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Introduction synthétique

Le plexus brachial est un plexus nerveux situé a la base du cou ayant pour principale fonction
I'innervation du membre supérieur. Les fibres nerveuses qui forment le plexus brachial sont
issues des rameaux ventraux des nerfs spinaux cervicaux et thoraciques (de C5 a T1).

La paralysie obstétricale du plexus brachial (POPB) est une parésie d’un ou des deux membres
supérieurs causée le plus souvent par un étirement excessif des racines nerveuses du plexus
brachial lors d ‘une naissance difficile. Les racines C5 et C6, innervant majoritairement
I’épaule, sont les plus fréquemment touchées.

La majorité des parésies est temporaire. La récupération neurologique est toutefois absente
ou incompléete dans environ 20% des cas. Les enfants avec une atteinte nerveuse plus grave
garderont des séquelles a vie comprenant une perte de force, une perte de mobilité passive

et active impactant les activités de vie quotidienne.

L'épaule permet |'orientation dans |'espace du membre supérieur. Elle comprend cing
articulations (articulations gléno-huémrale, sterno-costo-claviculaire, acromio-claviculaire,
scapulo-thoracique et sous deltoidienne). Sa mobilité doit étre la plus importante possible
pour que la préhension se fasse dans un espace maximisé. Cette mobilité est en grande partie
autorisée par I'articulation gléno-humeérale. Chez les enfants avec POPB sans récupération
compléte, I'atteinte de I'épaule et plus particulierement de I'articulation gléno-humérale, est
la principale cause de morbidité. L’atteinte des muscles mobilisant I’articulation gléno-
humérale est a I'origine d’une diminution de leur force et de la limitation de la mobilité active
et passive de cette articulation impactant la mobilité de I'ensemble du membre supérieur.
Cette atteinte musculaire est également a l'origine d’un changement au niveau des
contraintes mécaniques s’exercant sur I'articulation gléno-humérale a I'origine de sa
déformation tridimensionnelle. Cette déformation, bien décrite et connue, géne a son tour le

fonctionnement musculaire et le mouvement.

Chez ces enfants avec POPB, les principaux objectifs thérapeutiques sont la récupération

maximale de la motricité, la lutte contre les rétractions musculaires et les déformations



articulaires pour I'obtention d’'une bonne mobilité du membre supérieur. Une attention

spécifique est portée a I'épaule.

La compréhension précise de I'atteinte des muscles de I’épaule ainsi que de I'organisation du
mouvement dans cette population pourrait permettre d’améliorer les thérapeutiques

proposées.

L’exploration clinique de I'atteinte des muscles gléno-huméraux et des limitations de la
mobilité de I'épaule et de I'ensemble du membre supérieur, n’est pas suffisante pour cet
objectif. Elle ne permet en effet pas d’obtenir des données quantifiées et précises sur
I'atteinte individuelle des muscles et sur la limitation du mouvement.

Dans un objectif de compréhension plus précise du fonctionnement de I'épaule et de
I'ensemble du membre supérieur chez I'enfant avec POPB et d’orientation des choix
thérapeutiques, d’autres explorations telles que I'IRM et I'analyse quantifiée du mouvement
peuvent compléter I’examen clinique. L'IRM permet |'obtention de données quantitatives sur
la morphologie de chaque muscle, notamment leur forme et leur volume liés a la fonction
musculaire. L’analyse quantifiée du mouvement permet la décomposition des mouvements
dans chaque articulation pour une tdche donnée et peut évaluer la performance du

mouvement.

La contribution que nous soumettons dans ce document porte sur I’évaluation de I'atteinte
des muscles de I’épaule ainsi que sur I’'analyse du mouvement des membres supérieurs chez
I’enfant avec POPB sans récupération compléte. Apres une introduction générale du contexte
présentant la paralysie obstétricale du plexus brachial, les problématiques rencontrées dans
cette pathologie et les thérapeutiques proposées, les chapitres ont été regroupés par
thématique de recherche. Le chapitre Il porte sur I’étude morphologique musculaire en IRM
et présente une contribution de 3 articles. Le chapitre lll porte sur I'analyse du mouvement
des membres supérieurs et fait I'objet de I’article 4 qui fournit des précisions sur les propriétés
métrologiques des techniques permettant de quantifier les volumes et formes musculaires
chez des enfants avec développement typique et chez des enfants avec POPB. A partir des
résultats des chapitres Il et lll, le chapitre IV présente une discussion des perspectives

d’exploration du fonctionnement de I’épaule chez I’enfant en particulier une segmentation



automatique développée par notre équipe est présentée en annexe 3. Enfin, fort de ces
réflexions, un essai thérapeutique de prévention précoce de la déformation musculo-

squelettique faisant I'objet de I'article 5 est proposé dans le chapitre V.



| Contexte

1 Anatomie de I’épaule et du membre supérieur

Les éléments anatomiques préalables a la compréhension de nos travaux sont présentés ci-
dessous.

Le membre supérieur est constitué de trois segments : bras, avant-bras et main. Il est relié au
tronc par I’épaule. Le coude relie le bras a I'avant-bras et le poignet relie I'avant-bras a la main

(figure 1).

3 3.
4 4
[5. 5.
6 6
Face antérieure Face postérieure

Figure 1 : le membre supérieur
1:épaule, 2 : bras, 3 : coude, 4 : avant-bras, 5 : poignet, 6 : main

Cette section ne repose pas sur une revue complete de la littérature. Elle est basée sur les
références (Kamina et Gouazé 2009; Kapandji et Tubiana 2005; Netter 2015; Forro et Lowe
2018). Etant donné les conséquences importantes de 'atteinte du plexus brachial au niveau
de I'épaule et plus spécifiquement de I'articulation gléno-humérale chez les enfants avec

POPB, les chapitres en lien seront plus particulierement développés.



