adulte peut restaurer son
équilibre aprés I'avoir perdu, une telle tache est plus difficile pour les personnes dgées, qui sont donc
associées a des chutes plus frequentes. Entre 28% et 35% des personnes agées de plus de 65 ans chutent
chaque année, contre 32% a 42% pour les adultes agés de plus de 70 ans (World Health Organization,
2008). Comme le squelette est moins robuste pour les personnes agées, les conséquences de ces chutes
peuvent étre dramatiques (37,3 millions de chutes par an nécessitent une intervention médicale (World
Health Organization, 2008)), et peuvent conduire a la chirurgie, a de longs s¢jours hospitaliers et/ou
la perte d’autonomie.

Les cotits des chutes pour la société ont été quantifiés: par exemple, pour la République de Finlande
(respectivement 1’ Australie), pour les adultes agés de plus de 65 ans, le cotit moyen pour le systéme de
santé par chute est de US$3611 (respectivement US$1049) (World Health Organization, 2008). Tout
aussi important, la perte d’autonomie a également un impact sur la qualité de vie du patient et de
sa famille. Cela reste un fardeau économique pour I’entourage: les pertes par ménage sont estimées a
environ US$40 000 par an pour le Royaume-Uni (World Health Organization, 2008).

Parce que la perte d’équilibre est une des causes de la chute, le maintien d’un bon équilibre au cours
du vieillissement apparait comme un facteur clé dans la prévention des chutes. L’identification précoce
des personnes a risque de vieillissement pathologique (conduisant a une possible perte d’équilibre et
donc une éventuelle chute), permettrait la mise en place de programmes spécifiques pour améliorer
I’équilibre de ces personnes: par exemple, des exercices pour renforcer des muscles particuliers, et
retrouver 'amplitude de certains mouvements (Organisation mondiale de la santé: programme de
vieillissement actif pour la prévention des chutes (World Health Organization, 2008)).

Cette identification nécessite la définition de biomarqueurs du vieillissement tels que des parameétres
ou scores basés sur des examens cliniques et/ou issus d’analyse d’images médicales permettant la
discrimination entre les personnes qui vont évoluer vers un vieillissement pathologique et ceux qui vont
évoluer vers un vieillissement asymptomatique. Si plusieurs critéres ont déja été rapportés comme
marqueurs fiables du vieillissement, aucun biomarqueur global simple n’a été trouvé a ce jour. Cela est
dt a l'aspect multifactoriel de la perte de ’équilibre au cours du vieillissement (Tinetti et al., 1994).
En particulier il a été montré que lors du vieillissement la composition du disque inter-vertébral change
(Adams et al., 1996), conduisant & un dos moins souple et donc & une altération de la posture (Diebo

1
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et al., 2015): en particulier un déplacement vers I'avant de la partie supérieure du tronc et une flexion
du genou ont été rapportés (Barrey et al., 2013; Diebo et al., 2015). En outre, le systéme musculaire
est également affecté, avec une perte de volume musculaire (sarcopénie) (Narici et al., 2003; Frontera
et al., 2000), mais aussi avec une diminution de la force musculaire (Macaluso and De Vito, 2004).
Les capacités cognitives peuvent également étre modifiées (vision, audition ...) ce qui complique le
maintien d’un équilibre efficace (Lacour et al., 2008; Laughton et al., 2003). Combiner 1’étude des
systémes squelettique et musculaire dans la recherche de nouveaux biomarqueurs du vieillissement
apparait donc comme pertinent. Des recherches récentes dans les deux équipes d’accueil de cette
these, 'Institut de Biomécanique Humaine Georges Charpak et Hospital for Special Surgery, ont mis
au point de nouvelles techniques et nouveaux algorithmes combinant des informations squelettique et
musculaire en 3D.

Le systéme EOS, par 'acquisition de radiographies bi-planes & basse dose, permet la reconstruction
3D du squelette (Dubousset et al., 2010); tandis que l’analyse des images IRM combinée avec la
méthode de déformation d’un objet spécifique paramétrique (DPSO) aboutit & la reconstruction 3D
des muscles (Jolivet et al., 2008). En outre, les deux équipes qui collaborent & travers cette thése,
sont experts dans 'analyse du systéme spino-pelvien (Lafage et al., 2008; Schwab et al., 2006; Skalli
et al., 2007; Moal et al., 2015; Steffen et al., 2010; Pomero et al., 2004), et soulignent la nécessité
d’une modélisation personnalisée du patient. Comme le vieillissement impacte ’ensemble du corps, les
changements observés sont spécifiques & chaque sujet, et la personnalisation des modéles biomécaniques
reste cruciale. Dans la littérature, peu d’études ont étudié a la fois le vieillissement du systéme
squelettique et & la fois le vieillissement du systéme musculaire. Bien que quelques modéles aient été
développés pour estimer les interactions entre les deux structures, la personnalisation de ces modéles
reste complexe. L’objectif de cette thése est donc d’étudier les changements di au vieillissement et de
modéliser les interactions musculo-squelettiques, a partir de I’analyse de radios EOS et d’images IRM,
afin de chercher de nouveaux biomarqueurs du vieillissement.

Plus précisément, trois questions ont guidé le raisonnement scientifique de cette these:

e Comment change I’alignement postural avec le vieillissement 7
e Comment change le systéme musculaire avec le vieillissement ?

e Quel est 'impact de ’altération combinée de ’alignement postural et du systéme musculaire, sur
la biomécanique de la colonne vertébrale 7

La premiére partie du travail personnel s’intéresse a I’étude d’adultes jeunes et 4gés afin d’étudier les
changements d’alignement postural dus au vieillissement, & I’aide de radiographies EOS. La seconde
partie présentera des études portant sur le vieillissement du systéme musculaire & partir d’images
IRM. La troisieme partie traitera la question de ’'interaction des muscles et de la posture permettant
un équilibre efficace. Enfin, la derniére partie conclura sur les travaux réalisés durant ce doctorat et
proposera des perspectives pour les travaux futurs.

R - 2 Revue de littérature

La revue de littérature non détaillée ici a permis de faire une analyse des différentes approches utilisées
dans la littérature pour étudier 'altération de I’équilibre au cours du vieillissement, en incluant & la fois
les changements d’alignement postural mais aussi changements musculaires. L’étude de l'interaction
complexe entre les deux systémes squelettique et musculaire peut étre réalisée avec un modéle biomé-
canique musculo-squelettique.

Tout d’abord, ’analyse de la revue de la littérature concernant ’alignement postural a permis de
montrer I'utilité d’analyser cet alignement postural en 3D, de la téte aux pieds, en incluant le segment
téte afin de quantifier sa position par rapport & d’autres segments et 1’évolution de sa position au cours
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du vieillissement. Une telle analyse peut étre réalisée en utilisant des radiographies bi-planes et des
algorithmes de reconstruction 3D.

Deuxiémement, méme si I'importance des muscles a bien été rapportée dans la littérature, peu
d’études se sont concentrées sur 'analyse de la géométrie 3D des muscles qui semble étre essentielle
pour quantifier les changements qui se produisent au cours du vieillissement, en raison de mécanismes
de compensation, ou de I’évolution d'une pathologie.

Troisiémement, si les modéles biomécaniques se sont développés ces derniéres années, & notre con-
naissance, un seul modéle publié a permis une personnalisation de la géométrie 3D des os et des muscles
comme données d’entrées (Pomero et al., 2004). Les altérations de ’équilibre au cours du vieillisse-
ment étant personnelles et dépendantes du sujet, ce modéle apparait approprié pour quantifier plus
précisément l'effet du vieillissement sur la colonne vertébrale lombaire, les disques et les muscles.

Aprés cette revue de I'état de art, objectif de cette thése a été d’apporter des éléments de réponse
a trois questions:

e Comment change ’alignement postural avec le vieillissement 7
e Comment change le systéme musculaire avec le vieillissement ?

e Quel est 'impact de ’altération combinée de ’alignement postural et du systéme musculaire, sur
la biomécanique de la colonne vertébrale 7

Trois parties distinctes répondront & chacune de ces trois questions. Tout d’abord, I'analyse de
I’alignement postural de deux populations d’ages différents sera étudiée.

Deuxiémement, des coupes IRM axiales seront étudiées afin de caractériser le systéme musculaire de
jeunes sujets asymptomatiques. Ces valeurs de référence seront utilisées pour quantifier la dégradation
musculaire survenant pour des adultes avec déformations rachidiennes.

La troisiéme partie présentera le modéle musculo-squelettique choisi afin d’étudier les interactions
entre ’activation musculaire et ’alignement postural chez des volontaires et patients de différents ages.

R -3 Changements de I’alignment postural au cours du vieillissement

R-3-1 Introduction

La premiére partie de cette thése se concentre sur 'alignement postural d’adultes asymptomatiques.
L’analyse a été réalisée a partir de radiographies EOS et visait & étudier les changements liés a ’age
en terme de posture.

Lors de I'étude de la posture et de ’analyse de 1’équilibre, la téte est un segment de premiére
importance vu que des récepteurs majeurs tels que les yeux et 'oreille interne y sont situés. Sa masse
de 4 a 5 kg (Vital and Senegas, 1986) est supporté par une tige flexible, la colonne cervicale, suivi du
segment thoraco-lombaire. Le dernier segment de la partie supérieure du corps est le bassin supportant
le poids de la partie supérieure. L’alignement de ces trois segments doit étre atteint pour fournir
un équilibre économique (Dubousset, 1994). Cependant, inclure le segment téte dans les analyses
radiographiques n’est pas encore courant, probablement en raison de la taille des cassettes a rayons X.
Le développement récent d’un systéme rayons X produisant des radiographies bi-planes de la téte aux
pieds, & faible dose a permis la visualisation du segment téte pour les études d’alignement postural
(Dubousset et al., 2010).

Avec le vieillissement, divers troubles de la colonne vertébrale peuvent apparaitre et modifier
I’alignement de la colonne et I’équilibre global. L’alignement du thorax a été largement étudié chez les




Page 4 PART: RESUME LONG

patients avec différents parameétres, tels que I’axe vertical sagittal (SVA) et le rapport C7-plateau sacré
sur la distance sacro-fémorale (Barrey et al., 2011). En outre, les parameétres pelviens détaillés par
Duval-Beaupére permettent la caractérisation de la morphologie pelvienne (incidence pelvienne), de la
rétroversion pelvienne (version pelvienne) et de I'inclinaison pelvienne (pente sacrée) (Duval-Beaupeére
et al., 1992). Cependant le vieillissement des sujets asymptomatiques est beaucoup moins étudié (El
Fegoun et al., 2005; Vialle et al., 2005; Schwab et al., 2006; Lafage et al., 2008; Kim et al., 2014),
en particulier lorsque le segment téte est inclus dans ’analyse. Peu d’études ont rapporté, pour les
adultes asymptomatiques, 'alignement de la téte avec la colonne vertébrale et /ou du bassin (Gangnet
et al., 2003; Le Huec et al., 2014; Steffen et al., 2010; Lyer et al., 2016). Parmi ces études, trés peu ont
étudié Deffet du vieillissement sur l'alignement de la téte par rapport au bassin (Le Huec et al., 2014;
Iyer et al., 2016).

L’objectif de cette étude était de décrire un groupe d’adultes asymptomatiques dgés de moins de 40
ans et un groupe de d’adultes agés de plus de 49 ans, en s’intéressant particuliérement a 1’alignement
de la téte par rapport au bassin et aux mécanismes de compensation mis en place par les personnes de
plus de 49 ans afin de corriger une éventuelle altération de l'alignement postural.

R -3 -2 Matériels et méthodes

R-3-2-1 Sujets et collecte de données

Le groupe Jeunes comprenait 69 volontaires (32 hommes et 37 femmes) rétrospectivement inclus dans
I’étude: les radiographies bi-planes ont été obtenues entre Février 2007 et Juillet 2014, aprés ap-
probation par le comité d’éthique (Comité de Protection des Personnes CPP N°06036) et consente-
ment éclairé de chaque sujet. Parmi les critéres d’exclusion étaient: précédente chirurgie musculo-
squelettique, ou pathologie concernant le(s) systéme(s) visuel et/ou auditif.

Les radiographies de 41 volontaires (24 hommes et 17 femmes) agés de plus de 49 ans, ont été
extraites d’études précédentes et ont été rétrospectivement inclus dans ’étude: les radiographies bi-
planes ont été obtenues entre Juillet 2011 et Avril 2013, aprés approbation par le comité d’éthique
(Comité de protection des Personnes CPP N° 2010/113 (32 sujets) et le CPP N° 06036 (12 sujets)) et
consentement éclairé de chaque sujet. Les critéres d’inclusion étaient: score d’Oswestry (ODI) inférieur
a 20% (Fairbank et al., 1980) et score EVA (échelle visuelle analogique) inférieur & 2 dans ’évaluation
de la douleur au dos (y compris la douleur au cou) (Million et al., 1982). Parmi les critéres d’exclusion
étaient: présence de douleurs au bas du dos ou lombalgie réguliére, pathologie des membres inférieurs
qui pourrait affecter la colonne vertébrale, précédente chirurgie des membres inférieurs, du bassin ou
de la colonne vertébrale.

Les radiographies bi-planes ont été obtenues avec le systéme EOS, un systéme basse dose permettant
Pacquisition simultanée de radiographies dans les plans sagittal et coronal du patient (avec deux sources
a 90°), de la téte aux pieds (Dubousset et al., 2010). Inclusion des radiographies EOS dans I’étude
nécessitait la visibilité totale du bassin, fémur proximal et des vertébres sur les deux radiographies.

Les sujets devaient respecter la Free Standing Position lors de l'acquisition des radiographies,
position adaptée de Faro et al. (Faro et al., 2004), avec les mains posées sur les mandibules (SRS Free
Standing Position) et avec les pieds légérement décalés comme décrit par Chaibi et al. (Chaibi et al.,
2012) (Figure 1).

R -3-2-2 Traitement des radiographies

A partir des radiographies bi-planes, un modéle 3D personnalisé du sujet, comprenant la colonne
vertébrale (de C3 a L5, avec ajout du point le plus supérieur de ’apophyse dentiforme de C2 (OD)),
le bassin et les membres inférieurs; a été obtenu en utilisant des techniques de reconstructions validées
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Figure 1. [Reconstruction 3D du squelette.|: Radiographies bi-planes avec le modéle 3D de la colonne vertébrale
(C3 a L5), du bassin et des membres inférieurs. A) Vue sagittale. B) Vue coronale.




Page 6 PART: RESUME LONG

(Chaibi et al., 2012; Humbert et al., 2009a; Mitton et al., 2006; Quijano et al., 2013). En outre, comme
décrit par Steffen et al. (Steffen ef al., 2010), lorsque les radiographies incluent le haut de la téte, deux
points stéréo-radiographiques localisant les conduits auditifs externes ont été numérisés pour calculer
leur centre (CAM).

R-3-2-3 Paramétres étudiés

Tous les paramétres ont été calculés dans le repére anatomo-gravitaire, qui est la repére du patient: le
plan frontal est le plan vertical passant par les deux centres des cotyles, les plans transversal et sagittal
sont perpendiculaires au plan frontal. L’origine du repére est le centre du segment bi-coxofémoral
(point nommé HA). Les courbures rachidiennes (courbure cervicale, cyphose thoracique et lordose
lombaire) et les paramétres pelviens (incidence pelvienne IP, version pelvienne VP, pente sacrée PS et
overhang de S1) ont été calculés a partir de la reconstruction 3D. Ont également été calculés le sagittal
vertical axis (SVA), I'angle de T1-pelvien (TPA) et les angles avec la verticale de différentes droites:
CAM-HA, OD-HA, C7-HA et T9-HA.

L’inclinaison spinale (Incl Sp) a été calculée comme 'angle avec la verticale de la ligne qui passe
le mieux (au sens des moindres carrés) par les points anatomiques suivants: milieu des centres des
conduits auditifs (CAM), le point le plus supérieur de 'apophyse dentiforme de C2 (OD), tous les
centres des corps vertébraux de C3 a L5, centre du plateau sacré (S1) et le milieu des centres de
chaque cotyle (HA). Cette méthode de droite aux moindres carrés est un moyen robuste de calculer
I'inclinaison globale de la colonne vertébrale. Le ratio C7PL/SFD, introduit par Barrey et al. (Barrey
et al., 2011), est le rapport entre la distance C7-P5'SUP G1 et la distance HA-POStSUP G,

R -3-2-4 Analyse statistique

Un test de normalité Lilliefors (Lilliefors, 1967) a été appliqué a chacun des paramétres. Les corrélations
avec 'age ont été étudiées, en utilisant des corrélations de Spearman (seuil fixé a 0,05).

R -3-2-5 Différences entre les jeunes et les adultes de plus de 49 ans

Une comparaison a été faite entre les adultes de plus de 49 ans et le groupe Jeunes de 69 volontaires
asymptomatiques agés de moins de 40 ans. Pour chaque paramétre, la moyenne M et ’écart type EC
du groupe Jeunes de référence ont été utilisés pour classifier les valeurs pour 'adulte agé de plus de 49
ans: cette valeur était qualifiée de normale si elle était comprise entre M + /-1 * EC, subnormale
haute entre M +1 % EC et M +2* EC (bas entre M — 1+ EC et M —2 % EC) ou anormale quand
hors de la gamme M + /-2 = EC (haut ou bas). La version pelvienne a été définie comme normale,
subnormale ou anormale en fonction de la position du couple de points (version pelvienne; incidence
pelvienne) sur la figure 2: la figure a été tracée a 1’aide de la relation publiée par Vialle et al. (Vialle
et al., 2005).

R-3-2-6 Meécanismes de compensation

Pour les sujets présentant une version pelvienne anormale (valeur inférieure & moyenne-2¥*EC ou
supérieure a moyenne+2*EC, tel que défini par la figure 2), les mécanismes de compensation ont
été étudiés en s’intéressant particuliérement & l'inclinaison spinale et a la lordose cervicale. Plus pré-
cisément, I'alignement non compensé a été modélisé comme expliqué dans la figure 3: pour chacun
de ces sujets, la version pelvienne théorique a été calculée a partir de l'incidence pelvienne en util-
isant la relation fournie par Vialle et al. (2005). La différence entre la version pelvienne mesurée et
théorique définit la compensation par rétroversion pelvienne, une rotation du bassin et de la colonne
vertébrale (de cet angle de compensation par rétroversion) a été réalisée autour de HA afin de simuler
un alignement sans cette compensation par rétroversion.
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Figure 2. : Corridor de normalité pour la version pelvienne (VP) en fonction de sa relation avec I'incidence
pelvienne (IP) issue de 'étude de Vialle et al (Vialle et al., 2005): VP = 0,37 (+/- 0,03) * IP -7 (+/- 1,5)

La compensation au niveau cervical a été calculée comme la différence entre la lordose cervicale
mesurée et la valeur de référence fournie par les adultes asymptomatiques 4gés de moins de 40 ans.
Une rotation de la colonne cervicale autour C7 a ensuite été appliquée pour supprimer la compensation
au niveau cervical. Le nouvel alignement simulé, sans rétroversion pelvienne ou hyperlordose cervicale,
permet le calcul d’une nouvelle valeur théorique CAM-HA non compensée (respectivement OD-HA),
nommé CAM-HAn¢ (resp. OD-HAne) (Figure 3).

R -3-3 Résultats

R -3-3-1 Description des sujets

Pour le groupe Jeunes, I’age moyen était de 26,3 ans (écart-type (EC): 4,7 ans). Les conduits auditifs
n’étaient pas visibles sur 8 examens EOS sur les 69 examens des jeunes adultes. Pour le groupe de
personnes agées de plus de 49 ans, ’age moyen était de 57,9 ans (EC: 7,9 ans) (Tableau 1).

‘ H Agés (N=41) ‘ Jeunes (N=69) ‘
* Age (ans) (kIgl\;Irgz) * Age (ans) (;gI}\:In(;)

| Moyenne | 57.9 | 25.6 | 26.3 | 22.4 |

| 1 * Ecart-type I 7.9 | 4.1 | 4.7 | 3.1 |

| Minimum | 49.0 | 18.6 | 20.1 | 16.6 |

| Maximum | 76.0 \ 39.2 \ 39.7 \ 33.2 |

Table 1. Données démographiques des volontaires agés de plus de 49 ans qui ont participé a I’étude (N=41) et
de la population de référence (N=69). * signifie que le paramétre n’est pas issu d’une distribution normale.

Sur tous les parameétres utilisés pour étudier les corrélations, seulement 2 ont été trouvés comme
non-issus d’une distribution normale (CAM-HA (p = 0,04) et 1’age (p = 0)). Moyennes et écarts-types
ont été calculés pour tous les parameétres (figures 4 & 5).
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1) Rotation autour de HA, du bassin et colonne vertébrale,
d'un angle alpha =[ PT_theorique - PT observé ]

2) Rotation autour de C7, de la colonne cervicale,
d'un angle beta = [ C3C7_theorique - C3C7_observé |

CAM-HA\: Nouvelle valeur de CAM-HA,
sans compensation

Figure 3. : Représentation schématique du calcul de la posture non compensée représentée sur la figure 6. PT
_theorique se référe a la valeur théorique de PT calculée & partir de PI comme indiqué par Vialle et al., (Vialle
et al., 2005). C3C7_theorique se référe a la valeur moyenne calculée pour les adultes asymptomatiques agés
de moins de 40 ans (6°). De méme que pour CAM-HAn(, une nouvelle inclinaison OD-HAn¢ a été calculée
suivant les mémes étapes.

Les inclinaisons avec la verticale, de la ligne joignant CAM et HA et de la ligne joignant OD et
HA présentaient la variation interindividuelle la plus faible (EC de 2° pour les deux) et étaient le plus
proche de la verticale: inclinaison de 3° pour les deux. Ces résultats étaient identiques entre les deux
groupes Jeunes et Agés de plus de 49 ans. Concernant aux différents types d’alignement définis par
Roussouly (Roussouly et al., 2005), 27% des personnes agées de plus de 49 ans présentent un type 1
ou 2 d’alignement, 59% présentent un alignement de type 3 et 15% présentent un alignement de type
4.

Les paramétres significativement corrélés avec ’age, avec R> 0,3, sont: sagittal vertical axis (R =
0,48), l'inclinaison spinale (R = 0,46), l'angle T1-pelvien (R = 0,44), la version pelvienne (R = 0,35),
overhang S1 (R = - 0,35) et la courbure cervicale (R = - 0,42).

R -3-3-2 Différences entre jeunes et adultes de plus de 49 ans
Aucune différence statistique n’a été observée entre les groupes Jeunes et Agés de plus de 49 ans pour

les angles CAM-HA et OD-HA. Des différences significatives ont été observées entre les 2 populations
pour plusieurs paramétres (figures 4 4 5), y compris (valeurs moyennes indiquées ci-aprés):
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e lordose cervicale: -5° pour le groupe de personnes 4gées de plus de 49 ans vs 6° pour le groupe
Jeunes,

e incidence pelvienne: 56° pour le groupe de personnes dgées de plus de 49 ans vs 51° pour le
groupe Jeunes,

e version pelvienne: 17° pour le groupe de personnes dgées de plus de 49 ans vs 11° pour le groupe
Jeunes,

e SVA: 15mm pour le groupe de personnes dgées de plus de 49 ans vs -9mm pour le groupe Jeunes.

Dans 'ensemble, 44% des personnes agées de plus de 49 ans, présentent une inclinaison spinale
normale et 27% présentent une inclinaison spinale anormale haute (Figure 4). Seulement, 10% (resp.
12%) des personnes agées de plus de 49 ans présentent un angle CAM-HA anormal (haut ou bas) (resp.
OD-HA) (Figure 4).

R-3-3-3 Meécanismes de compensation

9 personnes agées de plus de 49 ans présentent une lordose cervicale anormale basse. 11 personnes
agées de plus de 49 ans présentent une version pelvienne anormale haute ou basse (selon la classification
présentée dans la figure 2). 11 personnes agées de plus de 49 ans présentent une inclinaison spinale
anormale haute. Toutes ces personnes agées de plus de 49 ans (N = 20) ont été étudiées plus en détail.
Concernant les différents types d’alignement définis par Roussouly et al., (Roussouly et al., 2005) 30%
de ces 20 personnes agées de plus de 49 ans présentent un alignement de type 1 ou 2, 55% présentent un
alignement de type 3 et 15% présentent un type d’alignement 4. Les angles CAM-HAnc et OD-HAn¢
ont été calculés pour ces sujets, sans compensation par rétroversion pelvienne et sans compensation
cervicale (voir Figure 3).

Parmi ceux-ci, 13 personnes agées de plus de 49 ans présentent un CAM-HA ¢ nouvellement calculé
ou OD-HA¢ supérieur a 3°, tandis que leur valeur initiale de CAM-HA ou OD-HA était en moyenne
de -1° (EC de 3°). Les différents types d’alignement décrits par Roussouly se retrouvent chez ces 13
personnes agées de plus de 49 ans, dans la méme proportion que pour la population initiale (Roussouly
et al., 2005): 38% de ces 13 personnes agées de plus de 49 ans présentent un alignement de type 1 ou
2, 54% présentent un type alignement 3 et 15% présentent un alignement de type 4.

Dans I'ensemble, ces 13 personnes agées de plus de 49 ans présentent une grande rétroversion
pelvienne: différence moyenne réelle PT avec PT théorique de 8° (EC: 5°). Ils présentent également
une grande courbure cervicale: différence entre la valeur observée pour la lordose C3C7 et 6° (courbure
C3C7 normale) de -19° (EC: 10°). L’apport de la rétroversion pelvienne et de ’hyperlordose cervicale
dans la position compensée est illustré sur la figure 6 pour 3 de ces 13 personnes agées.

R -3-4 Discussion

L’alignement postural des adultes asymptomatiques agés de moins de 40 ans et d’adultes asymptoma-
tiques agés de plus de 49 ans a été étudié. L’alignement de la téte par rapport au bassin a été rapportée
comme quasi-invariant chez les adultes asymptomatiques 4gés de moins de 40 ans, et cette invariance
a été conservée pour les personnes agées de plus de 49 ans. Cela confirme l'intuition des praticiens
cliniques, résumée par le concept de cone d’économie décrit par Dubousset (Dubousset, 1994). Bien
que les deux angles CAM-HA et OD-HA soient apparus comme quasi-invariant pour des sujets asymp-
tomatiques, étant ainsi des marqueurs potentiels de déséquilibre chez les sujets atteints de troubles
rachidiens, OD-HA pourrait étre d’un intérét particulier en raison de la visibilité du point OD sur la
plupart des radiographies, tandis que CAM peut ne pas étre visible pour les personnes de grande taille
en raison de la taille du systéme d’acquisition de radios bi-planes.
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Sujets Agés (N=41)

100 T I I
% B Abnormal bas
® Subnormal bas
80 = Normal

m Subnormal haut
m Abnormal haut

Pourcentage de sujets Agés (sur 41 sujets 4gés)

Paramétre L1S1 (°) PS (°) TIT12 (°) 1P (°) CA]:S)' HA | op-HA ) | €3¢c7¢) |InclSp(°)| SVA (mm)
Jeunes -58 (13) 41 (9) 50 (13) 51(9) -2(2) -2(2) 6(12) -3(3) -9(22)
Agés -55 (8) 39 (7) 51(11) 56(11) 2(2) 2(2) -5(12) 1(3) 15 (23)
Stats * * * *

Figure 4. : Répartition des valeurs de différents paramétres, pour les personnes agées, par rapport aux corridors
donnés par le groupe Jeunes: le pourcentage de sujets est calculé comme le pourcentage sur ’ensemble de la
population (n = 41). T1T12 est la cyphose thoracique, L1S1 est la lordose lombaire et C3C7 est la courbure
cervicale. Moyennes (1 * écart-type) pour les groupes Jeunes et personnes de plus de 49 ans. * Signifie que des
différences significatives ont été observées entre les deux groupes.

Sujets Agés (N=41)
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Paramétre C7PL/SFD T9HA (°) C7-HA (°) T1-S1(°) 2 ';:;:;’“‘g TPA (°)
Jeunes 0(0) -10(3) -4(2) -4(3) -20(10) 5(6)
Agés 0(1) -12(3) -303) -103) -30 (12) 13 (7)
Stats * & & * * *

Figure 5. : Répartition des valeurs de différents paramétres, pour les personnes agées, par rapport aux corridors
donnés par le groupe Jeunes: le pourcentage de sujets est calculé comme le pourcentage sur 'ensemble de la
population (n = 41). Moyennes (1 * écart-type) pour les groupes Jeunes et Agés de plus de 49 ans. * Signifie
que des différences significatives ont été observées entre les deux groupes.
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Figure 6. : Posture initiale (courbe noire) et posture simulée sans compensation aux niveaux pelvien et cervical
(courbe bleue): la valeur théorique de la version pelvienne a été calculée a partir de l'incidence pelvienne (Vialle
et al., 2005) et la courbure cervicale a été fixée a 6°, cette valeur ayant été rapportée comme valeur moyenne
pour les adultes asymptomatiques a4gés de moins de 40 ans . Les lignes rouges représentent le plateau sacré et
la droite liant S1 & HA pour représenter I'incidence pelvienne. Pour les adultes asymptomatiques agés de moins
de 40 ans, la valeur moyenne pour CAM-HA était -2°. Le sujet A (respectivement B; respectivement C) est une
personne agée de plus de 49 ans avec une incidence pelvienne supérieure & 60° (respectivement entre 44° et 60°;
respectivement inférieure a 44°).

I’étude de la population des personnes agées de plus de 49 ans était similaire aux études publiées.
Ceux-ci présentaient une plus grande cyphose thoracique T1T12 et une lordose L1S1 plus petite que
les adultes asymptomatiques 4gés de moins de 40 ans. Cette perte de lordose et gain de la cyphose lors
du vieillissement a été précédemment rapportée dans la littérature (Schwab et al., 2006; Kim et al.,
2014).

Cette étude a portée sur laltération de la posture, de personnes asymptomatiques agées de plus
de 49 ans, évaluée avec des paramétres différents: le sagittal vertical axis, le CTPL/SFD (Barrey
et al., 2011), et l'inclinaison spinale. Lorsque 'on étudie en détail les mécanismes de compensation, 13
personnes agées de plus de 49 ans peuvent étre identifiées avec un alignement de la téte par rapport du
bassin conservé au détriment d’une importante rétroversion pelvienne et d’une augmentation lordose
cervicale. En comparaison, 7 sujets ont été identifiés comme étant mal alignées sur la base du SVA, 10
sur la base de CTPL/SFD (Barrey et al., 2011) et 6 en fonction de l'inclinaison spinale. Bien que SVA,
C7PL/SFED et l'inclinaison spinale soient utiles dans I'évaluation d’altérations locales, la classification
basée sur I'un de ces parameétres n’a pas permis d’identifier ’ensemble des 13 sujets identifiés dans
cette étude comme sujets présentant une posture compensée. La population des adultes agés de plus
de 49 ans présentaient les différents types d’alignement décrits par Roussouly (Roussouly et al., 2005),
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de méme que les différents sous-groupes de cette population, analysés dans cette étude.

Certains de ces sujets sont apparus comme présentant une compensation maximale, par rapport &
la réserve de compensation. Une étude longitudinale pourrait suivre ’évolution de leurs postures au
fil du temps et évaluerait si des troubles posturaux se produiront plus tard pour ces sujets par rapport
aux autres. Cela confirmerait les résultats de cette étude dans la définition d’un marqueur précoce de
I'altération posturale.

Les points CAM et OD ont été choisis afin de représenter la position de la téte. Des études
antérieures ont mis 'accent sur d’autres points spécifiques pour quantifier ’alignement de la téte avec
la colonne vertébrale et bassin: comme la selle turcique (Le Huec et al., 2014), McGregor ligne (Le
Huec et al., 2014), ou le centre de masse du crane (milieu de la ligne nasion-inion) (Sugrue et al.,
2013). Comme dans cette étude, tous les points considérés sont censés étre proches du vrai centre de
masse de la téte afin de quantifier son alignement par rapport au bassin. Cependant, dans I’analyse
des radiographies, une méthode fiable et précise, mais aussi facile & mettre en ceuvre est nécessaire
pour identifier les points d’intérét (en particulier lorsque I’on travaille dans un environnement clinique).
Voila pourquoi dans cette étude, seuls les points directement identifiables sur le modéle 3D de la colonne
vertébrale ont été considérés: pour la téte, cela ne comprenait que les points CAM et OD. On peut
noter que toutes ces études, y compris celle-ci, ont conclu sur I'importance ’alignement de la téte par
rapport au bassin (Le Huec et al., 2014; Sugrue et al., 2013).

R-3-4-1 Limites et perspectives

En raison de la position dans la cabine EOS (pieds décalés), les paramétres mesurés concernant le fémur
doivent étre interprétés avec précaution. Les radiographies des dgés de plus de 49 ans ne comprenant
pas complétement les jambes, 'analyse des membres inférieurs et de leur réle dans les mécanismes
de compensation ont été exclus de ’étude actuelle (Barrey et al., 2013; Diebo et al., 2015). Une
autre limite concerne les contraintes liées & ’acquisition de l'image dans la cabine de 'EOS. Si la
Free Standing Position a permis d’étre aussi proche que possible de la posture naturelle, I’'observation
supplémentaire de la posture "de routine", hors de la cabine, pourrait étre intéressant dans les études
futures.

En outre, une étude plus approfondie sur un plus large éventail de sujets serait intéressante afin
de confirmer ces résultats obtenus sur une population de taille raisonnable (41 personnes agées de
plus de 49 ans). Le potentiel biais concernant la sélection des sujets a été minimisé en fixant des
critéres d’exclusion similaires entre les deux groupes Jeunes et Agés de plus de 49 ans, en ajoutant des
scores cliniques pour les personnes agées de plus de 49 ans afin d’uniquement recruter des personnes
asymptomatiques. De plus, la collecte et le traitement de données des deux groupes ont été effectués
en suivant le méme protocole. Inclure des patients dans une étude future serait d’un intérét particulier
pour évaluer si un seuil de degré de compensation apparait comme permettant 'identification des
patients souffrant de douleur ou d’invalidité. Il serait également intéressant d’étudier si un lien existe
entre sévérité de la maladie (et/ou scores de qualité de vie) et recrutement faible des mécanismes de
compensation.

R -3-5 Conclusion

Cette partie de la thése s’est intéressée aux changements liés & ’age de 'alignement postural du
squelette. Plus précisément, il a fourni des réponses a deux des questions clés initialement introduites:

e comment évolue l'alignement postural au cours du vieillissement?

e est ce que lalignement de la téte par rapport au bassin est maintenu pour les sujets agés de plus
de 49 ans 7




CONTENTS Page 13

Le premier chapitre décrit une population de référence et a identifié la quasi-invariance de la position
de téte au-dessus du bassin chez les adultes asymptomatiques jeunes. Le deuxiéme chapitre a présenté
des résultats intéressants sur 'alignement postural des personnes de plus de 49 ans : la majorité d’entre
eux maintient l'alignement de la téte au-dessus du bassin, méme si une inclinaison antérieure globale
du tronc a été observée. Cette inclinaison vers 'avant a été compensée en partie par I'augmentation
de la lordose cervicale, et en partie par 'augmentation de la rétroversion pelvienne.

Des modéles spéciaux de compensation ont été confirmés par rapport & ceux rapportés dans la
littérature, avec I’ajout de I’évolution de la position de la téte au cours du vieillissement. L’alignement
de la téte par rapport au bassin est maintenue pour les sujets de plus de 49 ans qui recrutent déja
une compensation aux niveaux pelvien et cervical. Ce résultat confirme l'intuition de la plupart des
praticiens cliniques lors de I’observation des patients en routine clinique (alignement de la téte au-dessus
du bassin), méme si la quantification de ces observations n’avaient pas été faite jusque-la. Si ces deux
études ont permis d’établir 'invariance de la position de téte par rapport au bassin, de plus grandes
cohortes doivent étre envisagées afin d’affiner ’étude des mécanismes de compensation précoces, et
afin de mieux représenter la population mondiale en termes d’age, de sexe, et morphologie. Des études
longitudinales pourraient évaluer I’évolution de la posture des sujets qui présentent déja un alignement
compensé.

Si la partie actuelle a mis en évidence les changements de posture qui se produisent avec le vieil-
lissement, et leurs impacts sur la position neutre des sujets, on peut se demander quel va étre le role des
muscles dans la mise en place de tels mécanismes de compensation, et en les rendant les plus économes
en énergie et durables possible. De plus, comme les muscles se dégradent au cours du vieillissement,
il semble primordial d’inclure le systéme musculaire dans 1’étude des altérations de la posture globale
liée a4 I’age. Ainsi, la deuxiéme partie de cette thése se concentrera sur la quantification des volumes
des muscles spino-pelviens dans différentes populations.

R -4 Changements du systéme musculaire au cours du vieillissement

R-4-1 Introduction

Cette partie se concentre sur la caractérisation des muscles spino-pelviens pour les jeunes adultes
asymptomatiques et des personnes avec déformations rachidiennes.

Bien que l'alignement postural du squelette ait été largement étudié & partir de radiographies
(Barrey et al., 2013), la quantification de la dégradation musculaire n’est pas encore pleinement docu-
mentée. Comme la dégradation musculaire (principalement en terme de diminution de I’aire musculaire
sur une coupe transversale) a été corrélée a la douleur dorsale (Gildea et al., 2013; Lee et al., 2008;
Parkkola et al., 1993; Rasch et al., 2007) et au vieillissement (Ahmed et al., 2005; Frontera et al., 2000;
Takahashi et al., 2006; Takayama et al., 2016), il est nécessaire d’analyser de facon quantitative le
systéme musculaire en relation avec le vieillissement du squelette (dégradation osseuse et modifications
de lalignement postural). Dans un premier temps, afin de différencier les changements dus a une
pathologie dans le systéme musculaire de ceux dus au vieillissement, il est important de donner des
valeurs de référence pour les jeunes adultes asymptomatiques. Cependant la littérature manque de
valeurs descriptives (en particulier sur les volumes) des muscles, en particulier sur la zone L1-genou
(impliquée dans des mécanismes de compensation).

La géométrie musculaire a été explorée en utilisant la tomodensitométrie (CT) (Danneels et al.,
2000; Rasch et al., 2007). Cependant, ceci implique une dose ionisante importante: couvrir de fagon
extensive une partie spécifique du corps (nombre important de coupes) implique une dose modérée
a forte de rayonnement pour le patient (1.5mSv pour un scanner lombaire vs 0.02mSv pour une
radiographie thoracique (Food and Drug administration, 2015)). Le plus souvent, pour CT, afin
d’éviter les acquisitions répétées, seulement un ensemble réduit d’images est acquise, aux endroits
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d’intérét uniquement (Danneels et al., 2000; Rasch et al., 2007).

Une autre méthode utilisée pour étudier les muscles est 1’échographie (non-invasive). Cependant,
les muscles profonds peuvent étre plus difficiles & explorer car c’est une technique de surface. Les études
I'utilisant ont principalement porté sur ’analyse de la contraction musculaire (Nuzzo and Mayer, 2013;
Skeie et al., 2015).

Enfin, la modalité d’imagerie la plus courante pour I'analyse du systéme musculaire est 'IRM
(Crawford et al., 2016; Fortin et al., 2014, 2016; Gildea et al., 2013; Kjaer et al., 2007; Lee et al., 2008;
Niemeldinen et al., 2011; Parkkola et al., 1993; Pezolato et al., 2012; Savage et al., 1991; Takahashi
et al., 2006). Par exemple, les différentes études menées par Fortin et al. ont rapporté des valeurs d’aires
musculaires et d’infiltration graisseuse (Fortin et al., 2014, 2015, 2016) sur diverses populations. En
particulier, ces études ont fourni des indications précieuses sur la relation entre I’asymétrie musculaire,
I'infiltration graisseuse et lombalgie (Fortin et al., 2015). La plupart de ces études ont rapporté des
parameétres uniquement 2D tels que laire sur un coupe transversale (Fortin et al., 2014; Gildea et al.,
2013; Lee et al., 2009; Niemeldinen et al., 2011; Parkkola et al., 1993; Pezolato et al., 2012; Savage et al.,
1991; Takahashi et al., 2006), et/ou des informations sur l'infiltration graisseuse des muscles considérés
(Crawford et al., 2016; Fortin et al., 2014, 2015; Kjaer et al., 2007; Lee et al., 2009; Parkkola et al., 1993;
Pezolato et al., 2012; Valentin et al., 2015). Le volume musculaire a été quantifié pour les composants
du quadriceps fémoral (Barnouin et al., 2014), muscles pelviens et/ou des membres inférieurs (Lube
et al., 2016; Handsfield et al., 2014; Belavy et al., 2011). Ces trois derniéres études ont soit inclus un
nombre limité de sujets (3 femmes et 3 hommes (Lube et al., 2016)), soit un large éventail d’age dans la
population considérée (de 12 a 51 ans (Handsfield et al., 2014)), ou ont mis ["accent sur l'effet du repos
allongé (Belavy et al., 2011) (cette étude n’est donc pas représentative d’une position quotidienne).
Alors que l'infiltration graisseuse donne un apercu de la qualité musculaire (Fortin et al., 2014, 2015),
la calibration reste un probléme et cette étude se concentre donc seulement sur le calcul des volumes
et des parametres géométriques en 3D des muscles.

Le calcul du volume musculaire peut étre effectué par interpolation ou reconstruction en 3D du
muscle. En particulier, la reconstruction 3D a partir d’images IRM et méthode de calcul du volume
ont été rapporté comme étant exacts (Jolivet et al., 2008) et répétables (Moal et al., 2014). Pourtant,
I’analyse quantitative des images IRM peut prendre du temps. La méthode de déformation d’un objet
spécifique paramétrique (DPSO) (Jolivet et al., 2008, 2014) permet une reconstruction 3D exacte et
précise de muscles individuels, & partir de segmentations du muscle sur un ensemble d’images IRM
sélectionnées, conduisant & un calcul du volume précis en un temps assez court. Cette méthode a été
utilisée sur des images IRM d’adultes avec déformations rachidiennes pour les muscles spino-pelviens
(Moal et al., 2014) et sur des volontaires agés de moins de 40 ans, pour les muscles de la colonne
cervicale (Li et al., 2014) et pour les membres inférieurs (Hausselle et al., 2014; Siidhoff et al., 2009).
Si la méthode DPSO permet une réduction du temps en réduisant le nombre de coupes & examiner par
muscle, ce procédé implique un traitement de différentes coupes pour chaque muscle ce qui peut encore
étre long lorsque de nombreux muscles sont pris en compte. En plus de quantifier les volumes des
muscles spino-pelviens en 3D pour de jeunes volontaires asymptomatiques, et de comparer ces valeurs
pour les adultes avec déformations rachidiennes, notre objectif est de proposer un modéle utilisant
moins de 6 coupes IRM segmentées pour tous les muscles, afin de calculer de facon rapide le volume
de groupes musculaires.

R -4-2 Meéthodes
R-4-2-1 Conception de I’étude

Le groupe J était constitué d’adultes asymptomatiques agés de moins de 24 ans. Les critéres d’exclusion
étaient la chirurgie sur les membres inférieurs ou la colonne vertébrale, la grossesse, les troubles pos-
turaux, les contre-indications & un examen IRM (principalement liée au champ magnétique). Ceci est
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une étude mono-centrique prospective, les sujets ayant été recrutés entre Septembre 2014 et Mars 2015.
Tous les participants ont signé un consentement préalable & I’examen IRM. Cette étude a été examinée
et approuvée par Comité de Protection des Personnes (CPP 14.013).

Le groupe P inclus des femmes avec déformations rachidiennes de plus de 35 ans avec au moins un
des critéres suivants concernant la déformation rachidienne: angle coronal de Cobb thoraco-lombaire
ou lombaire > 30 °, Sagittal Vertical Axis > 4 em ou version pelvienne > 20 °. Le Groupe P a déja
été étudié dans une étude publiée en 2015 (Moal et al., 2015).

R-4-2-2 Collecte de données

Les renseignements recueillis incluaient: 1’age, 'indice de masse corporelle (IMC), le sexe. L’historique
des blessures musculo-squelettiques a également été documenté. Chaque sujet a subi un examen IRM
(General Electric 1.5T, Fairfield, Etats-Unis), résultant en des images axiales depuis la vertébre T12
jusqu’a l'extrémité distale du fémur. Le protocole utilisé est le méme que celui qui a été décrit dans
une étude précédente (Moal et al., 2015). La machine IRM a été réglée avec les paramétres suivants:
TR / TE = 427 / 11.3 ms, matrice d’acquisition = 416 * 416 pixels, phase de suréchantillonnage =
100%, résolution de plan = 0,82 x 0.82 mm?, 8 blocs, 40 coupes par bloc, I’épaisseur de coupe = 5
mm, gap coupe = ( mm, angle de bascule = 160 °, paralléle facteur d’accélération de l'imagerie (IPAT)
= 2, la bande passante = 391 Hz/pixel, 'espacement d’écho = 11.3 ms, temps d’acquisition par bloc
= 7 min, temps d’acquisition total = 50 min.

La reconstruction 3D des muscles (& partir d’informations de toutes les coupes IRM) a été réalisée
avec un logiciel développé dans I'Institut, en utilisant la méthode DPSO (Jolivet et al., 2008; Moal
et al., 2014). Les muscles d’intérét sont représentés sur la figure 7, 'analyse a été réalisée sur les
muscles droit et gauche.

La frontiére entre les muscles spécifiques pouvant étre difficile & identifier, certains muscles ont été
segmentés ensemble:

e " “adductor” comprend adductor brevis, adductor longus, adductor magnus, ainsi que obturato-
rius internus et pectineus;

e les “érecteurs spinaux” comprend les tractus médial (multifidi et interspinales) et latéral (iliocostal
et longissimus);

e |’ “iliopsoas” comprend l'iliaque et le psoas;

e le “vastus lateralis inter” comprend les vastus lateralis et intermedius.

R -4-2-3 Analyse statistique

Pour chaque muscle (droit et gauche), le volume (V) et le rapport (RViet) du volume de chaque muscle
sur le volume total du c6té, ont été calculés.

Dans ce qui suit, les muscles ont été regroupés en groupes fonctionnels par articulation, respective-
ment fléchisseurs et extenseurs de la colonne vertébrale, de la hanche et du genou comme indiqué dans
la figure 7. Pour chaque groupe, le volume musculaire total (V&P) a été calculé. En outre, pour chaque
articulation étudiée (colonne, hanche et genou), le ratio des fléchisseurs sur extenseurs, Rgey Jext, & €66
calculé comme étant le rapport du volume des fléchisseurs sur le volume des extenseurs de ’articulation.

Un test de normalité a été réalisé sur V, RVie;, VP et Reey/ext avec un test Lilliefors (Lilliefors,
1967) (seuil fixé a 0,05).

Pour chacun des parameétres, les valeurs ont été comparés entre les groupes J et P, et un test de
Student a testé si les différences étaient significatives lorsque les données des groupes J et P étaient
tirées d'une distribution normale (un test de Mann-Whitney a été utilisé si ce n’était pas le cas).
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Colonne| Hanche| Genou

F: fléechisseurs / E: extenseurs | F | E | F | E [ F | E
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Vastus lateralis inter
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Figure 7. : Muscles considérés dans ’étude (figure obtenue avec la méthode DPSO (Jolivet et al., 2008)),
représentés sur une reconstruction 3D de la jambe gauche. A) Vue antérieure. B) Vue postérieure. C)
Vue latérale. D) Vue meédiale. Le tableau a droite décrit les groupes fonctionnels considérés pour ’analyse:
Fléchisseurs de Colonne (Colonne F), Extenseurs de Colonne (Colonne E), Fléchisseurs de Hanche (Hanche F),
Extenseurs de Hanche (Hanche E), Fléchisseurs de Genou (Genou F) and Extenseurs de Genou (Genou E).

R-4-2-4 Meéthode de calcul du volume & partir de peu de coupes IRM

Un modéle a été mis au point permettant de calculer le volume & partir d’'un ensemble réduit de coupes
IRM segmentées afin de réduire le temps de segmentation et d’offrir un outil utilisable en routine
clinique. Cette méthode a été développée uniquement sur le groupe J. Dans le but de quantifier le
volume musculaire plus rapidement, le modéle construit considére un maximum de 5 coupes IRM
segmentées.

Les volumes de tous les groupes fonctionnels ont été prédits a partir d’une régression multilinéaire
en utilisant les informations d’un nombre limité de coupes (de 2 & 5 coupes). Les prédicteurs suivants
ont été utilisés dans le modele: age, IMC, longueur du fémur et somme des aires des muscles contenus
dans le groupe considéré, sur la coupe considérée. Une analyse en composantes principales (ACP)
a été réalisée afin de ne conserver que les prédicteurs pertinents (combinaison linéaire de prédicteurs
initialement considérés). Chaque prédicteur ACP calculé a été remplacé par le prédicteur initial le plus
corrélé avec lui, afin d’obtenir une équation de prédiction claire et compréhensible. Méme si la somme
des aires des muscles n’a pas été retenue par cette procédure en tant que prédicteur, cette somme a
été ajoutée en tant que tel pour sa pertinence comme un indicateur global.

Le modéle a été construit sur les données coté droit des sujets jeunes. Les coupes ont été numérotées
vers le haut de 0 & 150: la coupe 0 est la premiére coupe ot apparait la partie postérieure des condyles
fémoraux, et la coupe 100 est la derniére coupe proximale ou la téte fémorale est visible.

Les fléchisseurs de colonne (Colgey) et extenseurs de colonne (Coley) ont été segmentés sur des
coupes IRM allant de T12 au grand trochanter (“coupes proximales”), tandis que les fléchisseurs et
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extenseurs de genou et hanche, (Hanchegey,, Hancheey, Genougey, Genoueyy ), ont été segmentés sur des
coupes IRM allant de S1 aux condyles fémoraux (“coupes distales”). Par conséquent, au moins 1 coupe
des “coupes proximales ” a été inclue dans les combinaisons de coupes. Une coupe a été considérée
seulement si elle contenait les segmentations des muscles pour au moins 90% des sujets. Pour chaque
coupe de la combinaison, chaque muscle du groupe fonctionnel, 'erreur moyenne quadratique (RMS) a
été calculée comme la racine carrée de la moyenne du carré des différences (en % du volume réel) entre
le volume prédit (avec méthode de leave-one-out) et volume réel (calculé avec la méthode DPSO).

Une analyse combinatoire a été effectuée afin de trouver la meilleure combinaison de “coupes prox-
imales” (respectivement “coupes distales”), comme étant celle présentant 1’erreur RMS la plus petite
pour Coleyt et Colgey (respectivement pour Hanchegex, Hancheeys, Genougey et du Genoueyt). Enfin,
la prédiction de ce modeéle a été évaluée en calculant ’erreur de prédiction du volume pour chaque
groupe fonctionnel.

R -4-3 Résultats
R-4-3-1 Démographie

Le groupe J comprenait 12 femmes et 11 hommes. L’age (respectivement IMC) variait de 18 & 21 ans
(resp. 17,4 & 24,8 kg/m?). L’age moyen était 19,3 ans (EC: 0,8). L’IMC moyen était de 20,9 kg/m?
(EC: 2.0). Le groupe P incluait 19 femmes avec déformation rachidienne: age moyen: 60,1 ans (EC =
12,7 ans); étendue: 37-80 ans.

R -4-3-2 Analyse statistique

Concernant le groupe J, aucune différence significative n’a été trouvée entre les cotés droit/gauche pour
le volume musculaire des jeunes du groupe J, sauf pour: V et RViy du qudartus lumborum, rectus
femoris et semi-tendinosus. Cette différence entre les cotés droit et gauche pour ces muscles/parameétres
était en moyenne inférieure a 11% de la valeur moyenne droite/gauche. Les valeurs ont été moyennées
entre cotés droit/gauche quand aucune différence significative n’a été trouvée. La majeure partie des
parameétres géométriques considérés étaient issus d’une distribution normale, sauf pour les muscles et
les paramétres suivants: par exemple, le V de I'adductor droit, le RVyo, du sartorius gauche.

Pour le groupe P, tous les volumes et ratios se sont révélés étre issus d’une distribution normale &
I’'exception de:

e le volume V du gluteus maximus coté gauche (p = 0,02) et du gluteus minimus coté gauche (p
= 0,02);

e le ratio RViot du vastus lateralis inter coté droit (p = 0,04), biceps femoris breve coté droit (p =
0,01) et tensor fascia lata coté droit (p = 0,04).

Pour la plupart des muscles, les moyennes et écarts types ainsi que test de Student ont été utilisés pour
la description de I’échantillon. Pour les muscles particuliers énumérés ci-dessus, les médianes, quartiles
ainsi que le test de Wilcoxon ont été utilisés.

Les différences statistiques entre les sexes ont été trouvées pour tous les volumes musculaires avec
des valeurs supérieures pour les hommes. Le ratio du volume d’un muscle donné sur le volume total
(RViot) a été trouvée comme quasi-invariant pour tous les muscles (EC <1.2%).

Pour chaque groupe fonctionnel musculaire étudié, pour les hommes et les femmes séparément,
aucune différence statistique entre les cotés droit et gauche, a été trouvé pour le volume V&P (p> 0,05
pour test t de Student ou test de Mann-Whitney en fonction de la normalité des données).
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R-4-3-3 Meéthode de calcul du volume a partir de peu de coupes IRM

Figure 8 présente la meilleure combinaison de coupes. Deux coupes, bien choisies, au niveau du fémur
et du bassin, a conduit a 'estimation du volume avec moins de 15% d’erreur. L’erreur de prédiction
du modele avec 5 coupes (en % du volume réel calculé a partir de la reconstruction 3D) variait de 6%
(Kneegex, Genoueyy et Colgex) & 11% (Colexy), cette erreur étant autour de 9-10% pour Hanchegey et
Hancheeyt.

R-4-3-4 Comparaison entre les deux populations pour les groupes fonctionnels

Volumes

Des différences significatives entre les deux populations ont été trouvées pour les fléchisseurs de la
colonne vertébrale coté gauche (différence moyenne de -13.6%) et extenseurs du genou (& droite: -
18.1% ; gauche: -21.5%).

Ratio du volume des fléchisseurs sur le volume des extenseurs: Rgey /ext
Une différence significative entre les deux populations a été trouvée pour le coté droit (15,1%) et coté
gauche (22,3 %) du ratio flex/ext pour le genou.