1.1 les os

1.1.1 Laclavicule

La clavicule est un os court, cylindrique située entre le sternum et la scapula. Vue de dessus,

elle dessine un S italique.

1.1.2 Lascapula

La scapula (figure 2) est un os de forme triangulaire avec 2 faces (antérieure et postérieure),
3 bords (latéral, médial et supérieur) et 3 angles (supérieur, inférieur et externe). Au niveau
de I'angle externe, en regard de I'humérus, se trouve une surface articulaire, appelée gléne.
Elle est orientée en dehors, en avant et légerement vers le haut (Ohl et al. 2012). Sa concavité
est moins marquée que celle de la téte humérale (Kapandji et Tubiana 2005). La gléne est
presque plane favorisant I'amplitude des mouvements de l'articulation gléno-humérale. La
face antérieure de la scapula est concave et appliquée contre le thorax alors que la face
postérieure est plutdét convexe. Aux trois quarts supérieurs de la face postérieure se trouve
I’épine de la scapula qui divise la face postérieure en 2 : la fosse sus-épineuse et la fosse sous
épineuse. L'acromion est le prolongement de I’épine de la scapula qui va s’articuler avec la
clavicule. Il forme une arcade avec le processus coracoide. La scapula se situe le plus souvent

en regard de la 1ére a la 7éme cote.

Face antérieure Face postérieure Vue latérale

Figure 2 : Repeéres anatomiques de la scapula
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1:gléne, 2 : fosse sus épineuse, 3 : fosse sous épineuse, 4 : angle supérieur, 5, angle latéral, 6 : angle inférieur,
7 : bord médial, 8 : bord latéral, 9 : bord supérieur, 10 : processus coracoide, 11 : acromion, 12 : épine de la
scapula.
https://www.imaios.com/fr/e-Anatomy/Membres/Membre-superieur-Schemas

1.1.3 L’humérus

L'humérus (figure 3) est un os long qui s’articule dans son extrémité supérieure (téte
humérale) avec la glene de I'omoplate et dans son extrémité inférieure avec le radius et I'ulna.
La téte humérale est orientée en haut, en dedans et en arriere. On I'assimile a un tiers de
sphere (Kapandji et Tubiana 2005). Les muscles péri-articulaires viennent s’insérer sur 2
saillies : le tubercule mineur en avant et le tubercule majeur en dehors. Au niveau de
I’extrémité inférieure, on retrouve la palette humérale et deux points facilement palpables :

I’épicondyle médial et I’épicondyle latéral.

i

\ / \

L0 5 1S5
\,‘J L

Vue antérieure Vue postérieure

Figure 3 : Repéres anatomiques de I’"humérus
1:téte humérale, 2 : tubercule majeur, 3 : tubercule mineur, 4 : épicondyle médial, 5 : épicondyle latéral
https://www.imaios.com/fr/e-Anatomy/Membres/Membre-superieur-Schemas

1.1.4 Le radius

Le radius est I'os antéro latéral de I'avant-bras. C'est un os long qui s’articule en haut avec
I’lhumérus, en haut et en dedans avec l'ulna, en bas avec I'ulna et le carpe. Son corps est plus
volumineux en bas. Il présente une courbure permettant le mouvement de prono-supination.

Au niveau de I'extrémité inférieure, le processus styloide radial est facilement palpable.

11



1.1.5 L'ulna

L'ulna est I'os postéro médial de I'avant-bras. C’'est un os long qui s’articule en haut avec
I’lhumérus, en haut et en dehors avec le radius, latéralement avec le radius et en bas avec le
ligament intra articulaire qui s’articule lui-méme avec le carpe. Au niveau de |'extrémité

inférieure, le processus styloide ulnaire est facilement palpable.

1.1.6 Os de la main et du poignet

La main est formée de 27 os constants répartis en 3 groupes : le carpe, le métacarpe et les

phalanges.

1.2 Les articulations

1.2.1 Complexe articulaire de I’épaule

L’épaule est le complexe articulaire le plus mobile de I'organisme. Elle comprend cinq
articulations mécaniquement liées (Figure 4). On compte trois articulations vraies : gléno-
humérale, sterno-costo-claviculaire, acromio-claviculaire et deux articulations physiologiques

(espaces de glissement) : scapulo-thoracique et sous deltoidienne (Kapandji et Tubiana 2005).

Dans le premier groupe (articulations anatomiques) on retrouve :

- P'articulation gléno-humérale. C'est une enarthrose, composée par la téte humérale et la
gléne de la scapula dont la concavité est peu marquée et renforcée par le bourrelet glénoidien.
Son appareil capsulo-ligamentaire est suffisamment lache pour permettre sa grande mobilité.
Une participation musculaire est nécessaire pour assurer la coaptation des deux surfaces
articulaires dans toutes les positions.

- I'articulation sterno-costo-claviculaire. C'est I'élément de jonction articulaire du membre
supérieur au squelette axial.

- I'articulation acromio-claviculaire. C’est le seul élément reliant la scapula au reste du

squelette axial.

Dans le deuxieme groupe (articulations physiologiques) on retrouve :

12



- Particulation scapulo-thoracique. C'est un espace de glissement de la scapula sur la cage
thoracique. Cet espace est constitué d’'une interface de plusieurs tissus mous. Cette
articulation est trés liée mécaniguement aux articulations acromio-claviculaire et
sternoclaviculaire.

- I'articulation sous acromiale est la connexion entre I'arcade coraco-acromiale et la téte

humérale. Cette articulation est mécaniquement liée a la gléno-humérale.