R -4-3-5 Comparaison entre les deux groupes pour chaque muscle individuel

Volumes

Lorsque ’on compare le groupe P au groupe J, tous les muscles présentent une perte de volume, sauf
pour le gluteus medius coté droit (différence moyenne de +2,6%) et coté gauche (+1,5%); gluteus
minimus coté droit (+8,6%) et coté gauche (12,4%); tensor du fascia lata coté droit (+2,9%) et coté
gauche (+8,5%) et biceps femoris breve coté gauche (+0,4%).

Ratio du volume sur volume total: RVt
Les différences statistiques (p <0,05) ont été trouvés seulement pour le ratio RVye; des muscles indi-
viduels: gluteus medius coté droit et coté gauche (p = 0,00); gluteus minimus coté droit (p = 0,02);
vastus lateralis intermedius cotés droit et gauche (p = 0.00); vastus medialis coté gauche (p = 0,01);
rectus femoris cotés droit et gauche (p = 0,00).

R -4-4 Discussion

Cette étude quantifie les volumes musculaires pour des jeunes adultes asymptomatiques, fournissant
des valeurs de référence pour les études futures. Le ratio d’'un volume musculaire sur le volume de
I’ensemble des muscles a été trouvé quasi-invariant chez les jeunes adultes asymptomatiques. Une
comparaison a été faite avec des valeurs pour les adultes avec déformations rachidiennes.

Un ensemble réduit de 2 (respectivement 5) coupes IRM segmentées, bien choisies, peuvent étre
utilisées pour calculer le volume musculaire avec moins de 14% d’erreur (respectivement 11%) (figure

8).
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R-4-4-1 Limites

Ce travail comporte certaines limites. Premiérement, seuls 23 sujets jeunes ont été inclus dans 1’étude
mais comme ils étaient tous 4gés entre 18 et 24 ans, et comme ils ont tous été recrutés dans le méme
environnement (étudiants en médecine), la variabilité entre leurs systémes musculaires devrait étre
faible. La petite tranche d’age étudiée était un objectif afin de mieux caractériser la population jeune
asymptomatique, mais d’autres études devraient quantifier les changements liés & ’age en recrutant
des volontaires de différents groupes d’age. Une seconde limite est de ne pas avoir étudié la qualité
musculaire, mesurée par linfiltration graisseuse qui reste un paramétre important pour décrire le
systéme musculaire. L’infiltration graisseuse peut étre évaluée & partir des images IRM acquises avec
la méthode Dixon (Moal et al., 2015), ce fut le cas dans notre étude et les données connexes sont
actuellement en cours d’analyse.

Une troisiéme limite est ’analyse de laire sur une coupe transversale et non de l'aire physiologique:
I’angle de pennation des muscles n’a pas été considéré ici, vu que seulement des coupes axiales ont été
étudiées.

En outre, certains muscles ont été regroupés en raison du manque de visibilité de leurs contours.
D’autres études ont aussi mis en avant cette difficulté de distinguer la frontiére entre les vastus lateralis
et intermedius (Barnouin et al., 2014) suggérant de regrouper les deux muscles ensemble en raison de
la fusion fréquente chez les jeunes adultes. Un regroupement similaire a été fait pour mettre en place
le groupe adducteur, le groupe érecteurs spinaux et le groupe iliopsoas. Alors que le dernier groupe
est largement considéré comme tel dans la littérature (Lube et al., 2016; Sanchis-Moysi et al., 2011;
Ghiasi et al., 2016), regrouper les muscles vient de la difficulté a identifier la frontiére entre les muscles
de ce groupe, cette difficulté est renforcée ici par l'inclusion de jeunes en bonne santé présentant peu
de graisse entre les aponévroses de différents muscles (Barnouin et al., 2014).

Cette étude n’a pas inclus les petites rotateurs externes de la hanche car le choix a été fait de
considérer les muscles fréquemment utilisés dans le maintien postural sagittal dans le cadre d’un projet
plus large. Ces petits muscles doivent cependant étre inclus dans une étude future plus fine. Il faut
garder a l'esprit cependant que regrouper des muscles réduira la capacité de quantifier précisément les
caractéristiques de ces muscles et donc de fournir des valeurs de base pour la comparaison avec d’autres
populations. Néanmoins, [’objectif de cette étude était de fournir une premieére base de données globale
pour ces muscles, et un outil facile d’utilisation pour la clinique afin d’estimer le volume de groupes
musculaires et d’estimer quantitativement les changements musculaires.

Le modéle utilisant un nombre réduit de coupes IRM segmentées a été construit sur des données
du coté droit de sujets jeunes. Les équations du modéle ont été appliquées sur le cété gauche et ont
abouti & des erreurs de prédiction similaires (moins de 1% de différence), sauf pour les fléchisseurs de
la colonne vertébrale (13,5% pour le coté gauche vs 5,7% pour le coté droit).

Aucune information n’a été recueillie pour les patients (recrutés dans une étude précédente au cours
de la these de Bertrand Moal) sur l'origine de la pathologie, aucune information était donc disponible
pour établir si la déformation développée en raison de douleurs du dos ou a la suite de changements
posturaux pour maintenir un équilibre statique.

R-4-4-2 Comparaison des deux populations

La sarcopénie est la perte volumique des muscles qui se produit avec le vieillissement. La population
étudiée ici inclut des patients avec déformations rachidiennes plus 4gés que la population de référence
(age moyen: 60 ans vs 19,3 ans). Par conséquent, les deux effets de la sarcopénie et de la dégradation
due a la pathologie doivent étre observés dans les résultats. L’utilisation du ratio volume sur volume
total est donc intéressante dans I’analyse des résultats afin de s’affranchir de Veffet de la sarcopénie
dans ’analyse des résultats.
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Extenseurs du genou

Un volume significativement plus faible a été observé (pour le volume moyen du groupe P vs groupe
J) pour les extenseurs du genou (pour les deux cotés) et est responsable du plus grand ratio Rpey jext
pour le Groupe P: différence moyenne de 15.1% pour le coté droit et de 22,3% pour le coté gauche.

Le rectus femoris, vastus medialis et vastus lateralis inter résentent un volume nettement plus faible
associé & un ratio volumique significativement plus faible. Pour ces muscles, les plus petits volumes
peuvent étre expliqués par effet de ’age; tandis que le ratio plus petit est 1ié au déplacement antérieur
de la partie supérieure du tronc pour les patients. En raison de cette flexion vers ’avant du tronc, ces
muscles sont raccourcis, se contractent donc moins, un faible recrutement conduit alors & un ratio plus

faible.

Groupe des muscles fessiers
Le groupe des muscles fessiers comprend le gluteus minimus, gluteus medius et gluteus maximus.

Un plus grand volume a été quantifié pour les gluteus minimus et medius. Les deux muscles peuvent
étre assimilés & des extenseurs de la hanche, méme si leur fonction couramment admise est un controle
latéral du mouvement du fémur dans le plan coronal.

Le troisiéme muscle du groupe des muscles fessiers est le gluteus maximus, aussi un extenseur de
la hanche et qualifié comme un muscle de propulsion utilisé pour la locomotion et les mouvements de
grande amplitude (en raison de sa grande longueur et son grand volume, et de son insertion distale
sur le fémur). Les gluteus minimus et medius, en raison de leurs longueurs plus courtes et insertions
plus proximales sur le fémur, semblent contribuer & la régulation de la position du bassin par de petits
mouvements et non & la locomotion: & la fois gluteus medius et minimus peuvent étre qualifiés de
muscles du contréle postural, controlant la rétroversion pelvienne.

La perte du volume observée pour le gluteus maximus (différence moyenne de -7.9% pour le coté
droit et -10.3% pour le coté gauche) peut alors étre interprétée comme effet de la sarcopénie et/ou
comme un marqueur d’une activité réduite chez les patients (amplitude réduite des mouvements du
fémur par rapport au bassin). L’augmentation de volume (gain de volume nominal et du ratio volu-
mique) observée pour le gluteus medius et minimus suggére un besoin de régulation posturale de la
position du bassin, avec des mouvements de faible amplitude du bassin par rapport au fémur.

R-4-4-3 Comparaison avec la littérature

Concernant le volume musculaire pour les jeunes adultes asymptomatiques, la comparaison peut étre
faite avec des études antérieures de la littérature (Barnouin et al., 2014; Lube et al., 2016; Handsfield
et al., 2014; Belavy et al., 2011): dans ’ensemble nos résultats sont en accord avec ces résultats de la
littérature. En regardant plus en détails I'iliopsoas, pour les hommes, nos résultats sont supérieurs a
ceux du Lube et al. (Lube et al., 2016) et Handsfield et al. (Handsfield et al., 2014): 515 cm? vs entre
442 et 452 cm?® pour ces études. Pour les femmes, nos résultats sont supérieurs (291 ecm?®) a ceux de
Lube et al. (252 a 268 cm?) (Lube et al., 2016) mais inférieurs & ceux de Handsfield et al. (452 cm?)
(Handsfield et al., 2014). Les différences peuvent étre dues a des différences dans la population étudiée
(IMC plus élevé, plus large tranche d’age, etc.): par exemple, Handsfield et al. ont rapporté des valeurs
pour 24 participants en bonne santé (avec seulement 8 femmes) (Handsfield et al., 2014), et 'étude
de Lube et al. (Lube et al., 2016) a seulement inclus 3 femmes et 3 hommes. Tous ces commentaires
pourraient également étre appliqués aux différences observées avec ces études pour le groupe adducteur
et biceps femoris. Pour ce dernier, Lube et al. avaient déja rapporté une grande variation du volume
entre les différentes populations, la différence dans les participants de chaque étude pourrait expliquer
ces différences (différence maximale de 47 cm?® pour les hommes) avec les données de cette étude (Lube
et al., 2016).

Frontera et al. a quantifié en 2000, dans une étude longitudinale sur 12 ans, D'effet de la sarcopénie
sur la cuisse et ses muscles: en 12 ans, la diminution de l’aire sur une coupe a eu lieu pour ’ensemble
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de la cuisse (-12,5%), pour tous les muscles de la cuisse (-14.7%), pour rectus femoris (-16.1%) et
pour les muscles fléchisseurs du genou (-14,9%) (Frontera et al., 2000). Des résultats similaires ont été
trouves ici pour le rectus femoris et les muscles fléchisseurs du genou en termes de volume: -25% pour
le rectus femoris et -7.1% et -5.6% pour les muscles fléchisseurs du genou. Une plus grande diminution
du volume a été trouvé ici pour le rectus femoris par rapport aux muscles fléchisseurs du genou: cela
pourrait étre le signe d’une compensation via une flexion du genou pour les patients présentant une
flexion vers 'avant du tronc. Le plus petit volume pour le rectus femoris peut étre causé 4 la fois par
la sarcopénie et I’évolution de la pathologie vu que le ratio était aussi plus petit: ce muscle est I'un des
premiers a se dégrader si le tronc part vers I'avant (une plus petite longueur de contraction pourrait
impliquer de plus petites contractions, puis diminution du volume et du ratio).

En ce qui concerne le psoas et rectus femoris, Takahashi et al. (2006) a rapporté l’évolution de
Iaire dans différents groupes d’age de 20 & 80 ans, pour des femmes asymptomatiques. A titre de
comparaison, quand on ne regarde que les sujets agés de 20 & 29 ans par rapport a ceux agés de 50 a 69
ans, ’évolution de 'aire au cours du vieillissement est similaire a I’évolution du volume quantifié dans
notre étude. Le volume de l'iliopsoas présente une diminution de volume de 12,0% par rapport & une
diminution de 19% pour le psoas tel que rapporté par Takahashi et al. (aire plus petite, passant de 991
mm? 4 800 mm?). En ce qui concerne le rectus femoris, un volume de 26% plus petit a été trouvé ici,
par rapport a une aire 17% plus petite tel que rapporté par Takahashi et al. (aire plus petite passant
de 4096 mm? & 3400 mm?). Si, pour le psoas la différence est du méme ordre de grandeur, ce n’est pas
le cas pour le rectus femoris: ceci peut étre expliqué par 'effet de 1’état pathologique des patients du
groupe P étudié ici, qui s’ajoute a Veffet du vieillissement, rapporté par Takahashi et al. (2006).

R-4-4-4 Meéthode de calcul du volume a partir de peu de coupes IRM

Parmi tous les modeéles étudiés (de 2 & 5 coupes), le modele 2 coupes fournit une estimation rela-
tivement bonne du volume musculaire (Figure 8: RMS moyen = 10,9%). Le modéle 5 coupes est un
compromis entre la précision requise et le temps d’analyse (notamment dans un environnement de
routine), alors que I'ensemble du modeéle 3D pourrait étre plus approprié pour la recherche, en parti-
culier lorsque ’on considére les extenseurs de la colonne vertébrale (RMS < 8% pour la moyenne sur
les 6 groupes fonctionnels (Figure 8)). Ce modele utilise une combinaison de 2 “coupes distales” et 3
“coupes proximales”. 2 coupes “distales” sont nécessaires: 'une prés de 'extrémité distale du fémur
(coupe 21) pour estimer le volume de muscles spécifiques (semi-membranosus et biceps femoris breve
par exemple); une au milieu de la diaphyse (coupe 56) afin de mieux évaluer les grands muscles de
la cuisse (adducteurs, vastus, rectus femoris par exemple). Les trois “coupes proximales” (coupes 116,
126 et 136) sont situées entre le cotyle et T12 afin d’estimer le volume des fléchisseurs et extenseurs
de la colonne vertébrale: ces coupes sont proches les unes des autres (10 coupes d’intervalle) afin de
se concentrer sur une zone ot les 3 muscles d’intérét sont segmentés (iliopsoas, érecteurs spinaux et
quadratus lumborum), mais aussi pour estimer le volume d’un petit muscle changeant rapidement de
forme: le quadratus lumborum (carré des lombes). En outre, le modeéle est peu sensible & la position
exacte de la coupe proposée dans le modeéle: utiliser une coupe positionnée + /- 5 coupes au-dessus ou
au-dessous, modifie I’erreur RMS au maximum de 1,5%. Par conséquent, si elle est validée sur d’autres
populations, cette méthode pourrait étre mise en oeuvre en routine clinique pour caractériser le volume
musculaire de groupes fonctionnels.

Cette nouvelle méthode permet un gain de temps lors de l'analyse des images IRM (temps de
reconstruction assez réduit: 5 coupes segmentées vs plus de 120 coupes pour la reconstruction 3D
totale).

Différents niveaux d’analyse peuvent étre nécessaires pour caractériser la géométrie musculaire: en
routine clinique, une méthode rapide pourrait fournir un apercu global des muscles des patients, alors
que dans la recherche, une méthode plus longue peut étre considérée pour obtenir une analyse plus
fine. Si la méthode DPSO est la méthode actuelle fournissant ’estimation la plus pertinente de la
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géométrie de chaque muscle individuel, une nouvelle méthode a été proposée ici pour une utilisation
dans un environnement clinique: elle nécessite moins de temps d’analyse des images IRM et fournit
encore une bonne estimation du volume musculaire des groupes fonctionnels.

Le modéle actuel semble prometteur pour une utilisation en routine clinique pour quantifier le
volume musculaire des groupes fonctionnels. Ce modéle doit encore étre validé sur d’autres populations
(personnes agées, patients) avant d’étre utilisé comme outil en routine clinique.

R-4-5 Conclusion

Cette partie de la thése a porté sur une analyse fine des muscles spino-pelviens de deux populations:
une population de référence (jeunes adultes asymptomatiques) et une population de sujets avec défor-
mations rachidiennes.

Tout d’abord, les valeurs de référence ont été rapportés pour les muscles spino-pelviens d’adultes
asymptomatiques. Un modéle permettant de calculer avec précision le volume musculaire de groupes
fonctionnels, & partir de moins de 6 coupes IRM segmentées, a été proposé. Cette méthode permet un
calcul précis du volume dans une routine clinique.

Deuxiémement, les muscles spino-pelviens ont été décris pour des adultes avec déformations rachi-
diennes. Une comparaison a été faite avec la population de référence. Des différences significatives
peuvent étre identifiées comme étant liées aux mécanismes de compensation observés pour les patients
avec déformations rachidiennes: la rétroversion pelvienne peut étre liée aun plus grand volume observé
des petit et moyen fessiers (gluteus medius et minimus); une flexion du genou peut étre liée au rapport
volumique plus faible des extenseurs du genou, et a la plus grande proportion volumique des fléchisseurs
de genou.

Ces mécanismes de compensation se produisent afin de limiter l'effet du décalage antérieur du
tronc observé chez ces patients, recrutant ainsi des muscles particuliers afin d’augmenter la stabilité
de cette position, méme si d’autres muscles sont donc moins stimulés que chez des adultes jeunes
asymptomatiques.

Méme si cette étude a tenté de tirer des conclusions & partir de ces résultats préliminaires, des
données supplémentaires sont nécessaires afin de consolider ces conclusions et interprétations. Une
cohorte plus large et plus diversifiée a ’avenir pourrait aider & confirmer ces résultats. Une étude
plus poussée est nécessaire afin de différencier correctement les mécanismes de compensation liés au
vieillissement asymptomatique et les troubles liés & 1’évolution d’une déformation rachidienne. Une
telle étude est actuellement en cours en collaboration avec Cédric Maillot lors de son projet de master.

Les recherches futures devront inclure la composante infiltration graisseuse pour les différentes pop-
ulations afin d’évaluer la dégradation de la qualité musculaire avec ’age et I’évolution d’une pathologie.
Cette étude apportera des connaissances importantes sur la prévention de la dégradation musculaire
chez les personnes agées et les patients.

Cette partie se concentrant sur l’analyse de muscles a partir d’images d’IRM, a mis en évidence le
lien entre altération posturale et changements musculaires. Si ces modifications et des changements ont
été décrits dans les deux premiéres parties de cette thése, les interactions entre les systémes squelettique
et musculaire ne peuvent étre étudiées & partir de ces travaux. La modélisation biomécanique musculo-
squelettique peut donner un apercu de ces interactions lors de la régulation d’une posture afin de la
rendre efficace.

La troisiéme partie de cette thése présentera en conséquence 'adaptation et la personnalisation
d’un modéle biomécanique musculo-squelettique pour étudier le schéma de recrutement musculaire
pour différentes sujets/patients, pour différentes postures.
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R - 5 Modéle musculo-squelettique

R-5-1 Introduction

La quantification des changements de ’alignement postural et du systéme musculaire se produisant
avec le vieillissement a été effectuée dans les deux premiéres parties de cette thése. Si une forte
interaction a lieu entre ces deux systémes, il est difficile de tirer des conclusions sur la relation entre les
deux, d’aprés les deux premiéres parties de ce manuscrit. La modélisation musculo-squelettique offre
la possibilité de combiner des informations posturales et musculaires.

Pour atteindre cet objectif, un modele de régulation musculaire est utilisé dans cette troisiéme
partie. 11 a été adapté & partir du modéle développé par Vincent Pomero au cours de son doctorat
en 1999-2002 (Pomero et al., 2002, 2004). L’hypothése principale est que les muscles agissent pour
protéger I’articulation intervertébrale en réduisant les forces et moments résultants au niveau du disque
intervertébral & une limite acceptable, au cours d’activités quotidiennes.

Ce modéle de régulation musculaire vise & estimer, en utilisant une boucle de controle, le recrute-
ment musculaire et les efforts intervertébraux (IV) résultants, compte tenu des forces et des moments
résultant de la gravité s’appliquant au centre du disque intervertébral. Ici, 'axe X est I’axe postéro-
antérieur; Y est 'axe médio-latéral, orienté vers la gauche du patient, et Z est 'axe caudo-cranien.
Dans ce qui suit, Fx (respectivement Fy et Fz) désigne la force exercée sur I'axe X (respectivement
Y et 'axe Z.); Mx (respectivement My et Mz) désigne le moment sur 'axe X (resp. Axes Y et Z).
Dans ce qui suit, le terme efforts désigne les 6 composantes des efforts: la force de cisaillement postéro-
antérieure (Fx), la force de cisaillement latéral (Fy), la force de compression (Fz), le moment d’inflexion
latérale (Mx), le moment de flexion (My) et le moment de torsion (Mz).

Les efforts au niveau de I'articulation intervertébrale (appelés Ery) sont égaux aux forces et mo-
ments dus a la gravité de la partie supérieure sur la section considérée (F.,;) auxquels sont soustraits
les efforts résultant de l'action des muscles (E,yscies) (équation 8.1):

E]V = Eext - Emuscles (1)

E..+ sont les forces et moments dus a la gravité de la partie supérieure et peuvent étre estimés a
partir de données de plateforme de force par exemple. Les inconnues sont Ejy et Epuscles-

Afin d’estimer les efforts générés par les muscles activés, une boucle de régulation est utilisée dans
ce modeéle (figure 9) qui vise & maintenir les efforts intervertébraux sous des valeurs seuils acceptables.

E .I>+ —>E|V ----- > Y > -> E

ext muscles

Figure 9. : Boucle de controle du modéle de régulation musculaire (MMR).
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Le processus de régulation tient compte de deux aspects:

e en fonction des forces et des moments dus a la gravité, une fonction de régulation est calculée
pour stimuler Pactivation musculaire (équation 8.2). La fonction de régulation, Y, fixe la quantité
d’activation musculaire requise: plus Y est grand , plus la demande en contraction musculaire sera
grande afin de réduire considérablement les efforts résultants dans articulation intervertébrale.

3

Y =10« ELS (2)
Seuil;V

e pour chaque muscle, suivant sa section sur la coupe transversale, sa ligne d’action et la position
de son centroide par rapport & I'articulation intervertébrale, ce muscle présentera plus ou moins
la capacité de réduire une ou plusieurs composantes des forces et moments appliqués au centre de
larticulation intervertébrale considérée. Par exemple, le quadratus lumborum (carré des lombes)
génére un moment d’inflexion latérale et un cisaillement latéral par sa contraction et donc peut
réguler ces deux composantes des efforts (figure 10).

Figure 10. : La contraction du quadratus lumborum (carré des lombes) (Fc en vert) va générer un moment
d’inflexion latérale (Mx en rouge) et un cisaillement latéral (Fy en bleu). La contraction musculaire génére
également une force de compression (Fz en orange) [Adapté de (Pomero, 2002)].

Une premiére estimation des efforts générés par ’activation des muscles est calculée, ce qui conduit
a une valeur plus faible des efforts dans articulation IV, d’aprées I'équation 8.1. Cette nouvelle valeur
est ensuite utilisée comme donnée d’entrée pour calculer la deuxiéme estimation de E,,usces. Cela
continue, jusqu’a ce que l’addition de contraction musculaire ne change plus beaucoup la valeur de
Ery.

L’algorithme du modéle a été décrit dans des articles publiés précédemment (Pomero et al., 2002,
2004) et est inclus en annexe C. Les données d’entrée sont traitées dans Matlab® R2011b (The Math-
works Inc., Natick, MA, USA), avant passage dans Simulink® (The Mathworks Inc., Natick, MA,
USA). Lorsqu’il a été développé en 2002, ce modéle nécessitait: 1'utilisation d’une plateforme de force
pour estimer les forces et moments dus & la gravité; des stéréoradiographies pour reconstruire en 3D les
08, et des images IRM pour la saisie de la géométrie musculaire. Ce modéle a été appliqué sur quatre
patients et un volontaire (Pomero et al., 2002).

La principale contribution de cette thése est de proposer un processus pour générer un modéle
musculo-squelettique personnalisé a partir de radios EOS et d’images IRM, utilisant les nouveaux
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algorithmes de reconstruction 3D. La nouveauté réside dans le calcul des forces et moments dus a la
gravité (directement & partir des radiographies EOS) et I'élaboration d’une géométrie 3D compléte
de la colonne vertébrale, du bassin et des muscles dans la position debout. Les chapitres suivants
présenteront ce processus et les résultats obtenus lorsqu’il est appliqué sur 20 sujets d’ages différents,
avec et sans déformations rachidiennes.

R - 5-2 Matériels et méthodes
R-5-2-1 Modéle biomécanique

Le modele de régulation musculaire (MMR) est basé sur des informations personnalisées du patient.
La reconstruction 3D du squelette a partir d’images EOS et des muscles & partir d’images IRM sera
utilisée pour accéder a des informations personnalisées du sujet au niveau intervertébral L3-L4. Le
modéle MMR nécessite les données d’entrée suivantes:

e les valeurs seuils des efforts intervertébraux pour la boucle de régulation,
e les forces et moments dus a la gravité, s’appliquant au niveau de I'articulation intervertébrale,

e les caractéristiques des muscles:

— la géométrie musculaire dans le plan axial passant par le centre du disque intervertébral:
la section (CSA), les coordonnées du centroide du muscle (Centroide_i,1 = X, Y) et les
coordonnées du vecteur ligne d’action (Dir_ Muscle _i,i =X, Y, Z),

— la contrainte maximale admissible du muscle en N/cm?,

Les données de sortie du modéle sont les suivantes:

e les efforts résultants au niveau de l’articulation intervertébrale,

e les forces musculaires.

Valeurs seuils pour efforts intervertébraux

Comme les valeurs seuils peuvent étre difficiles & obtenir in vivo, ces valeurs ont été fixées en fonction
de celles utilisées par Vincent Pomero (Pomero, 2002), basées sur les données internes de 'Institut.
Les valeurs seuils ont été fixées comme suit: 75N pour le cisaillement postéro-antérieur (Fx), 100N
pour le cisaillement latéral (Fy), 1500N pour la compression (Fz) et 4.9N pour les différents moments
(Mx, My, Mz).

Forces et moments dus a la gravité, s’appliquant sur P'articulation intervertébrale

Si la plupart des méthodes ont utilisé une plateforme de force pour obtenir les forces et moments dus
a la gravité, ici le calcul a été effectué a partir de 'enveloppe externe reconstruite en 3D a aprtir des
radios KOS, et d’'un modéle de densité issu de la littérature.

La reconstruction 3D de I'enveloppe externe & partir de radios EOS est coupée par un plan axial
au niveau du disque intervertébral L3-L4. Le centre de masse et le poids de chaque segment situé au-
dessus de cette coupe peut étre calculé a partir des volumes des différents segments (issus de 'enveloppe
externe en 3D (Nérot et al., 2015)), avec un modéle de densité (Figure 11). Ensuite, le centre de masse
du haut du corps, sa masse et la force verticale associée résultant de la gravité, peuvent étre facilement
calculés.
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T { f
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Enveloppe: téte

Enveloppe: thorax
[ Enveloppe: abdomen
I Enveloppe: membres supérieurs
I Enveloppe: membres inférieurs
+ CoM téte

+ CoM thorax

+ CoM abdomen

X Disque intervertébral L3L4
% CoM partie supérieure
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Figure 11. [Calcul des forces et moments dus a la gravité.]: Enveloppe 3D avec les différents segments et leurs
centres de masse. A gauche: vue frontale. Au milieu: vue sagittale. A droite: vue globale. CoM signifie centre
de masse.

X+

Une attention particuliére a été portée au modéle de densité classiquement utilisé, basé sur des
études cadaveériques (Dempster, 1955; Chandler et al., 1975). Afin d’améliorer la précision de la densité
du thorax pour la population, une étude spécifique a été menée au cours de cette thése. Ce travail
a été publié dans Journal of Biomechanics en 2016 (Amabile et al., 2016¢). L’objectif était d’affiner
I’estimation de la densité du thorax en prenant en compte l’air présent dans les poumons.

Des radiographies bi-planes ont été acquises sur 58 participants, permettant la reconstruction 3D
de la colonne vertébrale, de la cage thoracique et de ’enveloppe externe. Trois méthodes de calcul de
la masse du thorax ont été comparées pour 48 sujets: (1) la méthode Dempster de densité uniforme,
utilisant les données de densité publiées par Dempster (Dempster, 1955) actuellement utilisés dans la
littérature, (2) la méthode personnalisée a 'aide de la description compléte des différents éléments du
thorax en se basant sur la reconstruction 3D de la cage thoracique et de la colonne vertébrale et (3) la
méthode de densité uniforme améliorée en utilisant une densité de thorax uniforme issue de la méthode
personnalisée. Pour 10 participants, une comparaison a été faite entre la masse totale du corps obtenue
& partir d’une plateforme de force et celle obtenue en calculant la masse du thorax avec chacune des
trois méthodes.

La méthode de densité uniforme Dempster présentait une erreur moyenne de 4,8% dans I’estimation
de la masse totale par rapport a la plateforme de force vs 0,2% pour la méthode personnalisée et
0,4% pour la méthode de densité uniforme améliorée. La densité du thorax ajustée a partir de la
reconstruction 3D était 0,74 g/cm® pour les hommes et 0,73 g/cm® pour les femmes. Cette valeur
conduit & une meilleure estimation de la masse du thorax et de la masse totale par rapport a celle
Dempster (0,92 g/cm?).

Cette nouvelle densité du thorax apparait comme pertinente pour affiner ’estimation des forces et
moments dus a la gravité s’appliquant au centre du disque intervertébral.
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Figure 12. : Reconstruction 3D de l'enveloppe externe: projections sur les radiographies bi-planes et recon-
struction 3D de ’enveloppe externe avec les 15 segments considérés (thorax en rouge).

La géométrie de muscles dans le plan du disque intervertébral
Le modéle MMR considére une section au niveau lombaire, précisément au niveau du disque inter-
vertébral L3-L4 (Figure 13).

Rectus abdominis
Transversus abdominis
Obliquus internus
Obliquus externus
Psoas

Vertébre lombaire
Multifidus

Longissimus dorsi

© 0 N e e W =

Iliocostalis

—_
o

. Quadratus lumborum

Figure 13. : Coupe axiale au niveau lombaire. [Adapté de (Moeller and Reif, 2001)]

Le modéle nécessite la géométrie musculaire détaillée au niveau intervertébral étudié. Cette infor-
mation peut étre extraite & partir d’'images d’IRM, mais a besoin d’un traitement supplémentaire afin
de représenter la géométrie des muscles dans la position debout, les patients étant en position couchée
lors des acquisitions IRM. Tout d’abord, le patient subit un examen EOS dans la position debout,
ce qui permet de reconstruire en 3D de la colonne vertébrale et le bassin. Ensuite, les muscles sont
reconstruits en 3D & partir d'images IRM, en utilisant la méthode DPSO présentée précédemment.
Enfin, les deux géométries 3D sont combinées comme expliqué ci-apreés.
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Transformer la reconstruction 3D des muscles en position debout
La méthode utilisée est similaire a celle publiée, sur
les membres inférieurs, par Hausselle et al. (Haus-
selle et al., 2014): d’une part, 'enveloppe externe et
le squelette sont reconstruits en 3D en position de-
bout (& partir de radiographies EOS), d’autre part
les muscles et 'enveloppe externe sont reconstru-
its en 3D en position couchée (a partir d’images
IRM) (Figure 14). Une transformation élastique
est ensuite utilisée pour transformer les muscles en
position debout et faire correspondre les deux en-
veloppes externes.

Figure 14. : A gauche, le bassin, la colonne vertébrale et
I’enveloppe externe reconstruite en 3D dans la position
debout. A droite: Les muscles reconstruits en 3D en
position couchée. L’enveloppe externe 3D reconstruite
a partir d’images IRM n’a pas été représentée pour plus
de clarté.

Les tissus mous se déformant sous l'action de la gravité, une déformation spécifique de la recon-
struction 3D des muscles doit étre appliquée. Pour ce faire, des points de controle sont nécessaires sur
les deux ensembles d’images pour faire correspondre les deux reconstructions 3D. Un choix a été fait
ici d’inclure les points de contréle suivants: des points de controle pelviens, des points de contréle de
la colonne vertébrale, et des points de contréle de I’enveloppe externe.

La déformation de I’enveloppe et des muscles 3D issus des images IRM sur la reconstruction EOS
3D a permis d’obtenir la géométrie des muscles dans la position debout (Figure 15).
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Figure 15. :. Reconstructions 3D des muscles obtenus & partir de segmentations d’images IRM, krigées sur la
reconstruction 3D du squelette & partir de radios EOS.




Page 30 PART: RESUME LONG

Coupe d’intérét
Une fois que la reconstruction des muscles en 3D a été transformée dans la position debout, le modéle

3D est coupé par un plan axial passant par le centre du disque intervertébral L3-1L4.

Ce plan axial, est défini par:

e sa normale, étant définie comme étant le vecteur vertical orienté vers le haut;

e le centre du disque intervertébral, étant défini comme étant le milieu entre le barycentre du
plateau inférieur de la vertébre supérieure et le barycentre du plateau supérieur de la vertébre
inférieure.

Section musculaire sur la coupe axiale
Sur la coupe axiale obtenue, 'intersection des reconstructions 3D des muscles et le plan axial considéré,

permet d’obtenir le contour de chaque muscle sur la coupe. L’aire du muscle sur la coupe est calculée
a partir du nombre de pixels situés a 'intérieur du contour du muscle et de la taille du pixel. Cette
aire est appelée aire sur la coupe (CSA).

Centroide du muscle (Centroide i, i = X, Y)
La position du barycentre du contour du muscle est définie comme étant le centroide du muscle

(Centroide_i,i=X,Y).

Vecteur ligne d’action
L’hypothése principale est que, pour tous les muscles considérés, la force du muscle (et donc sa ligne

d’action) est orientée parallélement & la direction principale du muscle. Une spline cubique est calculée
comme la spline cubique reliant les centroides successifs sur chacune des coupes axiales consécutives
définissant le muscle étudié.

Le vecteur ligne d’action sur la coupe axiale considérée pour le modéle MMR est le vecteur orienté
vers le haut qui suit la direction de la ligne qui passe au mieux (au sens des moindres carrés) par tous
les centroides axiaux situés au-dessus du centroide de la coupe axiale considérée.

Un exemple de la géométrie musculaire obtenue peut étre visualisé sur la figure 16: laire, le
centroide, et la ligne d’action de chaque muscle sont représentés au niveau du disque intervertébral
L3-L4.

Vertebre L3
Vertébre L4
Enveloppe externe
e |liocostalis L

lliocostalis R
Longissimus Dorsi L
Longissimus Dorsi R
Multifidus L

Multifidus R

Obliquus Externus L
Obliguus Externus R
Obliguus Internus L
Obliquus Internus R
Psoas L

Psoas R

Quadratus lumborum L
Quadratus lumborum R
Rectus abdominus L
Rectus abdominus R
Transversus abdominus L
Transversus abdominus R

Figure 16. : Coupe axiale du disque intervertébral considéré (ici L3-L4), avec, pour chaque muscle: contour,
centroide et vecteur de la ligne d’action.
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Contrainte maximale admissible du muscle

La contrainte maximale admissible du muscle est liée a la force maximale par unité de surface que le
muscle peut générer. Une valeur plus faible que les données normatives, représente une fatigue générale
ou une blessure musculaire.

Les études de la littérature donnent des valeurs de 0,3 MPa & 1,0 MPa, ce qui équivaut & des valeurs
de 30 N/cm? & 100 N/cm?.

La valeur de 50N/cm? a été choisie ici. Cette valeur a également été utilisée par Pomero et al.
(Pomero et al., 2002, 2004).

Excitation des muscles antagonistes

Les muscles antagonistes peuvent étre activés pour controler une position et/ou un mouvement et pour
protéger l'articulation en la stabilisant. Dans le cadre du controle postural, les muscles antagonistes
sont d’'un grand intérét. La question est de savoir comment implémenter 'excitation antagoniste dans
le modele ?

La loi antagoniste publiée en 1996 par Zhou et al. (Figure 17), a été implémentée dans le modéle
par Vincent Pomero en 2002 (Pomero et al., 2002, 2004). Cette loi antagoniste fournit I'excitation des
muscles antagonistes en fonction du moment résultant pour 'articulation considérée.

Excitation musculaire

— Fléchisseurs
— Extenseurs Gain de
co-contraction

KRN 2N,
W N N
-1 -Overlap 0 Overlap 1
Moment maximal Moment maximal
de flexion d'extension

Figure 17. : Loi antagoniste (Zhou et al., 1996).
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Si le Overlap pour les deux muscles est fixé a 50%, “cela signifie que si 'entrée de la commande varie
linéairement du moment de flexion maximale (-1) au moment d’extension maximale (+1), le muscle
fléchisseur commence comme étant pleinement actif et son activité diminue linéairement, atteignant
zéro & 50% de moment d’extension. A 50% en entrée de couple de flexion, Iextenseur est peu actif,
et son activité augmente de fagon linéaire jusqu’au couple d’extension maximale (+1).”, cité de Zhou
et al. (1996).

Le Gain de co-contraction est défini comme “la pente de la fonction linéaire d’activation antagoniste”
cité de Zhou et al. (1996).

Les parameétres Overlap et Gain de co-contraction, ont été fixées aprés une étude de cas (Annexe
D): la valeur de Overlap a été fixé a 25% tandis que le Gain de co-contraction a été fixé a 20%.

R-5-2-2 Population

Trois groupes différents de sujets/patients ont été considérés, pour lesquels les radiographies EOS et
images IRM ont été acquises:

e le Groupe Controle: jeunes adultes asymptomatique (N = 1),
e le Groupe des Agés: adultes asymptomatiques agés de plus de 50 ans (N = 11),

¢ le Groupe des Patients: patientes avec déformations rachidiennes (N = 8).

Pour les groupes Controle et Agés, 'inclusion dans ’étude nécessitait: acquisition IRM téte aux
pieds avec la méthode Dixon, radiographies EOS téte aux pieds, pas d’antécédents de chirurgie musculo-
squelettique et aucune invalidité lors de I’étude. Pour le groupe des Patients, 'inclusion dans ’étude
nécessitait: étre plus 4gé que 35 ans, aucun antécédent de chirurgie du rachis, aucune instrumentation
et au moins l'un des parametres radiographiques suivants: angle de Cobb coronal thoraco-lombaire ou
lombaire supérieur a 30°, Sagittal vertical axis (SVA) supérieure & 4 cm, ou version pelvienne (PT)
supérieure a 20° (pour plus de détails, voir ’étude de Moal et al. (Moal et al., 2015)).

Tous les patients/sujets ont donné leur consentement avant de participer a ’étude (approbation
CCP et IRB). Les données du sujet Controle ont été recueillies au cours de cette thése. Les sujets du
groupe Agés ont été recrutés prospectivement et les données ont été collectées & I'Hopital Raymond
Poincaré (Garches, France), au cours de cette thése. Les sujets du groupe Patients ont été extraits
d’une étude antérieure réalisée lors de la thése de Bertrand Moal (Moal, 2014), a 'Hospital of Joint
Diseases, (New York, Etats-Unis).

R -5-2-3 Radiographies bi-planes

Tous les sujets/patients ont réalisé un examen EOS téte aux pieds. Les reconstructions 3D de la
colonne vertébrale (C3-L5) (Humbert et al., 2009b), bassin (Mitton et al., 2006) et enveloppe externe
(Nérot et al., 2015), ont été réalisées.

R -5-2-4 Imagerie par résonance magnétique

Tous les sujets/patients ont subi un examen IRM téte aux pieds. Les détails concernant 1'acquisition
IRM peuvent étre trouvés dans une étude précédente (Moal et al., 2015).

La reconstruction 3D des muscles spino-pelviens considérés a été réalisée avec la méthode DPSO
(Jolivet et al., 2014). Les muscles considérés sont: les muscles du dos (multifidus, longissimus, ilio-
costalis), latissimus dorsi, psoas, quadratus lumborum, externus olbiquus, internus obliquus, transver-
sus abdominis, rectus abdominis. A partir de ces reconstructions ont été calculés pour chaque muscle:
la position de son centroide sur la coupe L3-L4, le vecteur de sa ligne d’action et sa section (CSA).
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Afin de quantifier I'infiltration graisseuse des muscles présents sur la coupe L3-L4 considérée, une
méthode adaptée des travaux d’Antony et al. (Antony et al., 2014) et Gilles (Gille, 2006) a été utilisée.
Ceci a permis de quantifier 'infiltration graisseuse de chacun des muscles sur la coupe axiale L3-L4
par un systéme d’auto-calibration sur cette coupe des niveaux de gris.

R-5-2-5 Simulations
2 positions statiques différentes ont été étudiées:

e la position debout étant la Free Standing Position décrite par Chaibi et al. (Chaibi et al., 2012)
dans la cabine d’EOS, appelée position Neutre;

e une position simulée avec une flexion antérieure du tronc de 30°, appelée position Flex30.

La position Flex30 a été simulée en changeant seulement l’estimation des forces et moments dus
a la gravité: rotation de 30° vers ’avant (rotation autour de ’axe Y médio-latéral) du centre de masse
de la partie supérieure du corps, par rapport au centre du disque intervertébral L3-L4.

Trois configurations différentes ont été testées pour chaque position:

e Tous les muscles ont été considérés comme non altérés (pas d’infiltration graisseuse), avec une
contrainte musculaire maximale admissible de 50 N/cm?, cette configuration est appelée Aucune
altération;

e Tous les muscles ont été considérés comme altérés en prenant en compte U'infiltration graisseuse
personnalisée pour chaque muscle de chaque sujet/patient (infiltration graisseuse calculée & partir
de la coupe IRM), avec une contrainte musculaire maximale admissible de 50 N/cm?, cette
configuration est appelée Altération;

e Tous les muscles ont été considérés comme altérés en prenant en compte l'infiltration graisseuse
personnalisée pour chaque muscle de chaque sujet/patient (infiltration graisseuse calculée & partir
de la coupe IRM), et la contrainte musculaire maximale admissible a été réduite a 15 N/cm? pour
simuler la fatigue musculaire, cette configuration est appelée Fatigue.

Au total, 6 simulations ont été réalisées pour chaque patient (& savoir 2 positions * 3 configurations).

R-5-2-6 Analyse des résultats

Pour chaque simulation, les forces et les moments dus a la gravité seront comparés aux valeurs seuils:
le rapport entre les deux définit la fonction de régulation Y qui conditionne la contraction musculaire
(équation 8.2). Cela permettra d’évaluer a quel point la contraction musculaire est nécessaire pour
maintenir la position considérée. Ensuite, les efforts résultants seront comparés aux forces et moments
dus a la gravité pour évaluer ’effet de la contraction musculaire.

R -5-3 Résultats

Les caractéristiques de chaque groupe se trouvent dans le tableau 2.

La figure 18, présente 'enveloppe extérieure 3D, la position du centre de masse du corps supérieur
et le centre commun intervertébral, pour un sujet du groupe Agés (A6).
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Infiltration
N A IMC (kg/m? .
Groupe ge (ans) C (kg/m*) eraisseuse (%)
| Controle || 1 | 28 | 24 | 2 (2) [0 - 9] |
| Agés | 11 | 63(6)[52-71] | 25(5)[20-38] | 4(5) [0 - 35] |
] Patients | 8 | 63(5)[54-70] | 22(3)[20-28] | 6 (7) [0 - 36] \
Table 2. : Pour chaque groupe, age, IMC et infiltration graisseuse sur l’ensemble des muscles. Moyenne
(1*Ecart-type) [Etendue].
A6 :vue sagittale AB vue frontale
1900 1900 -
1800 - 1800 -
1700 (- 1700
_ 1600 |- _ 1600 -
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a\. 4
1100 - \ 1o % CoM de Ia partie supérieure
. % CoM de la partie supériaua F  Centre du disque L3.L4
% 4  Centre du disque L3-L4
-200 —”I:JD 0 : 100 ZSD 3I;D QI;D -300 '2:36 -100 3: 100 72&?0 3EI’D 4EI}D
X: postéro-anterieur Y: médio-latéral (positif vers la gauche

Figure 18. : Tlustration du calcul des forces et moments dus & la gravité et s’appliquant au centre du disque
intervertébral avec la position du centre de masse de la partie supérieure du corps pour sujet A6 du groupe
Agés présentant les efforts suivants: - 40,2 N pour Fx; 0,3 N pour Fy; -2325 N Pour Fz; 0,9 Nm pour Mx; 7.8
Nm pour My; -0,1 Nm pour Mz, dans la position Neutre.

R-5-3-1 Position Neutre

Dans la position Neutre, des valeurs pour les forces et moments dus a la gravité plus grands que
les valeurs seuils ont été trouvées pour:

e le cisaillement postéro-antérieur: pour 2 du Groupe Agés (A3 et A9) et 1 du Groupe Patients
(P8);
e le moment d’inflexion latérale: pour 1 du Groupe Agés (A2) et 1 du Groupe Patients (P7);

e le moment de flexion: pour le sujet controle (C1), 3 du Groupe Agés (A2, A6, A10) et de 2 du
Groupe Patients (P1 et P2).

Pour le sujet controle (C1), cing sujets du Groupe Agés (A2, A3, A6, A9, A10) et 4 patients du
Groupe Patients (P1, P2, P7 et P8), la régulation était nécessaire par l'activation musculaire dans
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la position Neutre. Pour tous les sujets/patients, pour les trois configurations simulées, ’activation
musculaire a permis de réguler la composante au-dessus de la valeur seuil. Les schémas de recrutement
musculaire sont représentés, pour un sujet et un patient, dans la figure 19.

N lliocostalis L
P lliocostalis R
I Longissimus Dorsi L
Sujet A9 du Groupe Agés . ) o = IIIATItglf';sL:r:LL‘s Dorsi R
- P Multifidus R
B Obliquus Externus L
I Obliquus Externus R
I Obliquus Internus L
I Obliquus Internus R
B Psoas L
B Psoas R
I Quadratus lumborum L
BN Quadratus lumborum R
« B Rectus abdominus L
-»> [ Rectus abdominus R
PN Transversus abdominus L
Transversus abdominus R
Centre du disque L3-L4

Figure 19. [Visualisation de l’activation musculaire pour le sujet agé A9 et le patient P1.]: Coupe axiale IRM au
niveau L3-L4 avec illustration de ’activation musculaire. La hauteur du cone est proportionnelle & ’activation
du muscle. La position du centre de la base du cone est le centroide du muscle et la direction du cone est la
ligne d’action du muscle. Sont représentés ici les schémas d’activation musculaire pour le sujet agé A9 et le
patient P1 dans la position Neutre.

R-5-3-2 Position Flex30

Dans la position Flex30, des valeurs pour les forces et moments dus a la gravité plus grands que
les valeurs seuils ont été trouvées pour:

e le cisaillement postéro-antérieur: pour 2 du Groupe Agés (A3 et A9) et 1 patient du Groupe
Patients (P8);

e le moment latéral d’inflexion: pour 1 du Groupe Agés (A2) et 1 patient du Groupe Patients (P7);
e le moment de flexion, pour tous les sujets/patients de tous les groupes;

e le moment de torsion: pour 2 du Groupe Agés (Al et A2) et 7 patients du Groupe Patients (P1,
P2, P3, P5, P6, P7 et P8).

R - 5-4 Discussion

Cette étude visait & étudier 'effet de différentes postures et d’altérations posturales sur le modéle de
recrutement musculaire, en étudiant en détail les efforts intervertébraux résultants pour différentes
positions et configurations musculaires.
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R-5-4-1 Position Neutre

Pour la position Neutre, toutes les composantes des efforts ont été régulées aprés activation musculaire.
Ni laltération de la qualité musculaire, ni ’effet de fatigue, n’a pas augmenté les efforts au-dessus des
valeurs seuils. Cela a confirmé que la position debout neutre est économe en énergie, méme si pour
certains sujets du groupe Patients, le cisaillement latéral, et les moments de flexion et de torsion étaient
plus élevés que dans les groupes Agés et Controle: comme les déformations rachidiennes de ces patients
sont en 3D et principalement dans le plan coronal, le centre de masse de la partie supérieure du corps
n’est pas été aligné avec le centre du disque intervertébral, en particulier dans le plan coronal, générant
ainsi une force de cisaillement latéral et des moments associés (figures 18.

L’activation musculaire a permis de réduire les efforts par rapport aux forces et moments dus a la
gravité. Cependant, lorsque 1’on étudie I'effet de ’altération de la qualité musculaire avec ou sans effet
de la fatigue, on peut noter que les efforts augmentent & cause d'une contraction musculaire moins
efficace et performante.

Les valeurs de compression, pour la position Neutre, s’étendent de 140 N & 476 N. Hajihosseinali
et al. a rapporté des valeurs de compression de 420 N et 469 N, au niveau L4-L5, pour un adulte
de 1.7 m pour 68 kg (Hajihosseinali et al., 2014). Un sujet similaire a été considéré par Gagnon et
al. qui a rapporté une valeur de compression de 475 N, au niveau L3-L4 (Gagnon et al., 2011). Les
sujets similaires dans notre étude sont les sujets Al et A9 du Groupe Agés pour lesquels les valeurs de
compression étaient comprises entre 217 N et 337 N. Les différences observées peuvent provenir de la
compression initiale: les études de la littérature ont considéré une compression due a la gravité de 344
N alors qu’ici une compression due & la gravité de seulement 200N a été calculée. Cette différence, tout
en observant des sujets similaires, peuvent provenir des différentes densités appliquées sur les segments
lors du calcul du poids de la partie supérieure (Amabile et al.; 2016a) ou des différentes morphologies
considérées. La force de compression due a la gravité utilisée dans cette étude a été directement calculée
a partir de 'enveloppe externe personnalisée du sujet. Ces différences viennent aussi du fait que les
bras n’ont pas été pris en compte dans le calcul des efforts dus & la gravité dans cette étude.

Des valeurs significativement plus élevées ont été rapportées pour la compression, allant de 800
N 4 1600 N (Arshad et al., 2016; Arjmand and Shirazi-Adl, 2006; Gagnon et al., 2001; Granata and
Wilson, 2001). Ces valeurs trés grandes sont encore une fois influencées par la compression initiale
(force due a la gravité) qui est autour de 350 N pour toutes ces études. Les différences dans la
compression résultante peuvent aussi provenir des algorithmes qui régissent les modéles. Cependant,
dans la position Neutre, on trouve ici un poids de la partie supérieure du corps allant de 14 kg a 45
kg ce qui semble raisonnable et plausible.

En ce qui concerne les valeurs de cisaillement postéro-antérieur, ceux-ci sont trés dépendants du
sujet car ils sont influencés par la posture initiale du patient, et plus particuliérement la répartition
des différents segments au-dessus de la coupe considérée. Dans cette étude, les valeurs de cisaillement
postéro-antérieur s’étendaient de -52 N & 61 N dans la position Neutre. Les valeurs rapportées étaient
2 N et 36 N pour Hajihosseinali et al. (Hajihosseinali et al., 2014); -21 N Pour Gagnon et al. (Gagnon
et al., 2011) et autour de 50 N pour Arshad et al. (Arshad et al., 2016). Les sujets similaires dans cette
étude (A1l et A9) ont présenté des valeurs comprises entre -33 N et -52 N en accord avec les valeurs
rapportées dans la littérature. Ces valeurs de cisaillement postéro-antérieur dépendent de la position du
centre de masse de la partie supérieure du corps par rapport au centre du disque intervertébral: parce
que le plan du disque L3-L4 présente un angle positif avec le plan horizontal, la force de gravité génére
une valeur négative pour le cisaillement postéro-antérieur. Seuls les sujets pour lesquels L3-1L4 était en
dessous de I'apex de la lordose (plan du disque orienté négativement par rapport a 'horizontale) ont
présenté des valeurs de cisaillement postéro-antérieur positives.

Une étude a rapporté des valeurs de moment de flexion de 4.1 Nm, pour la position Neutre
(Hajihosseinali et al., 2014), en accord avec nos résultats actuels (de -4 & 3 Nm). Le signe positif ou
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négatif dépend de la position relative, dans le plan sagittal, du centre de masse de la partie supérieure
du corps par rapport au centre du disque intervertébral.

R-5-4-2 Position Flex30

La position avec flexion du tronc vers I'avant, a été considérée pour stimuler une réponse musculaire
plus élevée et une augmentation des forces et moments dus a la gravité par rapport a la position
Neutre. Comme prévu, le moment de flexion (My) est supérieur a la valeur seuil pour les forces et
moments dus & la gravité pour tous les sujets; la demande de régulation est donc élevée ce qui conduit &
une activation musculaire plus grande. Sur les 8 patients avec déformations rachidiennes, 7 (88%) ont
présenté un moment de torsion plus élevé que la valeur seuil, soulignant la nature 3D des déformations
rachidiennes de ces patients.

En ce qui concerne le moment de flexion (My), l'activation musculaire a permis de réduire ce
moment en dessous de la valeur seuil, sauf pour 3 sujets du groupe Agés dans les configurations
Aucune altération et Altération. Tous ces sujets présentent une valeur élevée pour 'IMC (24-28
kg/m?) sans présenter le plus grand IMC du Groupe Agés. Ces sujets ne sont pas ceux qui présentent la
plus grande infiltration graisseuse dans les muscles du dos. Enfin leurs valeurs initiales de cisaillement
latéral et moment de flexion étaient dans la gamme des valeurs d’autres sujets/patients.

Pour la configuration Fatigue, plusieurs sujets n’étaient pas capables de réguler le moment de
flexion (moment de flexion supérieur 4 4,9 Nm). Fait intéressant, ces sujets/patients ne présentent pas
une infiltration graisseuse plus élevée dans les muscles du dos que d’autres, mais tous présentent un
IMC supérieur a 23 kg/m?2. La partie du corps supérieure a la coupe axiale étant plus lourde, un petit
déplacement dans le plan axial de cette partie du corps introduit de grands moments dans 'articulation
intervertébrale.

Seules 2 études & notre connaissance ont rapporté des valeurs pour les efforts intervertébraux
résultants, pour une flexion du tronc de 30° du tronc sans port de charge. Arshad et al. a rapporté
des valeurs de compression entre 800 et 1100 N, allant jusqu’a 1550 N pour un rythme spécifique de
la colonne vertébrale (le rythme étant la distribution relative de la flexion lombaire pour les différents
niveaux lombaires); des valeurs de cisaillement postéro-antérieur allant de -50 & + 50 N ou de 0 N & 100
N selon si la pression intra-abdominale a été prise en compte ou pas (Arshad et al., 2016). Gagnon et al.
a rapporté des valeurs de compression de 742 N et les valeurs de cisaillement postéro-antérieur de 68 N
(Gagnon et al., 2011). Les valeurs de cisaillement postéro-antérieur trouvées ici allaient de 11 N a 234
N et les valeurs de compression allaient de 342 N & 1291 N. Nos valeurs concordent globalement avec
celles de la littérature, des valeurs plus élevées pour le cisaillement postéro-antérieur ont été trouvées
chez les sujets avec forte infiltration graisseuse dans les muscles du dos (méme si cette infiltration
graisseuse ne dépasse pas 20%).