Articulation
acromioclaviculaire

.5 sternoclaviculaire

Sternum

Articulation

Scapula =

\ A1

Articulation Humérus
scapulothoracique

Figure 4
a: Les 3 os et 4 des articulations du complexe de I'épaule. L’articulation sous acromiale peut étre considérée
comme une articulation physiologique supplémentaire.

b : Vue supérieure des articulations du complexe de I'épaule, montrant en particulier en 5 I'espace de
glissement scapulo-thoracique (1 : sternoclaviculaire, 2 : acromio-claviculaire, 3: scapulohumérale, 4 : sous
acromiale)

(Issu de Dufour, 2005)

La mobilité de I'’épaule doit étre la plus importante possible pour que la préhension se fasse
dans un espace maximisé. L'épaule est, avec ses 3 axes de travail et ses 3 degrés de liberté
articulaire, le complexe le plus mobile de I'organisme.
Les mouvements principaux du complexe de I'épaule (figure 5) peuvent étre décomposés en:
- flexion qui éleve le bras vers |'avant
- extension, qui porte le bras en arriere
- adduction, qui rapproche le bras de |'axe du corps
- abduction, qui éléve le bras sur le coté
- rotation interne, qui correspond a une rotation autour de I’axe huméral vers I'intérieur
- rotation externe, qui correspond a une rotation autour de I'axe huméral vers

I'extérieur.

13



Les mouvements de flexion-extension, abduction-adduction et rotation interne-externe
permettent I'orientation de I’lhumérus par rapport au thorax dans les trois plans de I'espace
et autorisent le mouvement de circumduction de I'épaule (Veeger et van der Helm 2007). Lors
de ces différents mouvements, les cing articulations fonctionnent simultanément et dans des

proportions variables (Veeger et van der Helm 2007; Hurov 2009).

3 degrés de liberté: i

Flexion

. ) Extension ___~
» flexion-extension

* abduction-adduction

Rolofion

* rotation interne-externe

Figure 5 : les mouvements globaux de I'épaule
https://slideplayer.fr/slide/171630

Au niveau de l'articulation scapulo-thoracique, si I'on considére le systéme de coordonnées
locales défini par I'International Society of Biomechanics (ISB), le mouvement le plus
important de la scapula est sa rotation latérale autour d’un axe antéro-postérieur (medial-
lateral rotation). La rotation selon I‘axe vertical s’appelle protraction (sens antihoraire) et
rétraction (sens horaire) (internal/external rotation). Le mouvement de la scapula autour d’un
axe frontal est appelé tilt antéropostérieur. La bascule est antérieure lorsque I'angle inférieur

de la scapula s’éloigne du thorax (Figure 6).

| s R ;
| y
. 7
\ .

\ onlahnl]e 'l‘iltp;l‘ ookt
N\

Rontionméd:

Figure 6 : mouvements de |'articulation scapulo-thoracique
(Issu de Nguyen C, 2015)
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Au niveau de l'articulation gléno-humérale, la morphologie de la téte humérale et de la gléne,
qui ont une forme similaire mais des rayons de courbures différents, facilite les mouvements
amples (Veeger et van der Helm 2007; Hurov 2009). Les contractions coordonnées des
muscles de I'épaule assurent le centrage dynamique de la téte de I'humérus dans la gléne
(Veeger et van der Helm 2007; Hurov 2009).

Le mouvement scapulo-huméral ou gléno-huméral peut se décomposer en :

- abduction physiologique qui est I'’écartement dans le plan de la scapula (c’est a dire environ
45°)

- flexion-extension qui s’effectue dans un plan perpendiculaire au plan de la scapula.

- rotations axiales qui s’effectuent dans le plan transversal

L'international society of biomechanics (ISB) déconseille d’utiliser les termes de flexion et
d’abduction car en fonction de l'ordre de la séquence (abduction/flexion ou flexion/
abduction) les résultats ne sont pas les mémes. Il propose la décomposition par les rotations

suivantes : plan d’élévation, élévation humérale et rotation axiale (Figure 7).
Yh Yh Yh

Xh/}j AN

GH plane of elevation Negative GH elevation GH axial rotatio

Figure 7 : Définition des mouvements gléno-huméraux.
(Issu de Wu G, 2005)

1.2.2 Articulations du coude

Le coude est composé de trois articulations ayant la méme cavité articulaire : I'articulation

huméro-ulnaire, I'articulation huméro-radiale et I'articulation radio-ulnaire proximale.

Les articulations huméro-ulnaire et huméro-radiale interviennent dans les mouvements de

flexion extension de coude.
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Les articulations radio-ulnaire proximale et distale, unissant respectivement les épiphyses
proximales et distales, toutes deux trochoides, permettent des mouvements de rotation : la

pronation et la supination.

1.2.3 Articulations du poignet

Les mouvements de la main sur I’avant-bras font intervenir de nombreuses articulations
solidaires entre elles, comprenant ['articulation radio-carpienne et les articulations

intercarpiennes (proximales, distales et médio-carpiennes).

Le poignet possede 3 degrés de liberté. Les mouvements de flexion extension se déroulent
davantage dans l'articulation radio-carpienne. Les mouvements d’abduction-adduction se
déroulent principalement dans I’articulation médio-carpienne. Des rotations légeres se

produisent dans I'articulation médio-carpienne.

1.2.4 Articulations de la main

Elles comprennent les articulations carpo-métacarpiennes, métacarpo-phalangiennes et

interphalangiennes.

1.3 Les muscles

1.3.1 Muscles intervenant dans la mobilité du membre supérieur

Certains muscles du dos naissent du rachis et se terminent soit sur la ceinture du membre
supérieur, soit sur ’humérus. Ils comprennent un groupe superficiel comprenant les muscles
trapeze et grand dorsal et un groupe profond avec les muscles élévateurs de la scapula, petit
rhomboide et grand rhomboide.

De méme certains muscles du thorax se terminent sur la ceinture du membre supérieur ou
sur I'"humérus. Il s’agit des muscles grand pectoral, petit pectoral, subclavier et dentelé
antérieur.