Etonnamment, le patient P7 présentant I'infiltration graisseuse la plus élevée pour les muscles du dos
(iliocostalis, longissimus et multifidus) présente, dans la position Flex30, une valeur de cisaillement
postéro-antérieur de 72 N lors de la prise en compte de cette altération musculaire (vs 59 N sans
altération). Le cisaillement postéro-antérieur atteint 93 N lorsque 1'on considére la configuration de
fatigue. Ce patient a réussi a limiter le cisaillement postéro-antérieur (méme si la valeur seuil de 75
N a été dépassée) au détriment de plus grands moments dans Particulation intervertébrale (moment
de torsion de 1.9 Nm sans altération et avec altération par rapport & 2.8 Nm lorsque 'on considére la
configuration de fatigue).

I’excitation des muscles antagonistes ayant été implémentée dans le modéle, les résultats prédisent
une certaine quantité de co-activation des muscles abdominaux dans la position Flex30. Cette co-
activation est difficile a prédire avec des modéles d’optimisation (Arjmand et al., 2009) mais a été
rapportée dans des études utilisant des modeles avec EMGs (Gagnon et al., 2001).
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Ce modéle offre la possibilité d’étudier plus précisément ’activation musculaire pour chaque muscle
comme indiqué dans la figure 19. Ce type de figure pourrait étre utile pour visualiser les muscles qui
doivent étre renforcés pour limiter plus efficacement les efforts intervertébraux.

R -5-4-3 Perspectives et limites

Une amélioration future de ce modéle serait de prendre en compte les différences d’activation musculaire
entre les adultes jeunes et plus agés (Hakkinen et al., 1998; Macaluso et al., 2002). En particulier, la
co-activité des muscles antagonistes a été montrée comme étant plus faible chez les personnes agées,
diminuant ainsi la stabilité de larticulation (Hékkinen et al., 1998).

Une autre étape vers une meilleure représentation serait de considérer les bras dans le calcul des
forces et moments dus a la gravité car cela n’a pas été fait ici. Si les bras sont considérés comme
étant pliés avec les mains sur les pommettes comme dans la Free Standing Position dans la cabine EOS
(Faro et al., 2004), tenir compte des bras augmenterait la compression ainsi que le cisaillement postéro-
antérieur et le moment de flexion dus a la gravité. Il pourrait aussi étre intéressant de considérer les
bras le long du corps dans une position naturelle, comme lors de la marche par exemple, dans ce cas
seulement la compression due a la gravité serait changée.

Une autre amélioration serait d’ajouter une déformation des muscles dans la position Flex30, et
de fournir la véritable géométrie 3D de la colonne vertébrale et du bassin dans une telle position. Cela
conduirait a un calcul plus précis des forces et des moments dus a la gravité dans une telle position, et
des effets de la contraction musculaire sur les efforts résultants dans ’articulation intervertébrale L3-L4.
Une amélioration connexe serait de simuler la posture et la géométrie musculaire associée, pour une
position non compensée pour les personnes agées qui recrutent déja des mécanismes de compensation,
en utilisant le protocole décrit dans la figure 3 de la partie sur ’alignement postural.

Une limite de cette étude est le nombre limité de sujets dans le groupe de controle: étudier plus de
jeunes sujets asymptomatiques permettrait de fournir des valeurs de référence pour les efforts au sein
de Particulation intervertébrale. Une autre limite réside dans la conception du modéle: actuellement,
une seule coupe axiale est considérée pour la boucle de régulation. Par conséquent, la comparaison
entre les différents niveaux intervertébraux ne peut pas étre effectuée. Le niveau du disque L3-1L4 a
été choisi ici, car il est situé a ’apex de la lordose. Un autre choix intéressant pour les études futures
serait de considérer le disque L5-S1, étant le dernier niveau avant la vertébre pelvienne. Si la pente
du sacrum est assez grande (grande pente sacrée), cela devrait conduire & des valeurs de cisaillement
postéro-antérieur élevées nécessitant d’étre régulées. Comme avec tous les modéles d’optimisation, il est
difficile de valider ce modéle, sauf en le comparant a des valeurs EMG rapportées dans la littérature, et
aux valeurs de pression intra-discale in vivo obtenues avec une sonde insérée dans un disque. Cependant
cette comparaison peut étre difficile en raison des différentes morphologies et postures des sujets étudiés.

R -5-5 Conclusion

Cette partie a porté sur le calcul des efforts intervertébraux pour des adultes de différents ages avec/sans
déformations rachidiennes & 'aide d’un modéle biomécanique musculo-squelettique.

Tout d’abord, 'adaptation et la personnalisation des données d’entrée du modéle précédemment
publié (Pomero et al., 2004) ont été décrits. Les différentes étapes de préparation des données d’entrée
& partir d’'images médicales telles que des radiographies et des images IRM ont été détaillées. Le calcul
des forces et des moments dus a la gravité, s’appliquant au centre du disque intervertébral L3-L4, a
été présenté.

Deuxiémement, ce modéle a été utilisé pour calculer les efforts résultants au sein de ’articulation
intervertébrale dans différentes positions (debout et avec flexion du tronc); et avec ou sans altération




CONTENTS Page 39

des muscles (infiltration graisseuse) ainsi que fatigue musculaire (diminution de la contrainte musculaire
maximale admissible). Différentes populations ont été étudiées: un jeune adulte asymptomatique, des
adultes asymptomatiques plus agés et des adultes avec déformations rachidiennes.

Le schéma de recrutement musculaire varie pour chaque configuration, position, sujet/patient. Les
efforts résultants sont donc des valeurs dépendantes du sujet. Les principaux résultats ont mis en
évidence la capacité, pour tous, de régler les efforts intervertébraux résultants sous les valeurs seuils
afin de protéger l'articulation, en position debout. Les sujets ayant une force de compression plus
élevée (plus grand indice de masse corporelle), n’ont pas réussi a limiter le moment de flexion pour la
position avec flexion du tronc, lorsque les muscles étaient altérés ou sous effet de fatigue.

Ces résultats fournissent de nouveaux éléments sur le travail requis par les muscles pour maintenir
une posture efficace, tout en préservant les disques intervertébraux. Les modifications posturales ont
un impact sur les efforts résultants dans I'articulation intervertébrale et les différentes positions ont
donné lieu a des différences élevées dans les valeurs observées pour ces efforts.

Ce modéle permet d’identifier les muscles qui apparaissent comme essentiels pour le maintien d’une
posture économique pour le sujet considéré. Ces résultats pourraient étre utilisés pour la planification
chirurgicale: pour un patient particulier, la meilleure approche pour la chirurgie peut étre choisie
comme celle minimisant la dégradation de ces muscles.

Cette partie se concentrant sur l'utilisation d’'un modéle biomécanique musculo-squelettique, en
utilisant des données 3D personnalisés des sujets, a souligné I'importance d’une telle personnalisation
pour la prédiction des efforts résultants dans ’articulation intervertébrale afin de prévenir les 1ésions
de la moelle épiniére ou du disque intervertébral.

R - 6 Conclusion générale

L’objectif de cette theése était d’étudier les changements da au vieillissement, de 1’alignement postural
et des muscles.

La premiére partie a porté sur les changements d’alignement postural au cours du vieillissement.
Une premiére étude sur les jeunes adultes asymptomatiques a mis en évidence ’alignement quasi-
invariant de la téte par rapport au bassin. Cette invariance fournit une bonne répartition des différents
segments au-dessus de la vertébre pelvienne, permettant une posture efficace en minimisant les dépenses
d’énergie, et se situant a lintérieur de cone d’économie, défini par Dubousset (Dubousset, 1994).
L’analyse fine d’une population asymptomatique d’adultes de plus de 49 ans a permis de montrer une
conservation de l'invariance de cet alignement dans la population plus dgée. Toutefois, pour 16 sujets
sur 41, cette invariance était permise grace & des mécanismes de compensation tels que la rétroversion
pelvienne et I’hyperlordose cervicale. Une étude longitudinale pourrait évaluer si ces biomarqueurs
permettraient 'identification précoce de sujets & risque de dégradation de l'alignement postural.

La deuxiéme partie de cette thése a présenté le travail réalisé sur les muscles spino-pelviens & partir
d’images IRM. Les valeurs de référence ont été calculées pour les adultes jeunes asymptomatiques.
Une méthode rapide et précise a été proposée et validée afin d’estimer les volumes de groupes fonc-
tionnels: cette méthode pourrait étre mise en ceuvre dans un environnement clinique. Un deuxiéme
chapitre a étudié les muscles spino-pelviens de personnes plus agées avec déformations rachidiennes.
Le vieillissement pathologique a affecté les muscles par une perte de volume pour la plupart des mus-
cles. Cependant, les muscles fessiers sont apparus comme particuliers, en effet les volumes et ratios
volumiques des muscles fessiers étaient plus grands pour la population avec déformations rachidiennes
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comparés aux valeurs pour les jeunes adultes asymptomatiques. Cette augmentation de volume peut
étre le marqueur d’une stimulation accrue des muscles fessiers afin de réguler finement la position du
bassin supportant tout le poids du corps situé au-dessus du bassin.

La troisiéme partie s’est intéressée & 'adaptation et la personnalisation d’'un modéle musculo-
squelettique de la colonne vertébrale et du bassin afin d’étudier la relation entre posture altérée et
schéma de recrutement musculaire (et donc efforts résultants intervertébraux). En étudiant divers su-
jets en termes d’age, de pathologie et de morphologie, il a été montré dans les résultats préliminaires,
une variabilité dans le schéma de recrutement musculaire. La capacité & réguler la posture afin de
limiter les efforts intervertébraux dépend du sujet et suggére que les études futures doivent intégrer
une personnalisation des modéles musculo-squelettiques afin de prédire et analyser les efforts inter-
vertébraux. Ce travail préliminaire a rapporté la difficulté de certains volontaires ou patients a limiter
le moment de flexion lorsque le tronc est fléchi & environ 30 ° en avant, lorsque les muscles sont altérés
(infiltration graisseuse quantifiée & partir d’images IRM) et dans le cas de fatigue musculaire. Ces
résultats mettent en évidence 'importance de préserver les muscles durant 1’évolution d’une pathologie
ou le vieillissement, afin de résister a ’effet de la fatigue le plus longtemps possible et de compenser
les modifications posturales.

Dans I'ensemble, cette thése a établi des valeurs de référence pour les adultes asymptomatiques en
termes d’alignement postural et de volumes musculaires. Ceci fournit une base de données pour com-
paraison lorsque 1’on étudie l'effet du vieillissement ou de I’évolution d’une pathologie. Les changements
lies a ’age ont été quantifiés pour les systémes squelettique et musculaire. L’impact d’'une posture al-
térée a été étudié sur le volume musculaire et le recrutement musculaire. Une posture altérée peut
étre identifiée de fagon précoce, avant d’étre critique, par I’évaluation de I'alignement de la téte par
rapport au bassin.

Si les deux premiéres parties de cette thése ont quantifié les changements se produisant au cours du
vieillissement, le modeéle musculo-squelettique est un nouvel outil pour mieux comprendre ’'interaction
entre la posture, la colonne vertébrale et les muscles. Dans cette thése, aucune conclusion claire et
robuste ne peut étre tirée sur qui des altérations posturales, ou des changements musculaires provo-
quent 'autre. Une plus grande cohorte et une étude longitudinale apporteraient des connaissances
importantes sur les changements se produisant au cours du vieillissement ou lors de ’évolution d’une
pathologie. En effet, ce modéle a été utilisé pour étudier le processus de vieillissemnent, mais pourrait
également étre utilisé afin d’étudier par exemple 1’évolution de troubles rachidiens, le développement
de douleurs lombaires, ou pour améliorer ’ergonomie de postes de travail. De méme, étudier des pa-
tients atteints de diverses pathologies et symptdmes tels que la lombalgie, idéalement dans une étude
longitudinale, fournirait de nouveaux éléments sur la compréhension de ces pathologies.

Les perspectives a court terme comprennent la combinaison globale des différents résultats de cette
thése: la combinaison de marqueurs de l'altération de l'alignement postural avec la quantification
de la dégradation musculaire dans le modéle biomécanique permettrait d’améliorer cette approche
prometteuse et ouvrirait la voie & différentes utilisations. Simplifier le traitement des images médicales
permettrait de mettre au point des outils faciles d’utilisation et utilisables dans les hopitaux pour la
routine clinique afin de quantifier 'alignement postural avec 'angle CAM-HA (ou angle OD-HA); la
dégradation musculaire a partir d’images d’IRM; et les impacts sur le schéma de recrutement musculaire
avec le modéle biomécanique. En particulier, le calcul des efforts résultants intervertébraux, pour les
personnes agées présentant des mécanismes de compensation aux niveaux pelviens et cervicaux, dans
une position non compensée serait d’un intérét particulier afin d’évaluer 'impact de ces mécanismes
de compensation.

Les perspectives & long terme concernant la modélisation biomécanique concernent trois étapes
différentes au cours le vieillissement: la premiére lors de la prévention, la seconde lors de la gestion des
maux de dos lombaires et la troisiéme lors de la planification chirurgicale et de ’analyse post-opératoire.
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Tout d’abord, a I’aide du modéle présentant le schéma de recrutement musculaire pour la position
choisie, les équipes cliniques pourraient identifier les muscles spécifiques a renforcer, et ainsi prescrire
des exercices appropriés pour tendre vers une posture efficace. Cela pourrait aussi étre utilisé pour
identifier les muscles spécifiques & renforcer avant une intervention chirurgicale afin d’améliorer la
récupération et les résultats de la chirurgie.

Deuxiémement, la prise en charge des douleurs lombaires pourrait étre améliorée en fournissant un
apercu réel des efforts intervertébraux et de ’activation musculaire. La différenciation entre efforts
élevés pouvant & terme endommager le disque et hyperstimulation des muscles et donc leur fatigue,
pourrait étre faite pour améliorer le diagnostic, la prévention et la prise en charge a long terme.

Troisiémement, avec ce modéle biomécanique, différentes approches pour les interventions chirur-
gicales de la colonne vertébrale (approche antérieure, latérale ou postérieure) peuvent étre simulées en
reproduisant les dommages subis par les muscles dus a la procédure chirurgicale choisie. Cela pour-
rait donner un apergu des efforts au niveau de 'articulation intervertébrale ou de 'implant apreés la
chirurgie. La meilleure approche pour la chirurgie pourrait alors étre choisie comme celle qui minimise
ces efforts.

Ce modéle est original car il permet une vision 3D compléte des muscles et du squelette. FEn
fournissant les lignes d’action des muscles, I'impact de la chirurgie ou de 'exercice physique peut
étre directement imaginé et modélisé. Ce point de vue innovant du complexe spino-pelvien fournit un
nouvel outil prometteur afin d’améliorer la prise en charge des patients avec déformations rachidiennes.
Il ouvre aussi des perspectives pour 'aide & la réflexion lors de la planification chirurgicale de tels
patients.
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GENERAL INTRODUCTION

Global aging of the population (from 12% of olders than 60 years old in the world in 2015, to 22% in
2050 (World Health Organization, 2008)) raises the question on “how to age well?” Aging has local
and global impacts on the body with consequences on the daily life for elders. Particularly, it is well
documented that adults older than 65 years old are more prone to falls (World Health Organization,
2008): while a young adult can restore his/her balance after losing it, such a task is more difficult
for elders, who are therefore associated with more frequent falls. Between 28% and 35% of people
older than 65 years old fall each year, versus 32% to 42 % for adults older than 70 years old (World
Health Organization, 2008). As the skeleton is less robust for elders, the consequences of the fall can
be dramatic (37.3 million falls per year, require medical attention (World Health Organization, 2008)),
and can lead to surgery, long-time medical care needs and/or loss of autonomy.

The costs of falls for the society have been reported: for example, for the Republic of Finland
(respectively Australia), for adults older than 65 years old, the average health system cost per fall
injury is US$ 3611 (respectively US$ 1049) (World Health Organization, 2008). Just as important,
loss of autonomy also impacts the quality of life of the patient and his family. It remains an economic
burden for the relatives: lost earnings per household are estimated at around US$ 40 000 per year in
the UK (World Health Organization, 2008).

Because loss of balance is one of the cause of falling, maintaining a good balance appears as a key
factor in the prevention of falls. Early identification of people at risk of pathological aging (leading
in the future to loss of balance and maybe falls), would allow the prescription of specific programs to
tend towards a more efficient balance: exercise to reinforce specific muscles, and regain amplitude in
movements for example (World Health Organization Falls Prevention for Active Aging Model (World
Health Organization, 2008)).

Such identification requires the definition of aging biomarkers: parameters or scores based on
clinical exams and/or medical images analysis allowing discrimination between people who will evolve
towards pathological aging and people who will evolve towards healthy aging. If several criteria have
already been reported as reliable markers of aging, no simple global biomarker has been found to date.
This is due to the multi-factorial aspect of the problem of loss of balance during aging (Tinetti et al.,
1994). Particularly aging has been shown to induce changes in the inter-vertebral discs composition
(Adams et al., 1996), leading to a stiffer back and therefore to an altered posture (Diebo et al., 2015):
particularly a forward shift of the trunk and knee flexion have been reported (Barrey et al., 2013;
Diebo et al., 2015). In addition, the muscular system is also impacted, with a loss of muscular volume
(sarcopenia) (Narici et al., 2003; Frontera et al., 2000) but also with a decrease in muscular force
(Macaluso and De Vito, 2004). Cognitive capacities can also be altered (vision, hearing...) complicating
the maintenance of an efficient balance (Lacour et al., 2008; Laughton et al., 2003). Combining the
skeletal and muscular systems in the search of new aging biomarkers appears to be a relevant task.
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Recent research in the two laboratories hosting this PhD, Institut de Biomécanique Humaine Georges
Charpak and Hospital for Special Surgery, proposed new techniques and algorithms combining skeletal
and muscular information in 3D.

The EOS system, taking bi-planar low-dose radiographs, enables the 3D reconstruction of the
skeleton (Dubousset et al., 2010); while MRI images’ analysis combined with the deformation of a
parametric-specific object method (DPSO) results in the 3D reconstruction of muscles (Jolivet et al.,
2008). In addition, the two teams collaborating in this PhD, are expert in the analysis of the spino-
pelvic system (Lafage et al., 2008; Schwab et al., 2006; Skalli et al., 2007; Moal et al., 2015; Steffen
et al., 2010; Pomero et al., 2004), and are advocating the need for patient-specific modeling techniques.
As aging impact the whole body, changes observed are specific to each subject, and personalization
of these models remains crucial. In the literature, few studies reported combined aging analysis of
both skeletal and muscular systems. While a few models have been developed to estimate interactions
between the two structures, personalization of these models remains a difficult challenge. The objective
of this PhD was therefore to investigate aging changes and model the musculo-skeletal interactions,
from EOS and MRI images analysis, searching for new biomarkers of aging.

Specifically, three questions guided the scientific reasoning of this PhD:

e How does postural alignment change with aging?
e How do the muscular system’s characteristics change with aging?

e What is the impact of the combined alteration of both postural alignment and muscular system,
on the biomechanics of the spine?

After a review of the anatomical structures and imaging modalities studied in this PhD, an analysis
of the literature will be presented.

The first part of the personal work reports the study of young and older adults to investigate age-
associated postural alignment changes using EOS radiographs. The second part will present studies
focusing on the aging of the muscular system from MRI images. The third part will address the issue
of the combined work of muscles and posture to provide an efficient balance. Finally, the last part will
conclude on the PhD findings and will suggest perspectives for future researches.

Figure 20. : The Tightrope Walker, 2002, photographed by Gilbert Garcin.
Courtesy of Les filles du calvaire gallery, Paris. [from RENCONTRESARLES

(http://www.rencontres-arles.com)].
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Part A

Anatomy and Literature Review
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INTRODUCTION

The first chapter of this literature review will introduce the anatomy of the skeletal and muscular
systems, based on anatomy books of Kamina (2006). In the second chapter, different ways to investigate
changes in postural alignment will be presented. The third chapter will focus on studies of the muscular
system’s degradation. Finally, a review of the different existing biomechanical musculo-skeletal models
will be introduced. Published studies will be presented to describe the global context of this PhD.

Anatomical planes of reference are presented in Figure 21. The sagittal plane is the plane separating
right from left; the horizontal or axial plane is a plane parallel to the ground, separating the body into
the upper and lower parts. The coronal or frontal plane is the plane perpendicular to the two others.

Figure 21. : Planes of study: C: Coronal plane. S: Sagittal plane. H: Axial plane.
[Adapted from (Dubousset, 1994)].
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CHAPTER 1

1-1 Skeleton

Balance alteration brings attention to the longitudinal skeleton in standing position. Upper limbs will
not be considered here as the focus will be made on the static erected posture and as arms play a role
in balance during dynamic movements. The skeleton involves different joints as illustrated in Figure

1.1, and detailed in Table 1.1.
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Figure 1.1. : 3D reconstruction of the skeleton.

A): Spine, rib cage, pelvis and lower limbs. B): Joints. [Adapted from ZYGOTE BODY

(http://zygotebody.com/)]
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Table 1.1. : Different joints in the body. [Figures adapted from !STUDY BLUE

(https://www.studyblue.com); 2SPINE UNIVERSE (http://spineuniverse.com); *VECTOR STOCK
(https://www.vectorstock.com); *“FOOT LOGICS (http://www.footlogics.com.au)]

1-1.1 Head

The head is the segment containing the visual system and the inner ear; two of the sensory systems

regulating balance.

Because of its weight (4-bkg (Vital and Senegas, 1986)), and as the head is

positioned on a flexible rod (i.e. the spine), the alignment of its center of gravity with the other
segments is of primary importance. In addition, being the center of vision, specific alignment with the
spine is required in order to maintain horizontal gaze (Figure 1.2). One study investigated the position
of the center of gravity of the head and reported its position on the nasion-inion line, just above the
center of acoustic meati (Vital and Senegas, 1986). In this PhD, the center of acoustic meati will be
used to characterize the head position compared to other segments.

Figure 1.2. : Location of center of gravity A
At the middle of the nasion-inion line. B Ra-
diographic projection of this center behind
the sella turcica, above and slightly in front
of the external auditory meatus (point above
the upward arrow). [Adapted from (Vital
and Senegas, 1986)].

The atlanto-occipital and atlanto-axial joints are the joints permitting the 3D rotation of the head
compared to the spine (Figure 1.1 and Table 1.1). The latter joint involves the dentiform apophyse of
C2, which most superior point will be called Odontoid in the following. This point will be considered to
characterize the position of the superior part of the spine, near the head, compared to other segments.
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1-1.2 Spine

The inter-vertebral joint is the joint between two adjacent vertebrae (Table 1.1). The inter-vertebral
disc is the flexible structure allowing for movement of one vertebra versus another (Figure 1.3). Facet
joints on the vertebrae contribute to the limitation of movement, in order to protect the inter-vertebral
disc and spinal cord (going through the neutral arch of vertebrae).

The behavior of “bag of fluid” of the inter-vertebral disc plays a role of shock absorber and is
responsible for spinal flexibility (Dolan and Adams, 2001).

Figure 1.3. : Left: Lumbar motion segment
consisting of two vertebrae and the interven-
ing disc and ligaments. “Compressive” force
acts perpendicular to the antero-posterior
mid-plane of the disc (“A-P”). vb - vertebral
body; aj - apophyseal joint; na - neutral arch.
Upper right: In an inter-vertebral disc, the
concentric lamellae of the annulus fibrosus
(af) surround the soft nucleus polposus (np).
Lower right: Expanded section of annulus
showing the alternating direction of collagen
fibers in successive lamellae. [Adapted from
(Dolan and Adams, 2001)].

1-1.3 Rib Cage

Ribs are attached to the thoracic vertebrae and linked to the sternum (long flat bone in the center of
the chest) (Figure 1.4). The rib cage function is to protect the vital organs such as the heart, liver
and lungs. There are 12 pairs of ribs attached to vertebrae T1 to T12. The first seven pairs are called
“true ribs” as the ribs are directly attached to the sternum. The following three pairs are known as
“false ribs” as they are linked by cartilage to the sternum. The last two set of “false ribs” are “floating
ribs” because they are not attached to the sternum (not shown in Figure 1.4).

A Superior opening of rib cage
I B Inferior opening of rib cage
1. Clavicle
2. Manubrium of the sternum
3. Sternum
4 4. Xiphoid process
5. Costal bone

6. Costal cartilage

Figure 1.4. : Ribcage [Adapted from (Kamina, 2006)].
Ribcage is particularly of importance when estimating the weight of the thorax, the larger part of
upper body. Because of the different soft tissues in the ribcage, this estimation can be difficult and
may not be accurate.
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1-1.4 Pelvis

The pelvis is formed of three bones: the sacrum and coccyx at the back, and two hip bones (ilium,
ischium and pubis) on each side (Figure 1.5). The pelvis is sometimes called the pelvic vertebrae
because of its large mobility recruited to adapt and compensate the spine alignment above it. The
lumbo-sacral joint allows mobility of the pelvis from the spine, while the sacro-iliac joint provides very
little motion (Table 1.1).

Sacro-iliac joint
Sacrum

Hip bone (os coxae)

Coccyx

Femur

Inferior ramus of pubis
Superior ramus of pubis

Pubic symphysis

© X N ot W=

Linea terminalis of the pubis

Figure 1.5. : Pelvis: Hip bones and sacrum [Adapted from (Kamina, 2006)].

1-1.5 Lower limbs
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Figure 1.6. : Lower limbs: A: Femur.
B: Tibia and Fibula.

Lower limbs include the femur, tibia and fibula
(Figure 1.6). By providing locomotion they
are of special interest when studying dynamic
movements. In this PhD, as the objective was
to quantify aging alterations in the setting of
the static posture, they will not be extensively
detailed here.

The femur is the thigh bone with the femoral
head as proximal extremity and external and
internal femoral condyles as the distal extrem-
ity.

The tibia associated with the fibula are the
bones of the lower leg. The tibia’s proximal
extremity is formed by the tibial plates and
the distal extremity by the medial malleolus.
The fibula is attached on the tibia by its prox-
imal head, its distal extremity is the lateral
malleolus.
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1-2 DMuscles

Only skeletal muscles will be considered in this PhD as they are the ones responsible for movements
of the skeleton by their contraction. A muscle can be characterized by its pennation angle, insertions
points, length, cross-sectional area and composition. All these parameters can largely influence the
muscular force generated during contraction.

The pennation angle is the angle of the fibers with respect to the principal muscle direction (Figure
1.7). A muscle with a large pennation angle will develop a larger muscular force, because the muscular
contraction will result in a larger shortening of the muscle in its principal direction (Figure 1.7).

Fusiform
muscle

Pennated
» muscle

Muscular
fibers Direction
L of the muscle
shortening
Tendon

[
I

e > -

Figure 1.7. : Example of fusiform and pennated muscle. [Figure and legend from (Dubois, 2014)].

The insertion points will determine the lever arm of the muscle (i.e. its distance to the joint center).
Muscles with large lever arms, for example lower limb muscles, will generate movements of large
amplitude, while deep muscles in the spine (short lever arm) are responsible for spinal stability (linking
two adjacent vertebrae together). The insertion points of the muscle are directly linked to the muscle’s
length. The insertion points, determining the lever arm of the muscle, also determine the moment
generated at the joint by the muscular contraction.

The cross-sectional area of the muscle is directly correlated to the number of muscular fibers in the
muscle, which is directly linked to the muscular force.

All these parameters are geometrical parameters characterizing the muscle, nevertheless the muscular
composition is of primary importance. Different types of fibers can be identified in muscular fibers:
type I fibers specialized in long duration contractile activities, and type Il fibers for short explosive
effort. Different distribution of these fibers will result in different muscular force. Another component
of the muscle is the fat that can infiltrate the muscles during aging or during long periods without
muscular stimulation.

The last important factor when considering muscles, is their activity and stimulation by the central
nervous system: muscles can be activated to generate a movement (locomotion with lower limbs
muscles), to stabilize a joint (during one leg stance for example), or to protect vulnerable structures
(contraction of cervical muscles during whiplash after the brutal braking of a car).

In this PhD, as only medical images of EOS and MRI exams were analyzed, only geometrical charac-
teristics of the muscle were considered, with the addition of the muscular activation. No analysis was
made on the different types of fibers of the muscle, but insight into its quality (fat infiltration) was
made. Spino-pelvic muscles considered in this PhD are detailed in Appendix A (Tables A.1, A.2, A.3
and A.4).
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1 -3 Aging of the musculo-skeletal system

As reported in the literature, aging induces changes in the musculo-skeletal system. Global aging
of the postural alignment include an increased stiffness of the spine, losing flexibility. This rigidity
is associated with a loss of lordosis, compensated by a backward rotation of the pelvis (pubis goes
forward) (Figure 1.8). When this compensation is at its maximum, flexion of the knee can appear to
maintain a global alignment inside the conus defined by Dubousset (Dubousset, 1994) (Figure 2.6).

Figure 1.8. : Aging changes in the spine. Illustration by Netter. [Adapted from OSTEOPOROSIS SDW
(http://osteoporosissdw.blogspot.fr/)].

Concerning the muscles, decrease has been reported in volume: -25% reported by Narici et al. (Narici
et al., 2003); and in muscular cross-sectional area: -40% between 20 and 80 years old (Porter et al.,
1995). The number of fibers decreases from 25 years old and type I and 1T fibers proportion can evolve
in one way or another depending on the subject (Porter et al., 1995). Different training programs
have reported encouraging values on the re-gain of muscular strength and number of fibers for elders,
such as stair climbing, or squats (Macaluso and De Vito, 2004). Muscle quality has been reported to
deteriorate with age and has been associated with an increased fat infiltration: increase of fat signal
fraction from 15% to 20% has been reported between 20 and 60 years old, for back muscles (Crawford
et al., 2016).

All these changes impacting the musculo-skeletal system can result in decreased activity and increased
discomfort of elders in daily activities. In worst cases, these aging changes can result in spinal defor-
mities or balance alterations leading to fall. Older adults are more subject to falls (up to 42% of olders
than 70 years old experience fall each years vs up to 35% for olders than 65 years old (World Health
Organization, 2008)) and these falls can require medical attention (37.3 million per year in UK (World
Health Organization, 2008)). The consequences of a fall or spinal deformity can be surgery, long-time
medical care and frequently loss of autonomy. This loss of autonomy decreases greatly the quality of
life of the patient, and results in high costs for the patient as well as the society.

Therefore, it seems essential to study aging and investigate early markers of aging to identify the
earliest possible, alterations possibly leading to loss of autonomy.

1 -4 Clinical Imaging

Different types of imaging are used in clinical routine to diagnose and follow the evolution of pathology.
The skeletal system can be investigated with long X-rays, Computed-Tomography, or bi-planar radio-
graphs. The X-rays allow visualization of the bony structures and some soft tissues on a gray-scale
image. Muscles and soft tissues in general can be investigated with the help of Magnetic Resonance
Imaging and Ultrasound.
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1-4.1 X-rays cassette

Conventional X-ray images consist in a long cassette placed in front of the X-ray tube allowing to
acquire posture of the subject in one plane (Figures 1.9 and 1.10).
Heels GL GL Heels

~ ~

Figure 1.10. : Projection of anatomic landmarks,

Figure 1.9. : Static Test, volunteer on the forceplate gravity line (doted line), and heel line on digital
device for the frontal plane. radiographs. The gravity line and heels line were
[Adapted from (Schwab et al., 2006)]. detected with the help of a forceplate.

[Adapted from (Schwab et al., 2006)].
1-4.2 Computed Tomography

Computed tomography (CT) is a medical imaging method that uses tomography. Digital geometric
processing is used to generate a three-dimensional image of an object from a large series of two-
dimensional X-ray images taken around a single axis of rotation (Figure 1.11). CT produces a volume
of data which can be manipulated in order to demonstrate various structures based on their ability to
block X-ray radiation. CT images are commonly used for bones visualization in a clinical environment.

Detectors

Figure 1.11. : Principle of CT-scan acquisition of 2D images. [Adapted from PHYSICS CENTRAL (http:
//www .physicscentral.com/)].

Main limitation in using CT, especially for volunteers, is that CT involves a moderate to high radiation
dose for the subject: 1.5mSv for a lumbar spine CT vs 0.02mSv for a Chest X-ray (Food and Drug
Administration, 2015).
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1 - 4.3 Bi-planar radiographs

The EOS system is a bi-planar low dose radiography system developed from the work of Georges
Charpak (Nobel Prize in1992) and now commercialized by EOS Imaging.

The specific advantage of the EOS radiographs re-
lates to its ability to obtain full body X-rays in
standing position (Figure 1.12).

The advantage of the standing position is that it
reflects accurately the skeleton in the daily posi-
tion, under the gravity effect (i.e. with joints com-
pressed) (Dubousset et al., 2005, 2008, 2010).

In addition to its large resolution (image pixel res-
olution of 254 pm (Tllés and Somoskedy, 2012)), 3D
reconstruction of the skeleton has been developed, Figure 1.12. : Bi-planar standing
as bi-planar radiographs are taken simultaneously radiographs from head to feet, acquired
in a calibrated environment (Humbert et al., 2009b; simultancously. [Adapted from EOS

. . IMAGING
Quijano et al., 2013) (Figure 1.13). (http://www.eos-imaging. con/)]

This technology permits not only to identify global
and local postural alterations, but also to investi-
gate compensatory mechanisms (ex: knee flexion,
rotation of the pelvis) recruited by each individual
in an effort to maintain an erected posture. The 3D
reconstruction of the skeleton allows the character-
ization of the local alterations of vertebrae and/or
discs; as well as the characterization of variations
in lordosis and kyphosis.

The EOS system involves a small amount of radia-
tion: the effective dose of a KOS full spine examina-
tion is 290pSv (Damet et al., 2014) (equivalent to
52 days of background radiation). When compared
to a return flight London-Toronto whose effective
radiation dose is 56pSv (Lewis et al., 2001); in the
end, a full spine examination with the EOS sys-
tem is equivalent to 5 return flights from London
to Toronto.

Because EOS images are associated with a low ra-
diation dose and because it permits 3D reconstruc-
tion of the different bones, they will be used in this Figure 1.13. : EOS bi-planar radiographs

PhD to investigate the postural alignment changes and 3D reconstruction of the skeleton.
[Adapted from EOS IMAGING

duri ing.
uring aging (http://www.eos-imaging. com/)|

1-4.4 Ultrasound

The ultrasound is an easy to implement, non-invasive method, used to investigate soft tissues (Figure
1.14). Tt is based on the reflection by tissues of a sound wave: depending on the distance of the object
from the source, the reflection wave, for this object, will be detected at a different time. The image is
constructed based on the difference of reception time of the different reflection waves (one per object
encountered) (Figure 1.15).
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However, deep muscles can be more difficult to explore as it is a surface technique. Previous studies
using ultrasound for muscles’ investigation, mainly focused on the dynamic behavior of the muscle
(muscles’ contraction) as it is possible to capture multiple images during a movement (Nuzzo and
Mayer, 2013; Skeie et al., 2015). This method, to this day, is limited to 2D measure and does not
give access to volumetric information. Still, ultrasound imaging is more and more used to investigate
muscles, tendons and other internal organs.
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Figure 1.14. : Acquisition of ultrasound image on Figure 1.15. : Ultrasound image of the lateral
the abdomen. |Adapted from MEDICAL NEWS abdominal wall. [Adapted from ULTRASOUND
TODAY (http://wuw.medicalnewstoday.com/)]. FOR REGIONAL ANESTHESIA

(http://www.usra.ca/)|.

1-4.5 Magnetic Resonance Imaging

Magnetic Resonance Imaging is a commonly used imaging system to investigate the muscular system
(Gildea et al., 2013; Kjaer et al., 2007; Lee et al., 2008; Parkkola et al., 1993; Pezolato et al., 2012;
Savage et al., 1991; Takahashi et al., 2006) (Figure 1.16). It is a medical imaging technique that
provides much greater contrast between different soft tissues structures than computed tomography
(CT) (MRI was reported as more sensitive in demonstrating disc degeneration (Schnebel et al., 1989)).
Unlike CT, it uses no ionizing radiation, as MRI uses a powerful magnetic field to align the nuclear
magnetization of hydrogen atoms in water contained in the body. MRI is commonly used to visualize
muscles but other soft tissues as well: particularly for assessment of a disc pathology or disorder such
as spinal cord compression, or hernia (Figure 1.17).

Figure 1.16. : Magnetic
resonance imaging scanner.
[Figure from HEALTHCARE
SIEMENS (http:
//healthcare.siemens.fr/)|.

Figure 1.17. : Magnetic resonance images on the lumbar area in the
three different planes: from left to right: sagittal plane, frontal plane
and axial plane. T1 weighted low resolution images.
[Figure from MRI MASTER (http://mrimaster.com/)].

Because MRI is the only non-invasive imaging technique allowing to compute the muscles’ 3D geometry
and because of the laboratory expertise in the MRI images processing (Siidhoff et al., 2009; Jolivet
et al., 2014; Moal et al., 2014, 2015), the MRI technique will be used for muscles analysis in this PhD.
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CHAPTER 2

STUDYING POSTURAL ALIGNMENT

2 -1 Segments usually considered

The spine is a complex structure resulting from our adaptation to bipedalism, it has therefore been
studied for a long time. The spine is characterized by the amplitudes of the three spinal curvatures: the
cervical lordosis, the thoracic kyphosis and the lumbar lordosis (Stokes et al., 1993; Vrtovec et al., 2009)
(Figure 2.1). Soon enough, the crucial role of the pelvis was highlighted in the postural alignment:
in particular, Dubousset denoted the pelvis as the last vertebra supporting the upper body weight
(Dubousset, 1994) (Figure 2.2).

Cervical
lordosis

Thoracic
kyphosis

Lumbar
lordosis

Figure 2.1. : Spinal curvatures: cervical lordosis, Figure 2.2. : The entire pelvis can be considered
thoracic kyphosis and lumbar lordosis. [Adapted as one unique vertebra. [Figure and legend from
from (Berthonnaud et al., 2005)] (Dubousset, 1994)].

3 pelvic angles are used for characterization of the pelvis position and morphology (Figure 2.3): pelvic
incidence (morphological parameter); pelvic tilt (pelvis position relative to the femoral heads) and
sacral slope (pelvis inclination) (Duval-Beaupére et al., 1992).

29
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PI=PT +SS

Figure 2.3. : Pelvic parameters. SS: Sacral slope (inclination of the sacral plate). PT: Pelvic tilt (retroversion
of the pelvis). PI: Pelvic incidence (morphological parameter). [Adapted from (Mac-Thiong et al., 2011)].

Reference values (Table 2.1) have been reported for these parameters, for various age groups of asymp-
tomatic adults, as they provide baselines to quantify pathology’s evolution and severity.

C2-C7 T4T12 L1-S1 . .
in © . . Pelvic Pelvic Sacral
mn Cervical Thoracic Lumbar Incidence Tilt Slone
Lordosis Kyphosis Lordosis p
21-40 . . . . .
years old ) 38 (12) 60 (14) 52 (10) 13 (7) 39 (9)
41-60 ] . ) ) ) a
years old 37.(9) 60 (8) 53 (8) 14 (6) 40 (7)
>60 ) ) ) ) )
years old ) 44 (12) 57 (11) 51 (9) 16 (6) 36 (9)
18-81 . ] i C C C
years old | ° (1) 41 (10) 43 (11) 55 (11) 13 (6) 41 (8)

Table 2.1. : Mean (Standard Deviation) reported in the literature for spinal curvatures and pelvic parameters,
for asymptomatic adults of various ages. *Schwab et al. (2006). PLe Huec et al. (2014). “Vialle et al. (2005):
lordosis was, for this paper, computed between L1 and L5.

Additional parameters have been introduced in the course of time, to better characterize the postural
alignment. Among these, the most used are:

e the Sagittal Vertical Axis (SVA): anterior shift of C7 vertebra body’s center from the most
postero-superior point of the sacral plate (S1) (Figure 2.4),

e the Overhang of S1: postero-anterior distance between middle point of sacral plate (S1) and
middle of bi-coxofemoral axis (middle of centers of femoral heads: HA) (Figure 2.4).
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Figure 2.4. : Sagittal Vertical Axis (SVA) and
Overhang of S1.

Reference values from the literature, for these
parameters, are presented in table 2.2.

‘0 mm SVA Overhang
s1
yei's‘*gl 4| 3663 | 250
ye‘i'sﬁgl 4|2t |25 e
>600ﬁ'fars S11 (200 | 32 (15) @
oo | M| -

Table 2.2. : Mean (Standard Deviation) reported
in the literature for SVA and Overhang S1.
aSchwab et al. (2006). PEl Fegoun et al. (2005).

2 - 2 Lower limbs and head rarely considered

The other segments rarely included in the postural alignment studies are the head and the lower
limbs. Concerning the lower limbs, they are of primary importance when considering compensatory

mechanisms occurring during aging.

During aging, changes in the inter-vertebral
disc (water loss (Adams et al., 1996; Dolan
and Adams, 2001)) and vertebra (bone remod-
ling) can lead to loss of sagittal balance. Ad-
ditionnaly, a loss of lumbar lordosis has been
reported during aging (lumbar spine is less
curved (Gelb et al., 1995)), as well as a for-
ward shift of the anterior part of the trunk
(posture more bent).

In order to compensate for the forward flex-
ion of the trunk due to the loss of lordosis,
the pelvis rotates backwards (pelvis retrover-
sion) (Barrey et al., 2013; Diebo et al., 2015;
Fechtenbaum et al., 2015). Aging is also asso-
ciated with flexion of the knees and extension
of the ankles to stabilize the postural global
alignment (Barrey et al., 2013) (Figure 2.5).
Specific parameters have been reported in the
literature to assess these compensatory mech-
anisms (Barrey et al., 2013).

Figure 2.5. : Compensatory mechanisms occurring
during asymptomatic /pathological aging [Adapted
from (Barrey et al., 2013)].
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If the lower limbs have been studied in specific studies, they have rarely been included in postural
alignment studies. Common parameters to characterize lower limbs’ geometry are femoral and tibial
torsions or femoral neck shaft angle (Table 2.3). Reference values for these parameters are presented

in Table 2.3.
i( Tibial Plates Axis Femmal
Torson \ w Femoral
~ Neck
\  Shaft
‘ Tibial Angle
l Torsion “:‘v
ié’ Posterior {" Femoral
y; |
\4‘\‘/" /_’) Bimalleolar Axis
o Femoral oy s . Femoral Neck
- Torsion Tibial Torsion Shaft Angle
| Rubin et al. (1992) | - | - | 1229 (7.6) |
| (Kim et al., 2000) | 166 (11.4) | - | - |
Seber et al. (2000) e 6558((7é7i)/ . 509 ((6 3>/ b 291 -
Kristiansen et al.
oo - s 1 -
| Kolta et al. (2005) | - | - | 125.9 (6.4) |
Baudoin et al.
don - - 205 29
| Chaibi et al. (2012) | 11.1 (3.9) | 27.9 (4.9) | 128.0 (1.9) |
| Than et al. (2012) | 171 (115) | 36.0 (8.4) | 1284 (4.9) |

Table 2.3. : Mean (Standard Deviation) for lower limbs parameters from the literature. R (L): right (left).

Recent studies tend to include the lower limbs in the postural alignment analysis to quantify angles
of the different lower limbs segments relative to another (knee flexion, ankle extension for example
(Barrey et al., 2013; Diebo et al., 2015)). However these studies focused mainly on patients and not
asymptomatic subjects (Table 2.5).

As for the head, this is a segment that needs special attention with regard to its weight (4-5kg) (Vital
and Senegas, 1986) and position as it is far from the "pelvic vertebra” supporting the total upper body
weight. Because the head is the segment with proprioceptive receptors (inner ear, eyes), its alignment
compared to other body segments will be of great importance when monitoring an efficient and costless
erected posture.

The head as individual segment has been studied in few studies (Lafage et al., 2015; Le Huec et al.,
2014), and have rarely been included in previous postural alignment studies. Because the majority of
radiographs stop between C5 and C7 to avoid eyes irradiation and because of the size of conventionally
used X-ray cassette, the most superior point giving an idea of the position of the head was for a long
time C7. More and more studies tend to include the cervical spine, as well as the head, in radiographs
and studies, in order to get a broader look on the global postural alignment on the patient (Gangnet
et al., 2003; Steffen et al., 2010; Le Huec et al., 2014) (Table 2.5).
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2 - 3 Plane considered for postural alignment analysis

Until recently, spinal deformities were studied in one plane only, either sagittal or coronal.

With development of new technologies and tools, and in particular of bi-planar radiographs and 3D
reconstruction algorithms, the idea arose that spinal deformities are 3D deformations that need to be
studied in 3D. Clinical routine however rarely included 3D analysis, even if it is particularly interesting
for surgery planning in order to take into account the 3D geometry of the deformation (Dubousset,
1994; Dubousset et al., 2010; Tllés and Somoskedy, 2012).

2 -4 The need for head to feet analysis in 3D

As Dubousset eluded in 1994 (Dubousset, 1994), the head, thorax and pelvis needs to be aligned in
order to provide horizontal gaze (i.e. vision) and keep the center of mass in a close area so the body
remains balanced with minimal energy expenditure (Figure 2.6). Different studies reported parameters
to characterize the position of the head and its morphology: such as the spino-cranial angle (SCA) or
the cranial incidence (Le Huec et al., 2014). One approach in modeling the conus of economy concept
is the inverse pendulum (Figure 2.7): while ankle stiffness is greater than gravity load, the pendulum
is at the equilibrium (El Helou, 2011).

Smooth Cone

Maximum
Cone

Figure 2.6. : A: When the human body is in a standing posture, the
feet are located within a zone called the “polygon of sustentation”
(P-S). The body, under the influence of muscle function, can move in a
conical fashion without moving the feet. The maximum variable

amplitude is at the pelws level (P-L) and at the head (H) B: Wg can torsion stiffness (K obal) -

determine a maximum cone when muscles are working at their
. L adapted from (Morasso and
maximum to maintain balance and a smooth cone when muscles are . . .
. . .. - Schieppati, 1999). [Figure and
working at their minimum to maintain balance. [Figure and legend ]
egend from (El Helou, 2011)].
from (Dubousset, 1994)].

Figure 2.7. : Inverse pendulum
illustration, controlled by the

As described before, the postural alignment analysis requires analysis of all segments from head to feet,
as all are impacted during age-related postural alterations. Therefore, there is a need, for each subject,
to acquire head to feet X-rays, in order to better understand compensatory mechanisms occurring
during aging. For example, an elderly or patient with large pelvic backtilt and knee flessum will see his
hip extension reduced, and therefore his length of step reduced. This could limit the ability to restore
balance when missing a step for example.

Because postural alterations and compensatory mechanisms occurring during aging impact the skeleton
in the different planes, 3D analysis of the skeleton over aging appears as of primary importance to take
into account all the complexity of skeletal pathologies and postural alterations.
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Thus, there is a strong need to characterize, for reference population (asymptomatic adults) of various
ages, the global postural alignment, from head to feet, in 3D, in order to better appreciate the global
condition of the subject/patient. Emphasis should be made on the head segment, too rarely studied
in the literature.

Table 2.5 summarizes works published on the postural alignment, based on X-rays. In this table, studies
focusing only on lower limbs or pelvis were not included (Mangione et al., 1997; Pajarinen et al., 2004;
Baudoin et al., 2008; Than et al., 2012; Gaumétou et al., 2014). In this table were reported studies
focusing on the postural alignment in 2D or 3D: differentiation was made between asymptomatic and
patients, according to age. The segments studied (head, spine, pelvis lower limbs) were reported. The
majority of studies focused on the spine and pelvis, now clearly established as dependent segments.
Some studies used a forceplate to estimate the gravity line and feet position (Vaz et al., 2002; Gangnet
et al., 2003; El Fegoun et al., 2005; Roussouly et al., 2006; Schwab et al., 2006; Steffen et al., 2010;
Lafage et al., 2011).

The addition of the head or lower limbs in the study was rarely made (Gangnet et al., 2003; Steffen
et al., 2010; Le Huec et al., 2014; Diebo et al., 2015). To our knowledge, no study combined both the
head and lower limbs with spine and pelvis for 3D postural alignment analysis. When the head was
included in the study, the study included only young adults (Gangnet et al., 2003; Steffen et al., 2010)
or did not include the pelvis (Le Huec et al., 2014). Only one studied combined analysis of the lower
limbs with analysis of the spine and pelvis (Diebo et al., 2015). This study reported results in 2D,
only for patients, and did not include the head.

The studies on age-related changes in asymptomatic adults reported the effect of aging by report-
ing statistical difference between young and older groups for specific radiographic parameters (Kim
et al., 2014; Legaye, 2014), or correlations between age and radiographic parameters: most interesting
correlations can be found in Table 2.4.

| Correlation coefficient (R) || TK | LL | PI | PT | SVA | Overhang |
| El Fegoun et al. (2005) || - | - | - | - | 031 | - |
| Vialle et al. (2005) * | 02 | 014 | 024 | - | - | - |
| Schwab et al. (2006) o3 | - | - | - | - | - |
| Mac-Thiong et al. (2007) || - | - [-021] -023 | - | - |
| Lafage et al. (2008) * || - | - | - | <062 ] <062 | <062 |

Table 2.4. : Correlation coefficient (R) reported in the literature for correlation of radiographic parameters
with age. * means that the study did not mention if the correlation found was significant. TK means thoarcic
kyphosis, LL lumbar lordosis, PI pelvic incidence, PT pelvic tilt and SVA sagittal vertical axis.

These correlations are in line with clinical observation: aging is associated with an increased kyphosis,
an increased pelvic tilt, an increased anterior shift of the upper part of the trunk. These changes
have been reported as compensatory mechanisms or as pathological symptoms occurring during aging
(Barrey et al., 2013; Diebo et al., 2015).

Overall, if several studies have investigated age-related changes in postural alignment, few studies
included a 3D head to feet analysis of the postural alignment of asymptomatic adults, as seen in Table
2.5. The first part of this PhD thesis will address this need by the study of head to feet postural
alignment, in the setting of young asymptomatic adults, and from head to hip for older adults.




Study N asymp. < 60years | N asymp. > 60years N patients < 60years | N patients > 60years | Effect of aging ? | Head | Spine Pelvis Femur | Tibia | FP | 2D/3D ?
Duval-Beaupere er al. 1992a 17 - - - X X 2D
Legaye ef al. 1998 49 - 66 [10yrs - 84yrs] X X 2D
Jackson er al. 2000 20 [26yrs-75yrs] 20 [26yrs - 73yrs] X X 2D
Rajnics ef al. 2001 30 [30yrs - 39yrs] 0 0 X 2D
Vaz et al. 2002 112 - - - X X X 2D
Gangnet er al. 2003 34 - - - X X X X 3D
Duval-Beaupeére er al. 2004 47 [mean: 22yrs] - - X X 2D
Faro et al. 2004a 50 - - - X X 2D
Berthonnaud er al. 2005 160 [20yrs -70yrs] X X 2D
ElFegoun erf al. 2005 41 [20yrs - 84yrs] 44 [24yrs - 88yrs] X X X X 2D
Roussouly er al. 2005 160 | - - - X X 2D
Vialle er al. 2005 300 [20yrs - 70yrs] X X X 2D
Boulay er al. 2006 149 - - - X X 2D
Roussouly er al. 2006 153 - - - X X X 2D
Schwab er al. 2006 50 25 - - X X X X 2D
MacThiong er al. 2007 341 - - - X X X 2D
Tanguay et al. 2007 60 - - - X X 2D
Lafage er al. 2008 66 [18yrs - 93yrs] 65 [18yrs - 93yrs] X X X X 2D
Legaye er al. 2008 42 | - - - X X 2D
Lafage et al. 2009 125 [22yrs - 88yrs] - - X X 2D
Steffen er al. 2010b 23 - 93 [12yrs - T8yrs] X X X X 3D
Lafage er al. 2011 - - 119 [mean: 52yrs; SD: 22yrs] X X X 2D
MacThiong er al. 2011 709 [18yrs - 81yrs] - - X X X 2D
Kim er al. 2014 342 [19yrs -23yrs and 53yrs-79yrs] - - X X X 2D
Legaye et al. 2014 71 | 18 149 51 X X X 2D
LeHuec ef al 2014 106 [18yrs - ?] - - X X X 3D
Ryan et al. 2014 - - 559 [mean: 53yrs] X X 2D
Diebo er al. 2015 - - 161 [mean: 63yrs; SD: 13yrs] X X X X 2D

Table 2.5. : Summary of published studies on postural alignment from X-rays analysis. Asymp. means asymptomatic. N means number of patients/volunteers. A
tick in the “FP” column means that a forceplate was used to record center of pressure position and ground forces. One can note the few studies including the head
in the postural alignment analysis and the few studies using 3D reconstruction of the full skeleton. In blue are highlighted studies reporting a 3D analysis.
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CHAPTER 3

STUDYING MUSCULAR SYSTEM

3 -1 An additional tool in research: Electromyography

Electromyography (EMG) is a widely used technique to study dynamically the activity of muscles
(Figure 3.1). Recording the electrical activity produced by the muscle (via surface electrodes or needle
electrode placed inside the muscle), allows studying the muscular pattern recruitment during a move-
ment (Figure 3.2). Are all muscles contracting at the same time? What is the extend of the contraction
compared to the maximal voluntary contraction? Electromyography can provide materials to answer
these questions.

Electromyography

Figure 3.1. : Surfacic electrodes for
Electromyography. [Adapted from
INNER SPORT
(http://innersport.com/)].

Figure 3.2. : Electromyography principle. [Adapted from
HUMAN PHYSIOLOGY
(http://humanphysiology.tuars.com/)].

EMG requires careful preparation of the skin before placing the electrodes, and careful placement
of the electrode in order to record only one muscle and not a mixed signal of the contraction of 2
adjacent muscles (cross-talk issues). This technique does not provide any geometrical information on
the muscles and is difficult to implement in a clinical environment as it requires time and room for
testing different movements. This PhD project did not focus on the utilization of electromyography
measures, because choice was made to only use clinical routine exams providing medical images in
clinical routine such as MRI for example.

3 - 2 Muscles exploration in the literature

3 -2.1 3D geometry of muscles

Most of the studies focusing on muscular system characterization from MRI images, computed the
cross-sectional section area (CSA) and/or the fat infiltration percentage from different slices (see Table
3.1). If some studies computed the volume from CSA and slice thickness (Sanchis-Moysi et al., 2011,
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Beneck and Kulig, 2012; Valentin et al., 2015), only 6 past studies reported a volume computed from
a 3D geometry (Albracht et al., 2008; Jolivet et al., 2014; Li et al., 2014; Moal et al., 2014, 2015) (see
Table 3.1).

From these 6 studies reporting 3D geometry of muscles, 2 different methods can be identified. The first
one reported by Albracht et al. in 2008, is in two steps: first, segmenting axial contours on axial MRI
slices; second, “a continuous B-Spline solid was created from the 3D- coordinates of the transversal
contours” (Albracht et al., 2008) (Figure 3.3).

The second method is a fast and semi-automatic technique, developed in the Institute. It enables the

accurate and repeatable 3D reconstruction of the muscles from a reduced set of segmented MRI axial
images (Jolivet et al., 2014; Moal et al., 2014) (Figure 3.4).

a b

GM

SO

Figure 3.4. : Overview of the DPSO reconstruction method
(Jolivet et al., 2014): a) subset of MRI axial slices with man-
ually segmented axial sections; b) contours approximated by
ellipses [represented on the figure by a green rectangle whose

Figure 3.3. : (a) Segmented transversal con- length and width correspond to the major and minor axes
tours of the soleus (SO) muscle. (b) B-Spline of the ellipses]; ¢) cubic spline interpolation used to inter-
solid of the triceps surae muscles: soleus polate ellipses in all non-outlined slices covering the muscle;
(SO), gastrocnemius medialis (GM) and gas- d) interpolated ellipses generated a 3D parametric object; €)
trocnemius lateralis (GL). [Figure and legend non-linear deformation of the parametric object was deformed
from (Albracht et al., 2008)]. using the manual segmentations [from (Moal et al., 2014)].

3D geometry of muscles can be of special interest when studying the compensatory mechanisms occur-
ring during aging: as postural alignment changes over aging are in 3D, muscles will be impacted on
the whole: on the volume, quality, CSA but also on the 3D geometrical shape.

Muscles of interest when focusing on balance alteration are primarily muscles in the lumbar, pelvic and
knee areas. These joints are of special interest as compensatory mechanisms observed during aging
impact these joints in particular (pelvic retroversion, knee flessum for example). These muscles will be
called spino-pelvic muscles in the following.
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3 - 2.2 Fat infiltration

Over aging and pathological evolution, muscles degrade both in terms of volume (sarcopenia (Narici
et al., 2003)) and in quality (increase of fat infiltration inside the muscle (Porter et al., 1995)) (Figure
3.5). Access to the fat content of each muscle will help quantify the power / strength of the muscle
considered. Associating this information with the loss or increase in volume will help better identify
changes in the muscular system and hyper-recruitment of specific muscles, in case of postural mal-
alignment or disorder.

Figure 3.5. : Magnetic resonance imag-
ing of a person with normal lumbar
lordosis shows a healthy back extensor
muscle (A), whereas that of a patient
with a degenerative flat back deformity
shows muscular atrophy and fat infil-
tration (B). [Figure and legend from
(Lee et al., 2008)].

Fat infiltration can be computed with different methods:
e by using semi-quantitative scale (Kjaer et al., 2007) (see Figure 3.6),

e by detecting less bright pixels (Beneck and Kulig, 2012): either with a threshold (Figure 3.7), or
with a sigmoid function on pixel intensity (Figure 3.8).

Figure 3.6. : Examples of amounts
of fat in the lumbar multifidus mus-
cles as seen on axial T1- weighted mag-
netic resonance imaging scans. These
were rated as grade 0 if normal con-
dition; grade 1 for slight fat infiltration
(10-50%), and grade 2 for severe fat in-
filtration (>50%). [Figure and legend
from (Kjaer et al., 2007)].

Grade 0 (none) Grade 1 (slight)

Figure 3.7. : Axial MR image at the L5-S1 level.
(A) MR image before image quantification. (B)
Color-coded regions distinguishing multifidus from
non-muscle tissue. The crossbars and circles in the
left multifidus in figure A illustrate the segmenta-
tion method used in this study. Note: the erector
spinae size is typically small where it attaches to
the sacrum and iliac crest. [Figure and legend from

Spinae Multidus ‘ - (Beneck and Kulig, 2012)].

Figure 3.8. : Detected fatty region from the seg-
mented muscle region (with threshold = 80 and
softness = 0.1). [Figure and legend from (Antony
et al., 2014)].
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A recent study (Moal et al., 2015) demonstrated the potential of MRI in the quantification of the muscle
fat infiltration based on Dixon images (Dixon, 1984). Dixon MRI sequence (Dixon, 1984) provides two
identical images: the first one for which the intensity of the pixel is correlated to the amount of water
contained (Water image) and the second one for which the intensity of the pixel is correlated to the
amount of fat contained (Fat image) (Figure 3.9). By combining information of intensities of the same
pixel from both images, and with calibration, fat percentage can be computed for each pixel (Dixon,
1984; Moal et al., 2015).

Figure 3.9. : Example of water (left) and fat (right) images with Dixon methods on a 64- year-old female
adult spinal deformity patient. [Figure and legend from (Moal et al., 2015)].

3 - 2.3 The need for 3D geometry database for reference population

As illustrated in the Table 3.1, the literature regarding muscle investigation based on MRI images is
quite extensive as this modality can be used for diagnosis of muscular pathologies. Most the studies
using MRI, only reported qualitative or semi-qualitative findings. This table focuses on research
associated with either aging of the muscular system, fat infiltration and/or geometrical characterization
of the muscles.

Only 6 studies reported 3D geometry for young asymptomatic adults, (Albracht et al., 2008; Jolivet
et al., 2014; Li et al., 2014; Moal et al., 2014). Albracht et al. focused on calf muscles (Albracht et al.,
2008), while Li et al. looked into details the cervical muscles (Li et al., 2014). On the other hand,
Moal et al. and Jolivet et al. studied spino-pelvic muscles and thigh muscles (Jolivet et al., 2014; Moal
et al., 2014). The two latter studies included less than 5 subjects as the purpose of each study was the
validation of a new 3D reconstruction algorithm.

As seen in Table 3.1, few studies reported 3D description of spino-pelvic muscles for a reference popu-
lation (young asymptomatic adults). There is, therefore, a strong need for reference values concerning
spino-pelvic muscles 3D geometry, for young asymptomatic adults in order to better appreciate and
quantify muscular age-related changes. This will be the purpose of the second part of this PhD.




MRI region of acquisition Asymptomatic Patients
3D/ | Effect of .
Author Cervical | Thoracic | Lumbar | | Thigh Lower | 5p 2 | aging? | N < N > N < N > |CSA | Length Pfat| Volume
Spine Spine Spine leg 60years | 60years | 60years | 60years
Savage ef al. 1991 X 2D X 68 79 X
Parkkola ef al. 1993 X 2D 60 48 X X
Marras ef al. 2001 X X 2D 30 X
Takahashi ef al. 2006 Not mentionned, probably lumbar spine to thigh 2D X 140 70 X
Mengiardi ef al. 2006a X 2D 25 25 X
Kjaer ef al. 2007 X 2D X 854 X
Lee ef al. 2008 X 2D 10 11 X X
Albracht ef al. 2008 X 3iD 13 X X X 3D
Niemeliiinen ef al. 2011 X 2D 26 X X
Sanchis-Moysi ef al. 2011a X X 2D 29 X computed
Beneck ef al. 2012 X X 2D 14 14 X X computed
Pezolato ef al. 2012 X 2D 30 15 X X
Gildea er al. 2013 X X 2D 8 23 X
Fortin ef al. 2014 2D 116 X X
Nam ef al. 2014a X 2D X 112 X
Moal et al. 2014 X X X 3D 2 X X X X 3D
Liefal 2014 X X 3D 16 X 3D
Mersmann ef al. 2014 X 3D 53 X X X3D
Jolivet ef al. 2014 X X X 3D 4 X 3D
Valentin ef al. 2015 X 2D X 24 X | X computed
Fortin ef al. 2015 X 2D 29 X X
Moal et al. 2015 X X X 3D X 19 X 3D
Takayama ef al. 2016 X 2D X 100 60 X X
Fortin ef al. 2016 X 2D 33 X X
Crawford ef al. 2016 X 2D 80 X | X computed
Ghiasi ef al. 2016 X 2D 10 6 X

Table 3.1. : Summary of published studies on muscular system from MRI images, reporting geometrical characterization of muscles, fat infiltration and effect of
aging. N means number of patients/volunteers. CSA means cross-sectional area. Pfat means percentage of fat (i.e. fat infiltration). In blue are highlighted studies
reporting a 3D analysis.
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CHAPTER 4

LSTUDYING COMBINATION OF ALTERED POSTURAL ALIGNMENT
AND ALTERED MUSCULAR SYSTEM

While the two previous chapters focused on age-related changes in postural alignment and muscular
system, changes in composition of spinal structures occur as well, for example in the inter-vertebral
disc (Adams et al., 1996) or vertebra bone (osteoporosis), by change, among others, of the components’
biochemistry.

The increased spine stiffness with age, is attributed to changes in the disc’s mechanical properties, and
particularly to its loss of water over aging: 80% water content for a young adult vs 65% for older adult
(Nachemson, 1975). As a result, the inter-vertebral disc stress varies over aging, changing its ability
to resist and support high loads in any direction (Figure 4.1).

The disc is one of the principal structures to support loads and particularly to support compression
load while allowing some flexibility to the spine. In addition, other spinal structures can help support
loads, such as facets joints to support high shear load for example (Figure 4.1).

Crack
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Figure 4.1. : Lumbar spine showing inter-vertebral
discs lying between vertebral bodies (vb). Forces Figure 4.2. : Spondylolisthesis: slipping forward

on the spine (arrows) arise mostly from gravity, of a vertebra. [Adapted from FAIRVIEW
and from tension in muscles attached to the neural (http://www.fairview.org/)|.

arches (NA) of each vertebra. Spinal compression
(C) and shear (S) are defined as those components
of the resultant force (R) that act perpendicular
to, and parallel to the mid-plane of each disc. [Fig-
ure and legend adapted from (Adams, 2015)].

73


http://www.fairview.org/

Page 74 PART: ANATOMY AND LITERATURE REVIEW

Limiting loads in the inter-vertebral disc will limit injuries of the disc, such as for example inter-
vertebral disc hernia resulting in compression of the spinal cord in the neutral arch, leading to pain.

By avoiding high loads in the inter-vertebral disc, the motion of the different vertebrae relative to each
other is limited to protect the spinal cord: a spondylolisthesis (the sliding of one vertebra anteriorly
(Figure 4.2)) will increase the shear load in the inter-vertebral disc and facets joints. At some point
this load will not be supported anymore, and either facet fracture or inter-vertebral disc rupture will
occur. This could lead to disc hernia and compression of the spinal cord.

One of the many roles of the spine is to protect the spinal cord, and this has been summarized by
White et al. (White et al., 1975) as they defined spinal stability “as the spine’s ability under physiologic
loads to limit patterns of displacement in order not to damage or irritate the spinal cord and nerve
roots and to prevent incapacitating deformity or pain caused by structural changes” (cited from Izzo
et al. (2013)).

In order to protect the spinal cord, spinal stability is governed by 3 different structures: the spine,
the muscles and the central nervous system. The first one includes the bony structures of the spine
(vertebrae), the inter-vertebral discs and the ligaments, and stabilizes the spine in a passive way. The
muscles and tendons act as an active system and are activated by the central nervous system (CNS).
The CNS is included in models via the strategy governing the model, while the spine and muscles are
taken into account by their geometry.

The resulting loads in the inter-vertebral disc have been studied from direct measurement in the
inter-vertebral disc with an inserted needle or instrumented inter-vertebral implant (Nachemson, 1975;
Wilke et al., 1999; Rohlmann et al., 2014). Because these methods are invasive, biomechanical musculo-
skeletal models have been developed to compute the inter-vertebral resulting loads and therefore iden-
tify critical situations that can lead to injury. These models need to include all the three structures
involved in the regulation of spinal stability: the column, the muscles and tendons as well as the central
nervous system.

There are, therefore, a lot of structures involved in the computation of inter-vertebral loads, as re-
ported by Dreischarf et al.: “Since the number of unknown muscle forces exceeds that of available
equilibrium equations, the problem is highly redundant and equilibrium equations cannot be solved
deterministically” (Dreischarf et al., 2016). This issue evoked by Winter et al. in 1990 (Winter et al.,
1990) is still relevant, and remains an issue as Dreischarf et al. mentioned recently (Dreischarf et al.,
2016). That is why different approaches can be found in the literature in order to reduce redundancy
and solve the problem. Three types of models can be identified: the optimization driven models; the
EMG driven models and hybrid models combining EMG and optimization approaches.

One common characteristic to all types of model is the computing of net reaction forces and moments
on the inter-vertebral joint studied: it can be either calculated by inverse free body diagram from
forceplate data (Figure 4.4) (tick in column “Use of forceplate” in Table 4.1), or from anthropometric
data, estimating masses’ distribution between segments (Dempster, 1955; DeLeva, 1996).

All these models aim to compute muscular forces to study muscular recruitment pattern (van Dieén
et al., 2003; Granata et al., 2005), and resulting inter-vertebral loads for patients with different sagittal
balances (Galbusera et al., 2013).
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4 - 1 Different types of biomechanical musculo-skeletal models

4 - 1.1 Optimization driven models

Optimization driven models aim to reduce the redundancy of the problem by modeling the central
nervous system’s strategy as a cost-function that should be optimized. Different cost functions have
been proposed, the majority of them focusing on minimizing the muscular stress at different powers
(Table 4.1). In these models, muscular forces are computed from the muscular area and muscular
stress (force per unit of surface).

Models using optimization can include the 2D or 3D geometry of the spine and muscles such as
finite element models, models derivated from OpenSim (Bruno et al., 2015) or Anybody (AnyBody
Technology A/S, Aalborg, Denmark) (Arshad et al., 2016; Han et al., 2013; Christophy et al., 2012,
Wong et al., 2011).

They can also focus on a single-slice level with muscular geometry computed from the inter-vertebral
joint center (Figures 4.3,4.4) (Table 4.1).

Multi-levels models, can compute the load at different inter-vertebral disc levels during dynamic tasks,
while single-level musculo-skeletal models focus on quasi-static posture position and compute resulting
loads in one inter-vertebral disc.

Figure 4.3. : Cross-sectional view of 10 trunk muscles and their moment arms used in the current model.
Angles 3, §, v are all assumed to be 45°. Reproduced from Schultz et al. (1982) [Figure and legend adapted
from (Marras and Sommerich, 1991)].
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Figure 4.4. : Schematic representation of the procedure to construct the geometric, linked lumbar spine models.
From the 44 surface markers used for anatomical calibration (a), 27 were tracked during task performance (b)
to allow the reconstruction of a full body geometric model (14 segments) subdivided into lower body and upper
body linked dynamic models (c) using respectively external forces at the feet (Fpr and Frp measured by two
force platforms) and the hands (Frg and Fry measured through a dynamometric box) as input. The lumbar
spine model (d) was built from an imaginary plane cutting at the L5/S1 joint. [Figure and legend adapted from
(Gagnon et al., 2001)].

Multi-levels models are based on a scaled basic musculo-skeletal model: either from open-source models
such as Open-Sim (Figure 4.5) or AnyBody (Figure 4.8); either from a previous literature study.

Another way to reduce significantly the number of unknowns to simplify the problem is to reduce the
spine geometry to a 2D or 3D inverted pendulum (Figure 4.6) and to consider groups of muscles as a
unique cable (Granata and Wilson, 2001; Granata and Orishimo, 2001): for example the erector spinae
groups the multifidus and longissimus (Figure 4.6). By using optimization, a solution can be found.
Even though the principal limitation of this model is its simplicity, it is still used and appreciated to
get a roughly estimate of inter-vertebral load (particularly at the L5-S1 joint, supporting the whole
upper body), in ergonomics for example (Essendrop et al., 2002).
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Figure 4.5. : The sagittally symmetric trunk model in the upright standing posture under gravity loading
represented in both sagittal and coronal planes. 46 bilateral local muscles attached to lumbar vertebrae (ICPL:
iliocostalis lumborum pars lumborum, LGPL: longissimus thoracis pars lumborum, MF: multifidus, QL: quadra-
tus lumborum, and IP: iliopsoas) and 30 bilateral global muscles attached to thoracic spine and cage (global
back muscles: ICPT: iliocostalis lumborum pars thoracic and LGPT: longissimus thoracis pars thoracic. Global
abdominal muscles: 10: internal oblique, EO: external oblique, and RA: rectus abdominus) are considered (note
that axes are not to the same scale). [Figure and legend adapted from (Hajihosseinali et al., 2014)].
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Figure 4.6. : Schematic representation of the sta-

bility model included a 3D inverted double-pendulum
supported by 12 muscles (six bilateral muscle groups).
Trunk mass and external load were applied at fixed vec-
tor locations relative to the superior surface of the upper
vertebra. For clarity, the external oblique and internal
oblique muscles have been omitted from the figure but
were included in the computational analyses. [Figure
and legend adapted from (Granata and Wilson, 2001)].

Figure 4.7. : Musculo-skeletal model with per-
sonalized 3D geometry of the spine, pelvis and
muscles. Illustration of the positioning of the ax-
ial MRI slices within the 3D-reconstruction frame
of the subject. [Figure and legend adapted from
(Pomero, 2002)].
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Figure 4.8. : Trunk musculature in AnyBody standing model. Global muscles (RA: rectus abdominis, 10:
internal oblique, EO: external oblique, ILPT: iliocostalis lumborum pars thoracic, LTPT: longisimus thoracis
par thoracic) and local muscles (ILPL: iliocostalis lumborum pars lumborum, LTPL: longisimus thoracis pars
lumborum, PM: psoas major, IL: iliacus, MF: multifidus, QL: quadratus lumborum). [Figure and legend adapted
from (Arshad et al., 2016)].

A reported limitation of the optimization approach is the difficulty to predict antagonist co-activity
(Stokes and Gardner-Morse, 2001; El Ouaaid et al., 2013). As muscular contraction adds compression,
the risk of this non-prediction of the antagonist activity, would be to under-estimate the resulting
compression in the inter-vertebral joint. For example Cholewicki et al. reported, between optimization
based and EMG-based predictions, an underestimation of the compression ranging from 23 to 43%
(Cholewicki and McGill, 1996). However, different studies reported various strategies to solve this
issue, in particular the addition of a lower limit for the muscle force when non activated (Hughes et al.,
1995), the design of a specific cost-function to differentiate between agonist and antagonist muscles (El
Ouaaid et al., 2013), the use of a quadratic cost-function (Modenese et al., 2011) or the addition of
stability requirements as equations (Brown and Potvin, 2005; Granata and Wilson, 2001; Stokes and
Gardner-Morse, 2001; Hajihosseinali et al., 2014).

Table 4.1 summarizes the principal studies reporting musculo-skeletal models using the optimization
approach. Some things need to be highlighted from this table’s reading. Firstly, the cost function used
is, in most cases, related to the muscles’ stress or force. Only few studies reported a cost function
minimizing the resulting load in the inter-vertebral joint (Arjmand and Shirazi-Adl, 2006; Kiefer et al.,
1998; Christophy et al., 2012; de Zee et al., 2007; Pomero et al., 2002).

Secondly, it is worth noting that most of the studies imported muscular geometry from cadaveric studies
or medical images of few subjects, and sometimes scaled this geometry. In Table 4.1, study based on
MRI or CT images (column “MRI or CT” in “Geometry of muscles” in the table), means that a generic
model based on few people’s images (MRI or CT scans) was used, except for two models (Pomero
et al., 2002; Han et al., 1995). If Han et al. personalized muscular geometry from CT scans (Han
et al., 1995); Pomero et al. used as input MRI images at multiple level and in addition, personalized
the posture from radiographs (Pomero et al., 2002). Both studies reported a low number of subjects
but provided the only results based on personalized geometry of the muscles only (Han et al., 1995)
and of muscles and posture for Pomero et al. (Pomero et al., 2002). The only study, over all presented
in Table 4.1, that included a large number of subjects was conducted by Han et al. in 2013. They did
not include personalization for each subject, as a generic model was scaled for 7 different weights and
10 different heights to simulate 70 different virtual subjects (Han et al., 2013).
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Shahvarpu.ur.': Shrazi-Adl, & 3 X X X x | X
Lariviére 2016
Bruno, Bouxein & Anderson
2015 3 X X 1 X
Hajihosseinali, ..., Shirazi-Adl,
3 X X | X 1
... 2014
Han, Rohlamnn, ... 2013 X X X 70
Christophy et al. 2012 X X X 1 X
Wong, ..., DeZee, ... 2011 z X X X | X 1 X
Arjmand, ..., Shrazi-Adl, &
Lariviére 2010 3 X X X | X : X
Arjmand, ..., Shrazi-Adl, &
Lariviére 2009 3 X X ! X
DeZee ef al. 2007 X X X | X | X 1 X
3
2
X
X
Arjmand & Shirazi-Adl 2006 X X X | X 1 X
X
X
X
VanDieen ef al. 2005 3 X [ X X | X 1 X
Pomero et al. 2002a Control loop approach X X 2 X
Shirazi-Adl ef al. 2002 X X X X | X virtual loads
Gagnon, Lariviére, ... 2001 X X | X X X 1 X
Granata et al. 2001 3 X X 1 X
VanDieen er al. 1999 X X 1 X
Kiefer,Shirazi-Adl, ... 1998 X X X | X 1 X
Cholewicki, McGill, ... 1995 X X X X 1 X
Gardner-Morse & Stokes, ...
1905 X X X 1 X
Han et al. 1995 3 X | X X 5 X
Stokes ef al. 1995 X X 1 X
3
2
Hugues, Chaffin, ... 1994 X X X | X 1 X
X
Bean, Chaffin, ... 1988 X X X 1 X

Table 4.1. : Musculo-skeletal model using optimization approach. The column “Access to IV joint” refers to
how is accessed the inter-vertebral joint under study: some studies use complete 2D or 3D geometry of the
spine (column “AnyBody” and “Finite Element”); while others use only muscular geometry computed in a slice
from the inter-vertebral joint center (column “Single-level: Slice”). The column “Use of forceplate” identifies
studies for which a forceplate has been used to compute the external load at the inter-vertebral joint center.
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4 -1.2 EMG driven models

EMG-driven models (examples in Table 4.2) use as inputs the EMG signals recorded from the subjects
during dynamic or quasi-static positions. One major difficulty with this type of model is the need to
find an accurate relationship between the EMG signal and the force delivered by the muscle studied. In
fact, the input in the model is the muscle force computed from the muscle’s electrical activity recorded
by EMG. Different relationships have been modeled in the literature (Anders et al., 2008).

As detailed in section 3 - 1, one shortcoming of the EMG use is the need for careful placement of
electrode to avoid cross-talk issue (Disselhorst-Klug et al., 2009). Another shortcoming is the fact
that it is limited to superficial muscles only. Deep muscles, such as the psoas for example, cannot be
studied with the EMG. Those muscles are, therefore, either grouped with other muscles in the model
or neglected. This simplification can however hide the true and complex recruitment pattern of the
muscles.

All these limitations are well counter-balanced by the fact, that, up to now, only the EMG data
can provide a validation set for these musculo-skeletal models. EMG is the only technique providing
information of the in-vivo contraction of specific muscles over time, with different intensity. The
muscular pattern given by the EMG can be either used as an input for EMG-driven models, or used
for validation of the model outputs (whichever the type of the model is).
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T
E 5 - 82 z
@ _— = =] —
Authors § E E 2 >, E’ @| = =| £ .%..:. wl2lslsl 2=
8| g 2 (2| E(5(8|lg|ClolE|lE I 52885
HEE R RN EEE:
glg| E g |ElzlZ|S|S|E|2|8|s|E|E|5|5|8|8
== = <|=| 2|3 Sl8 = =S| 0> |3
= = z E| | o = 7
= z 5 2l 2|2 & | O
2 £ & | = ©
S
Dufour et al. 2013 X XXX X
Jia et al. 2011 X X X X | X X
Gagnon ef al. 2011 X X X X XX X X
Arjmand ef al. 2009 X X X XX X X
Arjmand ef al. 2010 X X X XX X X
Granata et al. 2005 X X X X X
VanDieen ef al. 2005 | X XX XX X
G t al. 2001 X XX X X X
agnon et al. X X < [ % X X X
Cholewicki et al. 1996 X X X X X
X X X X
holewicki L1
Cholewicki ef al. 1995 X X X X X
Granataetal 1995 | X X | X X | X|X X
Marras et al. 1991 X X XX

Table 4.2. : Summary of published studies presenting musculo-skeletal models electromyography driven (EMG
driven) or with a hybrid approach (combining EMG and optimization approaches). The column “Access to IV
joint” refers to how is accessed the inter-vertebral joint under study: some studies use complete 2D or 3D
geometry of the spine (column “AnyBody” and “Finite Element”); while others use only muscular geometry
computed in a slice from the inter-vertebral joint center (column “Single-level: Slice”). The column “Use of
forceplate” identifies studies for which a forceplate has been used to compute the external load at the
inter-vertebral joint center.
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A difference worth to highlight is the fact that the optimization approach satisfies the equilibrium of
the system, while the EMG driven models do not. In order to compensate, hybrid models combining
the two approaches have been proposed in the literature.

4 - 1.3 Hybrid models

Models combining muscular activity (EMG data) as input with optimization have been reported as
hybrid models (Gagnon et al., 2011; Arjmand et al., 2010, 2009; Granata et al., 2005). This type of
models combines the advantage to use real data as input (EMG signals) and to satisfy equilibrium
equations (use of optimization). However, the use of EMG can be difficult to implement, and interpret
(uncertainty on the EMG signal-muscle force relationship).

Table 4.2 summarizes studies on EMG-driven models and hybrid models. Comparison between these
models have been made in the literature suggesting that hybrid models are highly dependent on the
optimization approach chosen and on the EMG signal-muscle force relationship (Mohammadi et al.,
2015; Dreischarf et al., 2016).

4 - 1.4 Personalization of models

In the three different types of models, the question of the personalization of the posture and muscles is
a concern. Few models attempted to import geometrical input from medical imaging for each subject,
thus going towards a personalized geometry. However this method was never implemented on a large
number of subjects, and has been mostly used to enhance a generic model by scaling or to refine
the estimation of level arm of muscles for example (Hajihosseinali et al., 2014; Arjmand et al., 2010;
Gagnon et al., 2011; Han et al., 1995).

Concerning the muscles’ representation, these models represent muscles as a cable, not taking into
account the 3D shape of muscles (Arjmand and Shirazi-Adl, 2006; de Zee et al., 2007). Because
muscular contraction is isovolumic; during contraction, the muscle will shorten and the maximal cross
sectional area will increase. Two muscles side by side will therefore interact with each other, during
contraction. This effect is neglected in such models as most of them model muscles as cables only.
This issue remains unsolved in currently used models, by the complexity it introduces in the algorithm
(additional contact forces required).

Only one published model, implemented patient specific 3D geometry of the skeleton and muscles
from medical imaging (Figure 4.7) (Pomero et al., 2002). This model uses a control loop approach to
maintain the cubed inter-vertebral loads in the IV disc under defined thresholds. The assumed strategy
of the central nervous system is to protect the inter-vertebral disc from high loads by activating specific
muscles. 3D geometry of the spine was derivated from subject-specific 3D reconstructions based on
bi-planar radiographs and muscles’ geometry from Visible Human Project. This muscular generic
model was then deformed to match muscles’ insertions between 3D skeleton reconstruction and 3D
reconstructions of muscles.

This personalization appears as a key issue in the observation and quantification of different postural al-
terations and static positions, on the muscular recruitment pattern and on the resulting inter-vertebral
loads.
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4 - 2  Summary of published musculo-skeletal models

Different approaches to model the spine stability and the resulting loads in the inter-vertebral discs
have been reported with, for each type of model, limitations.

If the principal advantage of the EMG driven models is the true activation pattern from EMG signals,
its application is limited to superficial muscles and requires appropriate signals force relationship.

Because the greatest advantage of EMG driven models is the link with in-vivo muscular activation,
EMG has been widely used as a validation tool for optimization driven models. Optimization models
have the advantage to model as many muscles as possible, but still personalization of these models is
rarely made, resulting in only global estimation of spinal loads. A global shortcoming that applies on all
these models with exception of two (Hajihosseinali et al., 2015; Han et al., 2013) is the non-modification
of the anatomy when studying specific postures such as flexed positions or lateral bending. Similarly,
studies focusing on postural alterations in patients, only changed net reaction forces and moments
applied on the inter-vertebral discs, but did not modify accordingly the muscular geometry (except
when input is the personalized 3D geometry of spine and muscles (Pomero et al., 2002)).

Ouly one “optimization driven” model (more precisely a control-loop based model) to this date reported
the use of 3D personalized geometry of the spine, and muscles from medical images (Pomero et al.,
2002). If this model considers only quasi-static positions, it has the great advantage to study the
effect of an altered posture and altered muscles (alteration not modeled but implemented from 3D
reconstructions of EOS and MRI images). The cost function used in this model is quite different from
most other cost functions used, as the model minimizes the inter-vertebral loads by activating agonist
and antagonist muscles. The central nervous system strategy modeled here is to protect the inter-
vertebral disc, even if this leads to maximal recruitment of muscles and therefore high compression
loads. With these advantages and limitations, this model has been chosen as the best to study patient-
specific alteration of the posture by using personalized input data from medical images.




CONCLUSION

This chapter summarized the different approaches used in the literature to study balance alterations
occurring during aging, from postural alignment changes to muscular changes. The study of the com-
plex interaction between both the skeletal and muscular systems can be realized with a biomechanical
musculo-skeletal model.

Firstly, from the literature review emerged a strong need for 3D, head to feet, analysis of the postural
alignment, especially including the head to quantify its relative position to other segments and its
position’s evolution over aging. Such analysis can be performed using bi-planar simultaneous X-rays
and 3D reconstruction algorithms developed accordingly.

Secondly, even if the importance of muscles has been well reported in the literature, few studies reported
3D geometry of muscles which seems to be essential to quantify changes occurring during aging, due
to compensatory mechanisms, or pathological evolution.

Thirdly, if biomechanical models underwent a significant development over the last years, to our knowl-
edge, only one published model allowed personalized 3D geometry of the bones and muscles as inputs
(Pomero et al., 2004). Because balance alterations over aging are subject-specific, this model appears
of primary importance when quantifying more precisely the effect of aging on the lumbar spine, discs
and muscles.

In light of this state-of-the-art, the objective of this PhD was to answer three questions:

e How does postural alignment change with aging?
e How do the muscular system’s characteristics change with aging?

e What is the impact of the combined alteration of both postural alignment and muscular system,
on the biomechanics of the spine?

Three distinctive parts will answer each one of these three questions. Firstly, postural alignment
analysis on two groups of different ages will be investigated.

Secondly, MRI axial slices will be studied in order to characterize the muscular system of young asymp-
tomatic subjects. These reference values will be used to quantify muscular degeneration occurring in
elders with spinal deformities.

The third part will present the musculo-skeletal model chosen to further investigate interactions be-
tween muscles’ activation and postural alignment in volunteers, and patients of various ages.
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Part B

Age-related postural alignment changes
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INTRODUCTION

The first part of this PhD focuses on postural alignment of asymptomatic adults. Analysis was carried
out based on EOS images and aimed to investigate age-related changes in terms of posture.

Firstly, a population reference of young asymptomatic adults (i.e. 18-40 years old) has been studied in
order to report reference values of postural alignment. Volunteers’ radiographies were retrospectively
included from an extensed existing database in the Institute built from previous studies. This work
has been accepted for publication in the European Spine Journal (Amabile et al., 2016¢).

Secondly, a population of older asymptomatic adults (i.e. greater than 50 years old) has been studied
following the same protocol. Subjects’ radiographies were retrospectively included from a research
cohort previsouly recruited in the Hospital of Bordeaux by Professor Jean-Charles Le Huec. Results
were compared to those of the reference population and differences were investigated in order to identify
compensatory mechanisms associated with aging.

Asymptomatic woman Asymptomatic woman Asymptomatic woman
21 years old 39 years old 62 years old

21 years old, BMI = 22kg/m? | 39 years old, BMI = 23kg/m? | 62 years old, BMI = 26kg/m?

Figure 4.9. : Sagittal view of the 3D skeleton of women of different ages.
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5-1 Abstract

5-1.1 Purpose

Our study aims to describe the postural alignment of young asymptomatic subjects from head to feet
from bi-planar standing full-body X-rays, providing database to compare to aging adults. Novelty
resides in the inclusion of the head and lower limbs in the erected posture’s analysis.

5-1.2 Methods

For 69 young asymptomatic subjects (18 to 40 years old) 3D reconstructions of the head, spine, pelvis
and lower limbs segments were performed from bi-planar full-body X-rays. Usual studied spinal,
pelvic and lower limbs’ parameters were computed in 3D, sagittal and frontal planes of the patient.
Relationships between these parameters were investigated. Inclinations of different lines were studied
to characterize the erected posture.

5-1.3 Results

Values found for spinal curvatures, pelvic parameters and lower limbs geometrical parameters agreed
with the literature: thoracic kyphosis, lumbar lordosis, pelvic incidence, pelvic tilt and sagittal vertical
axis were respectively in average of 26.9° (SD: 7.2°), 30.5° (SD: 7.5°), 51.0° (SD: 9.4°), 11.1° (SD: 5.6°)
and -8.9mm (SD: 21.6mm). The angle between the vertical and the line joining the most superior
point of dentiform apophyse of C2 (OD) and the center of the bi-coxofemoral axis (HA) was the less
variable one (SD: 1.6°).

5-1.4 Conclusions

This study on 3D postural alignment reports the geometry of the spine, pelvis and lower limbs, of the
young asymptomatic adult. The less variable angle is the one of the line OD-HA with the vertical,
highlighting the vertical alignment of the head above the pelvis. This study provides a basis for future
comparisons when investigating aging populations.

Keywords: Skeleton’s postural alignment; 3D; Asymptomatic young adults; Head to feet; Spinal
alignment.
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5 -2 Introduction

Dubousset first introduced the concept of the “conus of economy” describing the economic standing
posture (Dubousset, 1994). Failure to maintain the center of gravity in this conus would trigger
compensatory mechanisms to restore a stable posture. Postural alignment is maintained in order to
stay in this “conus of economy”: alignment of all segments above the pelvis (torso and head) is needed
to provide the best posture at the least energy expense. Particularly, keeping the head aligned with the
whole body is important to provide horizontal gaze, but also accurate sensory inputs (i.e. inner ear).
Adding that the head weight is approximately 4 to bkg (Vital and Senegas, 1986), its global position
in space appears of prior importance when considering posture and balance.

However, during aging, degradation of the musculo-skeletal system, due to disc degeneration, osteo-
porosis and loss of muscular volume, contributes to the degradation of postural alignment, leading
to potential severe osteoarticular damages (Barrey et al., 2013). In addition, postural malalignment
increases the risk of loss of balance and fall that are associated to societal costs (for example, US$
17,483 mean cost of hospitalization for fall-related injury in the US (Roudsari et al., 2005)). In order
to maintain this postural alignment, different strategies, involving the whole body from head to feet,
are followed depending on the subject’s functional capabilities. In an effort to maintain the alignment
of different body’s segments (head, torso, pelvis, lower limbs) objective, young subjects have the ca-
pacity to regulate their spino-pelvic alignment by fine-tuning the curvature of their spine and adjusting
the orientation of their pelvis. In comparison, it has been demonstrated that older subjects recruit
preferably mechanisms of compensation at the pelvis and lower limbs levels (Diebo et al., 2015).

Evaluation of the posture has been made in the past by studying the spine and pelvis on sagittal
X-rays (Boulay et al., 2006; Legaye et al., 1998; Rajnics et al., 2001; Vialle et al., 2005). To our
knowledge, only two studies reported the alignment of the head with the rest of the body, stating that
the inclination of the head compared to the pelvis could be a good indication of the postural trouble
(Steffen et al., 2010; Sugrue et al., 2013) while others only focused on the alignment of C7 with the rest
of the spine and pelvis (Kim et al., 2014; Le Huec et al., 2014). Previous clinical studies included the
lower limbs, massively in 2D (not relevant for torsion values for example) (Seber et al., 2000). However
reference values, in 2D and 3D, of the complete global alignment of the normal young adult from a
whole body (head to feet) exam are not yet available.

The aim of the current study was to study the postural alignment of young asymptomatic subjects
including head, spine, pelvis and lower limbs, in 2D and 3D. Possible invariant parameters of the young
adults’ posture were investigated.

5 -3 Materials and Methods

5 - 3.1 Volunteers and data selection

69 volunteers (32 males and 37 females) were retrospectively included in the study: bi-planar X-
rays radiographs were obtained between February 2007 and July 2014 after approval by the Ethics
Committee (Comité de Protection des Personnes CPP N°06036) and written informed consent. Bi-
planar X-rays were obtained with the EOS system, a low dose system allowing acquiring simultaneously
radiographs in the sagittal and coronal planes of the patient (with two sources at 90°), from head to
feet (Dubousset et al., 2010).

Inclusion of the EOS radiographs in the study required total visibility of the lower limbs bones and
vertebrae on both views. Among exclusion criteria were previous musculo-skeletal surgery, previous
surgery or pathology concerning the visual and/or the hearing system(s). Patients were asked to stand
up in the standardized free standing position, adapted from Faro et al. (Faro et al., 2004), with the
hands resting on the mandibles (SRS modified free standing position) and with shifted feet positioned
as described by Chaibi et al (Chaibi et al., 2012) (Figure 5.1).
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Figure 5.1. : Bi-planar radiographs with 3D model of the spine (C3 to L5), pelvis and lower limbs. A) Sagittal
view. B) Coronal view.
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Figure 5.2. : A) 3D model of the spine (C3 to L5), pelvis and lower limbs: Identification of the center of
the acoustic meati (CAM), the most superior point of dentiform apophyse of C2 (OD), the center of the bi-
coxofemoral axis (HA), the middle of both knees points (K), and the middle of both ankles (A). B) Detailed
identification of CAM and OD points on the sagittal radiography. C) Example of OD-HA parameter: angle
with the vertical of the line joining the points OD and HA.
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5 - 3.2 Imaging Data processing

From bi-planar X-rays, a 3D patient-specific model including the spine (from C3 to L5, with addition
of the most superior point of dentiform apophyse of C2 (OD)), the pelvis, and the lower limbs; was
obtained using validated reconstructions techniques (Chaibi et al., 2012; Humbert et al., 2009a; Mitton
et al., 2006; Quijano et al., 2013) (Figure 5.2). In addition, as described by Steffen et al. (Steffen et al.,
2010), when visible, two stereo-corresponding points localizing the acoustic meati were digitized to each
reconstruction to compute their center (CAM) (Figure 5.2).

5 - 3.3 Studied parameters

All the parameters were calculated in the anatomo-gravital frame, which is the patient frame: the
frontal plane is the vertical plane going through both acetabulum centers’, transversal and sagittal
planes are orthogonal to the frontal plane. The origin of the frame is the center of the bi-coxofemoral
segment (point named HA). Parameters’ definitions are detailed in Tables 5.2, 5.3 and 5.4.

-

e

T1 ?ﬁ ":?,‘:33

Cobb Method Ferguson Method
L0 L0
Y Y

Figure 5.3. : Differences between Cobb Method and Ferguson Method to calculate spinal curvatures (example
of kyphosis T1T12).

Pelvic (pelvic incidence, pelvic tilt and sacral slope) and lower limbs parameters were calculated from
3D reconstruction. Spinal curvatures (cervical lordosis, thoracic kyphosis and lumbar lordosis) were
calculated using both Cobb and Ferguson methods (Figure 5.3).

Angles of the vertical with specific lines going through various landmarks (Figure 5.2) were also cal-
culated.

Two global alignment lines were defined, searching for the most invariant one among subjects (defined
as the one with the smallest standard deviation). The first line was defined as the line that best fits (in
the least square sense), the following anatomical landmarks: middle of the centers of acoustic meati
(CAM), the most superior point of dentiform apophyse of C2 (OD), all the vertebral bodies’ center
from C3 to L5, center of the sacral plate (S1) and middle of the centers of each acetabulum (HA). The
second line was defined similarly without including the CAM point in the landmarks considered.

As proposed by Steffen et al. (Steffen et al., 2010), offsets of the following points were calculated: CAM,
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T1, T4, T9, L3, and S1. We also considered the most superior point of dentiform apophyse of C2 (OD),
the center of the knees (K) as the middle point of right and left middle points between condyles’ centers
and tibial plates’ centers. The center of ankles (A) was also considered as the middle point of right
and left centers of bimalleolar axis. Figure 5.2 presents all the points considered for offsets analysis.
The offsets were calculated, in 3D, and in both directions of the transversal plane (postero-anterior
and medio-lateral), as the distance between these points and the vertical going through HA.

The reliability of each point was already described elsewhere (Humbert et al., 2009a) except for the OD
location. For this parameter, 2 operators digitized the points two times for 12 patients on two distinct
set of radiographs for each (48 repetitions per operator): 95% confidence interval was respectively of
2.0mm for X, antero-posterior direction; of 1.2mm for Y, medio-lateral direction; and of 2.2mm for Z,
superior direction.

5- 3.4 Statistical analysis

A paired-sample t-test was run on lower limbs’ parameters to find if there was any statistical difference
between right and left sides (McDonald, 2009). A Lilliefors normality test (Lilliefors, 1967) was run
on all parameters. Correlations were searched for using pairwise Spearman correlations (significance
level was set at 0.05).

5-4 Results

5 -4.1 Description of the sample

Mean age was 26.3 years old (standard deviation (SD): 4.7 years old) (Table 5.1). The acoustic meati
were not visible on 8 EOS exams out of the 69. Over all parameters used to study correlations, 13
were found to not be drawn from a normal distribution (Tables 5.2 and 5.3). As these parameters’
distributions were found, by the operators, to be close to a bell-shape, means and SD were reported
for all parameters (Tables 5.2, 5.3 and 5.4).

| | * Age (years) | * BMI (kg/m?) |
| Mean | 26.3 22.4 |
‘ 1 * Standard deviation H 4.7 ‘ 3.1 ‘
| Min | 20.1 | 16.6 |
| Max | 39.7 | 33.2 |

Table 5.1. Demographic data of the volunteers who participated in the study. * means that the parameter was
not found to be drawn from a normal distribution.

In average, pelvic incidence, pelvic tilt, and sacral slope were respectively of 51.0° (SD: 9.4°), 11.1°
(SD: 5.6°) and 40.5° (SD: 8.7°). As for the spine curvatures, the 3D T1T12 thoracic kyphosis was in
average of 26.9° (SD: 7.2°) versus 30.5° (SD: 7.5°) for the L1S1 lumbar lordosis.
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‘ Abbreviation ‘ Name H Mean (1*SD) ‘
| PI | Pelvic Incidence (°) | 51.0 (9.4) |
| SS | Sacral Slope (°) | 405 (8.7) |
| PT | Pelvic Tilt (°) | 11.1(5.6) |

S1., Overhang of S1 (postero-anterior distance between S1 and 19.6 (10.2)

HA) (mm)
Sagittal Vertical Axis (postero-anterior distance between
SVA & o ané post-su0g1) (rum) - 8.9 (21.6)
TPA T1 Pelvic Angle (angle between line T1 to HA and line S1 5.3 (5.7)

to HA) (°)

Pelvic Rotation (Angle between the frontal plane of the
* PR acquisition system and the frontal plane of the 3.2 (2.5)
anatomo-gravital frame) (°)

Pelvic Obliquity (Angle between the bi-coxofemoral axis

Po and its projection on the horizontal plane) (°) - 0.3 (2.5)
‘ " Covext ‘ External coverture angle (°) H R:29.6 (5.6) ‘
| | | 1:208(3) |
‘ Cov% ‘ Acetabular coverage (%) (Humbert et al., 2008) H R: 46.5 (3.5) ‘
| | | 1460 (35) |
- Inclacetab | Acetabular Inclination (°) | R:34.1 (34) |
| | | 133829 |
|- Abduceias | Acetabular Abduction (°) | R:57A (44) |
| | | 157039 |
‘ Antevacetab ‘ Acetabular Anteversion (°) H R: 15.5 (3.5) ‘
| | | T:167(36) |

Table 5.2. Reference values for pelvic parameters: Mean (SD). S1: Centre of sacral plate; HA: middle of the
centers of each acetabulum; C7: Center of vertebral body of C7; T1: Center of vertebral body of T1; Post-suPS1:
Most posterior point of the superior plate of S1. R (L) is for the Right (Left) side. * means that the parameter
was not found to be drawn from a normal distribution. *~ means that for the correlation study, the values were
averaged between right and left sides (as no statistical differences were reported by the paired t-test ran).




‘ Abbreviation ‘ Name H Mean (1*SD) ‘
‘ * HKS ‘ Hip-Knee centers-femoral shaft angle (°) H R: 5.5 (1.3) ‘ L: 5.2 (1.5) ‘
| ~ TMA | Tibial mechanical angle (°) | R:87.2(22) | L:87.4(2.0) |
| * FMA | Femoral mechanical angle (°) | R:929(1.7) | L:926(22) |
| *FT | Femoral torsion (°) | R:12.9(9.6) | L:13.8(10.8) |
| * TT | Tibial torsion (°) | R:37.1(6.0) | L:359(6.7) |
| Ly | Femoral length (mm) | R:426.4 (24.6) | L:4275 (244) |
| * Ly | Tibial length (mm) | R:368.0 (21.9) | L:368.3(22.0) |
| Lot | Lower limb length (mm) | R:798.9 (45.6) | L:800.2 (45.9) |
| ** FTR | Femoro-tibial Rotation (°) | R:63(39) | L:66(5.7) |
| ** FTMA | Femoro-tibial Mechanical Angle (°) (also called HKA) | R:174.7(3.1) | L:174.9 (2.6) |
| ~ FNSA | Femoral Neck Shaft Angle (°) | R:1283(44) | L:128.0 (3.7) |
~ FO Femoral Offset (3D distance b(;eit;;ehe;;c;lleacxeil;;ceén?ilf)emoral head and the proximal R: 40.1 (5.5) L: 40.6 (4.2)
| | | 3D:R:6.3(3.3) | 3D:L:83(35) |
‘ * FI ‘ Femoral inclination (angle with vertical of femoral mechanical axis) (°) H Fr: R: - 0.7 (1.9) ‘ Fr: L: 0.6 (1.9) ‘
| | | Sag: R: 5.7 (3.8) | Sag: L:8.0(3.6) |
| | | 3D:R:4.5(20) | 3D:L:5.0(27) |
‘ TI ‘ Tibial inclination (angle with vertical of tibial mechanical axis) (°) H Fr: R:- 2.5 ( ‘ Fr: T: 2.3 (2.0) ‘
| | | Sag: R:1.4 (34) | Sag: L:3.6 (3.3) |

Table 5.3. Reference values for lower limbs parameters: Mean (SD). R (L) is for the Right (Left) side. * means that the parameter was not found to be drawn from
a normal distribution. " means that for the correlation study, the values were averaged between right and left sides (as no statistical differences were reported by

the paired t-test ran). 3D means 3D value; Sag means value for the sagittal plane; Fr means value for the frontal plane.
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‘ Abbreviation“ Description of the line ‘ 3D ‘ Frontal Plane ‘ Sagittal Plane
| *Leoscr | C3-C7 Lordosis (°) # 6.2 (11.6) | 8.6 (4.5) | 2.6 (5.2) | -0.9(85)
| * KriTiz | T1-T12 Kyphosis (°) # 49.7 (13.1) | 269(72) | -11(4) | 26.7(7.3)
| *Krseriz || T4-T12 Lordosis (°) # 35.6 (11.6) | 192(6.1) | 1.5 (5.4) | 18.6 (6.6)
| *Lpiws || L1-L5 Lordosis (°) # - 47.0 (12.0) | 218(.9) | -3.5(6.6) | -20.7 (5.6)
| *Lpisi | L1-S1 Lordosis (°) # - 58.26 (12.9) | 305(75) | 04(101) | -30.1(7.6)
‘ A pelvis-Fem H Angle between the bi-coxofemoral axis and the bi-condylar axis. (°) ‘ R: 16.4 (8.4) ‘ R: 38.3 (175.0) ‘ /
| | | L:154(7.7) | L:74.2(162.8) |
Incl 1 Global Inclination: Angle between the vertical and the line that best ﬁts 05 ( 23 (
— CAM, OD, all the vertebral body’ centers from C3 to L5, and S1.
Global Inclination: Angle between the vertical and the line that best fits®:
Incl_2 0D, all the vertebral body’ centers from C3 to L5, and S1. 35 (2.1) - 051 - 28
‘ * CAM-HA H Angle between the vertical and the line that connects CAM to HA. (°) ‘ 2.9 (1.7) ‘ - 0.3 (1.0) ‘ -24(2.1)
‘ OD-HA H Angle between the vertical and the line that connects OD to HA. (°) ‘ 2.9 (1.6) ‘ -04(1.2) ‘ -2.3(2.0)
‘ C7-HA H Angle between the vertical and the line that connects C7 to HA. (°) ‘ 4.3 (1.9) ‘ -0.2(1.4) ‘ - 4.0 (2.1)
‘ CAM-CT7 H Angle between the vertical and the line that connects CAM to C7. (°) ‘ 6.8 (4.2) ‘ - 1.0 (2.7) ‘ 4.1 (6.3)
‘ * OD-C7 H Angle between the vertical and the line that connects OD to C7. (°) ‘ 8.0 (4.5) ‘ - 1.7 (3.4) ‘ 5.6 (6.3)
‘ T1-HA H Angle between the vertical and the line that connects T1 to HA. (°) ‘ 5.5 (2.0) ‘ - 0.1 (1.4) ‘ - 5.3 (2.1)
‘ T9-HA H Angle between the vertical and the line that connects T9 to HA. (°) ‘ 10.6 (2.8) ‘ 0.1 (1.7) ‘ -10.4 (2.8)
‘ T1-S1 H Angle between the vertical and the line that connects T1 to S1. (°) ‘ 4.5 (2.2) ‘ -0.2 (1.4) ‘ - 4.1 (2.7)

Table 5.4. Reference values for spinal parameters and inclinations in 3D /sagittal plane/frontal plane: Mean (SD). * means in the least square sense; CAM: middle
of the points describing the acoustic meati; C7 / HA / S1: See legend of Table 5.2. For the spinal curvatures, the values in the second column following the #
symbol are the values computed with the Cobb Method. R (L) is for the Right (Left) side. * means that the parameter was not found to be drawn from a normal

distribution.
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5 - 4.2 Analysis of the least variant parameter(s)

The inclinations, with the vertical, of the line joining CAM to HA and of the line joining OD to HA
had the lowest variation with a SD respectively of 1.7° and of 1.6° and were the closest to the vertical:
mean inclination of 2.9° for both. In comparison, means (SD) of C7-HA, T1-HA and T9-HA were
respectively of 4.3° (1.9°); 5.5° (2.0°) and 10.6° (2.8°).

As for the lines that could possibly represent the global inclination of the spine, the less variable incli-
nations between subjects were, when using the two following combinations of points for the calculation
of the least-squared line: 1) CAM, OD, centers of C3 to L5 vertebral bodies (line called Incl 1), and
S1; 2) OD, centers of C3 to L5 vertebral bodies, and S1 (line called Incl 2). Values are reported in
Table 5.4.

When considering the offsets between HA and different plumblines (Figure 5.4) dropped from the spe-
cific anatomical landmarks (CAM, OD, T1, T4, T9, L3, S1, K, A), the average distances ranged from
70.3 to 10.7mm posterior to HA (SDmax—24.1mm) and from 5.1 medial to 2.3mm lateral to HA (SD-
max=14.2mm). The distance in the transverse plane ranged from 17.9 to 71.5mm (SDmax=21.2mm).
The center of the sacral plate S1, versus HA, presented the lowest variable offset across subjects, in
the transverse plane (mean: 20.9mm; SD: 9.4mm). On average, the knee’s center and ankles’ center
were posterior to HA in average less than 6cm (SD<2cm) and were lateral to HA in average less than
lem (SD<1.5c¢m).

5 - 4.3 Statistical analysis

As, the paired-sample t-tests revealed that specific parameters (Tables 5.2 and 5.3) presented no
statistical differences between both sides, the value kept for analysis was the mean of the right and left
values. Cobb versus Ferguson relationship for spinal curvatures was strong (R? = 0.96) and significant
(p-value<0.05) (Equation 5.1).

Cobbsag = 1.90 * Fergusons,g —2.34 (5.1)
The pairwise correlations found to be significant (p-value<0.05) are the following ones:
e L1S1 lordosis with sacral slope (R?=0.87),
e L1S1 lordosis with pelvic incidence (R2=0.62),
e L1S1 lordosis with thoracic kyphosis (T4T12: R?=0.48; T1T12: R2=0.36);

e overhang of SI with pelvic tilt (R?=0.97).

No significant correlation was found between spinal and lower limbs parameters.