Les muscles de I'épaule naissent de la ceinture du membre supérieur et se terminent sur

I’humérus. lls comprennent 6 muscles : les muscles deltoide, supraépineux, infraépineux, petit
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rond, grand rond et subscapulaire (figure 8). Les muscles supraépineux, infraépineux, et
subscapulaire forment la coiffe des rotateurs. Avec le muscle grand pectoral, ces muscles
seront ci-dessous appelés muscles gléno-huméraux du fait de leur réle important dans la

mobilisation de I'articulation gléno-humérale.

Vue antérieure Vue antérieure profonde Vue postérieure
superficielle

Figure 8 : muscles de I'épaule
1 : deltoide, 2 : grand pectoral, 3 : subscapulaire, 4 : supraépineux, 5 : grand rond, 6 : infraépineux
https://www.imaios.com/fr/e-Anatomy/Membres/Membre-superieur-Schemas

Les muscles du bras comprennent deux groupes : un groupe antérieur comprenant les muscles
biceps brachial, coraco-brachial et brachial et un groupe postérieur constitué du muscle
triceps brachial.

Au niveau de l'avant-bras, la partie antérieure comprend 4 plans. Son plan
superficiel comprend 4 muscles : les muscles brachio-radial, rond pronateur, fléchisseur radial
du carpe, long palmaire et fléchisseur ulnaire du carpe. On retrouve ensuite les plans des
muscles fléchisseurs superficiels et profonds des doigts. Enfin, le plan profond comprend les
muscles supinateur et carré pronateur.

Les muscles postérieurs de I'avant-bras sont organisés en un plan superficiel comprenant les
muscles long extenseur radial du carpe, court extenseur radial du carpe, extenseur commun
des doigts, extenseur du petit doigt, extenseur ulnaire du carpe et anconé. Le plan profond
est destiné essentiellement au pouce.

Enfin les muscles de la main comprennent 3 groupes, non détaillés ici: les muscles de
I’éminence thénar destinés au pouce, les muscles de I'éminence hypothénar destinés au petit

doigt et le groupe intermédiaire annexé a tous les doigts.
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1.3.2 Fonction musculaire

Par leur contraction, les muscles ont un role dans la stabilité statique et dynamique des
articulations.

Leur role dans la stabilité statique reléve de la contraction musculaire isométrique durant
laquelle la force musculaire équilibre une résistance.

Leur role dans la stabilité dynamique reléve de la contraction musculaire isotonique qui
provoque un mouvement de rotation du muscle (ou moment de la force musculaire). En
fonction de leur bras de levier, les muscles seront dans une position plus ou moins favorable
pour mobiliser I'articulation (J. M. M. Brown et al. 2007). Le bras de levier d’une force par
rapport a un axe de rotation est la distance entre la ligne d’action de la force et I'axe de
rotation (figure 9). Le bras de levier varie en fonction de la position de I'articulation. La ligne
d’action d’un muscle est la direction dans laquelle la force de ce muscle est appliquée. On
peut distinguer les muscles mobilisateurs principaux, les muscles synergiques et les muscles
antagonistes. Les mobilisateurs principaux (« prime movers ») sont activés précocement lors
d'un mouvement et ont des fibres musculaires avec des lignes d'action proches de la direction
du mouvement prévu avec un moment de force agoniste. Les muscles synergiques sont
activés plus tardivement lors du mouvement et ont des lignes d'action légerement divergentes
par rapport a celles des mobilisateurs principaux mais conservent un moment de force
agoniste. Les muscles antagonistes sont activés plus tardivement lors du mouvement et ont
des lignes d'action dans des directions opposées a celle du mouvement, a l'origine d'un
moment de force antagoniste (Wickham et Brown 1998; J. M. M. Brown et al. 2007). Des
segments musculaires d'un méme muscle peuvent avoir des réles différents dans la
mobilisation d'une articulation (J. M. M. Brown et al. 2007). En fonction de la position et de
I'amplitude du mouvement réalisé, les bras de levier peuvent varier (figure 9). Un muscle peut

donc étre impliqué uniquement dans une partie du mouvement (Hurov 2009).
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\
- \

Moment Arm

Axis of
Rotation

Figure 9 : bras de levier
A gauche : définition d’un bras de levier (moment arm)
https://stressoverstrain.wordpress.com/tag/torque/
A droite : illustration au niveau de I'épaule, le bras de levier change en fonction de la position. Il apparait en
rouge. La ligne d’action est la direction de la fleche noire.
http://oregonstate.edu/instruct/exss323/Angular_Kinetics/elbowmomentarm.htm

Par exemple, au niveau de [larticulation gléno-humérale, les muscles principalement
impliqués dans chague mouvement en tant que mobilisateurs principaux sont (J. M. M. Brown
et al. 2007; Kuechle et al. 1997, 2000) :

- flexion : deltoide antérieur, supraépineux, grand pectoral

- extension : deltoide postérieur, grand rond, grand dorsal

- abduction : supra épineux, deltoide

- adduction : grand pectoral, grand dorsal

- rotation interne : subscapulaire, grand pectoral

- rotation externe : infraépineux, petit rond

Les fonctions mobilisatrices principales de chaque muscle sont rapportées dans I'annexe 1.

1.4 Le plexus brachial

Le plexus brachial est un plexus nerveux situé a la base du cou. Il a pour principale fonction
I'innervation du membre supérieur. Les fibres nerveuses qui forment le plexus brachial sont
issues des rameaux ventraux des nerfs spinaux cervicaux et thoraciques (de C5 a T1) (Kattan
et Borschel 2011; Bayot et Elzeftawy 2018).