5 -5 Discussion

Erected posture of 69 young asymptomatic adults was described from head to feet in 3D and 2D.
If, compensatory mechanisms of the pelvis and lower limbs have been documented in the literature,
few have been reported for the cervical level: studying the skeleton postural alignment from head to
feet allows for a complete view of the possible compensatory mechanisms. For example, Sugrue et al.
is one study of the few to include points at the head level (cranial center of mass of the head and
C2) (Sugrue et al., 2013). Overall, our findings match the ones previously reported in the literature,
with new information regarding the global postural alignment from head to feet, and in particular the
position of the head relative to the pelvis.
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Figure 5.4. : Offsets from the vertical going through the center of the bi-coxofemoral axis (HA) (mean +/-
1*SD).
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5 - 5.1 Spinal and pelvic parameters

Agreement with the literature was found for the hip joints’ parameters (Cov%, Abd,cetab, Antevacetan)
(Humbert et al., 2008; Seber et al., 2000), and for spinal and pelvic parameters (Boulay et al., 2006;
Chaibi et al., 2012; Legaye et al., 1998; Rajnics et al., 2001; Schwab et al., 2006; Vaz et al., 2002;
Vialle et al., 2005), particularly with the studies conducted by Vialle et al (Vialle et al., 2005) and
by Schwab et al (Schwab et al., 2006). The correlations found between spinal curvatures and pelvic
parameters are similar to the correlations reported in the literature (Boulay et al., 2006; Legaye et al.,
1998; Rajnics et al., 2001; Vaz et al., 2002; Vialle et al., 2005). In particular, Vialle et al. found a
strong correlation between the L1L5 lordosis and the sacral slope (R?—0.76) and a strong correlation
between the L1L5 lordosis and the pelvic incidence (R2=0.68) (Vialle et al., 2005). These correlations
highlight the influence of the morphology of the pelvis on the lumbar spinal curvature. As for Cobb
versus Ferguson values, the relationship found is consistent with the literature (Stokes et al., 1993).

5 - 5.2 Lower limbs parameters

For the lower limbs geometrical parameters (HKS, ~ TMA, ~ FMA, ~ FT, ~ TT, LF, ~ LT, LTot,
" FTR, " FTMA, ~ FNSA, FO), the values found match values reported in studies using computer
tomography in the supine position and in studies evaluating lower limbs’ geometry on 3D model built
from bi-planar radiographs (Chaibi et al., 2012; Kolta et al., 2005).

5-5.3 Global alighment parameters

The inclination of the line joining CAM and HA and the line joining OD and HA are the less variable
among subjects (respectively SD=1.7° and SD=1.6°). The line with the OD point is less variable
between subjects and more robust when it comes to digitizing the point on the radiographs.

Few studies reported values for inclinations: values similar to those reported in the literature were
found for inclinations of the line going through T9 and HA (T9-HA); of the line going through T1
and S1 (T1-S1); of the line going through T1 and HA (T1-HA) and of the least square line going
through OD, all the vertebral bodies from C3 to L5 and S1 (Incl 2) (Duval-Beaupére and Legaye,
2004; Rajnics et al., 2001). Another alignment parameter is the T1 pelvic alignment (TPA) reflecting
the inclination of the trunk and pelvic retroversion (accounting for both SVA and PT). Ryan et al.
reported a value of TPA less than 15.9° for patients with adult spinal deformities well aligned (Ryan
et al., 2014), proposing a surgical target of 10° for TPA. For young asymptomatic adults (well aligned),
mean TPA is 5.3° (SD=5.7°), which means that 66% of the population ranges between -0.4° and 11.0°.
Some have subnormal values, between mean-2*SD and mean-1*SD (respectively between mean-+1*SD
and mean-+2*SD) which can reach -6.1° (respectively 16.7°). This shows that the target set by Ryan
et al. (Ryan et al., 2014) could be adjusted to identify abnormalities.

For the global inclinations, the least squared line going through the points CAM, OD, centers of
vertebral bodies from C3 to L5 and S1 (Incl_1) in Table 5.4 presented an inclination of 3.1° in average
(SD: 1.9°) versus 3.5° in average (SD: 2.1°) for the second least-squared line (Incl_2), going through
OD, centers of vertebral bodies from C3 to L5 and S1. The line used in Incl 1 is more vertical and
less variable between subjects but the weaker digitization of CAM makes it less robust. The C7 point
can be useful when CAM and/or OD are not visible on the radiographs. The C7-HA inclination is
slightly greater than CAM-HA (4.3° versus 2.9°) and only very slightly more variable (SD: 1.9° versus
1.7°). It will be interesting to investigate whether this parameter is more variable in older subjects.

The CAM-HA or OD-HA parameter will be useful to assess the global alignment taking into account
the cervical part of the spine contrary to the SVA and C7-HA parameter. Depending on the use
and interpretation, studies could use CAM, OD or C7 points to characterize global alignment with
CAM-HA, OD-HA, SVA and C7-HA that appear as complementary parameters. In addition, it will be
interesting to further investigate changes for pathological and aging population, in the newly described
parameters (CAM-HA and OD-HA) compared to SVA and C7-HA.
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CAM and OD points were chosen to account for the head position. Previous studies have focused on
other specific points to quantify alignment of the head with the spine and pelvis: such as the sella
turcica (Le Huec et al., 2014), McGregor line (Le Huec et al., 2014), or cranial center of mass (as the
midpoint of the nasion-inion line) (Sugrue et al., 2013). Commonly to the current study, all considered
points supposed to be close to the true center of mass of the head in order to quantify its alignment
compared to the pelvis. However, in analyzing radiographs, a reliable and accurate but also easy-
to-implement method is needed to identify points of interest (particularly when working in a clinical
environment). That is why in this study, only points directly identifiable on the 3D model of the spine
were considered: for the head, this included only the points CAM and OD. It can be noted that all
these studies including this one, concluded on the importance of the position of the head above the
pelvis in the global postural alignment (Le Huec et al., 2014; Sugrue et al., 2013).

Variability between subjects (SD) was comparable between the angles, measured in the sagittal planes:
CAM-HA (SD=2.1°), OD-HA (SD=2.0°) and C7-HA (SD=2.1°). Inter-subject variability was greater
for the angle corresponding to SVA: angle with the vertical of the line joining through C7 and PstSuP§1
(SD=2.8°). This suggests that the use of the point P*'*"PS1 accounts for the inclination of the pelvis
as well in this angle, when compared to the angle C7-HA using the point HA. Comparison of the angles
CAM-HA, OD-HA and C7-HA highlighted that, for asymptomatic volunteers, these data variability
are similar. It would be particularly interesting to assess changes occurring during aging and/or
pathological conditions.

5-5.4 Offsets

Studies’ reported offsets used the gravity line as the reference line (Gangnet et al., 2003; Schwab et al.,
2006; Steffen et al., 2010), using a forceplate simultaneously to the X-ray acquisition. Experimental
setup did not provide forceplate data, thus we decided to use the vertical going through the center of
the bi-coxofemoral axis (HA) as the reference line and not the heels as done in Schwab et al. (Schwab
et al., 2006) as, here, the feet’s positions were not found to be consistent enough between all subjects
to be used as a reference line. Despite these differences, our values are of the same order of magnitude
as the literature’s (Gangnet et al., 2003; Schwab et al., 2006; Steffen et al., 2010). In addition, it can
be noted that offsets of both knees’ and ankles’ centers were found to be relatively close to HA in the
transverse plane (less than 6cm): this provides a baseline for comparison with older subjects.

5 - 5.5 Limitations

One limitation is the non-uniform age distribution: more subjects between 30 — 40 years old might
highlight some correlations between all the parameters that were hidden here. Another limitation
resides in the position of the subject in the X-ray cabin. Particularly, the position of the hands on
the mandibles might have affected the volunteer’s posture by shifting backwards the upper body in
order to make room for the arms flexed. In addition, the shift between the feet must be controlled to
be consistent between subjects. Monitoring more precisely the patient’s position would lead to more
reliable results characteristics of the true subject’s erected posture.

5 -6 Conclusion

In conclusion, a description of the postural alignment in 3D, and in sagittal and frontal planes of the
young healthy adult has been reported. As hypothesized, the head is, for each subject, placed above
the pelvis (line CAM-HA little variable). In this control group, the spine is globally vertical as the
parameter Incl 1 and Incl 2 are close to 0°. We described the postural alignment and the geometry
of the following segments: spine, pelvis, lower limbs. This study on young healthy adults (18 - 40 years
old) would allow future comparisons for older population.




CHAPTER 0

POSTURAL ALIGNMENT OF ASYMPTOMATIC ELDERS

The previous chapter reported reference values for postural alignment of asymptomatic adults younger
than 40 years old. An invariant has been identified as the position of the head above the pelvis. In
order to investigate how postural alignment changes with aging, this chapter presents a similar study
conducted on older adults. Particularly the position of the head relative to the pelvis is investigated in
order to evaluate if this invariant was maintained in the aging population. Compensatory mechanisms
were also investigated.
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6 -1 Abstract

6 - 1.1 Purpose

The aim was to quantify the postural alignment of asymptomatic elderly, in comparison to a reference
population, searching for possible invariants and compensatory mechanisms.

6 -1.2 Methods

41 volunteers (49-76 years old) underwent bi-planar X-rays with 3D reconstructions of the spine and
pelvis. Alignment parameters were compared to those of a reference group of asymptomatic subjects
younger than 40 years old, with a particular focus on center of acoustic meati (CAM) and odontoid
(OD) with regard to hip axis (HA). Possible markers of compensation were also investigated.

6 - 1.3 Results

No significant difference among groups appeared for CAM-HA and OD-HA parameters. 24% of elders
had an abnormally high SVA value and 27% an abnormal global spine inclination. Increased pelvic
tilt and cervical lordosis allowed maintaining the head above the pelvis.

6 - 1.4 Conclusions

CAM-HA and OD-HA appeared quasi-invariant even in asymptomatic elderly. Some subjects exhibited
alteration of spine alignment, compensated at the pelvis and cervical regions.

Keywords: Postural alignment; 3D reconstruction; Asymptomatic elderly.

6 - 2 Introduction

In posture and balance analysis, the head is of primary importance as major receptors such as eyes
and inner ear are located in the head. Its mass of 4 to 5 kg (Vital and Senegas, 1986) is supported
by a flexible rod, the cervical spine, followed by the thoraco-lumbar construct. The last segment of
the upper body is the pelvis supporting the upper body weight. Alignment of these three segments
needs to be reached to provide an economic balance (Dubousset, 1994). However, inclusion of the
head segment in radiographic analyses is not yet the standard of care, probably due to the size of
the X-ray cassettes. Recent development of head to feet low dose bi-planar X-Rays system permitted
visualization of the head segment for postural alignment studies (Dubousset et al., 2010).

A recent study reported the relative position of the head with respect of the pelvis by introducing the
center of acoustic meati point (CAM), the upper extremity of C2 dentiform apophyse (OD) and the
center of hip axis (HA) (Amabile et al., 2016¢). Angles with the vertical, of both lines joining CAM to
HA (CAM-HA) and OD to HA (OD-HA) were found invariant, confirming the intuitive alignment of
the head above the pelvis for asymptomatic adults younger than 40 years old (Amabile et al., 2016¢).
With aging, various spine disorders may appear with an impact on spinal alignment and global balance.
Alignment of the thorax has been widely investigated on patients, with various parameters, such as
the sagittal vertical axis (SVA) and the ratio of C7 plumbline over the sacro-femoral distance (Barrey
et al., 2011). In addition, pelvic parameters detailed by Duval-Beaupére allowed for characterization
of pelvic morphology (pelvic incidence), retroversion (pelvic tilt) and inclination (sacral slope) (Duval-
Beaupeére et al., 1992). However aging of asymptomatic subjects is much less investigated (El Fegoun
et al., 2005; Vialle et al., 2005; Schwab et al., 2006; Lafage et al., 2008; Kim et al., 2014), particularly
when including the head. Few studies reported, for asymptomatic adults, alignment of the head with
the spine and/or pelvis (Gangnet et al., 2003; Le Huec et al., 2014; Steffen et al., 2010; Iyer et al.,
2016). Out of these studies, very few reported the effect of aging on the alignment of the head and the
pelvis (Le Huec et al., 2014; Iyer et al., 2016).
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The objective of this study was to describe a group of asymptomatic elderly in comparison to a younger
population of asymptomatic adults younger than 40 years old, with a specific focus on investigating
the alignment of the head above the pelvis and the compensatory mechanisms recruited to overcome
spine alignment alteration.

6 - 3 Materials and Methods

6 - 3.1 Subjects and data selection

Volunteers older than 49 years old were extracted from separate studies and were retrospectively
included in the study: bi-planar X-rays radiographs were obtained between July 2011 and April 2013
after approval by the Ethics Committee (Comité de Protection des Personnes CPP N°2010/113 (32
subjects) and CPP N°06036 (12 subjects)) and written informed consent. Bi-planar X-rays were
obtained with the EOS system, a low dose system permitting the simultaneous head to feet acquisition
of sagittal and coronal X-rays (Dubousset et al., 2010).

Inclusion criteria were any subject presenting an Oswestry Disability index (ODI) score lower than
20% (Fairbank et al., 1980) and an EVA score (visual analog scale) lower than 2 in assessing the back
pain (including neck pain) (Million et al., 1982). Among exclusion criteria were the presence of low
back pain or regular low back pain, lower limbs pathology that could affect the spine, previous surgery
on lower limbs, pelvis or spine.

Subjects were asked to stand up in the standardized free standing position, adapted from Faro et al.
(Faro et al., 2004), with hands resting on the mandibles (SRS modified free standing position) and
with shifted feet (Chaibi el al., 2012). A medical practitioner familiar to EOS radiographs and not
involved in the study blindly reviewed all subjects’ radiographs to label and rejected radiographs of
subjects with incorrect posture (3 on 44). A total of 41 volunteers (24 males and 17 females) with a
mean age of 57.9 years old (SD 7.9) were included (Table 6.1).

‘ H Elderly (N=41) ‘ Young adults (N=69) ‘
* Age BMI * Age * BMI
(years) (kg/m?) (years) (kg/m?)
| Mean I 57.9 | 25.6 | 26.3 | 22.4 |
‘ 1 * Standard deviation H 7.9 ‘ 4.1 ‘ 4.7 ‘ 3.1 ‘
| Min | 49.0 | 18.6 | 20.1 | 16.6 |
| Max l 76.0 | 39.2 | 39.7 | 33.2 |

Table 6.1. Demographic data of the volunteers who participated in the study (N=41), and of the reference
population younger than 40 years old (N=69) (Amabile et al., 2016c). * means that the parameter was not
found to be drawn from a normal distribution.

6 - 3.2 Imaging Data processing

From bi-planar X-rays, a 3D patient-specific model including the spine (from C3 to L5, with addition
of the most superior point of dentiform apophyse of C2 (OD)), the pelvis, and the lower limbs was
obtained using validated reconstructions techniques (Chaibi et al., 2012; Mitton et al., 2006; Humbert
et al., 2009a; Quijano et al., 2013). In addition, two stereo-corresponding points localizing the acoustic
meati were digitized on each reconstruction to compute their center (CAM) (Steffen et al., 2010).
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6 - 3.3 Studied parameters

All parameters were calculated in the anatomo-gravital frame (Amabile et al., 2016¢). Spinal curvatures
(cervical curvature, thoracic kyphosis and lumbar lordosis) and pelvic parameters (pelvic incidence,
pelvic tilt and sacral slope, overhang S1) were calculated from 3D reconstruction. Were also calculated
the sagittal vertical axis (SVA), the T1l-pelvic angle and angles with the vertical of different lines:

CAM-HA | OD-HA, C7-HA and T9-HA.

Spinal inclination was computed as the angle with the vertical of the line that best fits the following
anatomical landmarks: middle of the centers of acoustic meati (CAM), the most superior point of
dentiform apophyse of C2 (OD), all the vertebral bodies’ center from C3 to L5, center of the sacral
plate (S1) and middle of the centers of each acetabulum (HA). This method of best fitting line is
a robust way to compute the global inclination of the spine. C7PL/SFD, introduced by Barrey et
al. (Barrey et al., 2011), is the ratio between the distance C7 to P"SUPS1 and the distance HA to

post—sups 1

A Lilliefors normality test (Lilliefors, 1967) was run on all parameters. Correlations with age were
investigated, using pairwise Spearman correlations (significance level was set at 0.05).

6 - 3.4 Differences between young reference population and elders

Comparison was made with a young reference group of 69 asymptomatic volunteers younger than 40
years old (Amabile et al., 2016¢). For each parameter, the mean M and standard deviation SD of the
young reference group were used to class elderly as normal if within M +/- 1*SD range, subnormal
high between M+1*SD and M+2*SD (low between M-1*SD and M-2*SD) or abnormal when out
of the range M +/— 2*SD (high or low). Pelvic tilt was defined as normal, subnormal or abnormal
depending on the position of the couple of points (pelvic tilt; pelvic incidence) on Figure 6.1: the figure

was plotted with help of the relation published by Vialle et al. (Vialle et al., 2005).

I s .. L, s L
.. i, i A l I
. _
///
-~ _— =
o - _
L
- . L _—
= Abnormal high .
<9 _ -
R Y - .
E //6' \“//// - \ _— g
///6?/ )~ (‘“‘A /////’ _—
L = = (\) g o
_— - — \)
// = //”/// — (/“L AA/\/
- T ///// _— S//‘l/
~ _— _— _—
_— _— _— Abnormal low
_ _— _—
0 T T T T I/ T I//I T T T T I/ T T T /I T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80

Pelvic Incidence (°)

Figure 6.1. : Normality corridor for the pelvic tilt (PT) based on its relation with pelvic incidence (PI) provided

by Vialle et al. (Vialle et al., 2005): PT = 0.37 (+/-0.03)*PI -7(+/-1.5).
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6 - 3.5 Spinal alignment alteration

As the Sagittal Vertical Axis parameter (SVA: postero-anterior distance between C7 and the most
postero-superior point of S1) is widely used to characterize the postural alignment from radiographs,
subjects were grouped according to their SVA value when compared to the reference values given by
asymptomatic adults younger than 40 years old. Group 1 included subjects with a SVA value identified
as normal, subnormal low or abnormal low. Group 2 included subjects with a SVA value identified as
subnormal high or abnormal high.

6 - 3.6 Compensatory mechanisms

For those subjects who had abnormal pelvic tilt (value smaller than Mean-2*SD or larger than
Mean+*2SD, as defined by the Figure 6.1), compensatory mechanisms were investigated with a par-
ticular focus on global spinal inclination and cervical lordosis. More specifically, the non-compensated
alignment was modeled as explained in Figure 6.2: for each of these subjects, the theoretical pelvic tilt
was computed from pelvic incidence using the relation provided in Vialle et al. (2005). The difference
between the measured pelvic tilt and the theoretical one defined the compensation retroversion, then
a rotation of the pelvis and spine was performed around the hip axis to simulate an alignment without
such compensation retroversion.

The cervical compensation lordosis was computed as the difference between the measured cervical
lordosis to the reference value provided by the asymptomatic adults younger than 40 years old (6°)
(Amabile et al., 2016¢). A second rotation of the cervical spine around C7 was then applied to
suppress the cervical lordosis compensation. The new simulated alignment, without pelvic retroversion
or cervical hyperlordosis, allowed for the computation of a new theoretical non-compensated CAM-HA
(respectively OD-HA), named CAM-HAy¢ (resp. OD-HAnc) (Figure 6.2).

6 - 4 Results

6 - 4.1 Sample description

Over all parameters used to study correlations, only 2 were found to not be drawn from a normal
distribution (CAM-HA (p=0.04) and Age (p=0)). Means and SD were reported for all parameters
(Figures 6.3 & 6.4).

The inclinations with the vertical, of the line joining CAM to HA and of the line joining OD to HA
had the lowest variation (SD of 2° for both) and were the closest to the vertical: mean inclination of
3° for both. The spinal inclination presented a similar mean (3°) and SD (2°). In comparison, means
(SD) of C7-HA and T9-HA were respectively of 4° (2°) and 12° (3°). Following the different types of
alignment defined by Roussouly (Roussouly et al., 2005), 27% of the elderly presented a type 1 or 2
alignment, 59% presented a type 3 alignment and 15% presented a type 4 alignment.

Parameters significantly correlated with age with R >0.3, are: sagittal vertical axis (R=0.48), spinal
inclination (R=0.46), T1-pelvic angle (R=0.44), pelvic tilt (R=0.35), overhang S1 (R = - 0.35) and
cervical curvature (R = - 0.42).
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CAM

1) Rotation around HA, of pelvis and spine,
of alpha = [PT theoritical — PT observed]

2) Rotation around C7, of cervical spine.
of beta = [C3C7 normal — C3C7_observed]

CAM-HA\ . Newly computed value of CAM-HA,
with no compensation

Figure 6.2. : Schematic representation of the computation of the non-compensated posture represented in
Figure 6.6. PT _theoretical refers to the theoretical value of PT computed from PI as given by Vialle et al.
(Vialle et al., 2005). C3C7_normal refers to the mean value reported for asymptomatic adults younger than
40 years old which is 6° (Amabile et al., 2016¢). Similarly to CAM-HAn¢, a newly inclination OD-HAn¢ was
computed following the same steps.

6 - 4.2 Differences with asymptomatic subjects younger than 40 years old

Comparison between Elderly and Young groups is presented in Figures 6.3 & 6.4. In the following
Young group (respectively Elderly group) refers to asymptomatic adults younger than 40 years old
(respectively older than 49 years old). No statistical differences were found between groups regard-
ing CAM-HA and OD-HA angles. Significant differences were observed between groups for several
parameters (Figures 6.3 to 6.5), including (mean values given in the following):

e (C3CT7 lordosis: -5° for the elderly group vs 6° for the young group,
e pelvic incidence: 56° for the elderly group vs 51° for the young group,
e pelvic tilt: 17° for the elderly group vs 11° for the young group,

e SVA: 15mm for the elderly group vs -9mm for the young group.
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Figure 6.3. : Distribution of different parameters’ values, for elderly, compared to corridors given by the young
Group (Amabile et al., 2016¢): Percentage of subjects is computed as the percentage over the whole population
(N=41). T1T12 is the thoracic kyphosis, L1S1 is the lumbar lordosis and C3C7 is the cervical curvature. Means
(1*standard deviation) for Young Group (Amabile et al., 2016c) and Elder Group. * means that significant
differences were found between both groups.
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Figure 6.4. : Distribution of different parameters’ values, for elderly, compared to corridors given by the young
Group (Amabile et al., 2016¢): Percentage of subjects is computed as the percentage over the whole population
(N=41). Means (1*standard deviation) for Young Group (Amabile et al., 2016¢c) and Elder Group. * means
that significant differences were found between both groups.




Page 110 PART: AGE-RELATED POSTURAL ALIGNMENT CHANGES

6 - 4.3 SVA subgroups analysis

Group 1 (N=19) included elderly with a normal or subnormal low SVA value. Group 2 (N=22) included
elderly with subnormal high or abnormal high SVA value (Figure 6.3).

Overall, 44% of subjects presented a normal spinal inclination and 27% presented an abnormal high
spinal inclination (Figure 6.3). Only, 10% (resp. 12%) of subjects presented an abnormal (high or low)
CAM-HA (resp. OD-HA) (Figure 6.3).

Figure 6.5 and Table 6.2 present for each Group 1 and 2, comparison with reference values for: pelvic
incidence, sacral slope, pelvic tilt, spinal inclination, OD-HA, CAM-HA.

M
M (1*SD) | M (1*SD) | Young vs Young vs | Group 1 vs
Parameters Young Group 1 Group 1 éiii][:))g Group 2 Group 2
| Age(yrs) || 26(5) | 57(6) | X |59 (9) | X | |
| BMI (kg/m?) || 22(3) | 26() | X | 263 | X | |
| PI (°) | 519 | B55(8) | | 56(13) | X | |
| SS (°) | 419 | -39(7) | | -39(7) | | |
| PT() || 1) | 1w6() | X | 17@o | X | |
Spinal
Inclination
) (sagittal -3 (3) -2 (2) 3(2) X X
plane)
OD-HA (°)
(sagittal -2 (2) -3 (2) 0(2) X X
plane)
CAM-HA (°)
(sagittal -2 (2) -3 (2) 0(2) X X
plane)
C3C7
curvature (%) 6 (12) -1 (10) X -8 (13) X
| SVA (mm) || 9(22) | -5(12 | | 32(15 | X | X |

Table 6.2. Results of statistical tests to assess differences between the Young Group (Amabile et al., 2016c),
Group 1 (N=19 subjects with SVA values subnormal low or normal) and Group 2 (N=22 subjects with SVA
values subnormal high or abnormal high). M means mean and SD means standard deviation.

6 - 4.4 Compensatory mechanisms

In groups 1 and 2, elderly presenting an abnormal low cervical lordosis were identified: 5% in Groupl
and 36% in Group2. Elderly presenting an abnormal high or low pelvic tilt (with respect of the
classification presented in Figure 6.1) were labeled: 16% in Groupl and 36% in Group2. Elderly
presenting an abnormal high spinal inclination were identified: 50% for Group2. All of these elderly
(N=20) were studied in more details. Following the different types of alignment defined by Roussouly
et al. (Roussouly et al., 2005), 30% of these 20 elderly presented a type 1 or 2 alignment, 55% presented
a type 3 alignment and 15% presented a type 4 alignment. CAM-HAne and OD-HAn¢ inclinations
were computed for these subjects, without pelvic tilt compensation and without cervical compensation
(see Figure 6.2).
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Among these, 13 elderly presented a newly computed abnormal CAM-HA ¢ or OD-HA ¢ greater than
3° while their initial value of CAM-HA or OD-HA was in average of -1° (SD of 3°). These 13 elderly
presented all the different alignment types described by Roussouly (Roussouly et al., 2005) in the same
proportion as the initial population: 38% of these 13 elderly presented a type 1 or 2 alignment, 54%
presented a type 3 alignment and 15% presented a type 4 alignment.

Overall, these 13 elderly presented a large pelvic retroversion: mean difference real PT with theoretical
PT of 8° (SD: 5°). They also presented a high cervical curvature: mean difference between real C3C7
lordosis and 6° (normal C3C7 curvature): -19° (SD: 10°). Influence of the pelvic tilt and cervical
curvature in the compensated posture of 3 of these 13 elderly is illustrated in Figure 6.6.
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Figure 6.5. : Repartition of parameters’ values for Group 1 (N=19 subjects with SVA values subnormal low
or normal) and Group 2 (N=22 subjects with SVA values subnormal high or abnormal high), compared to
intervals (dashed green and black lines) given by mean (M) and standard deviation (SD) of reference population
(Amabile et al., 2016¢). # in the title means a significant difference between Groups 1 and 2. # next to Groupl
(resp. Group 2) means a significant difference with the Young Group.
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Figure 6.6. : Initial posture (black curve) and posture simulated without compensation at the pelvic and

cervical levels (blue curve): theoretical value of the pelvic tilt was computed from the pelvic incidence (Vialle
et al., 2005) and cervical curvature was fixed at 6°, this value was reported as the mean value for asymptomatic
adults younger than 40 years old (Amabile et al., 2016¢). The red lines represent the sacral plate and the link
from S1 to HA to account for pelvic incidence. For asymptomatic adults younger than 40 years old, mean value
for CAM-HA was -2°. Subject A (resp. B, resp. C) is an elderly with pelvic incidence higher than 60° (resp.
between 44° and 60°; resp. lower than 44°).

6 - 5 Discussion

Postural alignment of asymptomatic adults older than 49 years old was investigated and compared
to reference values from asymptomatic adults younger than 40 years old (Amabile et al., 2016¢).
Quasi-invariance of the head-position above the pelvis, has been previously reported in asymptomatic
adults younger than 40 years old (Amabile et al., 2016¢), and was conserved for elderly. This confirms
the intuition of clinicians, summarized by the concept of conus of economy described by Dubousset
(Dubousset, 1994). While both CAM-HA and OD-HA appeared as quasi-invariant on asymptomatic
subjects, thus being potential markers of imbalance in subjects with spinal disorders, OD-HA could
be of particular interest because of its visibility on most X-rays, while CAM-HA could not be visible
for tall people because of the size of the bi-planar X-ray system.

Observation of the elderly was similar to the published studies. They presented a greater T1T12
thoracic kyphosis, and a smaller L1S1 lordosis than the asymptomatic adults younger than 40 years
old (Amabile et al., 2016¢). This loss of lordosis and gain of kyphosis with aging has been previously
reported in the literature (Schwab et al., 2006; Kim et al., 2014).

This study focused on the postural alteration of asymptomatic elderly assessed with different parame-
ters: the Sagittal Vertical Axis, the CTPL/SFD (Barrey et al., 2011), and the spinal inclination. When
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studying in details the compensatory mechanisms, 13 elderly can be identified with the head above the
pelvis at the expense of an increased pelvic retroversion and increased cervical lordosis. In comparison,
7 subjects were identified as malaligned based on SVA, 10 based on C7PL/SFD (Barrey et al., 2011)
and 6 based on the spinal inclination. Although SVA, C7PL/SFD and spinal inclination are useful in
the assessment of specific alterations, classification based on one of these parameters did not identify
all the 13 subjects labeled in this study as subjects presenting a compensated posture. The population
of elder adults represented the different types of alignment described by Roussouly (Roussouly et al.,
2005), as did the different sub-groups of elders analyzed in this study.

Some of these subjects appeared with maximal compensation, relative to the range of possible compen-
sation. A longitudinal study following-up their postural evolution over time would assess if postural
disorders will occur earlier for these subjects compared to the others. This would confirm the results
of this study in the definition of an early marker of postural alteration.

6 - 5.1 Limitations and Perspectives

Due to the position in the EOS cabin (shifted feet), the measured parameters of the thigh must be
interpreted with precaution. As most of the radiographs did not completely include the lower legs, the
analysis of the lower limbs and their role as compensatory mechanisms were excluded from the current
study (Barrey et al., 2013; Diebo et al., 2015). Another limitation relates to the constraints associated
with the image acquisition in the EOS cabin. While standardized Free Standing Position allowed to
be as close as possible to the natural posture, additional observation of routine relaxed posture, out of
the cabin, could be interesting in future studies.

Additionally, further investigation on a wider range of subjects would be interesting to confirm these
results obtained on reasonable sample size (41 elderly) split in two subgroups of around 20 subjects
each. Potential bias regarding the subjects’ selection was removed as exclusion criteria were similar
between both populations, with the addition of clinical scores for the elderly in order to only recruit
asymptomatic elderly. In addition, both groups’ data collection and image processing followed the same
protocol. Including patients in a future study would be of special interest to assess if a threshold of
degree of compensation appears allowing for identification of patients with increased pain or disability.
It would also be interesting to test for a special link between severity of the disease (and/or quality of
life scores) and lack of compensation.

6 - 6 Conclusion

Postural alignment of asymptomatic adults older than 49 years old was studied. The position of the
head above the pelvis appears as quasi-invariant in elderly. Despite the non-pathological condition
of the subjects, in nearly 32% of them, this invariance is maintained at the expense of compensatory
mechanisms at the pelvis and cervical level. Future investigation of those compensatory mechanisms,
in longitudinal studies, could lead toward early assessment of subjects at risk of postural alteration,
possibly leading to spinal disorders impacting quality of life.
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CONCLUSION

This part of the PhD thesis focused on the age-related changes of the postural alignment of the skeleton.
More specifically, it provided answers to two of the key questions initially introduced:

e how does postural alignment evolve during aging?

e is the head maintained above the pelvis for older subjects?

The first chapter described a population of reference and identified the quasi-invariance of the head
position above the pelvis. The second chapter reported valuable results on the postural alignment of
older adults: the majority of them maintained the head above the pelvis, even if a global anterior
inclination of the trunk was observed. This forward inclination was compensated in part by increasing
the cervical lordosis, and in part by increasing the retroversion of the pelvis.

Identification of special patterns of compensation have been confirmed and compared to the literature,
with addition of the head position’s evolution over aging. Alignment of the head above the pelvis is
maintained even for older subjects already recruiting compensation at the cervical and pelvic levels.
This result confirms the intuition most of clinical practitioners reported when observing patients in
clinical routine (alignment of the head above the pelvis), even though quantification of these obser-
vations was not available so far. While these two complementary studies permitted to establish the
invariance of the head position above the pelvis, larger cohorts need to be considered in order to refine
the study of early compensatory mechanisms, and to best represent the global population in terms of
ages, genders, and morphologies. Longitudinal studies could assess postural evolution of subjects who
already presented a compensated alignment.

While the current part highlighted the postural changes occurring with aging, and their impacts on the
neutral position of subjects, one can envision the particular role of the muscles in this configuration:
by allowing such compensatory mechanisms, and by rendering those the most economic and efficient
possible. In addition, as muscles degrade during aging, it seems of primary importance to include the
muscular system in the study of age-related alterations of the global posture. As such, the second
part of this PhD will focus on the quantification of spino-pelvic muscles’ characteristics in different
populations.
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Part C

Age-related changes in the muscular
system
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INTRODUCTION

This part focuses on the characterization of the spino-pelvic muscles for both young asymptomatic
adults and older adults with spinal deformities.

Firstly, a population of reference of young asymptomatic adults (i.e. 18-24 years old) has been studied in
order to report reference values for the asymptomatic muscular system. Volunteers were prospectively
recruited for MRI exams in Nice by Dr Bronsard during this PhD. This work has been accepted for
publication in the journal Surgical And Radiologic Anatomy (Amabile et al., 2016b).

Secondly, a population of older adults with spinal deformities (older than 30 years old) was studied
following the same protocol used for the reference population. MRI acquisitions for patients were
retrospectively analyzed in this PhD, but were previsouly collected and partly analyzed during the
PhD of Bertrand Moal in NYU. Results were compared to those of the population of reference and
changes were investigated in order to identify changes due to aging and due to pathological condition
of the patients.

Young Asymptomatic adult Older asymptomatic adult Adult with spinal deformity
~ 20 years old ~ 37 years old ~ 65 years old

17 <BMI <23

BMI >25

.

Woman 21 years old, BMI = 25kg/m? Woman 38 year§ old, BMI = 29kg/m? Woman 70 years old, BMI = 27kg/m?

Figure 6.7. : Axial MRI slices, at the L4 level, of adults from 20 to 75 years old with different body mass
index (BMI in kg/m?), with/without spinal deformity.
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CHAPTER [

LSPINO—PEL\/IC MUSCLES OF YOUNG ASYMPTOMATIC ADULTS

This chapter is currently under revision in Surgical and Ragiologic Anatomy in 2016 (Amabile et al.,
2016b), under the title:

ESTIMATION OF SPINO-PELVIC MUSCLES’ VOLUME IN YOUNG
ASYMPTOMATIC SUBJECTS: A QUANTITATIVE ANALYSIS.
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7 -1 Abstract

7 - 1.1 Purpose

Muscles have been proved to be a major component in postural regulation during pathological evolution
or aging. Particularly, spino-pelvic muscles are recruited for compensatory mechanisms such as pelvic
retroversion, or knee flexion. Change in muscles’ volume could therefore be a marker of greater postural
degradation. Yet, it is difficult to interpret muscular degradation as there are few reported values for
young asymptomatic adults to compare to. The objective was to provide such reference values on
spino-pelvic muscles. A model predicting the muscular volume from reduced set of MRI segmented
images was investigated.

7-1.2 Methods

A total of 23 asymptomatic subjects younger than 24 years old underwent an MRI acquisition from T12
to the knee. Spino-pelvic muscles were segmented to obtain an accurate 3D reconstruction, allowing
precise computation of muscle’s volume. A model computing the volume of muscular groups from less
than 6 MRI segmented slices was investigated.

7 - 1.3 Results

Baseline values have been reported in tables. For all muscles, invariance was found for the shape factor
(ratio of volume over |area times length|: SD<0.04) and volume ratio over total volume (SD<1.2%). A
model computing the muscular volume from a combination of 2 to 5 slices has been evaluated. The 5
slices model prediction error (in % of the real volume from 3D reconstruction) ranged from 6% (Knee
flexors and extensors and Spine flexors) to 11% (Spine extensors).

7 - 1.4 Conclusion

Spino-pelvic muscles’ values for a reference population have been reported. A new model predicting
the muscles’ volumes from a reduced set of MRI slices is proposed. While this model still needs to
be validated on other populations, the current study appears promising for clinical use to determine
quantitatively the muscular degradation.

Keywords: Muscles, MRI, volume, asymptomatic subjects, young.
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7 - 2 Introduction

While skeletal postural alignment has been widely investigated based on X-rays analysis (Barrey et al.,
2013), quantification of the muscles’ degradation is not yet fully documented. As muscular degradation
(mainly in terms of decrease of cross sectional area) has been correlated to back pain (Gildea et al., 2013;
Lee et al., 2008; Parkkola et al., 1993; Rasch et al., 2007) and to aging (Ahmed et al., 2005; Frontera
et al., 2000; Takahashi et al., 2006; Takayama et al., 2016), there is a need for quantitative analysis
of muscular system in relation to skeleton aging (bone quality degradation and postural alignment
modifications). As a first step, to differentiate pathological changes in the muscular system from the one
associated with aging, it is of primary importance to review reference values for young asymptomatic
adults. However literature lacks descriptive values (particularly on volumes) of the muscular system,
specifically on the L1 to knee area, particularly involved in compensatory mechanisms.

Muscles’ geometry has been explored using Computed Tomography (CT) (Danneels et al., 2000; Rasch
et al., 2007). However, CT involves a significant ionizing dose: covering a specific part of the body
extensively (significant number of slices) involves a moderate to high radiation dose for the patient
(1.5mSv for a lumbar spine CT vs 0.02mSv for a Chest X-ray (Food and Drug Administration, 2015)).
Most frequently, for CT, to avoid repeated acquisitions, only a reduced set of slices is acquired, only
at specific locations of interest (Danneels et al., 2000; Rasch et al., 2007).

Another method used to investigate muscles is ultrasound (non-invasive). However, deep muscles can
be more difficult to explore as it is a surface technique, and studies mainly focused on dynamic (muscle
contraction) (Nuzzo and Mayer, 2013; Skeie et al., 2015).

Finally, the most common imaging modality for the analysis of the muscular system is the MRI
(Crawford et al., 2016; Fortin et al., 2014, 2016; Gildea et al., 2013; Kjaer et al., 2007; Lee et al., 2008;
Niemeldinen et al., 2011; Parkkola et al., 1993; Pezolato et al., 2012; Savage et al., 1991; Takahashi
et al., 2006). For example, different studies conducted by Fortin et al. reported CSA values and
fat infiltration quantification (Fortin et al., 2014, 2015, 2016) on various populations. Particularly,
these studies provided valuable insights on the relation between muscular asymmetry, fat infiltration
and low back pain (Fortin et al., 2015). Most of these studies reported only 2D parameters such
as cross-sectional area (Fortin et al., 2014; Gildea et al., 2013; Lee et al., 2009; Niemeldinen et al.,
2011; Parkkola et al., 1993; Pezolato et al., 2012; Savage et al., 1991; Takahashi et al., 2006), and/or
information on fat infiltration of muscles considered (Crawford et al., 2016; Fortin et al., 2014, 2015;
Kjaer et al., 2007; Lee et al., 2009; Parkkola et al., 1993; Pezolato et al., 2012; Valentin et al., 2015).
Muscular volume has been however reported for the quadriceps femoris components (Barnouin et al.,
2014), pelvic and/or lower limbs muscles (Lube et al., 2016; Handsfield et al., 2014; Belavy et al., 2011).
The three last studies either included only a limited number of subjects (3 females and 3 males (Lube
et al., 2016)), or a wide range of age in the population considered (from 12 to 51 years old (Handsfield
et al., 2014)), or lastly, focused on the effect of bed-resting (Belavy et al., 2011) (thus not considering
daily representative condition). While fat infiltration gives an insight on the muscle quality (Fortin
et al., 2014, 2015), calibration may be an issue and this study focuses on the volume computation and
3D geometrical parameters of the muscles only.

Computing muscular volume can be done by interpolation or by 3D reconstruction of the muscle.
In particular, MRI based 3D recounstruction and volume computation method has been reported as
accurate (Jolivet et al., 2008) and repeatable (Moal et al., 2014). Still, quantitative analysis of MRI
images can be time consuming. The deformation of a parametric specific object (DPSO) method
(Jolivet et al., 2008, 2014) allows for an accurate and precise 3D reconstruction of individual muscles,
from segmentation on a selected set of MRI images, leading to an accurate volume computation in a
fairly reduced amount of time. This method had been used on adults with spinal deformities for the
spino-pelvic area (Moal et al., 2014) and on volunteers younger than 40yrs old, for the cervical spine
(Li et al., 2014) and for lower limbs (Hausselle et al., 2014; Stdhoff et al., 2009). While DPSO method
provides time reduction by reducing the number of slices to consider per muscle, this method involves
different slices for each muscle which may still be long when numerous muscles are considered. In
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addition to characterize spino-pelvic muscles’ 3D geometry (cross sectional area as well as volume), on
young asymptomatic volunteers, our aim is to propose a model quantifying rapidly muscular groups’
volume from less than 6 MRI segmented images for all muscles.

7 -3 Methods

7 - 3.1 Study Design

This is a prospective, single center study, recruiting subjects from September 2014 to March 2015. All
participants signed an informed consent prior enrollment. This study has been reviewed and approved
by Comité de Protection des Personnes (CPP 14.013), and included asymptomatic adults younger than
24 years old. Exclusion criteria included: previous surgery on lower limbs or spine, pregnancy, postural
disorder, MRI contraindication (mainly linked to magnetic field).

7 - 3.2 Data collection

Information collected included: age, body mass index (BMI), sex. History of musculo-skeletal injury
was also documented. Each subject undertook an MRI exam (General Electric 1.5T, Fairfield, USA),
collecting axial images from vertebra T12 to the patella distal insertion. The protocol used was the
same as the one described in a previous study (Moal et al., 2015). The MRI machine was set with the
following parameters: TR/TE = 427/11.3ms, acquisition matrix = 416*416pixels, phase oversampling
— 100%, in plane resolution = 0.82x0.82mm?, 8 stages, 40 slices by stage, slice thickness = 5mm, slice
gap = Omm, flip angle = 160°, parallel imaging acceleration factor(iPat) = 2, bandwidth = 391Hz /pixel,
echo spacing = 11.3ms, acquisition time per stage = 7min, Total acquisition time = 50min.

3D reconstruction of the muscles (with information from all MRI slices) was carried out with software
developed in our institution, using the DPSO method (Jolivet et al., 2008; Moal et al., 2014). Muscles
of interest are represented in Figure 7.1, analysis was performed on the left and right muscles.

Because the border between specific muscles can be challenging to identify, some muscles were seg-
mented together:

e the “adductor” includes the adductor brevis, the adductor longus, the adductor magnus as well
as the obturatorius internus and the pectineus;

e the “erector spinae” includes the tractus medialis (multifidi and interspinales) and lateralis (ilio-
costalis and longissimus);

e the “iliopsoas” includes the iliacus and the psoas;
e the “vastus lateralis inter” includes the vastus lateralis and intermedius.

For each muscle, the following geometric parameters were computed: length of the muscle (L), maximal
anatomical cross-sectional area (Apax) and volume of the muscle normalized (divided) by the height
of the subject (V).

7 - 3.3 Statistical Analysis

Normality of each parameter studied (Vy, L, Sp, Amax), for individual muscles, was tested with a
Lilliefors test (Lilliefors, 1967). For each muscle, differences were investigated between right and left
sides and between females and males, for the geometric parameters (Vy, L, Apax): using a T-test if
it was found to be drawn from a normal distribution; using a Mann-Whitney test otherwise. For each
side (right and left), the ratio (RVie) of each muscle’s volume over the total muscle of the side was
computed as well. For RV, mean, standard deviation (SD) and coefficient of variation (CV) [SD*100
/ Mean| have been calculated.
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- Biceps femoris longum
- Biceps femoris breve
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- Gracilis
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Figure 7.1. : Muscles considered in the study (mesh obtained with DPSO method (Jolivet et al., 2008)),
represented on a 3D reconstruction of a left leg. A) Anterior view. B) Posterior view. C) Lateral view. D)
Medial view. The table on the right describes the different functional groups considered for the analysis: Spine
Flexors (Spine F), Spine Extensors (Spine E), Hip Flexors (Hip F), Hip Extensors (Hip E), Knee Flexors (Knee
F) and Knee Extensors (Knee E).

In the following, muscles were grouped in functional groups per joint, respectively as flexors and
extensors of the spine, hip and knee as detailed in Figure 7.1. For each group, the total muscular
volume (V8P) was computed. In addition, for each joint studied (knee, spine, hip), the ratio of flexors
over extensors, Rfex ext, Was computed as the volume ratio of flexors over extensors muscles of the
joint. Normality of V8 and Rfex ext was tested with a Lilliefors test. Level of significance, for all
statistical tests, was set to 0.05. -

7 - 3.4 Alternative estimations of the muscular volume
7 - 3.4.1 Maximal Section Method

As described in Mersmann’s study on the lower leg muscles (Mersmann et al., 2014), the volume of
each muscle was computed from the length and maximal cross sectional area of the muscle, using a
factor of shape Sp. This factor was computed as the ratio of the volume (V) over the product [muscle
length by muscle’s maximal sectional areal: S,=V/((L*Apax)). Validation of this factor of shape was
done with a leave-one-out method.

7 - 3.4.2 Reduced MRI set Method

Estimation of the volume from a reduced set of MRI segmented slices was investigated to reduce
segmentation time and offer a tool applicable in a clinical setting. In order to quantify muscular
volume more rapidly, a model using the DPSO method (Jolivet et al., 2014; Moal et al., 2014), with
less than 6 segmented slices was investigated.
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The volumes of all functional groups were predicted from a multilinear regression using information
of a limited number of slices (from 2 to 5 slices). The following predictors were used in the model:
Age, BMI, Femoral Length and the sum of the areas of the muscles contained in the group considered,
on the slice considered. A principal component analysis (PCA) was performed to retain only relevant
predictors (linear combination of the initially considered predictors). Each computed PCA predictor
was replaced by the initial predictor most correlated with it, to obtain a clear and understandable
prediction equation. Even if the sum of the areas of the muscles was not retained by this procedure as
a predictor, it was added as such for its relevance as a global indicator.

The model was built on data from right side of the subjects. The slices were numbered upward from
0 to 150: slice 0 as the first slice with the posterior part of the femoral condyles visible, and slice 100
as the last slice with the femoral head visible.

The Spine Flexors’ (Spinegex) and Spine Extensors’ (Spineeyt) muscles were segmented on slices from
T12 to the greater trochanter (“proximal slices”), while the Knee and Hip, Flexors and Extensors
(Hipgex, Hipext, Kneegex, Kneeeyt ), were segmented on slices from S1 to the femoral condyles (“distal
slices”). Therefore, at least 1 slice from the “proximal slices” was included in the slices’ combinations. A
slice was considered only if it contained the muscles segmentation for at least 90% of the subjects. For
each slices’ combination, each muscles’ functional group, the root mean square (RMS) was computed
as the root mean square of the difference (in % of the real volume) between predicted volume (from
the leave one out method) and real volume.

Combinatory analysis was performed to find the best combination of “proximal slices” (respectively
“distal slices”), as the one presenting the smallest average RMS over Spineeyt and Spinegex (respectively
over Hipfex, Hipext, Kneegex and Kneeeyy). Lastly, the prediction of this model has been evaluated by
computing the RMS for each functional group.

7 -4 Results

7 - 4.1 Demographics

The sample studied included 12 females and 11 males. Age (respectively BMI) ranged from 18 to
21years (resp. 17.4 to 24.8kg/m?). Mean age was 19.3years old (SD: 0.8). Mean BMI was 20.9kg/m?>
(SD: 2.0). Females’ height ranged from 155 to 169cm vs 171 to 185cm for men.

7 - 4.2 Statistical Analysis

Tables 7.1 and 7.2 present means and SD of L, Apay, Sp, Vi, V, RVior and CV of RVi;.

No significant difference was found between right/left sides parameters (Vy, V, L, Apax), except for
the following: V, Vg and RV of the quadratus lumborum, rectus femoris and semi-tendinosus; L
of the gluteus maximus and Aax of quadratus lumborum, adductor and semi-tendinosus. Difference
between right and left sides for these muscles/parameters was in average less than 11% of the mean
value right/left (Tables 7.1 and 7.2). Values were averaged right/left when no significant difference
was found (Tables 7.1 and 7.2).

The major part of the geometrical parameters considered followed a normal distribution except for the
following muscles and parameters: for example the Vi of right iliopsoas, the V of right adductor, the
L of left erectus spinae, the A,y of right gluteus minimus, the RV of left sartorius or the S;, of both
sides of quadratus lumborum.

Statistical differences between right/left S, were found for specific muscles, for which the difference
was less than 3% of the mean value right/left (Table 7.2).




| V(em®*)F | V (cm®)M | Vg (cm?) F | Vg (cm?) M |

RViot (%) F |

RViot (%) M

‘ Muscle ‘
| | Mean | SD | Mean | SD | Mean | SD | Mean | SD | Mean | SD | CV | Mean | SD | CV |
| P Iliopsoas | 2909 | 362 | 5148 | 436 | 18 | 02 | 29 | 03 | 69 | 06 | 86 | 82 | 05 | 58 |
| P Quadratus | R: | 337 | 92 | 620 | 78 | 02 | 01 | 03 | 00 | 08 | 02 | 222 | 1 | 01 | 127 |
| fumborum Ty T s g s | 678 | 98 | 02 | 00 | 04 | 01 | 08 | 01 | 154 | L1 | 02 | 157 |
| Erectus spinae | 2945 | 429 | 4192 | 557 | 18 | 03 | 23 | 03 | 7 | 08 | 118 | 67 | 08 | 123 |
| ® Gluteus maximus | 606.1 | 804 | 8292 | 970 | 3.7 | 05 | 46 | 05 | 144 | 11 | 79 | 132 | 1 | 75 |
| Gluteus medius | 2365 | 289 | 3411 | 363 | 14 | 02 | 19 | 02 | 56 | 04 | 71 | 55 | 06 | 114 |
| Gluteus minimus | 762 | 78 | 1078 | 202 | 05 | 01 | 06 | 01 | 18 | 03 | 152 | 17 | 03 | 149 |
| Adductor | 663.0 | 855 |10285| 81.6 | 41 | 05 | 58 | 05 | 157 | 12 | 74 | 164 | 07 | 43 |
| Vastus lateralis inter | 8249 | 932 | 1178.6| 8.9 | 50 | 06 | 66 | 05 | 196 | 1.1 | | 188 | 06 | 34 |
| Vastus medialis | 3149 | 374 | 465.1 | 493 | 1.9 | 02 | 26 | 03 | 75 | 06 | | 74 | 07 | 94 |
| Tensor Fasciae Lata | 458 | 106 | 69.8 | 218 | 03 | 01 | 04 | 01 | 11 | 02 | 215 | 11 | 03 | 288 |
| Rectus || R: | 1904 | 26.0 | 280.0 | 248 | 12 | 02 | 16 | 01 | 45 | 04 | 9 | 45 | 04 | 9 |
| femoris T gra | 282 | 2675 | 242 | 11 | 02 | 15 | 01 | 44 | 04 | 97 | 43 | 03 | 79 |
| Gracilis | 665 | 9.8 | 1048 | 183 | 04 | 01 | 06 | 01 | 1.6 | 02 | 125 | 17 | 02 | 134 |
| Sartorius | 1003 | 175 | 161.8 | 241 | 06 | 01 | 09 | 01 | 24 | 03 | 125 | 26 | 03 | 107 |
| ®Biceps || R: | 605 | 115 [ 1128 [ 250 | 04 | 01 | 06 | o1 [ | oo [ oo | o | g5 | g7 |
| femoris breve | " T 630 [ 141 | 107.9 | 206 | 04 | 01 | 0.6 | 01 | | | | | | |
| Biceps femoris longum | 128.1 | 179 | 1841 | 238 | 08 | 01 | 1.0 | 01 | 3 | 03 | 96 | 29 | 03 | 101 |
| Semi-membranosus | 1542 | 22.6 | 2234 | 317 | 09 | 01 | 12 | 02 | 37 | 04 | 121 | 36 | 04 | 122 |
| Semi- | R: | 1294 | 246 | 1960 | 243 | 08 | 01 | 11 | 01 | 31 | 05 | 165 | 31 | 03 | 99 |
| tendinosus ) TTr T 0s0 | 263 | 1835 | 202 | 08 | 02 | 10 | 01 | 29 | 04 | 151 | 29 | 02 | 68 |

Table 7.1. Means. standard deviations (1*SD) and coefficient of variation (CV=SD*100/mean) of volume (V). volume normalized by height (Vy1). and volumic ratio
(RViot for females and males. Values were averaged over right and left sides when no significant difference was found. Males’ and females’ values were separated as
significant differences were found for all muscles for V and V. # (respectively ) means that statistical differences between males and females were found for RV,

for the right side of the muscle (resp. for the left side of the muscle).
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| Muscle | L(m)F | L(cm)M | Apax (cm?) F | Apax (cm?) M | Sp |

Mean SD Mean SD Mean SD Mean SD Mean SD R?%iE
| ﬁﬁggiﬁ‘i IR gy b oag Doage oo 38 L 12 ]88 | 1 e e g
| [ n ] | | | 60 [ 12 | a7 | 18 | | | |
| b Erectus spinae | 221 | 20 | 236 | 21 | 225 | 25 | 298 | 28 | 059 | 000 | 52 |
| P Gluteus | R: | 209 | 20 | 303 | 19 | o | oy [ oyen | oun I oo oo | ose
oS 69 | 16 | 303 | 15| | | | | | | |
| 2P Gluteus medius | 181 | 08 | 206 | 10 | 256 | 38 | 337 | 24 | 05 | 001 | 66 |
| Gluteus minimus | 131 | 14 | 147 | 12 | 123 | 15 | 158 | 27 | 048 | 001 | 119 |
| Adductor LB [ ogeg [ oog [ oass |ogy 130 1 45 [ 983 [ 41 | g b g [ogg |
| I | | | ENEREEEEE | | |
| @ ® Vastus lateralis inter | 346 | 12 | 378 | 15 | 404 | 49 | 528 | 45 | 059 | 000 | 48 |
| P Vastus medialis | 312 | 17 | 335 | 21 | 174 | 22 | 241 | 27 | 038 | 000 | 52 |
| Tensor Fasciae Lata | 157 | 16 | 161 | 24 | 49 | 11 | 72 | 22 | 060 | 001 | 90 |
| 2 Rectus femoris | 311 | 21 | 333 | 17 | 106 | 1.6 | 142 | 16 | 058 | 000 | 46 |
| 2 P Gracilis | 310 | 27 | 338 | 25 | 34 | 06 | 47 | 08 | 065 | 001 | 5.0 |
| 2 b Sartorius | 465 | 14 | 508 | 21 | 28 | 05 | 41 | 06 | 077 | 000 | 47 |
| # P Biceps femoris breve | 215 | 1.9 | 245 | 20 | 50 | 08 | 82 | 15 | 057 | 001 | 88 |
|  Biceps femoris longum | 260 | 26 | 271 | 22 | 93 | 14 | 128 | 17 | 053 | 000 | 71 |
| P Semi-membranosus | 261 | 16 | 284 | 11 | 101 | 1.6 | 130 | 20 | 060 | 001 | 67 |
| Semi- IR | ogor [ oo bogie |y L7 113 | 10 T 08 g | g |y |
| fendinosus g | | | 70 [ 18 | w1 | 12| | | |
| 2 P Femur | 445 | 15 | 491 | 17 | 338 | 35 | 426 | 35 | - | - | - |

Table 7.2.  Means and standard deviations (1*SD) of length (L), maximal axial cross-sectional area (Amax) and shape factor (Sp), for females and males. 2

(respectively P) means that statistical differences between males and females were found for L , for the right side of the muscle (resp. for the left side). Root mean
square error (RMSE), between estimated volume (from average shape factor) and real volume is in % of the real volume.
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‘ ‘ Group ‘ ‘ ‘ Females ‘ Males ‘
‘ ‘ ‘ H Mean ‘ SD ‘ ‘ Mean ‘ SD ‘ CV (%) ‘
I Spine Flex | R || 2874 | 380 | 132 | 5184 | 490 | 95 |
I | L || 2944 | 365 | 124 | 5112 | 401 | 79 |
\A | Spine Ext | R || 3281 | 482 | 147 | 4825 | 537 | 111 |
| % | | L || 3306 | 524 | 158 | 4857 | 614 | 126 |
\‘:.’6 | Hip Flex | R || 13519 | 1452 | 107 | 21767 | 160.6 | 7.4 |
| > | | L || 13587 | 1549 | 114 | 21302 | 190.0 | 89 |
I Hip Ext | R || 10720 | 1240 | 11.6 | 1538.0 | 1388 | 9.0 |
I | L || 10821 | 1280 | 11.8 | 15357 | 1447 | 94 |
| Knee Flox | B Il 6361 | 766 [ 120 | 9803 | 961 | 98 |
I | L || 6395 | 783 | 123 | 968.0 | 1047 | 108 |
|| Kpee Bxt | B I 13197 | 1388 | 105 [ 19271 | 1620 | 84 |
I | L || 13376 | 163.0 | 122 | 19078 | 1030 | 54 |
| ) | Spine R || 09 | o1 | 157 | 11 | 01 | 132 |
|3 | L || o9 | 02 | 168 | 11 | 01 | 128 |
& | . | R 13 | o1 | 78 | 14 | 01 | 69 |
‘cd | e L | 13 | o1 | 86 | 14 | 01 | 52 |
ol kpee | EI05 ] 00 | 87 | 05 | 00 | 88 |
] R || 05 | 00 | 67 | 05 | 00 | 70 |

Table 7.3. Means; standard deviations (SD) and coefficient of variation (CV=SD*100/mean) of functional
groups’ volume (V&P) and functional groups’ ratio flexors/extensors (Raex ext), for females and males, for right
and left sides. No significant differences were found between right and left sides. Males’ and females’ values
were reported separately to account for differences found in volume for each individual muscle.

Statistical differences between sexes were found for all muscles and femur, for Ay, V, Vi (overall
greater values for males). Even when considering normalized volume by the subject’s height (Vi),
males present greater volumes than females: average 1.9cm? vs 1.4cm?; range 0.3-6.6cm? vs 0.2-5.0cm?2.
For L (respectively RVyot), significant differences were found between sexes for both sides for: gluteus
maximus/medius, vastus lateralis inter, gracilis, sartorius, biceps femoris breve, semi-membranosus,
femur; for the right gluteus minimus and rectus femoris; and for the left vastus medialis, biceps femoris
longum, and erectus spinae, (respectively for both sides of the iliopsoas; for the right gluteus maximus
and biceps femoris breve and for the left quadratus lumborum). No statistical differences between
sexes were found for Sp,.

Ratio of a given muscle’s volume over the total volume (RVio) was found as quasi-invariant for all
muscles (SD<1.2%).

Table 7.3 presents means, SD and CV of muscular groups’ volumes V& and ratio of flexors vs extensors
Rfex ext- For each muscular functional group studied, for males and females separately, no statistical
difference between right and left sides, was found for the volumes V& (p>0.05 for Student T-test or
Mann-Whitney test depending on normality of data).
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7 - 4.3 Alternative estimations of the muscular volume
7 -4.3.1 Maximal Section Method

Table 7.2 presents mean and SD of S, for each muscle and the prediction error (RMS). For most
muscles the RMS was less than 10%, except for gluteus minimus (11.9%) and quadratus lumborum

(17.7%).

7 -4.3.2 Reduced MRI set Method

Figure 7.2 presents the best combination of slices. Single couple of slices, well chosen, at femoral and
pelvic level, led to volume estimation with less than 15% of error. The 5 slices model prediction error
(in % of the real volume computed from 3D reconstruction) ranged from 6% (Kneegey, Kneeext and
Spinefex) to 11% (Spineeyt ), this error being around 9-10% for Hipgex and Hipeyt. Equations predicting
the volume are presented in Tables 7.4 and 7.5.

‘ Coefficients H Hip ‘ Knee ‘ | ‘
‘ ‘ ‘ Flexors ‘ Extensors ‘ Flexors ‘ Extensors ‘ , ‘
| Constant || -1919 | -73.0 | -1931 | -2048 | T/ |
A || 402 | 366 | 216 | 216 | |aes| |
| B | 334 | 334 | 182 | 225 | < | |

Table 7.4. For each muscular group, coefficients of the predictors in column. Equation to predict the muscular
volume of a functional group using slices numbering as detailed in Figure 7.2 (Volume in cm?; Area in cm?;
Constant in cm®; A, B in cm): Volume = Constant * 1 + A * Area_slice21 + B* Area_ slice56. Area_slice N
corresponds to the sum of the areas of the muscles labeled in the functional group studied, on the slice N (in
cm?).

| Coefficients | Spine | |
‘ ‘ ‘ Flexors ‘ Extensors ‘ ..-:l_ ‘
| Constant || -465.6 | - 244 | L)) |
| A I 11.3 | 0 | Slices: |
I R O S et
| C I 038 | 25 | I |
| D [ 14.9 | 12.1 | ¢ |

Table 7.5. For each muscular group, coefficients of the predictors in column. Equation to predict the muscular
volume of a functional group using slices numbering as detailed in Figure 7.2 (Volume in cm?; Area in cm?;
Constant in cm®; A, B in ¢cm): Volume = Constant * 1 + A * Femoral length + B * Area_slicell6 + C*
Area_slice126 + D* Area_slice136. Area_slice_ N corresponds to the sum of the areas of the muscles labeled
in the functional group studied, on the slice N (in cm?).

7 - 5 Discussion

This study reports reference values of muscular volume, length and cross-sectional areas for young
asymptomatic subjects, providing baseline values for future studies and more additional findings. Ratio
of a given muscle volume vs total volume was found quasi-invariant for asymptomatic young adults.
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Figure 7.2. : RMS (root mean square) error for each functional group and on average over the 6 groups (« RMS Average »), for the different slices combinations.
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A reduced set of 2 (respectively 5) segmented slices, well chosen, can be used to compute muscular
volume with less than 14% of error (respectively 11%) (Figure 7.2).

This work comes with limitations. First, only 23 subjects were included in the study however as they
were all aged between 18 and 24 years old, and as they all come from the same environment (medical
students), the variability in their muscular system should be low. The small age range was an objective
to better characterize the young asymptomatic population, however further studies should quantify
age-related changes by recruiting volunteers from different age groups. A second limitation is the focus
made on the characterization of the muscles’ geometry, not considering the muscle quality, measured by
the fat infiltration for example that remains an important parameter to describe the muscular system.
Fat infiltration can be evaluated from MRI images acquired with the Dixon method (Moal et al., 2015),
this was the case in our study and associated data are currently under analysis. A third limitation
is the consideration of the anatomical cross sectional area and not the physiological one: pennation
angles of muscles were not considered as only axial slices were studied. In addition, some muscles were
grouped because of borders’ lack of visibility. Other studies reported this issue particularly considering
the border between the vastus lateralis and vastus intermedius (Barnouin et al., 2014) suggesting to
group the two muscles together because of frequent fusion in young adults. Similar grouping was
made to build up the adductor group, erector spinae group and iliopsoas group. While the last group
is widely considered as such in the literature (Lube et al., 2016; Sanchis-Moysi et al., 2011; Ghiasi
et al., 2016), grouping muscles comes from the difficulty to identify proper border between muscles
of this group, this difficulty is enhanced here by the inclusion of young healthy students presenting
little fat between aponeurosis of different muscles (Barnouin et al., 2014). This study did not include
the small external hip rotators as choice was made to consider muscles frequently used in the sagittal
postural maintenance as part of a wider project. These small muscles should however be included in
a future finer study. It must be kept in mind however that grouping muscles will reduce the ability to
quantify precisely these muscles’ characteristics and therefore to provide basic values for comparison
with other populations. Nevertheless, this study’s objective was to provide a first global database
for these muscles, and a clinical-user-friendly tool to estimate global muscular group’s volume and
estimate quantitatively muscular changes. The model using reduced set of MRI segmented slices has
been built on right side data of subjects. The equations of the model have been applied on the left
side and resulted in similar RMS errors (less than 1% difference), except for the spine flexors (13.5%
for the left side vs 5.7% for the right side).

With these points in mind, the first objective of this study was to report reference values for spino-
pelvic muscles’ geometry, for young asymptomatic subjects, as few studies in the literature reported
some of these values. Considering the cross-sectional area (CSA), our values are greater than the ones
reported by Rasch et al. (Rasch et al., 2007) but of the same order of magnitude: this can be due to
the difference in the population studied: we included young asymptomatic subjects whereas their data
come from the healthy limb of people planned for unilateral total hip replacement (Table 7.2). Another
reason for the difference observed can be that we reported the maximal CSA, contrary to Rasch et
al. reporting CSA at the distal femoral level (Rasch et al., 2007). To our knowledge, no values were
reported for the length of these muscles from axial images. The volume ratio, in percentage of total
volume, was found similar to the values reported by Siidhoff et al. (Siidhoff et al., 2009) for the lower
limb’s muscles. We also reported an invariance of this volume ratio between subjects (SD less than
1.2%) (Table 7.1). This parameter would be particularly interesting when studying altered muscles of
elders or patients.

Considering muscular volume, comparison can be made with some previous studies from the literature
(Barnouin et al., 2014; Lube et al., 2016; Handsfield et al., 2014; Belavy et al., 2011): overall our
findings are in line with these results. Looking into more details to the iliopsoas, for the men, our
findings are greater than those of Lube et al. (Lube et al., 2016) and Handsfield et al. (Handsfield
et al., 2014): 515cm? vs between 442 and 452cm? for these studies. For the women, our results are
greater (291cm?®) than Lube’s (252 to 268cm?) (Lube et al., 2016) but lower than Handsfield’s (452cm?)
(Handsfield et al., 2014). Differences can be due to differences in the population studied (higher BMI,
wider age range etc...): for example, Handsfield et al. reported values for 24 healthy participants
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(with only 8 females) (Handsfield et al., 2014), and Lube et al’s study (Lube et al., 2016) included
only 3 females and 3 males. All these comments could also apply to differences observed with these
studies for the adductor group and biceps femoris. For the latter, Lube et al. already reported large
variation of its volume across different populations, difference in the participants of each study could
explain these differences (maximal difference of 47cm?® for men) with Lube’s data (Lube et al., 2016).

Moal et al. (Moal et al., 2015) reported muscular volume for the same functional groups as this study
did, but including patients with adult spinal deformities: overall, the muscles studied presented a
greater volume in the young asymptomatic group of this study. This agrees with the general and
documented knowledge of sarcopenia (loss of skeletal mass) occurring with aging (Ahmed et al., 2005;
Frontera et al., 2000; Narici et al., 2003) as well as muscular degradation occurring with spinal patholo-
gies (Gildea et al., 2013; Parkkola et al., 1993).

No major asymmetry was reported between right and left volumes of individual muscles. In comparison,
previous studies have reported a limited role of multifidi volume asymmetry in prediction of low back
pain syndrome (Fortin et al., 2015). Fortin et al. reported a threshold of 10% of asymmetry to be the
limit before abnormality (Fortin et al., 2014): the asymmetries found in this study were less than 12%
which confirm our population as a reference group, in addition to its young age.

Considering the muscular groups’ volumes, sex’s differences were found (Table 7.3). As for the shape
factor, the methodology described here was based on the study of Mersmann et al. (Mersmann et al.,
2014) on lower leg’s muscles. Still, we found similar variability of the shape factor as they did: maximum
SD found here = 0.04 vs 0.04 (untrained subjects) and 0.05 (endurance athletes) as reported by
Mersmann et al (Mersmann et al., 2014) (Table 7.2). One can note that the maximal variability
between subjects for the shape factor was reported here for the quadratus lumborum, this can be
explained by its short length (Table 7.1): as it is visible on few slices with an irregular shape along the
proximal-distal axis, it is difficult to characterize it by the same equation for all subjects. The use of
this shape factor appears as adapted to compute muscle volume for most muscles (RMS <10%), but is
not adapted for short muscles: gluteus minimus (RMS= 11.9%), quadratus lumborum (RMS= 17.7%)
(Table 7.2).

Among all models studied (from 2 to 5 slices), the 2 slices model provided a gross estimation of
muscular volume (Figure 7.2: average RMS=10.9%). The 5 slices model is a possible compromise
between accuracy and analysis time in a routine environment, while the whole 3D model could be
more appropriate for research, particularly when considering the spine extensors (RMS<8% for the
average over the 6 functional groups (Figure 7.2)). This model uses a combination of 2 “distal slices”
and 3 “proximal slices”. Two “distal slices” are required: one near the distal end of the femur (slice 21)
to estimate volume of specific muscles (semi-membranosus and biceps femoris breve for example); one
mid-way on the diaphysis (slice 56) to better evaluate the great thigh muscles’ (adductor, vastus, rectus
femoris for example). The three “proximal” slices (slices 116, 126 and 136) are located between the
acetabulum and T12 to estimate the volume of spine flexors and extensors: these slices are close to each
other (10 slices apart) to focus on an area with segmentation for all the 3 muscles of interest (iliopsoas,
erector spinae and quadratus lumborum) but also to estimate volume of a small and changing muscle
in shape: the quadratus lumborum. In addition, the model is not sensitive to the exact position of
the slice suggested in the model: using a slice positioned +/- 5 slices above or below, changes the
averaged RMS by 1.5% maximum. Therefore, if validated on other populations, this method could be
implemented in clinical routine for muscles characterization.

The two methods presented to compute muscular volume from little information are of same accuracy
(RMS around 10% for both), but differ in their implementation: if the shape factor is useful for an
individual muscle, the 5 slices model can compute volume of muscle groups. Both however gains time
during analysis of MRI images (reconstruction time fairly reduced: 5 slices segmented vs more than
120 slices for total 3D reconstruction).

Different levels of analysis may be needed for characterizing muscular geometry: in clinical routine, a
rapid method could provide a global insight of the patients’ muscles, while in research, a longer method
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can be considered to obtain a finer analysis. If the DPSO method is the current method providing
the most relevant estimation of each individual muscle’s geometry, a new method has been proposed
here for use in a clinical environment: it is less time-consuming and provides still a good estimation of
functional groups’ muscular volumes.

The current model appears promising for clinical routine to quantify muscular volume of functional
groups. This model still needs to be validated on other populations (older adults, patients), and
when validated, could provide a clinical-user-friendly tool to determine quantitatively the muscular
degradation of patients / volunteers.

In conclusion, our study provided a database for geometrical parameters of spino-pelvic muscles for
young asymptomatic adults. A new model computing the functional groups’ muscular volume has
been proposed and appears promising in estimating muscular volume of volunteers / patients.

7 - 6 Additional analysis and discussion

Prediction of gluteus minimus and gluteus medius volumes from a reduced set of slices was also in-
vestigated. As gluteus minimus is a short muscle, it was present only a limited number of slices: this
required the addition of 1 slice to the model of 2 to 5 slices already presented.

As the gluteus medius was present on slices already included in the model no additional slice was
required for this muscle. In addition, because the additional slice required for gluteus minimus could
be a slice where gluteus medius was visible, the slice number 111 was chosen as the best one to
combine best prediction of gluteus minimus volume (prediction error of 13.4% of the real 3D volume)
and presence on the slice of gluteus medius. As for the gluteus medius, using only slice 111 lead to
a prediction error of 7.1%; combination of slices 111 and 116 lead to a prediction error of 6.5% and
combination of slices 111 and 121 lead to a prediction error of 6.0%. Table 7.6 presents the different
reduced set of slices models with their respective prediction errors according to muscles considered.

No major increase of the mean prediction error was observed, when including the gluteus minimus and
medius in the model: 10.7% now for the model at 3 slices (among which 1 is for gluteus minimus and
gluteus medius) vs 10.9% before for the model with 2 slices. In addition, only 2 muscles were added:
both reconstructed on 1 additional slice, and one of them reconstructed on 1 already included slice.
Reconstruction of these 2 muscles on 1 or 2 slice(s) did not significantly increase reconstruction time.

Tables B.1, B.2, B.3, B.4, B.5, and B.6 (Appendix B) present the equations for the different models in
order to predict the volumes of the different functional groups. For knee extensors, knee flexors, hip
extensors and hip flexors, 1 or 2 slices are considered (56 or 21-+56). For spine extensors and flexors,
1 to 3 slices are considered (136 or 121 + 141 or 116+126+136). For gluteus minimus, only one slice
is considered (111). For gluteus medius, 1 or 2 slices are considered (111 or 1114116 or 111+121).
Therefore including the gluteus minimus and medius in the model from a reduced set of slices is not
time-consuming, and can be used in the future. As presented in the next chapter, these two muscles
are important when focusing on compensatory mechanisms occurring during aging or evolution of a
pathology.
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| Slice(s) I 56 56 56 | 21+56 | 21+56 | 21+ 56 |
Hip flexors 9.4 9.4 9.4 9.7 9.7 9.7
Hip extensors 13.1 13.1 13.1 8.7 8.7 8.7
Knee flexors 11.2 11.2 11.2 6.0 6.0 6.0
Knee extensors 7.1 7.1 7.1 6.0 6.0 6.0
| Slice(s) | 1+ | 112 | 112 | 111 | 111 | 111 |
| Gluteus minimus || 134 | 134 | 134 | 134 | 134 | 134 |
: 111 +
Slice(s) 111 1oy | 111+ 116 111 111 + 121 | 111 + 116
| Gluteus medius || 7.1 | 60 | 65 | 7.1 | 6.0 | 65 |
: 121 + | 116 + 126 116 + 126
Slice(s) 136 141 1136 136 121 + 141 136
Spine flexors 13.3 8.8 5.7 13.3 8.8 5.7
Spine extensors 114 9.6 10.7 114 9.6 10.7
50t | 56 111 | 21456 |21 456+ | 2r 0T
: 56 + 111 | 111 + 111 + 116
Slice(s) 136 | 121 | T M6+ | 4111+ fa11 121
14 | 126 + 136 136 + 141 136
| Mean | 17 | 98 | 96 | 95 | 85 | 83 |
| # of slices | 3 4| 5 | 4 | 5 | 6 |
Table 7.6. : Prediction errors (in % of real 3D volume) for the different muscular groups and the different

models from 3 to 6 slices
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CHAPTER 8

LSPINO—PEL\/IC MUSCLES OF ASD PATIENTS VS VOLUNTEERS

8 - 1 Introduction

While recent studies have demonstrated that muscles are crucial in the setting of postural regulation
(Gildea et al., 2013; Lee et al., 2008; Parkkola et al., 1993; Rasch et al., 2007), most of these studies
have been limited to specific muscles of symptomatic patients only. This study’s objective is to compare
spino-pelvic muscular volume of adults with spinal deformities (ASD) to a reference population. This
would help to better understand potential compensatory mechanisms occurring during pathological
evolution of the posture.

8 - 2 Methods

8 - 2.1 Participants

Group Y included young asymptomatic females (population studied in chapter 7). Group P included
pre-operative female ASD patients over 35 years old with at least one of the following criteria concerning
spinal deformity: Thoraco-lumbar or lumbar coronal Cobb angle >30°, Sagittal Vertical Axis >4cm,
or Pelvic Tilt >20°. Group P have already been studied in a study published in 2015 (Moal et al.,
2015).

8 - 2.2 MRI analysis

All subjects underwent MRI acquisition from T12 to the knee, following the same protocol as described
in chapter 7. Spino-pelvic muscles were segmented to compute muscle volume from 3D reconstruction,
using the same method as described in chapter 7.

8 - 2.3 Statistical analysis

Muscles were grouped into functional groups (flexors and extensors) of spine, hip and knee (Figure
7.1). The volume of each functional group and the ratio (Rex/ext) of the flexors’ volume over the
extensors’ volume were computed for both Y and P groups. Normality of the volume and ratio (RVi)
of each muscle’s volume over total muscular volume, for muscles’ groups and individual muscles were
studied with a Lilliefors test (Lilliefors, 1967).

For each individual muscle, the volume and the ratio were compared between the Y and P groups,
and statistical difference were investigated with a Student test when both Y and P groups’ data were
found to be drawn from a normal distribution, using the Mann-Whitney test otherwise.

8 - 3 Results

Group P included 19 female ASD patients: mean age: 60.1 years old (SD=12.7 years old); range: 37-80
years old. Group Y included 12 young asymptomatic females: mean age: 19.3 years old (SD=0.9 years
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old); range: 18-21 years old.

Patients of Group P presented a mean T2-T12 thoracic kyphosis of 51° (SD: 22°), a mean L1-S1
lordosis of -54° (SD: 15°), a mean SVA of 19mm (SD: 56mm), a mean pelvic incidence of 55° (SD:
14°), a mean pelvic tilt of 23° (SD: 12°), a mean maximal Cobb angle of 42° (SD: 16°).

All volumes and ratios were found to be drawn from a normal distribution with the exception of:

e for Group P, the volume of left gluteus maximus (p=0.02) and left gluteus minimus (p=0.02);

e for Group P, the RV of right vastus lateralis and intermedius (p=0.04), right biceps femoris
breve (p=0.01) and right tensor fasciae lata (p=0.04); for Group Y of right iliopsoas (p=0.04)
and left gluteus minimus (p—0.04).

For most of the muscles, means, standard deviations and Student t-test were used for sample’s descrip-
tion. For the particular muscles listed above, medians, quartiles and Wilcoxon test were used.

8 - 3.1 Comparison for muscles functional groups
8 - 3.1.1 Volumes

Table 8.1 illustrates the comparison between subjects of Groups Y and P. Reported results are the
differences, for each functional group considered, between mean volumes of Groups Y and P (expressed
in % of the mean volume of Group Y). P-values of the Student t-test, to test for statistical difference
of the means, are also reported in the table. Significant differences between both populations were
reported for the left spine flexors (mean difference of -13.6%) and knee extensors (right :-18.1%; left:
-21.5%).

. Spine Spine Hip Hip Knee Knee
RIGHT Functional GI'Ollp Flexors Extensors Flexors Extensors Flexors Extensors
1224.6 591.1
253.6 297. 4 (60.8) 994. 8 1080. 3
Mean (SD) in cm?® (48.9) % 239 1) (206.5) 117 4) (253.1)
| Difference of means || -11.8% | -94% | -94% | -72% | -71% | -181% |
| P-value of Student t-test | o005 | o015 [ o011 | 02 | 02 | 001* \
. Spine Spine Hip Hip Knee Knee
LEFT Functional GI‘Ollp Flexors Extensors Flexors Extensors Flexors Extensors
1214.2 603.8
254.2 293.5 (64.3) 1003. 8 1050. 3
Mean (SD) in cm? (56.8) % % 243 2) (223.3) 130 2) (257.5)
‘ Difference of means ‘ -13.6 % ‘ -11.2 % -10.6 % ‘ -7.2% ‘ -5.6 % ‘ -21.5 % ‘
| P-value of Student t-test || 004* | 010 | o008 | 028 | o040 | 000*% |
Table 8.1. : Comparisons of volumes of functional groups, between Groups P and Y: mean and standard

deviation (SD) of Group P; difference of means (in % of Group Y mean) and p-values of the Student t-test (*
means p<0.05, which means statistical difference).

8 - 3.1.2 Ratio of volume of flexors over volume of extensors: Rgey /ext

Table 8.2 reports the differences, for each functional group considered, between mean ratios (Rgex /ext)
of Group Y and P (expressed in % of the mean ratio of Group Y). P-values of the Student t-test to
test for statistical difference of the means are also reported in the table. Significant difference between
both populations was reported for right (+15.1%) and left knee ratio (+22.3%).
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‘ RIGHT Joint considered H Spine ‘ Hip ‘ Knee ‘
| Mean (SD) (no unit) I 0.9 (0.2) | 1.2 (0.1) | 0.6 (0.1) |
‘ Difference of means H -21% ‘ -1.9% ‘ 15.1 % ‘
’ P-value of Student t-test H 0.74 ‘ 0.60 ‘ 0.01 * ‘
’ LEFT Joint considered H Spine ‘ Hip ‘ Knee ‘
| Mean (SD) (no unit) I 0.9 (0.2) | 1.2 (0.1) | 0.6 (0.1) |
‘ Difference of means H -25% ‘ -3.0% ‘ 22.3 % ‘
’ P-value of Student t-test H 0.73 ‘ 0.42 ‘ 0.00 * ‘

Table 8.2. Comparisons of Ratio of volume of flexors over volume of extensors (Reex/ex¢) of functional groups,
between Groups P and Y: mean and standard deviation (SD) of Group P; difference of means (in % of Group
Y mean) and p-values of the Student t-test (* means p<0.05, which means statistical difference).

8 - 3.2 Comparison for each individual muscle

Table 8.4 and Table 8.3 report the differences, for each functional group considered, between mean
volumes and ratios of Group Y and P (expressed in % of the mean volume/ratio of Group Y). P-values
of the Student test to test for statistical difference of the means are also reported in the tables.

8 - 3.2.1 Volumes

When comparing Group P to Group Y, all muscles present a loss of volume except for gluteus medius
right (mean difference of +2.6%) and left (+1.5%); gluteus minimus right (+8.6%) and left (+12.4%);
tensor fasciae lata right (+2.9%) and left (+8.5%) and left biceps femoris breve (+0.4%).

8 - 3.2.2 Ratio of volume over total volume: RVt

Statistical differences (p<0.05) were found only for individual muscles’ ratio RV of gluteus medius
right and left (p=0.00); right gluteus minimus (p=0.02); vastus lateralis and intermedius right and left
(p=0.00); left vastus medialis (p=0.01); rectus femoris right and left (p=0.00).

‘ Muscle H Glu.teus ‘ Gluteus medius ‘ Golu.teus ‘
‘ ‘ ‘ maximus ‘ ‘ minimus ‘
| Side | Right | Left | Right | Left | Right |  Left |
o | Mean (SD) 553.8 555.1 (118.6) 244.7 238.0 82.3 86.3 (14.1)
§ (cm?) (134.6) % % # (51.1) % (49.2) % (21.8) % % #
S | Diff. of
> ! ] 1 2 1 12.4
Means 7.9 % 0.3 % # 6% 5% 8.6 % 4% #
- 14.6 (2.1) 6.5 (0.7) 6.4 (0.7) 2.2 (04) | 2.0 (0.2) %
>3 Mean (SD) % 14.7 (2.2) % % % % 4
. Diff. of 2.2 % 2.2 % 14.2 % 15.5 % 18.4 % 10.2 %
Means 2% 2% 4.2 7% 9 7 4 % 2% #

Table 8.3. Results for gluteal muscles: differences (Diff.) of means, for both volume and volumic ratio RVi,. #
means the muscular group’s volume or volumic ratio did not follow a normal distribution and therefore medians
(respectively difference 3rd quartile - 1st quartile; resp. Mann-Whitney test) were used instead of means (resp.
standard deviation; resp. Student t-test). Italic bold values means statistical difference (p<0.05).




‘ Muscle H Tliopsoas ‘ Quadratus ‘ Er(?ctus ‘ Adductor ‘ T(.ansor ‘ Va.stus lat. ‘ Vasjcu§
‘ H ‘ lumborum ‘ spinae ‘ ‘ fasciae lata ‘ inter. ‘ medialis
| Side | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left
253.6 254.2 054 90,3 272.0 264.2 631.2 621.3 47.7 49.0 674.6 661.2 263.8 252.1
g M. (SD) (48.9) (56.8) 00 % | (1.9)% (57.8) (60.1) | (140.7) | (134.8) | (19.0) (18.6) | (150.3) | (162.2) | (76.0) | (68.7)
5 % % R R % % % % % % % % % %
Q
» | Diff. of -24.7 | -185 -10.3 -17.4 | -20.6 | -156 | - 20.5
Menns || - 118 % | -136% o o -7.6 % % -47% | -63% | 29% 8.5 % P p o p
7.0 1.3 17.7
- 6.8 0.7 0.8 7.3 7.2 16.6 16.6 1.4 17.6 6.9 6.7
8| M.(SD) || 0% | o5y | 0% | 02% | 0% | an% | 06 % | a9 % | D% 0w | D% | 0w | anw | 0.9 %
% # # #
Diff. of -14.4 15.8 % -85 | -10.4 - 11.1
Means || 0% # | -22% % -60% | 3.7% 2.7 % 5.4 % 6.1 % 4 26.5 % % 4 p S71% pe
‘ Muscle H Rectu.s ‘ Gracilis ‘ Sartorius ‘ Biceps fem. ‘ Biceps fem. ‘ Semi- ‘ Se.mi-
‘ H femoris ‘ ‘ ‘ breve ‘ longum ‘ membranosus ‘ tendinosus
| Side | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left
141.8 136.9 58.6 58.0 91.5 94.7 59.5 63.5 122.3 130.0 145.1 141.0 114.1 116.7
QE) M. (SD) (34.5) (31.9) (18.2) (16.6) (21.4) (24.4) (17.2) (18.7) (33.4) (41.4) (39.2) (33.9) | (24.8) | (32.3)
= % % % % % % % % % % % % % %
=]
» | Diff. of -255 | -26.9 | -119 -12.7 -11.8
Menns 7 7 % o -72% | -72% | -16% | 04% | -30% | 00% | -64% | -82% o -6.1%
s | M. (SD) 3.8 3.7 15 1.5 2.4 2.5 (013')4(7 1.7 3.2 3.4 3.8 3.8 3.1 3.1
ko ' 0.6) % | (0.4)% | (0.3)% | (0.3)% | (0.4) % | (0.4) % PP 04) % | (06)% | (08)% | (0.7)% | (0.6)% | (0.6) % | (0.6) %
#
2
Diff. of - -
-0 17.3 1 - 172 | s5g | _18% | 36% | 52% |23%# | 148% | 71% | 120% | 28% | 36% | -1.1% | 68%
Means % %

Table 8.4. Results for specific muscles: mean (M.) and standard deviation (SD) (in cm?); differences (Diff.) of means, for both volume and volumic ratio RVie;. #
means the muscular group’s volume or volumic ratio did not follow a normal distribution and therefore medians (respectively difference 3rd quartile - 1st quartile;
resp. Mann-Whitney test) were used instead of means (resp. standard deviation; resp. Student t-test). Italic bold values means statistical difference (p<0.05).
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8 - 3.3 Correlation of muscles volumes and ratio with radiographic parameters

Severity of the spinal deformity can be quantified by radiographic parameters such as sagittal vertical
axis, pelvic tilt, difference pelvic incidence with lumbar lordosis and Cobb angle. Table 8.5 lists
the significant correlations found for ASD patients, between radiographic parameters and individual
muscles’ volume (V); and between radiographic parameters and volumic ratio (RVye) As the muscles’
data (volume and ratio) were not found as drawn from a normal distribution for all muscles, Spearman
correlation was performed.

‘ Radiographic parameter ‘ H Muscle ‘ Spearman coefficient ‘
Mismatch PI-LL 5 Biceps Femoris Longum L:-0.50
| | % || Biceps Femoris Longum | R:-0.49 / L:-0.49 |
‘ Pelvic Tilt (PT) ‘ E H Tensor Fasciae Lata ‘ L: 0.46 ‘
Sartorius L: 0.46
| [ | |
| Sagittal Vertical Axis 5 | Vastus Medialis | R:-0.46 / L: - 0.49 |
| (SVA) 12 | Sartorius | R 073/ L:0.64 |
‘ ‘ H Biceps femoris Longum ‘ L:-0.51 ‘
‘ ‘ 2 H Rectus Femoris ‘ R: 0.66 ‘
‘ Maximal Cobb Angle ‘ E H Gluteus Maximus ‘ L:-0.50 ‘
Semi-tendinosus L: 0.51
| o | |
‘ Mismatch PI-LL ‘ > H Erectus Spinae ‘ L: - 0.49 ‘
‘ Pelvic Tilt (PT) ‘ > H Iliopsoas ‘ L:-0.52 ‘
| | || Biceps Femoris Longum | R:-0.49 / L: - 0.46 |
‘ Sagittal Vertical Axis ‘ > H Hliopsoas ‘ R: - 0.46 ‘
‘ (SVA) ‘ H Vastus Medialis ‘ R:-0.54 ‘
‘ ‘ H Biceps femoris Longum ‘ R:-0.48 ‘
|  Maximal Cobb Angle | > || Rectus femoris | R: 0.57 |

Table 8.5. Significant (p<0.05) Spearman correlations between radiographic parameters and muscular volume
(V) and volumic ratio (RVyey), for patients with spinal deformities of Group P. R (L) means Right (Left). PI-LL
is the difference between pelvic incidence (PI) and lumbar lordosis (LL)

Worsening of the pathology can be evaluated by an increase in pelvic tilt accounting for retroversion
of the pelvis, an increase in sagittal vertical axis accounting for a forward flexion of the trunk and/or
a large mismatch between pelvic incidence and lumbar lordosis. These changes were significantly
associated (Table 8.5) with:

e decrease in RViq of vastus medialis (both sides), and biceps femoris longum (both sides);

e increase in RV of tensor fasciae lata (left side), and sartorius (both sides);

e increase in volume of tensor fasciae lata (both sides);

e decrease in volume of iliopsoas (both sides), vastus medialis (right side) and biceps femoris longum
(both sides).
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Severity of the deformation in the coronal plane (increase of the maximal Cobb angle) was significantly
correlated with:

e increase in RV of rectus femoris (right side), and semi-tendinosus (left side);
e decrease in RVyy; of gluteus maximus (left side);

e increase in volume of rectus femoris (right side);

8 - 4 Discussion

Sarcopenia is the volumic loss of muscles occurring with aging. The population studied here included
ASD patients older than the population of reference (mean age: 60 years old vs 19.3 years old).
Therefore both effects of sarcopenia and of pathological degradation should be observed in the results.
The use of the ratio volume over total volume is thus interesting to rule out the effect of sarcopenia in
the results’ analysis.

8 - 4.1 Spine Flexors and Extensors

Spine extensors’ volume of both sides, and right Spine flexors’ volume were smaller for Group P (non-
significant difference). The ratio Rpey Jext does not vary significantly between groups, but was smaller
for Group Y: difference of means of -2.1% for right side and of -2.5% for left side.

8 - 4.1.1 Spine Flexors

Smaller volume of the iliopsoas (-11.8% for right and -13.6% for left) associated with an unchanged
ratio of volume RVyq (less than 3% absolute change), is a sign of sarcopenia (decrease of volume) but
no change can be observed due to the pathological condition of patients of Group P.

8 - 4.1.2 Spine Extensors

Smaller volume of the erectus spinae (-7.6% for right and -10.3% for left) is associated with a larger
ratio of volume (RVyq) (3.7% for right and 2.7% for left) for Group P. This can be explained by the
effect of sarcopenia (decrease of muscular volume) but the increase in proportion within the muscular
system (larger RVio) is the sign of the increased recruitment of the back muscles in order to limit the
forward flexion of the trunk for patients with ASD.

Smaller volume of the quadratus lumborum (-24.7% for right and -18.5% for left) is associated with
a smaller ratio of volume (RViq) (-14.4% for right and -6.0% for left), for Group P. The effect of
sarcopenia (decrease of volume) and of pathology (decrease of RVit) is thus observed.

8 - 4.2 Hip Flexors and Extensors

While smaller volumes were reported for both Hip flexors and Hip extensors for both sides, for Group
P, the ratio Rgey/exy does not vary significantly between both groups: difference of means of -1.9% for
right side and of -3.0% for left side.

8 - 4.2.1 Hip Flexors

Smaller volume of the iliopsoas (-11.8% for right and -13.6% for left), for group P, associated with an
unchanged ratio of volume RVyq; (less than 3% absolute change between both populations), is the sign
of sarcopenia (decrease of volume) but no change can be observed due to the pathological condition of
patients of Group P.

Rectus femoris, vastus lateralis and intermedius and vastus medialis present a significantly smaller
volume associated with a significantly smaller ratio of volume (RVie) (except for the volume and
volumic ratio of vastus medialis right).
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A non-significantly larger volume and ratio RV, were observed for both sides of tensor fasciae lata.
This can be associated with the smaller volume and ratio observed for the rectus femoris as the tensor
fasciae lata can be recruited in order to increase the contraction power and efficiency of this thigh
muscle.

Smaller volume of the adductor (-4.7% for right and -6.3% for left) was associated with a larger ratio of
volume RVy; (+5.4% for right and +6.1% for left). This is a marker of an increased activity compared
to Group Y, but also highlights the effect of sarcopenia: forward flexion of the trunk destabilizes the
body and to increase lateral stability, adductor muscles are recruited (larger RVyot).

Mean volumes of gracilis and sartorius were smaller for Group P (non significant differences ranging
from -12.7% to -7.2%) and were associated with a non significantly larger ratio (RVy) for the sartorius
(+3.6% for right side and +5.2% for left side); contrary to the smaller ratio observed for gracilis (-3.5%
for right side and -1.8% for left side).

8 - 4.2.2 Hip Extensors

This group includes: gluteus maximus, semi-membranosus, semi-tendinosus, biceps femoris longum
and biceps femoris breve. If the first muscle is a large muscle presenting a large volume, generating
movements of large amplitude, the others are characterized as Knee Flexors (see next paragraph for
more details). Gluteus maximus volume was smaller (-7.9% for right and -10.3% for left) while volumic
ratio was a little larger: +2.2% for both sides: this muscle is only affected by sarcopenia. Patients
with spinal deformities may present limited locomotion due to pain and discomfort, this could explain
the decreased recruitment of gluteus maximus (smaller volume and slightly smaller RVyy).

8 - 4.3 Knee Flexors and Extensors

Significantly smaller volume was observed (for mean volume of Group P vs Group Y) for Knee extensors
(for both sides) and is responsible for the significantly larger the ratio Reey/ext for Group P: difference
of means of +15.1% for right side and of +22.3% for left side.

8 - 4.3.1 Knee Flexors

This group includes: gracilis, sartorius, semi-membranosus, semi-tendinosus, biceps femoris longum
and biceps femoris breve. For all, the mean volume of Group P was smaller when compared to Group
Y, between -1.6% and -12.7%; except for left biceps femoris breve (+0.4%) and left biceps femoris
longum (+0%). The effect of sarcopenia is therefore visible for most of these muscles. As for the ones
presenting a larger volume, the difference was less than 2%.

A larger ratio (RVye) from +2.3% to 14.8% was reported for all the knee flexors considered, except
for gracilis right (-3.5%) and left (-1.8%) and right semi-tendinosus (-1.1%). One can note that none
of these differences of volume/ratio were found to be significant between Group P and Group Y.

The tendency observed is that these muscles gained importance with little loss of volume: it can be
explained by an hyperactivity in order to hold back the body while trunk shifts anteriorly: knee flexors
stabilize postural position of the body for patients of Group P.

8 - 4.3.2 Knee Extensors

Rectus femoris, vastus lateralis and intermedius and vastus medialis present a significantly smaller
volume associated with a significantly smaller ratio of volume (RVyot).

For these muscles, smaller volumes can be explained by the effect of age; while smaller ratio is linked
to the trunk position shifted anteriorly for the patients. Because of this forward flexion of the trunk,
these muscles are shortened, and contract less, thus little recruitment lead to a smaller ratio.
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8 - 4.4 Gluteal group
The gluteal group includes the gluteus minimus, gluteus medius and gluteus maximus.

Larger volume was found for gluteus minimus and medius. Both can be assimilated as hip extensors,
even though the commonly admitted function is a lateral control of the movement in the coronal plane.

The third muscle of the gluteal group is the gluteus maximus, also a hip extensor and qualified as a
propulsion muscle used for locomotion and movements of large amplitude (because of its large length
and volume, and of its distal insertion on the femur). The gluteus minimus and medius, because of
their shorter length and more proximal insertions on the femur, seem to contribute to the regulation
of the pelvic position by small movements and not to locomotion: both gluteus medius and minimus
can be qualified as muscles of postural control.

Loss of volume observed for the gluteus maximus (mean difference of -7.9% for the right side and
-10.3% for the left side) can then be interpreted as the effect of sarcopenia and/or as a marker of less
activity (reduced amplitude of femoral movements compared to the pelvis) of the patients. Volumic
gains (gain of nominal volume and of volumic ratio) observed for the gluteus medius and minimus
suggest a need for postural regulation of the position of the pelvis, with movements of small amplitude
of the pelvis compared to the femur.

8 - 4.5 Correlation of muscles volumes and ratio with radiographic parameters

ASD patients present, with worsening of postural alignment, a worse degradation of knee extensors,
and increased recruitment of the knee flexors (Table 8.5). This reinforces the idea of the compensation
with knee flexors to limit forward flexion of the trunk. Even if significant correlations with increase
of maximal Cobb angle was reported only for a decrease of volumic ratio of right rectus femoris, left
gluteus maximus and left semi-tendinosus; the severity of the spinal deformity in the coronal plane
could be linked to differences observed between muscles of right and left sides. This would need further
investigation to analyze into more details, the possible impacts of the coronal deformity on the muscular
degradation observed.

8 - 4.6 Comparison with the literature

Pathological evolution of the area of the hip and knee muscles have been reported by Rasch et al. (Rasch
et al., 2007). They reported, in the limb with osteoarthritis, a decrease of 10 to 20% in cross-sectional
area for gluteus maximus, psoas, rectus femoris, vastii (lateralis, medialis and intermedius), hamstrings
(biceps femoris breve and longum, semi-membranosus, and semi-tendinosus), and adductors. The only
muscles for which such a decrease has not been observed is the gluteus medius and minimus. Smaller
volumes have been reported, in this study, for all muscles except gluteus medius and gluteus minimus.

Frontera et al. reported in 2000, in a longitudinal study over 12 years, the effect of sarcopenia on
the thigh and its muscles: in 12 years, decrease of the CSA occurred for the total thigh (-12.5%), for
all thigh muscles (-14.7%), for rectus femoris (-16.1%) and for knee flexors (-14.9%) (Frontera et al.,
2000). Similar results were found here for rectus femoris and knee flexors in terms of volume: -25% for
the rectus femoris and -7.1% and -5.6% for the knee flexors. Greater decrease of volume was found here
for the rectus femoris compared to the knee flexors muscles: this might be the sign of compensation
via knee flexors in the setting of patients with forward flexion of the trunk. The smaller volume for the
rectus femoris can be caused by both sarcopenia and pathological evolution as the ratio was smaller as
well: this muscle is one of the first to degrade if the trunk is shifted forward (lesser length of contraction
might imply smaller contractions and then loss of volume and ratio).
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Concerning the psoas major and rectus femoris, Takahashi et al. (2006) reported evolution of CSA in
different age groups from 20 to 80 years old, for asymptomatic women. For comparison, when retaining
only subjects aged 20-29 years old versus 50-69 years old, evolution of the CSA during aging is similar
to the volume’s evolution reported here. The iliopsoas volume was 12.0% smaller compared to 19%
smaller volume for the psoas major as reported by Takahashi et al. (CSA approximately decreased
from 991 mm? to 800 mm?). Concerning the rectus femoris, a volume 26% smaller was found here,
compared to a 17% smaller CSA as reported by Takahashi et al. (CSA approximately decreased from
4096 mm? to 3400 mm?). If for the psoas the difference is of same order magnitude, it is not the case
for the rectus femoris: this can be explained by the effect of the pathological condition of the Group
P studied here, that adds to the effect of aging, reported by Takahashi et al. (2006).

8 - 4.7 Limitations

This study focused on the analysis of volume and volumic ratio of individual muscles and functional
groups, in two different populations. It did not take into account the fat infiltration of muscles.
However, different studies reported either qualitative (Kjaer et al., 2007) or quantitative measures
(Fortin et al., 2015; Antony et al., 2014) of the fat component in muscles from MRI images. This is
of special interest to characterize the efficient section of a muscle: a muscle can degrade in quality
(increased fat infiltration) without any apparent change in muscular volume. The fat infiltration
quantification was not reported in the present study as the calibration needed to ensure accurate fat
infiltration quantification remained an issue at this stage. Nevertheless the information of the muscle
quality (fat infiltration) will be included in the modeling part of this PhD (part D).

No information was collected for patients (recruited in a previous study during the PhD of Bertrand
Moal) on the origin of the pathology, no information was therefore available to establish if the deformity
developed as a result of back pain or as a result of postural change to maintain static balance.

8 - 5 Conclusion

In conclusion, this study focused on the comparison of young asymptomatic adults and older adults
with spinal deformities. Values for individual muscles and functional groups have been reported and
compared, highlighting differences for the older group with spinal deformities.

In particular, the reported atrophy of the knee extensors for the Patients group can result from inac-
tivity due to pain and discomfort during walking for example. Meanwhile, the observed larger volume
of pelvic muscles may imply increased activity due to the pelvic position’s regulation in response to
postural difficulty.

While this study attempted to draw conclusions from these preliminary results, further data are needed
to consolidate these conclusions and interpretations. A larger and more diverse cohort in the future
could help confirm these results. Further study is needed in order to differentiate properly compen-
satory mechanisms linked to an asymptomatic aging and troubles linked to spinal deformities. Such a
study is currently undergoing in collaboration with Cédric Maillot within his Master project.

Future research will need to include the fat infiltration component for the different populations in order
to assess the degradation of the muscular quality with aging and pathological evolution. Such study
will bring important knowledge on the prevention of muscular degradation in elders and patients.

Overall, this study is the first of its kind and may allow researchers and clinicians better understand
which muscles are involved in the compensatory mechanisms presented by ASD patients.
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CONCLUSION

This part of the PhD thesis focused on a refined analysis of the spino-pelvic muscles of two populations:
a population of reference (young asymptomatic adults) and a population of older subjects with adult
spinal deformities (ASD).

Firstly, reference values were reported for spino-pelvic muscles of healthy adults. A model computing
accurately the muscular volume of functional groups, from only 6 MRI segmented slices, was proposed.
This method allows an accurate computation of the volume in a clinical routine.

Secondly, description of spino-pelvic muscles was reported for adults with spinal deformities. Compar-
ison was made with the population of reference. Significant differences can be identified as linked to
compensatory mechanisms observed for ASD patients: pelvic retroversion can be linked to the observed
larger volume of the gluteus minimus and medius; knee flexion can be linked to the smaller volumic
ratio of knee extensors, and larger volumic ratio of knee flexors.

These compensatory mechanisms occur to limit effect of the anterior shift of the trunk observed in these
patients, thus recruiting specific muscles to increase stability of this position, even if others muscles
are therefore less requested.

This part focusing on muscles’ analysis from MRI images, highlighted the link between postural al-
teration and muscular changes. If these alterations and changes have been described in the two first
parts of this PhD, interactions between skeletal and muscular systems cannot be studied from these
works. Biomechanical musculo-skeletal modeling would give insights on these interactions during the
regulation of an efficient posture.

That is why the third part of this PhD will present the adaptation and personalization of a biome-

chanical musculo-skeletal model to investigate the muscular recruitment pattern in different subjects,
for different postures.
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Part D

Musculo-skeletal modeling
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INTRODUCTION

Quantification of the postural alignment and muscular system changes occurring with aging was per-
formed in the first two parts of this PhD thesis. If strong interaction takes place between these two
systems, it is difficult to draw conclusions on the relationship between the two from the previous
two parts of the PhD thesis. Musculo-skeletal modeling offers the possibility to combine the postural
information with the muscular geometry.

To reach this goal, a model of muscular regulation is used in this third part. It is an adaptation of the
model developed by Vincent Pomero during his PhD in 1999-2002 (Pomero et al., 2002, 2004). The
main hypothesis is that muscles act to protect the inter-vertebral joint by reducing resulting forces and
moments at the level of the inter-vertebral disc to an acceptable limit, during all daily activities.

This model of muscular regulation aims to estimate, with a control loop approach, the muscular
recruitment and the resulting inter-vertebral (IV) loads, given the net reaction forces and moments
(resulting from gravity). In the following, the term loads indicates the 6 components of the load:
postero-anterior shear force, lateral shear force, compressive force, lateral bending moment, flexion
moment and torsion moment.

The loads of the inter-vertebral joint (called Ly joint) is equal to the net reaction forces and moments
on the considered section (Leg) minus the loads resulting from the muscles’ action (Luuscres) (Equation
8.1):

LIVijoint = Lext — Linuscles (81)
Lezt is the net reaction forces and moments obtained by direct or inverse free body diagram. The
unknowns are L1y joint and Lipyscles-

In order to estimate the loads generated by activated muscles, a control loop is used in this model
(Figure 8.1) which aims to maintain the inter-vertebral loads within acceptable thresholds.

L . P>+ = | =3 Y > -> |

ext IV_joint muscles

4

Figure 8.1. : Control loop of the Model of Muscular Regulation (MMR).
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The regulation process considers two aspects:

e according to the net reaction forces and moments, a regulation command is computed to stimu-
late muscular activation (Equation 8.2). The regulation command, Y, is setting the amount of
muscular recruitment needed: larger Y will result in a larger demand in muscular contraction in
order to dramatically lower the resulting loads in the inter-vertebral joint.

3
Liv joint

Y =10+ 3
Thresholdry  joint

(8.2)

e according to a muscle’s cross-sectional area, line of action and position relative to the inter-
vertebral joint, this muscle presents more or less the ability to reduce one or more components of
the external forces and moments applied on the considered inter-vertebral joint. For example the
quadratus lumborum will generate a lateral bending moment and lateral shear by its contraction
and therefore can regulate these two load components (Figure 8.2).

Figure 8.2. : Contraction of the quadratus lumborum (Fc in green) will generate a lateral bending moment (Mx
in red) and a lateral shear (Fy in blue). Muscular contraction also generates a compression force (Fz in orange)
[Adapted from (Pomero, 2002)].

A first estimation of the loads generated by muscles’ activation is computed, leading to a decreased
value of the loads in the IV joint from equation 8.1. This new value is then used as an input to compute
the second estimation of L,,,sces- This goes on, until further muscles recruitment does not change
much the value of Lyy joins-

Model algorithm has been detailed in previously published articles (Pomero et al., 2002, 2004) and is
included in Appendix C. Input data are processed in Matlab® R2011b (The Mathworks Inc., Natick,
MA, USA), before insertion into Simulink® (The Mathworks Inc., Natick, MA, USA). When developed
in 2002, this model required: the use of a forceplate to estimate net reaction forces and moments; stereo-
radiographs to reconstruct in 3D the bones, and MRI images for muscular geometry input. This model
has been applied on four patients and one volunteer (Pomero et al., 2002).

The main contribution of this PhD is to propose a process for subject-specific generation of musculo-
skeletal model from EOS and MRI images, with new 3D reconstruction algorithms. The novelty resides
in the computation of the net reaction forces and moments directly from the EOS radiographies, and
the elaboration of a complete 3D geometry of both the spine, pelvis and muscles in the standing
position. The following chapters will present this process and results obtained when applied to 20
subjects of various ages, with and without spinal deformities.




CHAPTER 9

MMR MODELING INPUTS DETAILS

The model of muscular regulation (MMR) is based on personalized information of the patient. 3D
reconstruction of the skeleton from EOS images, and muscles from MRI images will be used to access
subject-specific information at the L3-L4 level. The MMR model requires the following entry data:

e Thresholds of admissible inter-vertebral joint loads for control loop regulation,
e Net reaction forces and moments at the inter-vertebral joint,
e Muscles’ characteristics:

— Muscles’ geometry in the axial plane at mid-level of the inter-vertebral disc: area (CSA),
coordinates of the centroid of the muscle (Centroid_i,i=X,Y) and coordinates of the vector
line of action (Dir_ Muscle i, i =X,Y,Z),

— Muscles’ maximal admissible stress in N/cm?,

The outputs of the model are:

e resulting loads at the inter-vertebral joint,

e muscular forces.

Firstly, the threshold values of admissible inter-vertebral joint loads are detailed.

Secondly, details will be reported on the computation of the net reaction forces and moments from
volumes, densities and locations of centers of mass of different segments using a direct free body
diagram.

Finally, the process of obtaining the muscles’ characteristics from MRI and EOS images, will be
described.

9 -1 Thresholds for inter-vertebral loads

As threshold values can be difficult to obtain in vivo, values were set according to the ones reported
by Vincent Pomero (Pomero, 2002). The threshold values were set as follow: 75N for postero-anterior
shear (Fx), 100N for lateral shear (Fy), 1500N for compression (Fz) and 4.9N for the different moments
(Mx, My, Mz), based mainly on in-house based data from the Institute.
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9 - 2 Net reaction forces and moments applied on the inter-vertebral
joint

While most of the methods used a forceplate to apply inverse free body diagram and obtain the net
reaction forces and moments resulting from gravity, here a direct free body diagram was combined
with the 3D external envelope reconstructed on EOS images, and a density model. The density model
included the different densities of each segment considered, values were set according to published data
in the literature.

After 3D reconstruction of the external envelope from EOS images, this envelope is cut by the L3-1.4
inter-vertebral disc plane. The center of mass and weight of each segment located above this plane
can be computed from the different segments’ volume (from the 3D external envelope (Nérot et al.,
2015)), with a density model (Figure 9.1). Then, the center of mass of the upper body, its mass and
the vertical force resulting from gravity, can be easily calculated.