Le plexus brachial s'organise successivement en racines, troncs, divisions, faisceaux, branches

terminales et nerfs périphériques (Kattan et Borschel 2011) (figure 10).
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Figure 10 : le plexus brachial

Le plus souvent

Les racines C5 et C6 fusionnent pour former le tronc supérieur du plexus brachial, la
racine C7 est seule a I'origine du tronc moyen et les racines C8 et T1 fusionnent pour
former le tronc inférieur
- Chacun de ces troncs se divise ensuite en une branche dorsale et une branche ventrale
- Les trois branches dorsales se réunissent pour former le faisceau postérieur. Les
branches ventrales des troncs supérieur et moyen se réunissent pour former le
faisceau latéral. La branche ventrale du tronc inférieur devient le faisceau médial.
- Les trois faisceaux forment le nerf musculo cutané, le nerf médian, le nerf ulnaire, le
nerf radial et le nerf axillaire.
Différents nerfs collatéraux émergent des racines nerveuses, troncs et faisceaux. Ainsi, les
racines donnent le nerf scapulaire dorsal issu de C5 ; le nerf thoracique long issu de C5, C6 ; et
le premier nerf intercostal (T1). Le tronc supérieur donne le nerf supra-scapulaire et le nerf
subclavier. Le faisceau latéral donne le nerf pectoral latéral. Le faisceau médial donne le nerf
pectoral médial, les nerfs cutanés médiaux du bras et de I'avant-bras. Le faisceau postérieur

donne le nerf subscapulaire supérieur, le nerf thoraco-dorsal et le nerf subscapulaire inférieur.
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Le tableau en annexe 1 rapporte l'innervation des muscles intervenant dans la mobilité du

membre supérieur (épaule coude poignet).
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2 La paralysie obstétricale du plexus brachial

La paralysie obstétricale du plexus brachial (POPB) est une parésie d’'un membre supérieur

chez le bébé secondaire a une lésion du plexus brachial a la naissance.

2.1 Description de la maladie

La paralysie obstétricale du plexus brachial a une incidence estimée a 1.4/1000 naissances
(Chauhan, Blackwell, et Ananth 2014). Les facteurs de risque de POPB sont maternels (obésité,
gain de poids excessif durant la grossesse, diabéte, 4ge avancé), feetaux (poids de naissance
élevé), et liés a I'accouchement (accouchement par voie basse et plus particulierement
accouchement par le siege, dystocie des épaules, travail prolongé, utilisation de forceps et/ou
de ventouse) (Mollberg et al. 2005; Okby et Sheiner 2012; Weizsaecker, Deaver, et Cohen
2007).

Les lésions obstétricales du plexus brachial sont le plus souvent causées par un étirement
excessif des racines nerveuses, soit lors d’une traction sur la téte, soit lors d’une traction du
membre supérieur (Abid 2016). La lIésion du plexus brachial peut survenir de l'origine de la
moelle épiniere aux branches terminales (Kattan et Borschel 2011). Du fait de la complexité
du plexus brachial, il existe une grande diversité de combinaisons théoriques de Iésions au
sein des éléments constituant le plexus brachial (Yang 2014). Les racines C5 et C6 sont les plus
fréquemment touchées, éventuellement en association avec la racine C7. Le plexus complet
est moins souvent atteint (Abid 2016; Zafeiriou et Psychogiou 2008). Les Iésions proximales
sont appelées « lésions pré-ganglionnaires » ou « avulsion de racine ». Les Iésions plus distales
sont appelées « Iésions post-ganglionnaires ». Différents types d’atteintes nerveuses peuvent
survenir dans ce cas : neurotmésis, axonotomésis et neurapraxie (Raducha et al. 2017; Abid
2016) (figure 11). Une parésie du membre supérieur survient avec atteinte des muscles en

fonction de leur innervation radiculaire et de la gravité de la Iésion des racines nerveuses.
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Figure 11 : Atteinte nerveuse du plexus brachial
Séquence de lésions nerveuses allant de I'avulsion, au neurotmesis, a la neurapraxie.
https://obgynkey.com/brachial-plexus-birth-palsy-microsurgery/

Narakas et Birch (Narakas 1987; Al-Qattan et al. 2009) ont proposé une classification en
fonction de la présentation clinique :
- groupe | (C5-C6) avec parésie au niveau de I'épaule et du biceps, correspondant a
I'atteinte la plus fréquente ; ce groupe est aussi appelé paralysie d’Erb
- groupe Il (C5-C7) avec parésie au niveau de |I"épaule, du biceps et des extenseurs de
I’avant-bras
- groupe Il (C5-T1) avec parésie compléte du membre supérieur
- groupe IV avec parésie compléte du membre supérieur et syndrome de Horner
(associant un myosis, un ptosis et une anhydrose localisée).

La paralysie de Kumpke (C8-T1) est rare, avec parésie du poignet et de la main.

La majorité des parésies est temporaire. La récupération neurologique est absente ou
incompléte dans environ 20% des cas (Chauhan, Blackwell, et Ananth 2014). La localisation
de I'atteinte nerveuse (supérieure, inférieure, compléte) et son importance (avulsion, rupture)

conditionnent le pronostic de récupération (Zafeiriou et Psychogiou 2008; Yang 2014).

Les enfants avec une atteinte nerveuse plus grave garderont des séquelles comprenant, au

sens de la classification internationale du fonctionnement (CIF), des déficiences, une

limitation des activités, des restrictions de participation et une réduction de la qualité de vie
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(Figure 12). Les déficiences seront majoritairement secondaires a I'atteinte musculo-
squelettique avec une perte de force, une perte de mobilité passive et active. Les limitations
des activités et restrictions de participation sont en lien avec la diminution de mobilité du
membre supérieur et les conséquences esthétiques (Julka et Vander Have 2011; Zafeiriou et
Psychogiou 2008; Sarac et al. 2013; Hulleberg et al. 2014; Squitieri et al. 2013; Bae, Waters, et
Zurakowski 2008; Butler et al. 2017). Ainsi, les enfants pourront présenter des difficultés a
I’écriture ou seront génés dans leur participation aux activités sportives nécessitant des

préhensions bimanuelles.

Problémes de santé
(troubles/maladies)

Y Y

Fonctions et - Activités - Participation
structures corporelles (Limirtations) (Restrictions)
(Déficiences)

A }
)
Y '

Facteurs Facteurs
environnementaux personnels

Figure 12 : Classification internationale du fonctionnement, du handicap et de la santé (CIF)
Les déficiences : désignent des problémes dans la fonction organique ou la structure anatomique tel qu'un
écart ou une perte importante.
Les activités : désignent I'exécution d'une tache ou d'une action par une personne.
La participation désigne I'implication d'une personne dans une situation de vie réelle.
Les limitations d'activités désignent les difficultés que rencontre une personne dans I'exécution d'activité.
Les restrictions de participation : désignent les problémes qu'une personne peut rencontrer dans son
implication dans une situation réelle.

2.2 Atteinte musculo-squelettique de I’épaule des enfants avec POPB

Chez les enfants avec POPB, les conséquences musculo-squelettiques de |'atteinte du plexus
brachial et de la dénervation sont majeures au niveau de I'épaule et persistent a I’age adulte
(Partridge et Edwards 2004; Hulleberg et al. 2014). L'atteinte de I'épaule est la principale
cause de morbidité dans cette population (Michael L. Pearl 2009; Julka et Vander Have 2011;
Bahm et al. 2007; Sibinski et al. 2010; van Gelein Vitringa et al. 2009; Peter M. Waters et al.
2009; P. M. Waters, Smith et Jaramillo 1998).
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Au niveau de I’épaule, on retrouve le plus souvent une rétraction en rotation interne ou une
limitation importante des amplitudes articulaires passives en rotation externe, une limitation
des amplitudes articulaires de I'épaule plus modérée dans les autres degrés de liberté, une

diminution de force et des amplitudes articulaires actives.

2.2.1 Cercle vicieux de la déformation musculo-squelettique

Du fait de leur innervation, les muscles gléno-huméraux (Shenaq et al. 2005) sont
systématiquement affectés chez les enfants avec POPB sans récupération complete. L'atteinte
des muscles est a l'origine d’un changement au niveau des contraintes mécaniques
s’exercant sur I'articulation gléno-humérale et d’une déformation tridimensionnelle de celle-
ci. Cette déformation géne a son tour le fonctionnement musculaire et le mouvement.

L’ensemble forme un cercle vicieux (figure 13).

‘
Atteinte musculaire Déformation des os

Limitation des mouvements

Figure 13 : cercle vicieux de I'atteinte de I'épaule chez les enfants avec POPB

2.2.2 Atteinte musculaire

La dénervation induit des modifications morphologiques et structurelles, physiologiques,
métaboliques et biochimiques des muscles (Midrio 2006) ayant pour principale conséquence
une altération de leurs propriétés contractiles. La diminution des sollicitations mécaniques,
du fait de la parésie affectant I'ensemble du membre supérieur, a également des

conséquences propres telles qu’une atrophie, ou un changement de composition des muscles
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avec altération de leurs propriétés fonctionnelles (Clark, Cook et Ploutz-Snyder 2007; Giroux-

Metges et al. 2005).

Chezl’enfant avec POPB, les études évaluant I’atteinte musculaire avaient le plus souvent pour
objectif principal I'étude de I'impact de cette atteinte dans la genése de la déformation
osseuse (figure 14). Dans ces études, I’atteinte du muscle subscapulaire est prédominante,
avec une atrophie marquée (Hogendoorn et al. 2010; van Gelein Vitringa et al. 2009; Van
Gelein Vitringa et al. 2011; Poyhia et al. 2005). La structure histologique de ce muscle est
retrouvée altérée avec une augmentation de la raideur des fibres musculaires, une surface
des fibres et une longueur sarcomérique plus faibles par rapport a des muscles du membre
supérieur de sujets sans pathologie neuromusculaire, expliquant la rétraction en rotation
interne d’épaule chez ces enfants (Einarsson et al. 2008). Une atrophie notable du muscle
infraépineux est également montrée (van Gelein Vitringa et al. 2009; Van Gelein Vitringa et
al. 2011; Poyhia et al. 2005). Les muscles deltoide, grand pectoral et supra-épineux ont été
peu étudiés, ils semblaient davantage préservés (Peter M. Waters et al. 2009; Van Gelein
Vitringa et al. 2011; van Gelein Vitringa et al. 2009; Poyhia et al. 2005). Des corrélations entre
les atteintes musculaires individuelles des muscles subscapulaire et infraépineux et la
déformation osseuse de I'articulation gléno-humérale mesurée dans le plan axial (rétroversion
de la gléne, subluxation de I’humérus) ont été retrouvées (Hogendoorn et al. 2010; Poyhia et
al. 2005; Van Gelein Vitringa et al. 2011; Peter M. Waters et al. 2009). Le muscle grand
pectoral, a I'origine d’'un déséquilibre musculaire entre les rotateurs internes et externes
pourrait également étre impliqué dans la genese de la déformation osseuse (Peter M. Waters

et al. 2009).

Différentes études traitant de [I'atteinte musculaire ont été réalisées chez l'animal,
notamment la souris ou le rat, chez lesquels des paralysies du plexus brachial ou des
dénervations musculaires peuvent étre réalisées lors d’expérimentations juste apres la
naissance. Chez ces animaux, une dégénérescence musculaire avec infiltration graisseuse, en
lien avec une dysrégulation dans I'expression des genes myogéniques et adipogénes (Das et
al. 2011; H. M. Kim et al. 2010) est montrée suite a une dénervation du muscle supra-épineux.
Des déséquilibres musculaires entre les rotateurs internes et externes (subscapulaire et

infraépineux) et une perturbation de la croissance musculaire dans la genese de la
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déformation de I'articulation gléno-humérale se mettent en place. lls sont a I'origine d’une
diminution des possibilités de rotation externe passive d’épaule et d’une modification des
contraintes mécaniques exercées sur I’os ayant pour conséquence la genése de la déformation
de l'articulation gléno-humérale (Soldado et al. 2014; Tatara et al. 2014). Ces études étant
réalisées chez I'animal, leurs conclusions sont a interpréter avec précaution chez I’enfant avec

POPB (Soldado et al. 2012).