[ Envelope: head

Envelope: thorax

+ + [ Envelope: abdomen

\ X \ X [ Envelope: upper limbs

J [ Envelope: lower limbs
<+ CoM head

,.‘ -+ CoM thorax
-+ CoM abdoment
X Inter-vertebral joint L3L4
% CoM Upper Body
— Gravity Force

Figure 9.1. : 3D envelope with the different segments and their center of masses. Left: frontal view. Middle:
sagittal view. Right: global view. CoM means center of mass.

+
X

Special focus was made on the density model conventionally used, based on cadaveric studies (Demp-
ster, 1955; Chandler et al., 1975). In order to improve accuracy of thorax density for a living popula-
tion, a specific study has been conducted during this PhD. This work has been published in Journal
of Biomechanics in 2016 (Amabile et al., 2016¢) and is reproduced hereafter.
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9 -3 Study on a new thorax density

The following was accepted for publication in Journal of Biomechanics in 2016 (Amabile et al., 2016a),
and is reproduced hereafter:

DETERMINATION OF A NEW UNIFORM THORAX DENSITY
REPRESENTATIVE OF THE LIVING POPULATION FROM 3D EXTERNAL
BODY SHAPE MODELING.
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9-3.1 Abstract

Body segment parameters (BSP) for each body’s segment are needed for biomechanical analysis. To
provide population-specific BSP, precise estimation of body’s segments volume and density are needed.
Widely used uniform densities, provided by cadavers’ studies, did not consider the air present in the
lungs when determining the thorax density.

The purpose of this study was to propose a new uniform thorax density representative of the living
population from 3D external body shape modeling.

Bi-planar X-ray radiographs were acquired on 58 participants allowing 3D reconstructions of the spine,
rib cage and human body shape. Three methods of computing the thorax mass were compared for
48 subjects: (1) the Dempster Uniform Density Method, currently in use for BSPs calculation, using
Dempster density data, (2) the Personalized Method using full-description of the thorax based on
3D reconstruction of the rib cage and spine and (3) the Improved Uniform Density Method using a
uniform thorax density resulting from the Personalized Method. For 10 participants, comparison was
made between the body mass obtained from a force-plate and the body mass computed with each of
the three methods.

The Dempster Uniform Density Method presented a mean error of 4.8% in the total body mass com-
pared to the force-plate vs 0.2% for the Personalized Method and 0.4% for the Improved Uniform
Density Method. The adjusted thorax density found from the 3D reconstruction was 0.74g/cm?® for
men and 0.73g/cm?® for women instead of the one provided by Dempster (0.92g/cm?), leading to a
better estimate of the thorax mass and body mass.

Keywords: Thorax density; Body segment parameters; Rib cage volume; Thorax volume.
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9 - 3.2 Introduction

The accuracy of the evaluation of the body mass and center of mass for each body’s segment with
specific geometric parameters is needed for biomechanical analysis in orthopedics, sports medicine,
athletics’ performance and ergonomics, and vehicle’s design and safety. Body segment parameters are
computed from each segment’s volume estimated from proportional and geometrics methods (Hanavan,
1964; Hatze, 1980; Yeadon, 1990) or from photogrammetry (Davidson et al., 2008; Jensen, 1978; Pillet
et al., 2010; Young et al., 1983), radiography (Dumas et al., 2005; Duval-Beaupére and Robain, 1987;
Zatsiorsky and Seluyanov, 1985), DXA (Lee et al., 2009), CT scans (Pearsall et al., 1996) and MRI
(Bauer et al., 2007; Cheng et al., 2000). To determine body segment’s mass and center of mass, the
density for each segment is needed.

Past studies widely used uniform densities based on studies on cadavers immersed in water (Chandler
et al., 1975; Dempster, 1955). The principal limitation with cadaver studies is the representation of
a specific population group of elderly males which may differ from other subgroups body’s densities
such as young adults or females, and the poor size of the populations studied. For example, Chandler
et al. presented results from 6 cadavers (mean age unknown) (Chandler et al., 1975) vs 8 cadavers
for Dempster et al. (mean age 72 years old (SD: 11)) (Dempster, 1955). The second limitation in
immerging cadaver parts in water, is omitting the air in the lungs in the density determination of the
thorax.

Most recent studies that investigated the mass and density of the thorax in vivo using MRI (Pearsall
et al., 1994) or computed tomography (Pearsall et al., 1996) in the supine position highlighted inter-
subject variability. Therefore, discrepancy exists in the definition of the thorax mass in term of
percentage of the body mass ranging from 11% (Dempster, 1955) to 29.4% (Duval-Beaupére and
Robain, 1987) and in density determination ranging from 0.82 (Pearsall et al., 1994) to 0.92g/cm?
(Dempster, 1955). Variation in population samples (age, gender, body type) can have an effect on the
prediction of the thorax mass and density. Therefore there is a need for a new method to determine
subject specific thorax density (and therefore mass) for each individual.

A new low-dose imaging system taking bi-planar radiographs (Dubousset et al., 2010) combined with
3D reconstruction technique of the external body shape (Nérot et al., 2015), spine (Humbert et al.,
2009b) and of rib cage (Aubert et al., 2014) allows for volume estimation. Densities for each thorax
tissues and segment have been well documented in the literature (Dempster, 1955; Erdmann and Gos,
1990; Hayashi et al., 2011; Li et al., 2010). The aim of this study was to combine those existing data
to propose a new estimation of the thorax density.

9 - 3.3 Methods

9 - 3.3.1 Participants

58 asymptomatic participants (37 men, 21 women) were included in the study with a mean age of 35.5
years old [20-72 years old] and a mean body mass index (BMI) of 23.7kg/m? [17.2-30.5kg/m?]. Par-
ticipants were excluded if they presented spine pathologies or instrumentation anywhere in the upper
body. All participants completed an informed consent document approved by the ethical committee
of Hopital Pitié Salpétriére (Paris, France) (ethical committee approval CPP 06036).

Participants were divided into 2 groups. Group A included 48 participants (33 men, 15 women):
mean age of 37.3 years old [20-72 years old] and a mean body mass index (BMI) of 23.8kg/m?
[17.2-30.5kg/m?]. Group B included 10 participants (4 men, 6 women): mean age of 27.0 years
old [21-33 years old] and a mean body mass index (BMT) of 23.7kg/m? [20.0-29.5kg/m?].

9 - 3.3.2 Quantification of the thorax mass

Low-dose bi-planar X-rays were acquired for all participants using the EOS®) system (EOS imaging,
Paris, France) which can simultaneously take a pair of X-rays from head to feet in the sagittal and
frontal planes in upright position (Dubousset et al., 2010). These bi-planar radiographs allow three




CHAPTER 9. MMR MODELING INPUTS DETAILS Page 157

Figure 9.2. : 3D reconstruction of the rib cage. a) and b) Bi-planar radiographs with reconstructed spine and
rib cage. ¢) 3D reconstruction of the spine and rib cage.

dimensional (3D) reconstructions of the bones and human body shape using well documented models
(Aubert et al., 2014; Humbert et al., 2009b; Nérot et al., 2015) (Figure 9.2 and figure 9.3). The spine,
rib cage and body shape were reconstructed for all participants.

Body shape reconstruction was based on the deformation of a template which had been preliminarily
segmented into 15 body segments, based on reference radiographs (Nérot et al., 2015). During the
envelope reconstruction process, the template was morphed to match the skin contours on the orthog-
onal radiographs and body segments were thereby adjusted to the anthropometry of the subject on the
radiographs (by scaling using bony points, and surface deformation algorithm) (Nérot et al., 2015).

The thorax was defined from templates’ mesh proximal and distal limits with axilla as limits on the
sides. The proximal limit was taken as the edge loop that best fits the basis of the neck along the
rectangular mesh topology. Similarly, the distal limit was taken as the edge loop that best fits rib 10
(last “false rib”, connected to cartilage of rib 7) along the rectangular mesh topology. The subject-
specific volume of this body segment was calculated from the external envelope reconstruction. Rib
cage volume from rib 1 to 10 was computed including the sternum.

Three methods used to compute the thorax mass (M T) were compared for Group A and tested on
Group B in terms of total body mass and center of pressure, against forceplate data:

1. the Dempster Uniform Density Method using Dempster density data (Dempster, 1955) (Mgem),

2. the Personalized Method using full-description of the thorax components based on 3D recon-
struction of the body shape, the spine and the rib cage (Mgemo)

3. the Improved Uniform Density Method using a uniform thorax density (MITmp).
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Figure 9.3. : 3D reconstruction of the body shape: projections on the bi-planar radiographs and 3D reconstruc-
tion of the body shape with the 15 considered segments (thorax highlighted in red).

Dempster Uniform Density Method

The Dempster Uniform Density Method is based on the density the most widely used in the literature
for body segment density approximation which was described by Dempster in 1955 (Dempster, 1955).
The Dempster Uniform Density Method computed the thorax mass (M} _ ) from the thorax volume
(Vihoraz) determined from the body shape 3D reconstruction and Dempster thorax density (Dihoraz =
0.92g/cm?). The thorax mass was computed as shown in Equation 9.1.

Mgem = ‘/thorax * Dthoram (91)

Personalized Method based on 3D reconstructions
The Personalized Method computed the thorax mass (M}ger <o) by distinguishing different parts in the
thorax. The rib cage volume (Vjipcage) Was considered as containing the heart volume (Vjeqrt), the
lungs volume (Viyng) and the volume of the following bones (Vione): T1-T12 vertebrae (Vyert 1i, 1 =
1 to 12), the sternum and the 10 right and left ribs. The other tissues in the thorax, outside of the rib
cage, were considered as soft tissues. The heart volume (Vieqrt) was computed in cm® from the age
of the subject (Age) for both genders (Badouna et al., 2012) according to Equation 9.2 and Equation

9.3.
(-2.42+0.23% Age)

men — exp
Vheart = 738 * 1 + exp(-242+0.23x Age) 02
(-2.10+0.21* Age)
womeny o, _COP (9.3)

1+ exp(—2.10+0.21 *Age)

The heart was considered as a soft tissue for its density: Dsops tissues = 1.03g/cm? (Dempster, 1955).
Lung volume was computed as shown in Equation 9.4.

Vlung = Vribcage — Vheart - %one (94)
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Density
Mean volume (cm?®) SD of the volume (cm3) applied
(g/cm?)
Gender F(n=15) | M(n=33) | F(n=15) | M (n-33) 2&4@\;
| Thorax | 133106 | 203415 | 2327.0 | 3330.9 | - |
| Rib Cage || 59126 | 838L7 | 8509 | 11621 | - |
| Lungs | 48748 | 72949 | 8240 | 11389 | 0.28 |
Ribs cortical 1374 155.6 8.3 2.00
bone
Ribs trabecular 2.9 1.00
bone
| Sternum || 409 | 43 | 74 | 62 | 1.00 |
| Heart | 5668 | 7199 | 64 | 195 \ 1.03 |

Table 9.1. Means and standard deviations of the volumes (for Group A) used to compute the thorax mass,
and density applied to each volume (Dempster, 1955; Li et al., 2010; Shirotani, 1988). F: Female; M: Male.

During the X-ray acquisition, no breathing instruction was given to the participant. The density
applied for the air volume in the lungs was Dy, = 0.28g/cm® (Shirotani, 1988) (Table 9.1).

Bone volume was computed from the 3D reconstruction of the rib cage and spine. The reconstruction
of the rib cage allows estimation of the volume of trabecular bone and of the cortical bone for each rib
level and for each participant based on the rib length (Aubert et al., 2014) (Equation 9.5).

12
V;)one = Vsternum + va'bs_trabecular + Wibs_cortical + Z VVertiTi (95)
i=1
Ribs’ masses were computed using the following densities:  Deortical bone = 2.00g/cm3 and

Dirabecular _bone = 1.00g/cm® (Li et al., 2010). The vertebrae densities (D, i = 1 to 12) were dif-
ferentiated depending on the gender and the age (Hayashi et al., 2011) (Table 9.2). The sternum
density was set to Dgsernum — 1.00g/cm?. Therefore, the bone mass (Myop.), including the bone vol-

ume (Equation 9.5) and the bone den51tles mentioned above, was calculated as shown in Equation
9.6.

12
Mpone = (%ternum + Vtribsitra,becular) * Dtrabecula'ribone + Vribsicartical * Dcorticalibane + Z(VVert_Ti * DT,)
i=1
(9.6)
The thorax mass with the Personalized Method (Mger <) Was computed as in Equation 9.7:
T
MPerso = Viung * Dlung + ((‘/thoram - ‘/ribcage) + Vheart) * Dsoftitissues + Mbone (97)

With the purpose of developing an easier method to obtain the thorax mass, we computed a new
average thorax density and predicted the rib cage volume from external data.




éﬁi Gender T1 T2 T3 T4 T5 T6 T7 T8 T9 Ti0 | T11 | Ti2
old)
\5; I ) _40\ F(@n=9) | 131 | 120 | 132 | 137 | 148 | 162 | 178 | 193 | 217 | 252 | 26.7 | 29.0 |
| £ | M (n=22) | 184 | 183 | 183 | 184 | 197 | 218 | 236 | 247 | 278 | 313 | 341 | 374 |
| % | 41_55\ F(@n=2) | 129 | 150 | 151 | 151 | 156 | 184 | 195 | 207 | 239 | 284 | 279 | 298 |
\“g I | M(n=5) | 208 | 211 | 228 | 244 | 249 | 278 | 322 | 331 | 367 | 409 | 464 | 4938 |
| § lsg. 70! Flo=2) | 171 | 146 | 157 | 185 | 195 | 214 | 229 | 240 | 281 | 327 | 371 | 379 |
=a | M(@=2 | 177 | 182 | 186 | 207 | 229 | 260 | 276 | 308 | 330 | 353 | 394 | 430 |
gy I F(=2) | 190 | 186 | 177 | 199 | 220 | 228 | 251 | 251 | 302 | 330 | 360 | 352 |
ol | M (n=4) | 205 | 188 | 204 | 183 | 202 | 235 | 253 | 286 | 318 | 367 | 379 | 43.0 |
\5; I _40\ F(@n=9) | 024 | 022 | 022 | 021 | 021 | 020 | 020 | 019 | 020 | 020 | 019 | 018 |
\g I | M(@n=22) | 021 | 021 | 021 | 021 | 020 | 020 | 019 | 019 | 019 | 019 | 018 | 018 |
= |l 41_55\ F@n=2) | 021 | 020 | 020 | 020 | 019 | 018 | o017 | 017 | 018 | 017 | 016 | 015 |
\% I | M(n=5) | 019 | 019 | 019 | 018 | 018 | 017 | 016 | 015 | 016 | 016 | 015 | 014 |
| cE I 55_70\ F@®-2) | 017 | 016 | 016 | 016 | 015 | 014 | 014 | 013 | 014 | 013 | 012 | 0.11 |
\-:2 | | M(n=2) | 019 | 019 | 020 | 018 | o017 | 016 | 015 | 015 | 015 | 015 | 013 | 0.12 |
& 71 - ”\ F(@o=2) | 014 | 014 | 013 | o012 | 011 | o011 | 010 | 010 | 010 | 010 | 0.09 | 0.08 |
| | | M(n—4) | 017 | o017 | 016 | 015 | 014 | 013 | 012 | 012 | 013 | 012 | 011 | 0.10 |

Table 9.2. Means, for Group A, of the volumes of the vertebrae used to compute the thorax mass, and density applied to each vertebra (Hayashi et al., 2011). F:
Female; M: Male.
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Basic estimation for the routine use: Improved Uniform Density Method

The Improved Uniform Density Method computed the thorax mass (MITmp) from its external volume
(Vihoraz) and from a mean density computed from the Personalized Method (Dihorar Perso) 8s shown
in Equation 9.8. This density was computed as the ratio between the thorax mass (Mgemo) determined
in Equation 9.7 and the thorax volume (Vijorez) averaged for Group A’s participants (Equation 9.9).

T
M]mp = Vthorax * Dthm'a:ﬂiPerso (98)

1 8 ML ()
Dinhor = " Perso\J/ 9.9
thorax Perso 48 *jZI V;fhorax(j) ( )

9 - 3.3.3 Evaluation of the methods

Estimation of the body mass

As the thorax cannot be isolated, global body mass and center of pressure position were used as control
parameters. For Group B, a force plate (Wii Balance Board (WBB), Nintendo, Kyoto, Japan) was
placed in the EOS cabin during the stereo-radiography acquisition and recorded the mass and center of
pressure (CoP) during the acquisition time. The WBB has been shown to be comparable to other usual
forceplates in terms of comparison of balance tests and in terms of CoP estimation as its estimation
presents an error less than 3% for both coordinates (Clark et al., 2010).

Body mass and center of pressure were computed for each of the three methods and compared. In order
to compute these, the individual subject-specific volume and barycenter of each 15 body segment of
the reconstructed envelopes were calculated. Densities determined by Dempster (Dempster, 1955) were
used for all segments’ mass calculation except for the arms and thorax. For the arms, using regressions
from Dempster, their masses were computed using ratios of all other body segments’ masses (Dempster,
1955).

For the thorax, the three detailed methods were applied for determination of the thorax mass. Total
body mass was computed as the sum of individual segments’ masses. Center of pressure was computed
as the weighted sum of segments’ barycenters. Body mass and center of pressure were then compared
for each method with the ones obtained from the WBB (considered as the gold standard) for Group
B.

Prediction of the rib cage volume, thorax mass and thorax volume

Multi-linear regression was searched for to simplify computation of the rib cage volume from the
reconstructed external thorax volume, the BMI, the Age and the Gender of the subject. Multi-linear
regressions were computed using one or more of these regressors. Additional multi-linear regressions
were searched for to estimate thorax mass (from the Personalized Method) and thorax volume from
the BMI, the age and gender to see if demographic parameters alone were sufficient to evaluate thorax
parameters.

Evaluation of the rib cage volume, thorax mass and thorax volume estimations were made by calculating
the leave-one-out-error (LOOE) (i.e. the regression model is built on all patients except one, and tested
on this one, and this is made for all patients), the R-squared statistics (R?), the p-value (p-val) and
the standard error of estimate (SEE) for each multi-linear regression.

9-3.4 Results

9 - 3.4.1 Quantification of the thorax mass

Mean and standard deviation of the volumes of the considered bones and segments can be found in
Table 9.1 and Table 9.2.

The mean density used in the Improved Uniform Density Method was 0.74g/cm?® (SD: 0.03g/cm?) for
men and 0.73g/cm?® (SD: 0.03g/cm?) for women.
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Mean and standard deviations of the thorax mass computed with the three Methods can be found in
Table 9.3. The mean difference between the thorax mass determined with the Personalized Method
(respectively the Improved Uniform Density Method), and the thorax mass calculated with the Demp-
ster Uniform Density Method, was 3.3kg (SD: 0.8) (respectively 3.3kg (SD: 0.8)). The mean difference
between the thorax mass determined with the Personalized Method and calculated with the Improved
Uniform Density Method was 0.0kg (SD: 0.5) (Figure 9.4).

‘ Thorax Mass H Male Subjects ‘ Female Subjects ‘
| (ke) | Mean (1*SD) | 95% CI | Mean (1*SD) |  95% CI |
Dempster
Uniform Density 18.7 (3.1) [12.6 ; 24.8 ] 12.2 (2.1) [8.0:16.5]
Method
Personalized
Method 15.1 (2.7) [9.6;20.5 ] 9.7 (1.9) [6.0;13.5]
Improved
Uniform Density 15.1 (2.5) [ 10.1;20.0 | 9.7 (1.7) [6.3;13.1]
Method

Table 9.3. Means, standard deviations and range of the thorax mass (in kg) obtained with the Dempster
Uniform Density, Personalized and Improved Uniform Density Methods for Group A. 95%CI means: 95%
confidence interval.

9 - 3.4.2 Evaluation of the methods

Estimation of the body mass and CoP

Individual differences between the body masses given by the WBB, the Dempster Uniform Density
Method, the Personalized Method, and the Improved Uniform Density Method are displayed, for Group
B, in Figure 9.5. For Group B, the average body mass was 71.0kg (SD: 15.0) from the WBB, and 74.4kg
(SD: 15.6); 71.1kg (SD: 14.8) and 71.3kg (SD: 14.8) using the Dempster Uniform Density Method, the
Personalized Method and the Improved Uniform Density Method respectively.

Differences between the CoP positions estimated by the Dempster Uniform Density Method, the Per-
sonalized Method and the Improved Uniform Density Method, compared to the WBB data were less
than 4.8mm (Table 9.4).

Differences X: postero-anterior | Y: medio-lateral N
between CoPs direction (mm) direction (mm) orm (mm)
| CoPpon-CoPus | 0.7 (47) | 1.8 (1.8) | 4427 |
| I [-9.5;45] | [-18;39] | [02;96] |
| C0Pperso — COPyii I 0.8 (5.0) | 1.5 (1.9) | 4.8 (2.5) |
| | |-8.6;6.5] | [-21:36] | [10;87] |
| CoPyy - CoPyi; | 0.7 (4.9) 1519 | 47(25) |
| l |-8.4;64] | [-21;37] | [10;85] |

Table 9.4. Mean (1*SD) [min; max]| of the differences between the CoP position evaluated by the WBB
(CoPyi;), the Dempster Uniform Density Method (CoPper,), the Personalized Method (CoPperso) and the
Improved Uniform Density Method (CoPy,,,); for Group B.
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Figure 9.4. : Histogram comparing the mass of the thorax computed with the Dempster Method (in grey), the Personalized Method (in white) and the Estimation
Method (in black), for Group A.
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Prediction of the rib cage volume, thorax mass and thorax volume from multi-linear
regressions

The model predicting the rib cage volume and presenting the smallest Leave-One-Out-Error (LOOE:
7.8% of the mean rib cage volume), the greatest R? (0.88) and the lowest Standard Error of the Estimate
(SEE: 7.2% of the mean rib cage volume) was the one using 2 regressors (reconstructed external thorax
volume (Viporaz) and Gender (0 for women and 1 for men)). The prediction of the rib cage volume
("9V,ibeage in cm®) based on the 2 regressors was significant (p<0.05) and relies on Equation 9.10.

"IV,ibcage = 0.298 * Viporaz + 572.7 * Gender + 1943.6 (9.10)

This equation was tested on the Group B and differences between the predicted rib cage volume and
the reconstructed rib cage volume was in average - 4.2% (SD: 5.9) of the mean rib cage volume.

The best predictors of the thorax volume and mass were the age, BMI and gender respectively leading
to a LOOE of 12.1% and 14.1%; and to a SEE of 11.2% and 13.0% (both in % of the mean thorax
mass or thorax volume) with high determination coefficient (Table 9.5). Thorax volume regression
analysis was tested on the Group B and difference between the 3D reconstructed thorax volume and
the predicted thorax volume was in average 5% of the mean thorax volume (SD: 11.5%). Thorax mass
regression analysis was also tested on Group B and difference between the predicted thorax mass and
the thorax mass determined with the Personalized Method was 3.8% of the mean thorax mass of the
Personalized Method (SD: 12.5%).

. Correlation .
Value to predict coefficient R2 Equation
Thorax Volume 0.79 Vihorar = (- 4.94 4+ 0.01 * Age + 0.76 * BMI
Vihorae (cm®) ' + 6.55 * Gender) * 10°
Thorax Mass o075 ML, . =-4.65+ 0.01 * Age + 0.60 * BMI
ML . (kg) ' + 4.96 * Gender

Table 9.5. Multilinear significant regressions (p-val<0.01) to predict thorax volume Vijorq. Or thorax mass
M}, (Personalized Method) with demographic parameters as predictors: Age (years), BMI (kg/m?), Gender
(0 for Female and 1 for Male).

9 - 3.5 Discussion

The purpose of this study was to propose an improved uniform thorax density representative of the
living population from 3D external body shape modeling. The currently used method (Dempster
Uniform Density Method) was compared to two newly presented methods (Personalized and Improved
Uniform Density Methods) for the thorax mass computation. The Improved Uniform Density Method
introduced a new uniform density (0.73g/cm?® and 0.74g/cm? vs 0.92g/cm? for Dempster (Dempster,
1955)). This method is a compromise between accuracy and ease to implement: it is less complex to
use but as accurate as the method considered as reference here: the Personalized Method.

The three methods were evaluated on Group A for calculation of the thorax mass based on the thorax
volume and density. Overall, the Dempster Uniform Density Method over-estimated the thorax mass
compared to the Personalized Method and the Improved Uniform Density Method. The main reason
for this over-estimation is the change in thorax density between cadavers (Dempster Uniform Density
Method) and living population (Personalized and Improved Uniform Density Method) due to the lung
tissue. Reported lung densities on cadavers ranged from 0.563g/cm® (Erdmann and Gos, 1990) to
1.050g/cm? (Woodard and White, 1986) while in vivo measures were found to be 0.254g/cm?® during
expiration (Kohda and Shigematsu, 1989) and the mean lung density used for the Personalized method
was 0.28g/cm?. Therefore, in vivo density of the thorax computed with the Personalized Method was
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in average lower than the density calculated by Dempster (Dempster, 1955) and used in the Dempster
Uniform Density Method.

The thorax density reported from in vivo studies on four adults using CT scan (Pearsall et al., 1996)
and on 26 males using MRI (Pearsall et al., 1994) can vary substantially from 0.73-0.74 g/cm?® in our
study to 0.82g/cm? (Pearsall et al., 1994) and 0.87g/cm?® (Pearsall ef al., 1996). These differences can
be attributed to variation in measurement techniques and in the population studied. A large range
of males and females population ranging from 20 to 72 years old was considered in the present study
while others used only males or just few individuals. Therefore discrepancies exist in the estimation of
the thorax mass between in vivo studies ranging from 9.99kg (Jensen and Fletcher, 1994) to 20.48kg
(Duval-Beaupére and Robain, 1987). The Personalized Method approximated an average thorax mass
of 9.7kg for females and 15.1kg for males which is in the range of what was previously published
(Duval-Beaupére and Robain, 1987; Jensen and Fletcher, 1994; Pearsall et al., 1996, 1994).

In order to validate the new thorax density, choice was made to compare center of pressure and total
body mass using the different methods to compute the thorax mass against forceplate data, for each
subject of Group B. While thorax mass will be different for each method, the 14 other segments’ mass
used to compute the total body mass are based on Dempster density (Dempster, 1955) and the 3D
body envelope for volume calculation. That way the only variant in the total body mass and COP
calculation for each method is the thorax density. Despite its limitations, this validation method was
considered as a realistic option available for evaluation. Further validation could consider in vivo
calibrated whole body CT scans, but such data is difficult to obtain because of irradiation issues.
Volumetric techniques tended to over-estimate the whole body mass which may be attributed to the
use of uniform segment density from cadaver studies such as Dempster (body mass error estimation
of 3.4kg in average). Body mass estimation error could vary from 0.2% to 5.9% on young volunteers
(Pillet et al., 2010) and from 1.1% to 4.6% on children and adults males (Sandoz et al., 2010). A mean
error of 4.8% [1.2-11.2%] in the total body mass was found in the present study using the Dempster
Uniform Density Method which is concordant with the previous studies (Pillet et al., 2010; Sandoz
et al., 2010).

These results demonstrated the need to incorporate improved density profiles representative of the
living population. The Personalized Method used detailed differentiation in the thorax entities’ vol-
umes and densities and found a total body mass error of only 0.2%. However this method requires
reconstructing the rib cage and spine which can be long and intricate. That is why the present study
proposed the Improved Uniform Density Method based on a new average thorax density applicable
to all in vivo studies. A body mass error of 0.4% was found between the Improved Uniform Density
Method and the WBB. This error is less than the Dempster Uniform Density Method and equivalent
to the Personalized Method. This new thorax density of 0.74g/cm? for men and 0.73g/cm? for women
presented here showed a good estimation of the overall body mass. Moreover, a low SD of 0.03g/cm?
for both genders demonstrated that the density does not vary much between individuals. Therefore,
when computing the thorax mass, the thorax volume remains the most inter-subject variable parameter
compared to the density.

The CoP was also estimated using the three methods and compared to the force plate. All methods
gave a CoP error less than 4.8mm which is in the range of the WBB magnitude error (Clark et al.,
2010). The thorax density used to approximate the CoP did not influence on the determination of
the CoP of asymptomatic adults. However these errors might change if the estimation was made on a
population with postural disorders, especially patients with hyper kyphosis.

For investigators who wish to estimate a subject specific thorax density by differentiating the lungs
density in the rib cage, the present study proposed rib cage volume estimation from the volume of the
thorax and gender. The estimated rib cage volume approximated the reconstructed rib cage volume
very well with a mean error of - 4.2% for Group B. Moreover, the present study used multi-linear
regression analysis to estimate thorax volume and thorax mass from easily available demographic
parameters such as age, gender and BMI. However this regression analysis could only predict thorax
volume and mass with errors respectively of 11.2% and 13.0% (SEE errors) when compared to the real
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thorax volume from 3D thorax reconstruction and to the thorax mass estimated with the Personalized
method.

This study’s novelty resides in the differentiation of the lungs and heart, in the computation of the
thorax density. Other segments’ densities were not considered in this study as all of them, except the
abdomen, are mainly composed of fat, muscle and bone. The thorax density only was considered for
improvements in this study to focus on the influence of the air present in the lungs on the thorax
density in the living population. Further improvements could include the liver and the shoulder girdle
in the thorax description, and a more accurate sternum’s density. Such enhancements are not straight
forward as these organs/bones have subject variable masses and positions in the thorax. However,
the authors are confident that these limitations will not significantly influence the total body mass
as the present estimation of the total body mass is more realistic than the conventional one provided
by Dempster (Dempster, 1955). No breathing instruction was given to the participants during the
X-ray acquisition, as with the acquisition time of 30s, participants were not able to hold their breath.
Another limitation of the presented study resides in the use of constants/equations to predict for
example the heart volume (Badouna et al., 2012), and the vertebrae densities (Hayashi et al., 2011),
which could contribute to the uncertainty of the estimated thorax mass. Nevertheless, despite these
approximations, the Personalized Method provides a total body mass more accurate than the one
computed with the Dempster Uniform Density Method (Dempster, 1955) (mean difference with the
WBB total body mass: 0.1kg vs 3.4kg (Figure 9.5)). Therefore what seems important is to differentiate
thorax structures of very different densities such as lungs and heart. While such detailed modeling
could be uneasy to implement in routine studies, the Improved Uniform Density Method appears as a
relevant alternative being as accurate and less complex. This reinforces the validity of the newly found
thorax density, as it accounts for various approximations, and is still little variable between subjects.
The last limitation of this study is the inability to validate the thorax mass estimation. However, total
body mass was computed with the same body segments’ densities except for the thorax, therefore
differences observed, in the total body masses, come from differences in the thorax density.

9 - 3.6 Conclusion

Overall, this study provides a new density for the thorax segment (0.74g/cm® for men and 0.73g/cm?
women) instead of the one provided by Dempster (0.92g/cm?). This density leads to a better estimate
of the thorax mass and therefore of the body mass from body segments’ volume.
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In light of the musculo-skeletal model introduced at the beginning of this part, this new thorax density
appears as relevant, improving the thorax density of the density model when estimating the net reaction
forces and moments at the inter-vertebral joint center. This section focused on the personalization of
the computation of the net reaction forces and moments, as these are one of the input of the musculo-
skeletal model used. The next section will provide details on the personalization of the muscles’
characteristics used in the model.

9 -4 Muscles considered

The MMR model considers a section at the lumbar level, precisely at the L3-L4 inter-vertebral disc
level (Figure 9.6). To access personalized muscles’ characteristics needed for the model, the global
pelvis-spine-rib-cage system will be considered.

Muscles considered in the model included: the psoas; the quadratus lumborum; the latissimus dorsi; the
erector spinae group (ilicostalis, longissimus dorsi, spinalis and multifidus group); and the abdominal
group (obliquus externus, obliquus internus, transversus abdominis, rectus abdominis) (all muscles’
anatomy are detailed in Appendix A).

The multifidus is a group of small and indistinguishable muscles (for more details see Table A.1).
Because the muscle spinalis is not present at the considered level (disc L3-L4), it will not be considered

in the following 3D reconstructions performed for the use in the MMR model.
1 2 3 4

Rectus abdominis
Transversus abdominis
Obliquus internus
Obliquus externus
Psoas

Lumbar vertebra
Multifidus

Longissimus dorsi

© X N ot W

Iliocostalis

—_
o

. Quadratus lumborum

Figure 9.6. : Axial slice at lumbar level. [Adapted from (Moeller and Reif, 2001)]

9 - 5 Muscles’ geometry in the plane of the inter-vertebral disc

The model requires detailed muscular geometry at the inter-vertebral level of interest. This information
can be extracted from MRI images but needs further processing in order to fully represent muscles’
geometry in the standing neutral position, as patients are in the supine position during MRI acquisi-
tions. First, the patient undergoes an EOS exam in the standing position, allowing to reconstruct in
3D the spine and the pelvis. Then, muscles are reconstructed in 3D from MRI images, using the DPSO
method presented in the section 7. Finally, both 3D geometries are combined as explained hereafter.
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9 - 5.1 Setting 3D muscles’ reconstructions in the standing position

The method used is similar to the one re-
ported, on lower limbs, by Hausselle et al.
(Hausselle et al., 2014): on one hand are
the 3D envelope and skeleton in stand-
ing position (from EOS radiographs), on
the other hand are the muscles in 3D in
supine position (from MRI images) (Fig-
ure 9.7). An elastic transformation is
then used to transform the muscles in the
standing position and to match the two
envelopes.

Figure 9.7. : Left, the pelvis, spine and enve-
lope reconstructed in 3D in the standing po-
sition. Right: Muscles reconstructed in 3D
in the supine position. The 3D external en-
velope reconstructed from MRI images was
not represented for clarity.

As soft tissues deform under the action of the gravity, specific deformation of the 3D muscular recon-
struction should be applied. To do so, control points are needed on both set of images to match the
two reconstructions. A choice was made here to include the following control points: pelvic control
points, spinal control points, and envelope control points.

Pelvis in 3D

Left pubic symphysis

Right pubic symphysis

Antero-superior point of the sacral plate
Left Postero-inferior iliac spine

Right Postero-inferior iliac spine

Left most superior point of the iliac crest
Right most superior point of the iliac crest
Articulation of the sacrum with the coccyx
Postero-superior point of the sacral plate

¥ e X+ X+ %+

Figure 9.8. : Considered points on the pelvis for kriging MRI muscles on EOS skeleton. Anterior (left image)
and posterior (right image) views.

Pelvic control points (Figure 9.8) included:

e the pubic symphysis at the extremity of the inferior right and left ramus of the pubis,
e the postero-inferior of the right and left iliac spine

e the most superior point of the right and left iliac crest,

e the postero-superior point of the sacral plate,

e the antero-superior point of the sacral plate,

e the articulation of the sacrum with the coccyx.
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Vertebra L1 to LS

Most anterior point of the superior vertebral plate
Most posterior point of the superior vertebral plate
Spinous process of the vertebral body of L1 to L5
Most posterior point of the inferior vertebral plate
Most anterior point of the inferior vertebral plate

BO¥ X+

Figure 9.9. : Considered points on the spine for kriging MRI muscles on EOS skeleton. Medial and lateral
views.

Spinal control points (Figure 9.9) included:
e the inter-vertebral joint center at the L1-L2, 1.2-1.3, L3-1.4 and L4-L5 levels,

e in the sagittal plane:
— the most antero-superior point of the vertebral body of L1 to L5,

— the most postero-superior point of the vertebral body of L1 to L5,
— the most antero-inferior point of the vertebral body of L1 to L5,

the most postero-inferior point of the vertebral body of L1 to L5,
— the spinous process of the vertebral body of L1 to L5.

Envelope control points (Figure 9.10) included the points of the external envelope contour on the axial
section at the mid-levels of L1-1.2, L.2-1.3, L.3-1.4 and L4-L5 inter-vertebral discs.

Kriging 3D MRI muscles and envelope reconstruction on the 3D EOS reconstruction allowed to obtain
muscles’ geometry in the standing position (Figure 9.11).

3D enveloppe

Control points at level of CenterlV L1 L2
Control points at level of CenterlV L2 L3
Control points at level of CenterlV L3 L4
Control points at level of CenterlV L4 L5

Figure 9.10. : Considered points on the envelope for kriging MRI muscles on EOS skeleton. CenterIV L3 L4
means the center of the L3-14 inter-vertebral disc. Frontal and sagittal views.
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I Rectus abdominus L
[ Rectus abdominus R
Transversus abdominus L
Transversus abdominus R
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Figure 9.11. : 3D reconstruction of the muscles obtained from MRI segmentation, kriged on the EOS 3D
skeleton model.

9 - 5.2 Section of interest

Once the 3D muscles’ reconstructions have been set in the standing position, the 3D model is cut by
an axial plane at mid-level of the inter-vertebral disc. This axial plane is the plane containing the
L3-14 inter-vertebral joint center.

Superior Vertebra (here L3)
Inferior Vertebra (here L4)
Barycenter of vertebral body of superior vertebra
Barycenter of inferior plate of superior vertebra
Barycenter of vertebral body of inferior vertebra
Barycenter of superior plate of inferior vertebra
Inter-vertebral joint center

——== Normal

Figure 9.12. : Definition of the axial plane at mid level of the inter-vertebral disc in the EOS environment.

This axial plane, (Figure 9.12), is defined by:

e the normal, being defined as the vertical vector oriented upward;

e the inter-vertebral joint center, being defined as the middle point between the barycenter of the
inferior plate of the superior vertebra and the barycenter of the superior plate of the inferior
vertebra.
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9 - 5.3 Muscular area on section

On the axial slice obtained, intersection of the 3D reconstructions of the muscles and the axial plane
considered, results in the contour of each muscle on the slice. The muscle’s area on the slice is
computed from the number of pixels inside the muscle’s contour and the pixel size. This area is called
cross-sectional area (CSA).

9 - 5.4 Centroid of the muscle (Centroid i, i=X,Y)

The position of the barycenter of the muscle’s contour is computed to give access to the muscles’
centroids (Centroid_ i, i=X,Y).

9 - 5.5 Vector line of action

The main hypothesis is that for all considered muscles, the muscle’s force (and therefore line of action)
is oriented parallel to the principal direction of the muscle. A cubic spline (dark blue line on Figure
9.13) is computed as the cubic spline joining the successive centroids of each consecutive axial slices
defining the muscle of interest (light blue points on Figure 9.13).

The vector line of action on the considered slice for the model MMR is the vector oriented upward
that follows the direction of the line that best fits (in the least-square sense) all the axial centroids
located more cranial that the centroid on the considered slice (red line on Figure 9.13). An example
can be seen on Figure 9.13, for the psoas left muscle: green points represent the points on the muscle’s
contour being at the intersection with the considered inter-vertebral disc plane.

Centroids /
=== 3Spline of centroids
Contour on slice j
X Centroid of slice i/
Line of action /

Figure 9.13. : Line of action of left psoas.

An example of the resulting muscular geometry information needed can be visualized on Figure 9.14:
cross-sectional area, centroid, and line of action of each muscle is represented at the L3-L4 inter-
vertebral disc level.




CHAPTER 9. MMR MODELING INPUTS DETAILS Page 173

L3 Vertebra

L4 Vertebra

Ext Enveloppe
= |li0COStElIS L
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Longissimus Dorsi R
Multifidus L

Multifidus R

Obliquus Externus L
Obliquus Externus R
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Quadratus lumborum L
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Rectus abdominus L
Rectus abdominus R
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Figure 9.14. : Axial slice of the considered inter-vertebral disc (L3-L4 here), with, for each muscle: contour,
centroid and vector of the line of action.

9 -6 Muscles’ maximal admissible stress
The maximal muscle stress is linked to the maximal force per unit surface area a muscle can generate.
A decreased value, compared to normative data, indicates a general fatigue or muscular injury.

Studies reported in the literature values from 0.3 MPa to 1.0 MPa, equivalent to values from 30 N /cm?
to 100 N/cm?. Table 9.6 reports values used in the literature for biomechanical modeling of the trunk.

Ch.O le.- Granata | Brown | El Ouaaid | Hajihos- Shahvar- | Bruno
-wicki o
¢ al et al. et al. et al. -seinali et | -pour et et al.
¢ ; 2001 2005 2013 al. 2014 al. 2016 2015
1996
| MPa || 03 | 05 | 05 | 06 | 06 | 06 | 10 |
| N/em?|| 35 | 50 | 50 | 60 | 60 | 60 | 100 |

Table 9.6. Values reported in the literature for maximal admissible stress in muscle.

The value of 50N /cm? has been chosen here as representative of the overall values used in the literature.
This value was also used by Pomero et al. (Pomero et al., 2002, 2004).
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9 - 7 Antagonist excitation from antagonist law

Antagonist muscles can be activated to control the posture and/or movement and to protect the joint
by stabilizing it. In the setting of postural control, antagonist muscles are of great interest. The
question is how antagonist excitation is implemented in the model?
The antagonist law reported in 1996 by Zhou et al. (Figure 9.15), was implemented by Vincent Pomero
in 2002 in the model (Pomero et al., 2002, 2004). This antagonist law provides the excitation of the
antagonist muscles according to the resulting moment at the joint.

Muscular Excitation

— Flexors
— Extensors

Co-contraction

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

SR RO
K sle N,
-1 -Overlap 0 Overlap
Maximal flexion Maximal
torque extension torque

Figure 9.15. : Antagonist law (Zhou et al., 1996).

If the Overlap for both muscles is set at 50%, “this means that if the command input changes linearly
from maximal flexion torque (-1) to maximal extension torque (+1), the flexor starts fully active and
decreases its activity linearly, reaching zero at the 50% of extension command. At a 50% flexion torque
input command, the extensor is minimally activated, linearly increasing its activity until the maximum
extension torque point.”, cited from Zhou et al. (1996).

The Co-contraction Gain is defined as “the slope of the antagonist linear activation function” cited
from Zhou et al. (1996).

Parameters Overlap and Co-contraction Gain, were fixed after a case study (Appendix D): the Overlap
value was set at 25% while the Co-contraction was set at 20%.




CHAPTER 10

CLINICAL APPLICATION OF MMR MODELING

This chapter focuses on the use of the previously described biomechanical musculo-skeletal model on
young and older adults with and without spinal deformities. The aim of this study was to compare
resulting inter-vertebral loads for different subjects / patients with different postures.

10 -1 Methods

10 - 1.1 Population

Three different groups of subjects/patients were considered, for whom both EOS radiographs and MRI
images were acquired:

e the Control group: asymptomatic young adults (N=1),
e the Aging group: asymptomatic adults older than 50 years old (N=11),
e the Patients group: female patients with adult spinal deformities (N=8).

For the Control and Aging groups, inclusion in the study required: full body MRI with Dixon method,
head to feet EOS radiographs, no previous musculo-skeletal surgery and no current disability. For the
Patients group, inclusion in the study required being older than 35 years old, no history of spine surgery,
no existing instrumentation and at least one of the following radiographic parameters: thoraco-lumbar
or lumbar coronal Cobb angle greater than 30°, Sagittal Vertical Axis (SVA) greater than 4 cm, or
Pelvic Tilt (PT) greater than 20° (for more details see study of Moal et al. (Moal et al., 2015)).

All patients/subjects provided informed consent prior participating in the study after IRB and CCP
approval. Data for the Control subject were collected during this PhD. The Aging Group subjects
were prospectively recruited and collected in Hopital Raymond Poincaré (Garches, France), during
this PhD. The Patients Group subjects were extracted from a previous study in Hospital of Joint
Diseases, (New York City, USA), during the PhD of Bertrand Moal (Moal, 2014).

10 - 1.2 Bi-planar radiographs

All subjects/patients underwent a head to feet EOS exam. 3D reconstructions of the spine (C3-L5)
(Humbert et al., 2009b), pelvis (Mitton et al., 2006) and external body shape (Nérot et al., 2015),
were performed on bi-planar radiographs.

10 - 1.3 Magnetic Resonance Imaging

All subjects/patients underwent a head to feet MRI exam. Details about the MRI acquisition can be
found in a previous study (Moal et al., 2015).

175
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3D reconstruction of the considered spino-pelvic muscles was performed with the DPSO method (Jolivet
et al., 2014). Muscles considered are: back muscles (multifidus, longissimus, iliocostalis), latissimus
dorsi, psoas, quadratus lumborum, obliquus externus, obliquus internus, transversus abdominis, rectus
abdominis. From these reconstructions were computed for each muscle, the centroid location on the
slice L3-L4, the vector line of action and the cross-sectional area (CSA).

In order to quantify the fat infiltration of muscles present on the considered L3-L4 slice, the method
reported by Antony et al. was applied (Antony et al., 2014). Firstly, distribution of the intensity of
pixels inside circles of 1mm?, placed either in muscular or fat area on the L3-L4 slice (Gille, 2006),
was analyzed (top graph in Figure 10.2). Secondly, a sigmoid was applied to discriminate pixels from
muscle and fat (bottom graph in Figure 10.1). Parameters of the sigmoid such as the threshold (fixed
at 50) and the sharpness (fixed at 5) were set to obtain the best distinction between fat and muscle
pixels according to their pixel intensity distribution (top graph in Figure 10.1). An example of this
discrimination of fat and muscle pixels, for the right psoas, can be seen in Figure 10.2. Fat percentage
(Pfat) was computed as the ratio number of fat pixels over total number of pixels inside the muscle’s
contour. This percentage was introduced in the model by a factor multiplying the cross-sectional area
measured on the MRI slice, in order to compute the efficient area of the muscle: Efficient area =
(1-Pfat)*CSA.

Pixels on L3-L4 MRI slice
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Figure 10.1. : Top: distribution of muscular pixels based on 4 circles of 1mm? placed in darkest areas of

right and left psoas and erector spinae or in area of subcutaneous fat. Bottom: sigmoid function applied for
differentiation of fat and muscle pixels.

10 - 1.4 Biomechanical Model

The model algorithm is described elsewhere (Pomero et al. (2004), Appendix C), and process of medical
images to obtain input details has already been described in a previous chapter (Chapter 9). Briefly, this
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Figure 10.2. : Fat pixels detection in right psoas based on sigmoid discrimination (subject C1).

model takes as inputs 3D subject-specific geometry of the spine and pelvis (from 3D reconstruction
based on bi-planar radiographs) and of the spino-pelvic muscles (from 3D reconstruction based on
MRI images) (Figure 10.3). The inter-vertebral disc level L3-L4 was considered. By cutting the 3D
reconstruction by an axial plane at this level, centroids, lines of actions and cross-sectional areas were
obtained for each muscle present on the axial slice (Figure 10.4).

In this 3D reconstruction, the X axis is the postero-anterior axis; Y is the medio-lateral axis, oriented
towards the left of the patient and Z is the caudo-cranial axis. In the following, Fx (respectively Fy
and Fz) denotes the force on the X axis (resp. Y and Z axis); Mx (respectively My and Mz) denotes
the moment on the X axis (resp. Y and Z axis).

The model computes the resulting loads at the L3-L4 inter-vertebral disc level by activating specific
muscles in order to regulate and maintain the resulting loads within acceptable thresholds. More
details can be found in the published study of Pomero et al. (Pomero et al., 2004).

The net reaction forces and moments at the inter-vertebral joint can be computed for the 3D reconstruc-
tion of the external body envelope (Nérot et al., 2015) and published segments densities (Dempster,
1955; Amabile et al., 2016a). Figure 10.5, presents the 3D external envelope, the position of the center
of mass of the upper body and the inter-vertebral joint center, for one Aging subject (A6). Figure
10.6, presents the coordinates of the center of mass of the upper body and its weight for all subjects
and patients in the axial plane.

Threshold value of loads triggering muscular activation were set as follow: 75N for Fx; 100N for Fy;
-1500N for Fz; 4.9Nm for Mx, My and Mz. Maximal admissible stress in muscles was set at 50N /cm?
(Granata and Wilson, 2001; Brown and Potvin, 2005; Pomero et al., 2004).

Antagonist activity was implemented in the model following the antagonist law described by Zhou et
al. (Zhou et al., 1996) with an overlap of 25% and a co-activity gain of 20%.
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Figure 10.3. : 3D reconstruction of the muscles obtained from MRI segmentation, and skeleton from EOS
radiographs, for the patient P1 of the Patients Group.
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Figure 10.4. : Information obtained at the L3-L4 inter-vertebral disc level from 3D reconstruction of muscles
and skeleton, for the patient P1 of the Patients Group.

10 - 1.5 Simulations

2 different static positions were considered:

e the standing position being the standardized free standing position described by Chaibi et al.
(Chaibi et al., 2012) held in the EOS cabin, called Neutral position;

e a simulated position with an anterior flexion of the trunk of 30°, called Flex30 position.
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Figure 10.5. : Illustration of the computation of the net reaction forces and moments at the inter-vertebral
joint center with position of the center of mass of the upper body for Aging subject A6 with net reaction forces
and moments of: - 40.2N for Fx; 0.3N for Fy; -232.5N for Fz; 0.9Nm for Mx; 7.8Nm for My; - 0.1Nm for Mz, in
the Neutral position.

The Flex30 position was simulated by computing the net reaction forces and moments, when rotating
the center of mass of the upper body (compared to the slice at the L3-L4 inter-vertebral joint level)
of 30° anteriorly (rotation around the medio-lateral axis Y), with respect to the L3-L14 inter-vertebral
joint center.

Three different configurations were tested for each position:

e All muscles were considered as not altered (no fat infiltration), with a maximal muscular stress
of 50 N/cm?, called No Alteration configuration;

e All muscles were considered to be altered with subject-specific fat tissue (fat infiltration computed
from MRI slice as described by Antony et al. (2014)), with a maximal muscular stress of 50 N /cm?,
called Alteration configuration;

e All muscles were considered to be altered with subject-specific fat tissue (fat infiltration computed
from MRI slice as described by Antony et al. (2014)), and maximal muscular contraction was
reduced to 15 N/cm? to simulate muscular fatigue, called Fatigue configuration.

Altogether, 6 simulations were done for each patient (i.e. 2 positions * 3 configurations).

10 - 1.6 Analysis of net reaction forces and moments, and resulting loads

For each simulation, the net reaction forces and moments will be compared to the threshold values as
the ratio of the two determine the regulation command Y stimulating muscular contraction (Equation
8.2). This will assess how much muscular contraction is needed to maintain the considered position.
Then resulting loads will be compared to net reaction forces to evaluate the effect of the muscular
contraction in limiting the resulting loads.
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10 - 2 Results

Characteristics of each group can be found in Table 10.1.

‘ Group H N ‘ Age (years) ‘ BMI (kg/m?) ‘ Fat percentage (%) ‘
| Control [ —— 28 | 24 | 2(2)[0-9 |
| Aging | 11 | 63(6)[52-71] | 25(5)[20-38] | 4 (5) [0 - 35] |
| Patients || 8 | 63(5)[54-70] | 22(3)[20-28] | 6 (7) [0 - 36] |

Table 10.1. : For each group, age, BMI and fat percentage over all muscles. Mean (1*SD) [Range].
Figure 10.6 presents the axial position of the center of mass of the upper body from the inter-vertebral
joint center, for each subject, for the Neutral position. The size of the point is proportional to the
weight of the upper body. This figure allows to compare the different positions for the center of mass,
directly linked to the net reaction forces and moments observed.
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Figure 10.6. : Axial position of center of mass from inter-vertebral joint center and weight of the upper body,
for each subject / patients in the Neutral position. The size of the circle is proportional to the upper body
weight. The purple circle refers to the subject of the Control Group. Blue circles refer to subjects of the Aging
Group. Orange circles refer to patients from the Patients Group.

10 - 2.1 Neutral position

Figures 10.8 and 10.9 present the forces and moments, for the Neutral position, for the net reaction
forces and moments, and resulting loads obtained in the three simulated configurations. In the Neutral
position, net reaction forces and moments larger than the threshold values were found for:

e postero-anterior shear force: for 2 in Aging Group (A3 and A9) and 1 in Patients Group (P8);
e lateral bending moment: for 1 in Aging Group (A2) and 1 in Patients Group (P7);

e flexion moment: for the Control subject (C1), 3 in Aging Group (A2, A6, A10) and 2 in Patients
Group (P1 and P2).
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For the Control subject (C1), five Aging subjects (A2, A3, A6, A9, A10) and 4 Patients (P1, P2, P7
and P8), regulation was needed by muscular activation in the Neutral Position (Figures 10.8 and
10.9). For all subjects / patients, for the three configurations simulated, muscular activation regulated
the exceeding component by lowering the value below the threshold. Table 10.2 reports, for each force
(Fx, Fy, Fz) and moment (Mx, My, Mz), the difference between resulting loads for each one of the three
simulated configurations (No alteration, Alteration, Fatigue) and the net reaction forces and moments.

Examples of muscular activation computed for one subject and one patient are presented in Figure
10.7.

I lliocostalis L
P lliocostalis R
I Longissimus Dorsi L
I Longissimus Dorsi R
P Multifidus L

P Multifidus R

P Obliquus Externus L
I Obliquus Externus R
I Obliquus Internus L
B Obliquus Internus R
B Psoas L

B Psoas R

N Quadratus lumborum L
N Quadratus lumborum R
I Rectus abdominus L
I Rectus abdominus R
PN Transversus abdominus L
Transversus abdominus R
Center disc L3L4

Subject A9 from the Aging Group

Figure 10.7. : Axial MRI slice at L3-L4 level with illustration of muscular activation. The height of cones is
proportional to the activation of the muscle. Position of the center of the cone’s basis is the centroid of the
muscle, and direction of the cone is the line of action of the muscle. Subject A9 of Aging Group and patient
P1 of the Patients Group are represented here in the Neutral position, with no alteration of muscles.

10 - 2.2 Flex30 position

Figures 10.10 and 10.11 present the forces and moments, for the Flex30 position, for the net reaction
forces and moments, and resulting loads obtained in the three configurations simulated. In the Flex30
position, net reaction forces and moments larger than the threshold values were found for:

e postero-anterior shear force: for 2 in Aging Group (A3 and A9) and 1 in Patients Group (P8);

e lateral bending moment: for 1 in Aging Group (A2) and 1 in Patients Group (P7);

e flexion moment, for all subjects / patients of all groups;

e torsion moment: for 2 in Aging Group (Al and A2) and 7 in Patients Group (P1, P2, P3, P5,
P6, P7 and P8).