Deux études, réalisées par une méme équipe, ayant pour objectif principal de mieux
comprendre les facteurs musculaires impliqués dans la genése de la déformation, ont utilisé
des modélisations biomécaniques de I’épaule (Crouch et al. 2014; Cheng et al. 2015). Sept
muscles (infraépineux, subscapulaire, grand dorsal, chef long du biceps, deltoide antérieur,
grand pectoral, chef long du triceps) ont été identifiés comme pouvant produire une
augmentation de la force postérieure s’appliquant sur l'articulation gléno-humérale et
favorisant la rétroversion de la gléne ainsi que la subluxation postérieure de la téte humérale
(Crouch et al. 2014). L'association des déséquilibres musculaires et de la perturbation de la
croissance de ces muscles aurait I'impact le plus fort, comparé au déséquilibre musculaire seul
ou a la perturbation de la croissance isolée. Des implications pour la prise en charge des
enfants avec POPB en étaient déduites. Ces études présentaient toutefois certaines limites.
Tout d’abord, le modeéle utilisait des données anatomiques provenant d’études caractérisant
I’épaule chez I'adulte (Holzbaur, Murray, et Delp 2005). De plus, seul le plan transversal était
considéré dans le raisonnement. Enfin, dans les modélisations, les atteintes simulées étaient

les mémes pour chaque muscle.

Chez I'enfant avec POPB, une dégénérescence des muscles d’importance variable suite a la
dénervation survient. L’atteinte du couple subscapulaire-infraépineux, de méme que la
perturbation de la croissance et les modifications de I'architecture du muscle subscapulaire
sont des points clés dans la pathologie de I’épaule des enfants avec POPB. Ces éléments sont
impliqués dans la rétroversion de la glene et la migration postérieure de la téte de I’humérus.
La majorité des études a cependant étudié un nombre restreint de muscles. Les déséquilibres
de forces et la perturbation des mouvements de I’épaule dans les trois plans de I'espace
(Brochard, Alter, et Damiano 2014), (paragraphe 2.3), la déformation tridimensionnelle de

I’articulation gléno humérale (Brochard et al. 2016; Frich, Schmidt et Torfing 2017) et le
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potentiel impact de nombreux muscles dans la genése de cette déformation dans les études
de simulation (Cheng et al. 2015; Crouch et al. 2014) sont des éléments montrant I'intérét de
chercher une atteinte plus globale des muscles de I’épaule et des déséquilibres dans les
couples agonistes-antagonistes. Une meilleure connaissance de |'atteinte de I'ensemble des
muscles de I"épaule pourrait ainsi aider a la compréhension plus globale des limitations du

mouvement et de la déformation tridimensionnelle de I'épaule.

Figure 14 : Atteinte des muscles gléno-huméraux en IRM, déformation gléno-humérale associée
Coupes transversales T1 des épaules d’un enfant avec atteinte du plexus brachial droit
A : épaule atteinte, B : épaule non atteinte, D : deltoide, SS : subscapulaire, IS : infraépineux, G : gléne, H :
humérus.
(Issu de Hogendoorn S 2010).

2.2.3 Atteinte osseuse

Les déformations osseuses de l'articulation gléno-humeérale (figure 15) surviennent trés
précocement dans les mois suivant la naissance (van der Sluijs et al. 2004; Van Gelein Vitringa
et al. 2011; Greenhill et al. 2018; lorio et al. 2015), principalement chez les enfants ayant une
atteinte haute de plexus brachial (Bhardwaj et al. 2013; Hogendoorn et al. 2010). Ces
déformations ont été étudiées dans de nombreux articles et sont désormais bien décrites
(Bahm et al. 2007; Moukoko et al. 2004; Van der Sluijs et al. 2004; Van Gelein Vitringa et al.
2011; Van der Sluijs et al. 2001; Brochard et al. 2016; Frich, Schmidt et Torfing 2017; Eismann
et al. 2015). Elles sont caractérisées par un excés de rétroversion de la gléne, une orientation
vers le bas et une déformation de celle-ci, une migration postérieure, inférieure et médiale

de la téte humérale allant progressivement vers la luxation complete (figure 15) (Bahm et al.
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2007; Moukoko et al. 2004; Van der Sluijs et al. 2004; Van Gelein Vitringa et al. 2011; Van der
Sluijs et al. 2001; Brochard et al. 2016; Frich, Schmidt et Torfing 2017; Eismann et al. 2015).
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Figure 15 : Déformation de I'articulation gléno-humérale chez I'enfant avec POPB en IRM, bidimensionnelle et
tridimensionnelle
En haut a gauche: coupe transversale IRM d’une épaule déformée chez un enfant avec POPB.
En haut a droite : migration de la téte humérale en arriére et en bas chez le méme enfant.
En dessous : version glénoidienne avec orientation de la gléne en arriére et en bas chez le méme enfant.
(Issu de Brochard S, 2016)

2.3 Perturbation du mouvement chez les enfants avec POPB

La diminution de la fonction musculaire avec la perte de force suite a la dénervation,
I'altération de la croissance et de la structure des muscles mais également les déformations
osseuses, qui a leur tour limitent I'action des muscles du fait de la modification de leurs bras
de levier (Peter M. Waters 2005; Hultgren et al. 2013; Kirkos et al. 2005; Nath et Paizi 2007)
ont pour conséquence une perturbation des mouvements du membre supérieur atteint, de
facon prédominante au niveau de I'épaule (Mayfield et al. 2017; lorio et al. 2015; Talbert et

al. 2011; Mosqueda et al. 2004; Russo et al. 2014). Dans certains travaux, une participation
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centrale avec un phénomeéne d’ « apraxie développementale » pourrait participer a cette
perturbation du mouvement (Colon, Vredeveld et Blaauw 2007; Boylan et Fouladvand 2001;