Table 10.2 reports, for each force (Fx, Fy, Fz) and moment (Mx, My, Mz), the difference between
resulting loads for each one of the three simulated configurations (No alteration, Alteration, Fatigue)
and the net reaction forces and moments.
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NEUTRAL POSITION |
N
altera‘fcion Fy (N) F, (N) F, (N) My (Nm) | My (Nm) | M, (Nm)
| Control || 460 | -19.1 | - 200.7 I YA 4.9 | -13 |
| Aging || -57/712| -233/31 | -1769/-24 |-13/49 | -58/49 |-08/05 |
| Patients || 5.5/40.0 | -66.1,/303 | -1621/-562 | -26/52 | -1.8/49 |-12/19 |
| Alteration| Fy (N) | Fy (N) | F, (N) | Mx (Nm) | My (Nm) | M, (Nm) |
| Control | 470 |  -200 | - 208.2 |18 | 4.8 | -13 |
| Aging || -60/709| -230/33 | -1714/-24 |-13/48 | -6.0/48 |-08/05 |
| Patients | 4.3 /407 | -654 /305 | -164.0 /-573 | -27/53 | -18/51 [ -12/19 |
| Fatigue || Fyx (N) | Fy (N) | F, (N) | Mx (Nm) | My (Nm) | M, (Nm) |
| Conmtrol | 352 | -13.0 | - 1587 | 14| 4.2 | -13 |
| Aging || -38/650| -194/26 | -1522/-13 |-1.0/43 | -55/44 | -07/06 |
| Patients || 0.2 /357 | -569 /241 | -141.1/-457 | -24 /48 | -1.6 /46 | -11/17 |
| FLEX30 POSITION |
N
altera‘;ion Fy (N) F, (N) F, (N) My (Nm) | My (Nm) | M, (Nm)
Control | 1917 |  -60.8 | - 559.7 | -04 | -271 | 16 |
Aging 79 /2709 | -688/393 |-9622/-2789|-51/39 | 3164'01/' -58/1.9
Patients || 3.8 /226.4 | - 150.1 / 72.3 | -563.5 /-220.9 | - 1.6 / 4.4 | 1?184/ ) -10.1/
: 6.4
| Alteration| Fy (N) | Fy (N) | F, (N) | Mx (Nm) | My (Nm) | M, (Nm) |
| Control | 1932 |  -610 | - 563.8 | -05 | -277 | 16 |
Aging 8.6 /2602 | -69.6 /398 |-960.0/-277.6|-50/37 | 3164'32/' -5.8 /1.7
Patients || 4.1 /2263 | - 155.1 /72.0 | -576.2 /-221.5 | - 1.7 /48 | 116i94/ i i 1(?'52/
| Fatigue || Fx (N) | Fy (N) | F, (N) | Mx (Nm) | My (Nm) | M, (Nm) |
| Control | 2176 |  -683 | - 589.7 |00 | -267 | 16 |
23.0 -24.6 / -
Aging 288_3/ -53.0 /383 | -749.0 /-281.6 | -5.9 /38 13.8/ -37 /14
18.9 / -16.2 / -

Patients 940.0 -125.0 / 69.3 | - 489.1 /-201.8 | - 0.2/ 3.7 11 -9.3 /44

Table 10.2. Difference of resulting loads of different configurations with net reaction forces for the Neutral

and Flex30 Position. This difference reports the effect of the muscular activation on the resulting loads. For
Control Group, value of the only suibject; for Aging and Patients Groups : min / max.
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10 - 3 Discussion

This study aimed to investigate the effect of different postures and postural alterations on the muscular
recruitment pattern, by looking into details at the inter-vertebral resulting loads for different positions
and muscles states.

10 - 3.1 Neutral position

For the Neutral position, all load components were regulated after muscular activation (Figures 10.11
and 10.10). Alteration of the muscular quality did not increase loads over the threshold values, neither
did the effect of fatigue combined with this alteration. This confirmed that the standing posture is
economic in energy, even if for some subjects from the Patients Group, the lateral shear, bending
moment and torsion moment were higher than in the Aging or Control groups: as spinal deformities
of these patients were in 3D and principally in the coronal plane, the center of mass was not aligned
with the considered inter-vertebral joint center, especially in the frontal plane, thus generating lateral
shear force and associated moments (Figures 10.5 and 10.6).

Muscular activation reduced the loads compared to net reaction forces and moments (Table 10.2).
However, when studying the effect of alteration of muscle quality with or without effect of fatigue, one
can note that loads are increasing because of less efficient and powerful muscular contraction (Figures
10.11 and 10.10).

Compression values, for the Neutral position, ranged from 140N to 476N. Hajihosseinali et al. reported
compressive values of 420N and 469N, at the L4-L5 level, for an adult of 1.7m for 68kg (Hajihosseinali
et al., 2014). A similar subject was considered by Gagnon et al. who reported a compressive value
of 475N, at the L3-14 level (Gagnon et al., 2011). Similar subjects in our study are subjects Al and
A9 of the Aging Group for which compressive values ranged from 217N to 337N. Differences observed
can come from the initial compression: while 344N compressive load was applied in these both studies,
here only around 200N were computed as initial compression. This difference, while observing similar
subjects, can come from the different densities applied on the segments while computing the upper
body weight (Amabile et al., 2016a), or from different morphologies considered. The net reaction
compressive force used in this study was directly computed from the 3D subject-specific envelope of
the subject.

Significantly higher values have been reported for compression from 800N to 1600N (Arshad et al.,
2016; Arjmand and Shirazi-Adl, 2006; Gagnon et al., 2001; Granata and Wilson, 2001). These increased
values again are influenced by the initial compression (net reaction force) that is around 350N for all
these studies. Differences in the resulting compression can come from the algorithms governing models.
However, in the neutral posture, supporting an upper body weight from 14kg to 45kg, as found here,
seems reasonable and plausible.

Concerning the postero-anterior shear values, these are subject-specific as they are influenced by the
initial posture of the patient and more particularly the distribution of the different segments above
the considered slice. In this study, postero-anterior shear values ranged from -52N to 61N in the
Neutral position. Reported values were 2N and 36N for Hajihosseinali et al. (Hajihosseinali et al.,
2014); -21N for Gagnon et al. (Gagnon et al., 2011) and around 50N for Arshad et al. (Arshad et al.,
2016). Similar subjects in this study (Al and A9) presented values between -33N and -52N in line
with reported values in the literature. These postero-anterior shear values are strongly dependent on
the location of the center of mass compared to the inter-vertebral joint center: because the L3-L4 disc
plane presents a positive angle with the horizontal plane, the gravity force generates a negative value
for postero-anterior shear. Ounly subjects for which L3-L4 was below the lordosis apex (disc plane
oriented negatively compared to the horizontal) presented positive postero-anterior shear values.

One study reported flexion moment values of 4.1Nm, for the Neutral position (Hajihosseinali et al.,
2014), in line with our current findings (from -4 to 3 Nm). Positive or negative sign depended on
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Figure 10.9. : Moments in the Neutral position for the net reaction moments (without muscular activation)
and the three configurations simulated: No alteration; Alteration and Fatigue.
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Figure 10.10. : Forces in the Flex30 position for the net reaction forces
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the relative position, in the sagittal plane, of the center of mass of the upper body compared to the
inter-vertebral joint center (Figure 10.6).

10 - 3.2 Flex30 position

The position of the trunk flexed anteriorly, was considered to stimulate a higher muscular response
and increased net reaction forces and moments in the inter-vertebral joint compared to the Neutral
position. As expected, the flexion moment (My) was above the threshold value for the net reaction
forces and moments for all subjects; regulation demand was therefore high and greatly stimulated
muscular activation. Out of the 8 patients with spinal deformities, 7 (88%) presented a higher torsion
moment than the threshold, highlighting the 3D nature of the spinal deformities of those patients.

Concerning the flexion moment (My), muscular activation decreased the moment below the threshold
except for 3 subjects from the Aging Group in the configuration No alteration and Alteration
configuration. All these subjects exhibited high BMI value (24-28 kg/m?) without presenting the
largest BMI of the Aging Group. These subjects were not the ones with the largest fat infiltration
in the back muscles. Lastly their initial shear and flexion moment were found in the range of other
subjects’ / patients’ values.

Considering the Fatigue configuration, several subjects were not able to regulate this flexion moment
(flexion moment exceeding 4.9 Nm) (Figure 10.11). Interestingly, these subjects / patients do not
present higher fat infiltration in back muscles than others, but all presented a BMI greater than 23
kg/m?. As the upper body is heavier, a small displacement in the axial plane will already introduce
large moments in the inter-vertebral joint.

Only 2 studies to our knowledge reported values of resulting loads, for flexion of 30° of the trunk with
no lift. Arshad et al. reported values of compression between 800 and 1100N reaching 1550N for a
specific spinal rhythm (i.e. relative distribution of lumbar flexion at different lumbar levels) simulated;
values of postero-anterior shear ranging from -50 to +50N or from ON to 100N depending if the intra-
abdominal pressure was considered or not (Arshad et al., 2016). Gagnon et al. reported values of
compression of 742N and postero-anterior shear values of 68N (Gagnon et al., 2011). The postero-
anterior shear values found here ranged from 11N to 234N and compressive force ranged from 342N
to 1291N. Our values overall agree with those in the literature, the highest values for postero-anterior
shear force were reported for subjects with high fat infiltration in the back muscles (even though this
infiltration did not exceed 20%).

Surprisingly, the patient P7 presenting the highest fat infiltration of back muscles (iliocostalis, longis-
simus and multifidus) presented, in the Flex30 position, a postero-anterior shear value of 72N when
taking into account this muscular alteration (vs 59N with no alteration). Postero-anterior shear force
reached 93N when considering the Fatigue configuration. This patient managed to limit the postero-
anterior shear load even if the threshold at 75N was exceeded, at the expense of larger moments in the
inter-vertebral joint (torsion moment of 1.9Nm with no alteration and with subject-specific alteration
of muscles versus 2.8Nm when considering the Fatigue configuration).

Because an antagonist law has been implemented in the model, results predicted a certain amount of
abdominal co-activity in the Flex30 position. This co-activity is difficult to predict with optimization
driven models (Arjmand et al., 2009) but has been reported in studies using EMG-driven models
(Gagnon et al., 2001).

This model offers the possibility to study more precisely muscular activation for each muscle as reported
in Figure 10.7. This type of figure could be useful to visualize which muscles need to be reinforced to
limit more efficiently inter-vertebral loads.
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10 - 3.3 Perspectives and limitations

One future improvement in this model would be to take into account the differences in muscular
activation between young and older adults (Hakkinen et al., 1998; Macaluso et al., 2002). In particular,
co-activity of antagonist muscles decreased in elderly, thus decreasing joint stability (Hékkinen et al.,
1998).

Another step towards a better representation would be to consider the arms in the computation of the
net reaction forces and moments as this was not done here. If the arms are considered flexed with
hands on the cheekbones such as in the Free Standing Position in the EOS cabin (Faro et al., 2004),
taking into account the arms would increase the compression as well as shear force and flexion moment,
in the net reaction forces and moments. It might be also interesting to consider the arms along the
body in a natural position such as when walking for example, this would in this case just impact the
initial compression in the net reaction forces.

Another improvement would be to implement the deformation of the muscles in the Flex30 position,
and to provide the real 3D geometry of the spine and pelvis in such a position. This would lead to
a more accurate computation of the net reaction forces and moments in such a position, and of the
effects of muscular contraction on the resulting loads in the L3-L4 inter-vertebral joint. A related
improvement would be to simulate posture and associated muscular geometry, for a non-compensated
position for elders already recruiting compensatory mechanisms, using the protocol described in figure
6.2 of chapter 6.

One limitation of this study is the limited number of subjects in the Control Group, more young
asymptomatic subjects would enhance results, by providing reference values of loads experienced in
the inter-vertebral joints. Another limitation resides in the design of the model: currently, only one
slice is considered for the control loop, therefore comparison between different disc levels cannot be
made. The L3-L4 disc level was chosen here because it is located at the apex of the lordosis. Another
interesting choice for future studies would be to consider the disc L5-S1 as it is the last level before
the pelvic vertebra. If the sacral slope is large enough, this should result in high postero-anterior shear
values to regulate. As with all optimization driven models, it is difficult to validate this model, except
to compare to EMG values reported in the literature, and to in-vivo intra-discal pressure obtained with
a pressure transducer inserted in a disc. However this comparison can be difficult due to the different
morphologies and posture of subjects studied.

10 - 4 Conclusion

In conclusion, this study reported inter-vertebral loads for 2 different positions with different muscular
alteration and muscular fatigue conditions. This study included a total of 20 subjects / patients of
various ages, with different pathological conditions. In addition, the subject-specific 3D geometry of
the spine, pelvis and muscles allowed for a refine analysis of the impact of postural alterations on
muscular recruitment pattern.

The difficulty of specific subjects / patients to regulate one or more load component(s), could be used
in the future, for design of specific exercises reinforcing specific muscles for example. This would allow
a decrease of loads in the inter-vertebral joint and would reduce the probability of disc injury and back
pain.
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CONCLUSION

This part focused on the computation of inter-vertebral loads for young and older adults with or
without adult spinal deformities; with a biomechanical musculo-skeletal model.

Firstly, the adaptation and personalization of the input data of the previously published model (Pomero
et al., 2004) were described. The different steps to prepare input data from medical images such as
radiographs and MRI images were reported. Computation of the net reaction forces and moments, at
the inter-vertebral joint center at the L3-L4 disc level, was reported.

Secondly, this model was used to compute resulting loads in the inter-vertebral joint in different
positions (standing and with flexion of the trunk); and with or without alteration of muscles (fat
infiltration) and/or fatigue (decreased maximal muscular stress). Different populations were studied:
one young asymptomatic adult, older asymptomatic adults and adults with spinal deformities.

The muscular recruitment pattern varied for each configuration, position, subject. Resulting loads
were therefore subject-specific. Main results highlighted the ability for all to regulate the loads below
a set threshold to protect the spinal cord, in standing position. Subjects with higher compressive force
(higher body mass index), did not succeed in limiting the flexion moment for the position with the
trunk flexed, when muscles were altered or experienced fatigue.

These results provide new insights on the work required by muscles to maintain an efficient posture,
while preserving the spinal cord and inter-vertebral discs. Postural alterations have an impact on the
resulting loads experienced in the inter-vertebral joint and different positions resulted in high differences
in these loads.

This model identified specific muscles as essential for the maintenance of an economic posture, for each
subject. Such findings could be used for surgical planning: for a specific subject, the best approach
can be chosen as the one minimizing the impact on muscles essential for this subject.

This part focusing on the use of a biomechanical musculo-skeletal model, using 3D subject-specific

data, highlighted the importance of such a personalization for the prediction of high resulting loads in
the inter-vertebral joint in order to prevent injuries of spinal cord or inter-vertebral disc.
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GENERAL CONCLUSION

The objective of this PhD was to investigate age-related postural alignment and muscular changes.

The first part focused on the postural alignment changes over aging. A first study on young asymp-
tomatic adults highlighted the quasi-invariant position of the head above the pelvis. This invariance
provides a good distribution of the different segments above the pelvic vertebra, allowing for an efficient
posture minimizing energy expenditure, inside the conus of economy, defined by Dubousset (Dubous-
set, 1994). Refine analysis of an older asymptomatic population concluded on the invariance of this
alignment. However for 16 out of 41 subjects, this invariance was at the expense of other compensatory
mechanisms such as pelvic retroversion and cervical hyperlordosis. Longitudinal study could assess if
such biomarker could allow identification of such subjects at risk of degradation.

The second part of this PhD presented the work realized on MRI images, on the quantification of
spino-pelvic muscles. Reference values have been calculated for young asymptomatic adults. A rapid
and accurate method has been validated for the rough estimate of functional groups’ volumes: this
method could be implemented in clinical environment. A second chapter studied the spino-pelvic
muscles of older adults with spinal deformities. Pathological aging affected muscles by a loss of volume
for most muscles. However, gluteus muscles appeared as peculiar, as volumes and volumic ratios of
gluteus muscles were larger than young asymptomatic adults’. This increase could be the marker of
an increased stimulation to regulate finely the position of the pelvis supporting the whole upper body
weight.

The third part focused on the adaptation and personalization of a spine and pelvis musculo-skeletal
model in order to study the relationship between altered posture and muscular recruitment pattern
(and therefore resulting inter-vertebral loads). By the study of various subjects in ages, pathological
conditions and morphologies, preliminary results on the variability in muscular recruitment pattern
have been reported. The ability to regulate the posture to limit inter-vertebral loads is subject-specific
and suggests that future studies should emphasize the personalization of musculo-skeletal models to
predict and analyze inter-vertebral loads for injury prevention. Preliminary work reported the difficulty
of specific volunteers or patients to limit the flexion moment when the trunk is flexed about 30°
anteriorly, when muscles are altered (fat infiltration quantified from MRI images) and under fatigue.
These results highlight the importance of muscles’ preservation during pathological evolution or aging,
to resist the effect of fatigue the longest possible and better compensate postural alterations.

Overall, this PhD established reference values for asymptomatic adults in terms of postural alignment
and muscular volumes. This provides a database for comparison when studying effect of aging or
pathological evolution. Age-related changes were reported for the skeletal and muscular systems.
Effect of an altered posture has been reported on muscular volume and muscular recruitment. An
altered posture can be identified early, before a critical situation, by the assessment of the alignment
of the head compared to the pelvis.
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Another result was the rapid evaluation of muscular volumes of functional groups to quantify the
muscular degradation occurring with aging, pathological evolution or post-operatively.

While the first two parts of this PhD quantified the changes occurring during aging, the musculo-
skeletal model is a new tool to better understand the interaction between posture, spine and muscles.
In this PhD, no concrete conclusion can be drawn on which from the postural alterations and the
muscular changes cause the other. To do so, a larger cohort and a longitudinal study would bring
significant knowledge on the changes occurring during aging or pathology’s evolution. Indeed, this
model has been used to study the process of aging but it could also be applied on various domains: for
example to study evolution of spinal disorders, to investigate the development of low back pain, or to
improve workstation ergonomics. Similarly, including patients with various pathologies and symptoms
such as low back pain, ideally in a longitudinal study, would provide new elements on the understanding
of these pathologies.

Short term perspectives include the global combination of the different results of this PhD: combining
markers of the postural alignment alteration with quantification of the muscular degradation in the
biomechanical model would improve this promising method and would open the way for different
utilizations. Simplifying processing of medical images would allow user-friendly tools implementable in
hospitals for clinical routine to quantify postural alignment with CAM-HA angle (or OD-HA angle);
muscular degradation from MRI images; and impacts on the muscular recruitment pattern with the
biomechanical model. Particularly, computing the resulting inter-vertebral loads, for elders presenting
compensatory mechanisms at the pelvic and cervical levels, in a non-compensated position would be
of special interest to evaluate the impact of these compensatory mechanisms.

Long term perspectives concerning biomechanical modelling include three different times in aging: the
first one in prevention, the second one in back pain management and the third one in surgical planning
and post-operative analysis.

Firstly, as the model presents the muscular pattern for the position chosen, clinical teams could identify
specific muscles to reinforce, and design appropriate exercises to improve an efficient posture. This
could also be used to reinforce specific muscles before surgery in order to enhance recovery and success
of the surgical procedure.

Secondly, back pain management could be improved by providing real insights on the inter-vertebral
loads, and muscular activation. Differentiation between high loads damaging the disc and hyper-
stimulation of muscles and therefore their fatigue, could be made to improve diagnosis, prevention,
and long-term care.

Thirdly, with this biomechanical model, different approaches for spinal surgical procedures (anterior
approach, lateral or posterior approaches) can be simulated by reproducing the damages on muscles
due to surgical procedure. This could give an insight on resulting loads in the inter-vertebral joint or
implant after surgery. The best approach could then be chosen as the one minimizing these loads.

Overall, this model is original since it allows a complete 3D view of both muscles and skeleton. By
providing the lines of action of muscles, impact of surgery or physical exercise can be directly imagined
and modeled. This innovative view of the spino-pelvic complex provides a new promising instrument
to improve spinal deformities care but also surgical planning.
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APPENDIX A

DETAILED ANATOMY OF MUSCLES STUDIED

This appendix presents the different muscles studied in this PhD.

S 4

Rotators

Name Semi spinalis Multifidus Interspinales | Intertransversarii
I .
Grouped under the name of Multifidus
Sp. processes of
Proximal Sp. processes of | vertebrae 2 t.o 4 Tr. process of Sp. process of Tr. process of
I ti C2 to T4 and levels superior C1 to L5 C1 to L5 C1 to L5
nsertion occipital bone to distal
insertion
Sacrum, Sp. process of
Distal Tr. process of posterior sup. inferior Sp. process of Ir. process of
I ti C4 to T10 iliac spine and adjacent adjacent adjacent
nsertion 5P vertebra vertebra
Iliac crest vertebra
| Function || Spine extensor | Spine stabilizer

Table A.1. : Insertions and functions of spinal muscles (part 1 of 2). [Adapted from (Dubois, 2014; Bonneau,
2001) and from ZYGOTE BODY (http://zygotebody.com/)]. Abbreviations: Inf.: inferior; Sup.: superior;
Tr.: transverse and Sp.: spinous.
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Name Iliocostalis Longissimus Spinalis 8111121(3;::1[111? Psoas
Erector Spinae
. Tr. processes of Mastoid process Eetween sup- & Lower border Lateral faces of
Proximal C4to CT7 inf. nuchal lines of the 12 T12 to L5 &
Insertion Angles of the 15t Tr. processes of Sp. processes of rib & tr. corresponding
to 8" ribs C3 to C6 C2 to T4 processes of inter-vertebral
Tr. processes of L1 to L4 discs
Angles of the 5®® | T1 to T12 & inf | Sp. processes of
to 12" ribs border of the 4" T2 to T9
to 12" ribs
Angles of the 4*h Tr. processes of Tr. processes of
Distal to 8" ribs C3 to T3 T3 to T5 . . L crochiant
Insertion Angles of the 7th Tr. processes of Tr. processes of rac cres esser trochatber
to 12" ribs T1 to T5 T2 to T11
Lumbo-sacral
Lumbo-sacral fascia & sp. Sp. processes of
fascia processes of T11 to L1
L2-L5
. . Spine flexor
Function Spine extensors P

Hip flexor

Table A.2. : Insertions and functions of spinal muscles (part 2 of 2). [Adapted from (Dubois, 2014; Bonneau,

2001) and from ZYGOTE BODY (http://zygotebody.com/)]. Abbreviations: Inf.: inferior; Sup.: superior;
Tr.: transverse and Sp.: spinous.
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gluteus maximus X

gluteus medius X

nsor fascia lata X

vastus medialis X
istus lateralis X [ -y

us intermedius X
—W,

Gluteus Gluteus Gluteus Tensor . Vastus Vastus Vastus
Name . . . . . Iliacus . . . .
maximus medius minimus fasciae lata lateralis medius intermedius
Anterior
. Tliac crest inferior iliac Antero- Femoral linea aspera 3/4 superior
Proximal . ; . L of anterior-
I . Iliac crest spine inferior iliac
nsertion Sacrum ‘ . spine Great lateral part of
[liac fossa Tliac fossa the femur
Coceyx trochanter
. The distal parts of the 4 muscles joined in
Distal Femoral linea e Lateral tibial Lesser . .
. reat trochanter a great tendon, called quadriceps tendon, in-
Insertion aspera condyle trochanter ) i
serting on the superior part of the patella.
. Hip extensor Hip adductor Hip adductor Hip flexor
Function P | P P . P Knee extensor
Medial Lateral
Lateral rotator of the hip rotator of the | rotator of the
hip hip

Table A.3. : Insertions and functions of pelvic muscles and muscles of the anterior part of the thigh. [Adapted from (Dubois, 2014) and from ZYGOTE BODY

(http://zygotebody.com/)]
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[ adductor longus x|

_W/ Dicsps femoranor
. . Biceps Biceps
. ore Semi- Semi- . . Adductor Adductor Adductor
Name Sartorius Gracilis . femoris femoris .
tendinosus membranosus| brevis magnus longus
longum breve
Adductor
Proximal Antero- Femoral linea Pubis
. ior ili Tuberosity of the ischium Pubis Pubis
Insertion superior iliac Y aspera Tuberosity of
spine the ischium
Distal 1/3rd superior of medial tibial Proximal part Fibula head and lat- :
I ti vl of medial | tibial vl Femoral linea aspera
nsertion conayle tibial condyle €ral t1blal conayle
Knee flexor Hip extensor Knee flexor Adductor
Function Lateral Medial Medial
Knee flexor Knee flexor Internal rotator of the knee | rotator of the rotation of rotator of the
hip the hip hip
External Internal Medial Hip extensor
rotator of the | rotator of the Hip flexor rotator of the with locked Hip flexor
hip hip knee knee
Table A.4. Insertions and functions of muscles of the posterior and lateral part of the thigh. [Adapted from (Dubois, 2014) and from ZYGOTE BODY

(http://zygotebody.com/)]
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Rotator of the
trunk

“corset muscle”

Obliquus Obliquus Transversus Rectus Latissi
Name externus internus abdominis abdominis a(;ssuflus
. orsi
Abdominal Group
Inferior borders Linea alba & Infizzrczgfsls of
Proximal Lateral edges of edges of the 5th Xiphoid process il £ th Posterior side of
Insertion the 5" to 12°" to 128 ribs of the sternum Cgfhl ag(;iho b ¢ the humerus of
ribs to ribs the upper arm
. . Xiphoid process
Linea alba Pubic crest
of the sternum
Inner surfaces of Thoracolumbar
. the costal AR
. Linea alba . fascia, iliac
Distal . . cartilages of the
Insertion Iliac crest Iliac crest 7th {0 19t Libg crest
. Superior edge of | Sp. processes of
Tliac crest the public bone T7 to L5
Inferior 4 ribs
Pubis Pubic symphysis and inferior
angle of scapula
Compresses
Lateral flexor of i
Function the trunk Rotator of the abdominal Spine flexor Rotator of the
trunk content p trunk

Table A.5. Insertions and functions of abdominal muscles. [Adapted from (Dubois, 2014; Bonneau, 2001) and
from ZYGOTE BODY (http://zygotebody.com/)]. Abbreviations: Sp.: spinous.
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APPENDIX B

LEQUATIONS FOR PREDICTION OF MUSCULAR VOLUME FROM
REDUCED SET OF MRI SLICES

Coefficients of the equations used to compute volume of muscular functional groups from a reduced
set of MRI slices are presented hereafter. Each coefficient (line of the table) is a vector of 1 line times
N columns, N being equal to the number of slices considered plus 2 (for the constant and coefficient of
femoral length).

"Group” can mean one of the following: Spine flex; Spine ext; Hip flex; Hip ext; Knee flex;
Knee ext; Gluteus minimus; Gluteus medius.

Model 3 slices:

For each Group, the equation for Model 3 MRI slices is:

1
Femoral length
Volume Group = Coeff Groupx*| Area_Group slice56 (B.1)
Area_Group_slicelll
Area_Group_slicel36

‘ Model 3 slices H Constant ‘ LFem ‘ S. 56 ‘ S. 111 | S. 136
Coeff Spine flex 23.6 0 0 0 334
Coeff Spine ext -46.0 0 0 0 15.3
Coeff Hip flex -144.2 0 36.2 0 0
Coeff Hip ext 287.6 0 60.4 0 0
Coeff Knee flex -2.6 0 34.3 0 0
Coeff Knee ext -282.4 0 295 0 0
Coeff Gluteus_minimus -163.9 3.9 0 7.0 0
Coeff Gluteus_medius -22.3 0 0 11.0 0

Table B.1. : Coefficients to compute the volume from few slices reconstructions with the model built on 3 MRI

slices (Equation B.1): Volume and constant in cm®; Lyey, (femoral length) in ¢cm; Area on slices in ¢cm?.
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Model 4-A slices:

For each Group, the equation for Model 4-A MRI slices is:

1
Femoral length
Area_Group sliceb6
Area_Group_slicelll
Area_Group slicel2l
Area_Group_sliceldl

Volume Group = Coef f Group * (B.2)

Model 4 slices | Constant | Lpem | S.56 |S.111|S.121 |S. 141
Coeff Spine flex 6.5 0 0 0 16.7 6.2
Coeff Spine ext 21.7 0 0 0 10.0 10.3
Coeff Hip flex -144.2 0 36.2 0 0 0
Coeff Hip ext 287.6 0 60.4 0 0 0
Coeff Knee flex -2.6 0 34.3 0 0 0
Coeff Knee ext -282.4 0 29.5 0 0 0
Coeff Gluteus_minimus -163.9 3.9 0 7.0 0 0
Coeff Gluteus medius -223.2 5.6 0 6.1 4.1 0

Table B.2. : Coefficients to compute the volume from few slices reconstructions with the model built on 4-A
MRI slices (Equation B.2): Volume and constant in cm®; Lgey, (femoral length) in ¢cm; Area on slices in cm?.

Model 4-B slices:

For each Group, the equation for Model 4-B MRI slices is:

1
Femoral length
Area_Group_slice2l
Area_Group_slice56
Area_Group slicelll
Area_Group_slicel36

Volume Group =Coeff Group *

Model 4 slices | Constant | Lpem | S.21 | S.56 |S.111 |S. 136
Coeff Spine flex 23.6 0 0 0 0 334
Coeff Spine ext -46.0 0 0 0 0 15.3
Coeff Hip flex -191.9 0 40.2 33.4 0 0
Coeff Hip ext -73.0 0 36.6 33.4 0 0
Coeff Knee flex -193.1 0 21.6 18.2 0 0
Coeff Knee ext -294.8 0 12.6 22.5 0 0
Coeff Gluteus minimus -163.9 3.9 0 0 7.0 0
Coeff Gluteus medius -22.3 0 0 0 11.0 0

Table B.3. : Coefficients to compute the volume from few slices reconstructions with the model built on 4-B

MRI slices (Equation B.3): Volume and constant in cm?; Lgey, (femoral length) in cm; Area on slices in cm?.
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Model 5-A slices:

For each Group, the equation for Model 5-A MRI slices is:

1
Femoral length
Area_Group_sliceb56
Volume Group=Coeff Groupx*| Area_Group_slicelll (B.4)
Area_Group_slicell6
Area_Group_slicel26
Area_Group_slicel36

Model 5 slices | Constant | Lpem | S.56 | S.111 | S. 116 | S. 126 | S. 136
Coeft _Spine_flex -465.6 11.3 0 0 8.0 -0.8 14.9
Coeff_Spine_ext -24.4 0 0 0 5.5 2.5 12.1
Coeff Hip flex -144.2 0 36.2 0 0 0 0
Coeff Hip ext 287.6 0 60.4 0 0 0 0
Coeff Knee flex -2.6 0 34.3 0 0 0 0
Coeff Knee ext -282.4 0 29.5 0 0 0 0
Coeff Gluteus_minimus -163.9 3.9 0 7.0 0 0 0
Coeff Gluteus_medius -172.3 4.1 0 5.3 4.6 0 0

Table B.4. : Coefficients to compute the volume from few slices reconstructions with the model built on 5-A
MRI slices (Equation B.4): Volume and constant in cm®; Ly, (femoral length) in cm; Area on slices in cm?.

Model 5-B slices:

For each Group, the equation for Model 5-B MRI slices is:

1
Femoral length
Area_Group_slice2l
Volume Group = Coeff Group*| Area_Group slice56 (B.5)
Area_Group_slicelll
Area_Group slicel2l
Area_Group_sliceldl

Model 5 slices | Constant | Lpem | S.21 | S.56 |S.111 | S. 121 | S. 141
Coeft Spine flex 6.5 0 0 0 0 16.7 6.2
Coeff Spine ext 21.7 0 0 0 0 10.0 10.3
Coeft Hip flex -191.9 0 40.2 334 0 0 0
Coeff Hip ext -73.0 0 36.6 33.4 0 0 0
Coeff Knee flex -193.1 0 21.6 18.2 0 0 0
Coeff Knee ext -294.8 0 12.6 22.5 0 0 0
Coeff  Gluteus minimus -163.9 3.9 0 0 7.0 0 0
Coeff Gluteus_medius -223.2 5.6 0 0 6.1 4.1 0

Table B.5. : Coefficients to compute the volume from few slices reconstructions with the model built on 5-B
MRI slices (Equation B.5): Volume and constant in ¢m®; Lgey, (femoral length) in ¢m; Area on slices in cm?.
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Model 6 slices:

For each Group, the equation for computation of volume from 6 MRI slices is:

1
Femoral length
Area_Group slice2l
Area_Group_slice56

Volume _Group = Coeff Group * Area_Group _slicelll (B.6)
Area_Group_slicell6
Area_Group_slicel26
Area_Group_slicel36
Model 6 slices | Cst | Lhem | S.21 | S. 56 | S.111 | S.116 | S. 126 | S. 136
Coeff Spine flex -465.6 11.3 0 0 0 8.0 -0.8 14.9
Coeff Spine ext -24.4 0 0 0 0 5.5 2.5 121
Coeff Hip_ flex -191.9 0 40.2 33.4 0 0 0 0
Coeff Hip ext -73.0 0 36.6 33.4 0 0 0 0
Coeff Knee flex -193.1 0 21.6 18.2 0 0 0 0
Coeff Knee ext -294.8 0 12.6 22.5 0 0 0 0
Coeff Gluteus minimus || -163.9 3.9 0 0 7.0 0 0 0
Coeff Gluteus medius -172.3 4.1 0 0 5.3 4.6 0 0

Table B.6. : Coefficients to compute the volume from few slices reconstructions with the model built on 6 MRI
slices (Equation B.6): Volume and constant (Cst) in cm?®; Lyey, (femoral length) in cm; Area on slices in cm?.




APPENDIX C

LALGORITHM OF THE MUSCULO-SKELETAL MODEL OF MUSCULAR
ACTIVATION

The loads in the inter-vertebral joint (called L v_ joint) are equal to the net reaction forces and moments
on the section considered (L.;¢) minus the loads generated by the muscles’ contraction (L,yscies)
(Equation C.1 and Figure C.1):

LIV_joim‘ = Legt — Lmuscles (Cl)

I-ext _>+_ > I-IV_joint 3 Y > M Lmuscles

4 |

Figure C.1. : Control loop of the model of muscular regulation (MMR).

In the following, N is the total number of muscles.

3 -1 Regulation function
From the inter-vertebral joint load is estimated the regulation function Y:

3
LIV_joint

Y =10+ 3
Thresholdry  joint

(C.2)

Thresholdry joint refers to the values fixed in section 9 - 1. The exponent of the law is set at 3 as
most of the models use this exponent in order to enhance entry signal by a power law (Brown and
Potvin, 2005; Arjmand et al., 2010; Wong et al., 2011; El Ouaaid et al., 2013; Hajihosseinali et al.,
2014; Bruno et al., 2015). The constant 10 was chosen arbitrarily (Pomero et al., 2004).

3 - 2 Ability of each muscle to contract, to regulate a load component

Each muscle, depending on its position and line of action, has the ability to contract in order to lower a
load component. A scalar is computed for each muscle and for each load component, to represent this
ability. The complete matrix with all scalars has 1 line per muscle and 1 column per load component;
and is called Ability contract.

The first three columns represent the ability to regulate the forces: scalars are equal to the product of
the cross-sectional area times the vector line of action of the muscle. The last three columns represent
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the ability to regulate the moment: scalars are equal to the cross-sectional area (C'SA) times the
resulting cross product of the centroid vector (Centroid, being the plane of study, its Z component is
therefore 0) by the vector line of action (Dir_muscle). In equation C.3, Ability _contract(i_muscle,:)
represents one matrix line for one muscle.

Ability _contract(i_muscle,:) =

Dir _musclex x CSA
Dir _muscley x CSA
Dir _musclez x CSA (C.3)
Centroidy x Dir _muscley x CSA
—Centroidx x Dir _musclez x CSA

[C’entroidx x Dir _muscley — Centroidy x DiT_muscleX] x CSA

3 - 3 Identification of the antagonist muscles

Antagonist muscles are identified as such after computation of the Mat ANTAG matrix which size
is as follow: 1 line per muscle; 1 column per muscle; and 1 third dimension for each load compo-
nent. In equation C.4, Mat ANTAG(:,:,i_load) represents one matrix for one load component and
Ability _contract(:,i_load) represents one column of the matrix Ability contract (for one load com-
ponent).

Mat_ANTAG(:,:,i_load) = Ability _contract(:,i_load) x Ability contract(:,i_load)”  (C.4)

Muscles presenting a negative scalar do not have the ability to regulate this load component and are
therefore labeled as antagonist; this is done for each load component.

3 -4 Activation of the agonist muscles

Excitation of agonist muscles is computed from the ability of a muscle to regulate a load component
and the regulation function of this load component. The product of the two represent how much
agonist muscles are requested.

Excitation AG = Ability _contract’ xY (C.5)

Activation is then computed from the excitation with a sigmoid function, resulting in a scalar between
0 and 1.

Activation AG = Sigmoid(Ezcitation AG) (C.6)

3 -5 Activation of the antagonist muscles

Excitation of the antagonist muscles is computed from the antagonist law described by Zhou et al. in
1996 (Zhou et al., 1996). This law was detailed in section 9 - 7. Excitation of the antagonist muscles
is a function of the ratio Lyy_joine over Max_ Liuscies-

Mazx  Lyyscies 1s the maximum load generated by muscles when all muscles are contracted simultane-
ously to their maximal stress: each component is computed as if all muscles contracted simultaneously
to regulate only this component (Equation C.7). It is worth noting that in the antagonist law, only
moments are considered to compute the antagonist muscles’ excitation.
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Zf\il Dir_musclex® x CSA" x Spas

Zﬁl Dir_muscleyi x CS A" x Spaw’

Zﬁl Dir_musclezi x CSA" x Spus’
Maw_Lmuscles = ) ) ) )
Zf\il (C’entroz’dyz x Dir _musclez"' x CSA" x Smam’)

Zf\zfl ( — Centroidx® x Dir_musclezi x CSA" x Sma:vi)

Zf\il ([C’entroidxi X Dir_muscleyi — Centroidy® x Dir_musclexi] x CSA" x Smaxi)
(C.7)

In equation C.7, Dir_musclex’ (respectively Dir _muscley’ and Dir_muscley’) is the X (respec-

tively Y, and Z) component of the vector line of action of the muscle considered. C'SA" is the cross-

sectional area of the muscle considered and Centroidx® and Centroidy® the X and Y coordinated of
the centroid of the muscle considered. N is the total number of muscles.

Activation of the antagonist muscles is then computed as follow:

Activation ANTAG = Antag _Gain x Activation  AG x Mat _ ANTAG x Excitation  ANTAG
(C.8)

Antag Gain is a parameter of the antagonist law which value is set as described in Appendix D.

3 - 6 Activation of the agonist and antagonist muscles

Activation of all muscles (Activation_total) is therefore calculated from adding the activation of the
agonist muscles and the activation of the antagonist muscles:

Activation _total = Activation  ANTAG + Activation  AG (C.9)

3 -7 Load generated by muscles

The load generated by muscles is computed from geometrical parameters and activation of muscles.

N . . .
Linuscles = Y. (Aczfivation_totalZ X Spmaz’ X CSAZ) (C.10)
i=1

Sz’ is the maximal admissible stress of the muscle considered, CSA" its cross-sectional area and
Activation _total® is the scalar corresponding to its activation. N is the total number of muscles.

From there, a new inter-vertebral load (L Ivijomt) is computed as the previous Ly joint minus the
load generated by muscles L, scies: all steps can be followed from the beginning in order to obtain a
new load generated by muscles L,y scies-
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APPENDIX D

ANTAGONIST PARAMETERS

This appendix is a study aiming to fix values for the parameters relative to the antagonist excitation:
the Overlap and Co-contraction Gain of the antagonist law (Figure D.1); but also the Antagonist
Gain that multiplies the antagonist activation before adding it to the agonist activation (Equation
C.8 in Appendix C).

Muscular Excitation
A

— Flexors
— Extensors

K4 ‘~ s S
N2 \

R e i

l, 1 .
1 -Overlap ( Overlap g
Maximal flexion Maximal
torque extension torque

Figure D.1. : Antagonist law (Zhou et al., 1996).

Zhou et al. reported ranges of values for Overlap and Co-contraction Gain, after an extensive study of
multiple combinations on knee muscles of cats. Influence of the increase of these two parameters can
be visualized in Figures D.2 and D.3.

A co-contraction gain below 10% was recommended by Zhou et al. (1996), in order to stabilize the
joint but also to provide good input tracking (input being joint torque) (Zhou et al., 1996). An overlap
between 25% and 50% was recommended based on the optimum found for torque transmission efficiency
(Zhou et al., 1996). These recommendations were found after investigation of different combinations.
The same methodology was followed here to fix these parameters.

235



Page 236 PART: APPENDICES

Muscular Excitation Muscular Excitation

A A

—Flexors 1 —Flexors

1

Co-contraction

gain increases Co-contraction

/ gain

Overlap |
4 increases |

LT > RN R Ly
-1 0 Overlap 1 1 0 1
Maximal flexion Maximal Maximal flexion Maximal
torque extension torque torque extension torque

Figure D.2. : Antagonist law (Zhou et al., 1996): Figure D.3. : Antagonist law (Zhou et al., 1996):
influence of Co-contraction Gain. influence of Overlap.

3D skeleton and muscular geometry were obtained from EOS and MRI exams for a young asymptomatic
adult: 28 years old, 84.4kg, 1.88m, BMI = 23.9kg/m? (Figure 9.11). 4 static positions were considered:

e EOS standardized position (Faro et al., 2004), called Neutral,

e Flexion of 30° of the trunk around the inter-vertebral disc considered (L3-L4), called Flex ON,

e Flexion of 30° of the trunk around the inter-vertebral disc considered (L3-L4) with a weight of
9kg in the hands at 50cm of the abdomen, called Flex 90N,

e Flexion of 30° of the trunk around the inter-vertebral disc considered (L3-L4) with a weight of
180kg in the hands at 50cm of the abdomen, called Flex 180N.

For each position, the resulting loads after activation of muscles were computed with antagonist pa-
rameters taking one of each of the following values:

e Overlap: 0% / 25% / 50% / 75% / 100%,
e Co-contraction Gain: 0% / 25% / 50% / 75% / 100%,
e Antagonist Gain: 0% / 256% / 50% / 75% / 100%.

There were in the end 5*5*5 = 125 cases for each position, so in total 500 simulations ran.

In order to chose the best combination, careful study of the most critical position (Flex 180N) was
performed. A criteria on the compression value was set in order to discriminate between the different
parameters’ combination: the compression was set to not exceed 4000N (50% risk of fractures have
been reported at a peak force of 3700N by Yoganandan et al. (Yoganandan et al., 2013)). Results in
terms of compression force, Fz, for the different combinations, are presented in Figure D.4

In Figure D.4, cases with Overlap = 0% or Co-contraction Gain = 0% or Antagonist Gain = 0% were
reported for comparison. However this value of 0% does not present any interest for studying antagonist
excitation. Overlap of 0% means direct excitation of the antagonist muscles. Co-contraction Gain of
0% means maximal excitation of antagonist is 0%. Antagonist Gain of 0% means that the weight of
antagonist activation compared to agonist activation is zero.
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Figure D.4. : Compression force for Flex 180N. Results for different combinations of the antagonist parameters:
Overlap; Co-contraction Gain (G. CC); Antagonist Gain (G. Antag). -4000 N was set as the value to not exceed.

As seen on Figure D.4, the only bars for which the - 4000N value is not exceeded, are:

for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain
for Antagonist Gain

for Antagonist Gain

= 0%, for whichever value of Overlap and Co-contraction Gain,

= 25%, Overlap = 0 %, for Co-contraction Gain < 75%,
= 25%, Overlap = 25 %, for Co-contraction Gain < 50%,
= 25%, Overlap = 50%, for Co-contraction Gain < 50%,
= 25%, Overlap = 75%, for Co-contraction Gain < 25%,
= 50%, Overlap = 0%, for Co-contraction Gain < 25%,
= 50%, Overlap = 25%, for Co-contraction Gain = 0%,
= 50%, Overlap = 50%, for Co-contraction Gain = 0%,
= 75%, Overlap = 0%, for Co-contraction Gain < 25%,
= 75%, Overlap = 25%, for Co-contraction Gain = 0%,
= 100%, Overlap = 0%, for Co-contraction Gain = 0%,

Taking out the combinations when one of the parameters if equal to 0%, the only value possible for the
Antagonist Gain is 25%, with an Overlap between 25% and 75%, and a Co-contraction Gain different

from 0%. Table D.1 reports values for each load component, for these combinations.

When looking into details in Table D.1, one can note that values obtained either with a Co-contraction
Gain larger than 25%, either with an Overlap value larger than 25%; postero-anterior and lateral
shear exceed values of respectively 1000N and 300N. 1000N in postero-anterior shear is four times the
maximal value reported for 10 daily activities and 250N in lateral shear was reported as the maximal
value for 10 daily activities (Rohlmann et al., 2014). In addition, Zhou et al. reported an optimal value
between 25% and 50% for the Overlap (Zhou et al., 1996). The value for the Overlap was therefore
set at 26%.
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F, (N) Co-contraction Gain
x 0 % 25% | 50% | 75 % | 100 %
Overlap 25% 870.0 1020.2 1188.5 1376.6 1592.3
Overlap 50% 974.1 1126.6 1306.5 1509.2 1737.1
Overlap 75% 1150.4 1213.0 1399.1 1607.0 1839.8
F, (N) Co-contraction Gain
y 0 % 25% | 50% | 75% | 100 %
Overlap 25% - 263.9 - 314.7 - 370.8 - 433.0 - 503.6
Overlap 50% - 296.8 - 342.2 - 390.7 - 445.8 - 507.7
Overlap 75% - 329.8 - 344.6 - 388.8 - 438.5 -494.1
F, (N) Co-contraction Gain
g 0% | 25% | 50% | 75% | 100 %
Overlap 25% - 2863.8 | - 3249.3 | - 36804 - 4162.3 -4714.2
Overlap 50% - 3088.5 | -3473.4 | - 3924.8 - 4433.1 - 5004.6
Overlap 75% -3501.2 | - 3656.8 | - 41184 - 4634.1 - 5211.6
Co-contraction Gain
M, (N
(Nm) 0% | 25% | 50% | 75% | 100%
Overlap 25% -2.6 2.3 7.6 13.1 19.1
Overlap 50% 0.5 1.7 3.3 5.0 6.8
Overlap 75% -1.6 - 1.8 -2.3 -3.0 -3.8
Co-contraction Gain
M, (N
y (Nm) 0% | 25% | 50% | 7% | 100 %
Overlap 25% 19.5 22.8 26.4 30.7 35.4
Overlap 50% 21.5 24.9 28.6 32.8 37.6
Overlap 75% 25.0 26.3 30.1 34.4 39.3
Co-contraction Gain
M, (N
(Nm) 0% | 25% | 50% | 75% | 100%
Overlap 25% 15.0 17.6 20.4 23.2 26.3
Overlap 50% 16.8 18.0 18.7 19.5 20.4
Overlap 75% 15.3 15.2 14.8 14.3 13.7

Table D.1. : Comparison for position Flex 180N of different Co-contraction Gain and Overlap values.

Concerning the Co-contraction Gain, Zhou et al. reported an optimal value around 10% (Zhou et al.,
1996). Fine-tuning of the Co-contraction Gain value was done by computing the resulting loads for the
4 positions (Neutral, Flex ON, Flex 90N, Flex 180N), with an Antagonist Gain of 25%, an Overlap
of 25% and a Co-contraction Gain being 10%, 15%, 20% or 25%.

Table D.2 presents the resulting loads for each position and each value of Co-contraction tested. Co-
contraction Gain variation did not influence any of the load components in the Neutral and Flex 0N
positions, because of the low recruitment of antagonist muscles in these positions.
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The Co-contraction Gain value is important to set carefully, in order to give weight to the antagonist
excitation (D.2). As found here, the difference for each load component, between the different values
of co-contraction grain are small. Therefore a Co-contraction gain of 20% was chosen here. This value
is a little higher than the recommendation made by Zhou et al. (Zhou et al., 1996), because hypothesis
was made that antagonist muscles’ excitation in the spine joint will be triggered for smaller ratio of
moments in the antagonist law, than in the knee joint.

One can note the high values of loads for the position Flex 180N, it is important to note that this
position cannot be maintained statically, and is therefore not physiological. It is equivalent to handle
3 packs of 6 liters of water at the same time with the back flexed at 30°. Such a position is never
encountered in life, that is why high values cannot be taken as representative of a daily situation.
This position was however taken into account in this analysis in order to account for a great critical
situation for which antagonist activity will be large enough to observe difference with variation of each
antagonist parameter.

Fx Fy F, My My M,

Neutral in N in Nm
Net reaction loads -31.2 0.1 - 267.2 -0.9 - 8.9 -0.1
AG -5.1 0.2 - 357.7 -0.5 -34 -0.6
ANTAG G. CC 10-25% 30.5 -9.3 - 453.1 - 0.1 -3.6 -0.6
Fx Fy F, My M, M,

Flex _ON in N in Nm
Net reaction loads -31.2 5.1 - 267.2 -0.9 30.4 0.7
AG 129.3 -42.9 - 710.3 -3.2 3.0 2.8
ANTAG G. CC 10-25% || - 170.5 - 50.0 - 830.1 -21 3.6 2.6
Fx Fy F, My My M,

Flex_90N in N in Nm
Net reaction loads -41.5 6.8 - 354.9 - 1.1 84.6 1.7
AG 364.9 -116.3 | - 1553.4 - 8.7 7.2 6.9
ANTAG G. CC 10% 485.1 -139.5 | - 1823.0 - 4.8 9.4 7.3
ANTAG G. CC 15% 494.9 -142.4 | - 1851.1 -4.6 9.5 7.3
ANTAG G. CC 20% 004.5 - 1454 | - 1878.7 -4.5 9.7 7.4
ANTAG G. CC 25% 014.3 - 148.3 | - 1906.7 -43 9.8 7.4
Fx Fy F, My My M,

Flex 180N in N in N
Net reaction loads - 51.7 8.5 - 4426 -14 138.7 2.8
AG 679.9 -216.1 | - 2447.7 - 10.8 15.2 13.0
ANTAG G. CC 10% 928.7 - 284.8 | -3014.5 -0.5 20.7 16.2
ANTAG G. CC 15% 958.2 -294.4 | -3090.3 0.4 214 16.7
ANTAG G. CC 20% 988.9 -304.3 | - 3168.9 1.3 22.1 17.1
ANTAG G. CC 25% 1020.2 - 3147 | - 3249.3 2.3 22.8 17.6

Table D.2. : Net reaction loads (forces and moments), resulting loads with agonist activity only (AG) and

resulting loads with antagonist activity (ANTAG G. CC) with co-contraction gain being 10%, 15%, 20%, 25%.










ANALYSE QUANTITATIVE ET MODELISATION BIOMECANIQUE DE
L’ALTERATION DE L’EQUILIBRE DURANT LE VIEILLISSEMENT

RESUME : Le vieilissement de la population mondiale pose la question: comment bien
vieillir ? La chute de personnes agées est connue pour étre le point de départ d'un cercle
vicieux conduisant trop souvent a la perte d’autonomie avec un réel co(t de prise en charge
pour la société et le patient. La chute est la conséquence de la perte d’un équilibre efficace et
économe en énergie, résultant d’'une synergie entre le squelette, les muscles et les capacités
cognitives. L’objectif de cette thése est de rechercher les premiers signes d’un vieillissement
pathologique afin de repérer, en amont, les personnes a risque. La premiére partie présente la
caractérisation de l'alignement postural d’adultes jeunes et vieillissants, par l'analyse de
reconstructions 3D du squelette obtenues a partir de radiographies bi-planaires. Elle permet
d’identifier un invariant et des stratégies de compensation chez les sujets vieillissants. La
deuxieme partie s’intéresse au systeme musculaire via la reconstruction 3D de muscles a partir
d’'images IRM, pour des adultes jeunes et vieillissants avec déformations rachidiennes. Elle
permet de mettre en évidence des changements musculaires en lien avec I'altération de la
posture. La derniére partie de cette thése aborde l'adaptation et la personnalisation d'un
modeéle biomécanique musculo-squelettique calculant les efforts résultants au niveau inter-
vertébral. Une boucle de contréle vise a limiter ces efforts en activant les muscles requis.
L'utilisation de la géométrie 3D personnalisée dans ce modéle, ouvre la voie a une
compréhension fine des mécanismes de compensation se produisant au cours du
vieillissement, normal ou pathologique. Cette partie révéle linfluence de laltération de la
posture sur le pattern de recrutement musculaire. Cette thése met en évidence des altérations
au cours du vieillissement, ce qui pourrait ouvrir la voie a lidentification de biomarqueurs
permettant une meilleure prise en charge en amont des personnes vieillissantes a risque.

Mots clés : équilibre, vieillissement, alignement postural, systtme musculaire, modélisation
biomécanique musculo-squelettique.

QUANTITATIVE ANALYSIS AND BIOMECHANICAL MODELING
OF THE BALANCE ALTERATION DURING AGING

ABSTRACT : Aging of the global population challenges scientific community in finding ways to
live longer, but also in better condition. Falling of the elderly is known to be the start of a vicious
cycle leading to loss of autonomy, involving great costs for the society as well as for the patient.
Falling is the consequence of the loss of an efficient balance involving skeleton, muscles and
cognitive capacities. The objective of this PhD was to search for early changes leading to
pathological aging, in order to detect people at risk. The first part reports the characterization of
the postural alignment, of both young and older asymptomatic adults, from 3D reconstruction of
their skeleton based on bi-planar X-rays. An invariant was found and compensatory strategies
have been identified for aging adults. The second part focuses on the 3D reconstructions of the
muscles, based on MRI images, both for young adults and older adults with spinal deformities.
This part identifies muscular changes in relation with postural alterations. The last part of this
PhD tackles the adjustment and personalization of a biomechanical musculo-skeletal model
computing the resulting load in the inter-vertebral joint. The control loop approach of the model
aims to limit these loads by activating appropriate muscles. The use of 3D personalized
geometry as input of the model allows a better understanding of specific compensatory
mechanisms occurring during aging or pathological evolution. This part reveals the influence of
the postural alteration on the muscular recruitment pattern. This PhD brings to light aging
alterations of the skeleton and muscles; this could lead to biomarkers’ identification allowing a
better identification of aging people at risk.

Keywords : balance, aging, postural alignment, muscular system, biomechanical musculo-
skeletal modeling.
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