Anguelova et al. 2017)

Cette perturbation du mouvement est le principal facteur a I'origine des limitations d’activité
et restrictions de participation dans cette population. La majorité des enfants avec POPB est
décrite comme indépendante pour la plupart des activités de vie quotidiennes (s’habiller, faire
sa toilette, s’alimenter) mais ces activités peuvent étre ressenties comme difficiles par les
enfants (Van der Holst et al. 2017; Hulleberg et al. 2014). Certaines taches peuvent étre
particulierement compliquées a effectuer, comme mettre le bras dans la manche d’un pull ou
coincer un pull a I'arriére du pantalon pour les jeunes enfants, boutonner chez les enfants plus
agés (Sundholm, Eliasson, et Forssberg 1998; Spaargaren et al. 2011). La participation a
certains sports peut s’avérer délicate (Sarac et al. 2013). La dextérité du membre supérieur
atteint des enfants avec POPB mais également du membre supérieur sain est moins bonne
que celle d’enfants présentant un développement typique (Aktas et al. 2018; Immerman et al.

2012; Matthews 2018).

Chez les enfants avec POPB, I'épaule a été étudiée spécifiquement. D’importantes limitations
dans les amplitudes de mouvements dans les trois plans de I'espace au niveau de
I’articulation gléno-humérale (Herisson et al. 2017; Russo et al. 2014; Duff, Dayanidhi, et
Kozin 2007), avec une tres forte limitation des mouvements en rotation externe ont été
décrites. La perturbation des mouvements de I'épaule du fait de la rétraction en rotation
interne est a l'origine d’'une modification des forces s’exercant sur I'articulation gléno-
humérale (Kleiber et al. 2013). Cette modification des forces durant le mouvement pourrait

avoir a son tour un impact sur la déformation osseuse (Kleiber et al. 2013).

L'interdépendance du fonctionnement des articulations entre elles, mise en évidence dans
cette population par la perturbation du rythme scapulo-huméral (Herisson et al. 2017; Russo
et al. 2014; Duff, Dayanidhi, et Kozin 2007) avec une augmentation de la mobilité de la scapula
pour compenser la limitation de mobilité de I'articulation gléno-humérale, montre I'intérét
d’une évaluation de I'ensemble des articulations du membre supérieur (Holzbaur, Murray et

Delp 2005) chez ces enfants. Cela permettrait chez les enfants avec POPB une meilleure
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compréhension des stratégies de mouvement du membre supérieur avec visualisation des
perturbations en lien avec 'atteinte du plexus brachial, notamment au niveau de I'épaule,
mais aussi des éventuelles compensations mises en place dans les articulations sus et sous-
jacentes. Cela pourrait ainsi aider a la compréhension des limitations d’activité objectivées

chez ces enfants et a I'orientation dans les propositions de prises en charge thérapeutiques.

2.4 Evaluation biomécanique et fonctionnelle des enfants avec POPB

L’examen clinique recherche la présence de déformations, spécificités de positionnement et
évalue la mobilité passive et active de I'ensemble des articulations du membre supérieur
(Michael L. Pearl 2009). Il est complété par une évaluation de l'utilisation du membre
supérieur atteint de I'’enfant au quotidien, des limitations d’activité, et des restrictions de
participation (Sundholm, Eliasson et Forssberg 1998).

L’évaluation de la motricité passive consiste en I'’examen des amplitudes articulaires passives
dans les trois plans de I'espace. Pour I'évaluation de la motricité active, différentes échelles
semi-quantitatives, facilement réalisables en consultation, sont utilisables. Elles permettent
de standardiser 'examen du membre supérieur de I’enfant avec POPB. L’Active Movement
Scale (AMS) (Curtis et al. 2002; Clarke et Curtis 1995) (figure 16) dans laquelle un score est
donné aux groupes musculaires au niveau de I'ensemble du membre supérieur (rotateurs
internes, extenseurs d’épaule, ...) pour chague mouvement en fonction de leur réalisation
avec ou sans pesanteur et sur plus ou moins de la moitié de I'amplitude articulaire compléte
du mouvement évalué, le score de Toronto ou le British Medical Research Council Muscle
Grading System (A. Bialocerkowski, O’shea et Pin 2013; Sarac et al. 2015) ont pour objectif
d’évaluer la force. L’échelle de Mallet est tres souvent utilisée (A. Bialocerkowski, O’shea et
Pin 2013) (figure 16) pour évaluer les amplitudes actives du membre supérieur. Dans cette
échelle, I'enfant doit réaliser différentes taches (rotation externe, abduction, main a la
bouche...) sélectionnées pour identifier les mouvements difficiles chez I'’enfant avec POPB,
notamment au niveau de I'épaule. La cotation se fait en utilisant un score allant de 1 a 5 (la

cotation 5 représente un mouvement normal).
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With gravity eliminated:

No contraction 0

Contraction without movement 1
Movement <2 of ROM 2
Movement >%2 of ROM 3

Full movement 4

Against gravity:

Movement <%2 of ROM 5
Movement > of ROM 6

Full movement 7

Clarke HM, Curtis CG. An approach to obstetrical brachial plexus injuries. Hand
Clin. 1995, 11: 563-80. ROM - Range of Motion

Modified Mallet Classification (Grade | = No Function, Grade V = Normal Function)
Not Testable Grade | Grade I Grade Il Grade IV Grade V
. S
¢
L/ e L)
Global Abduction  Not Testable No function r < Normal
W <30 30° t0 90° >90
Global External Not Testable No function @) 3 2 Normal
Rotation <0° U 0 w20 o0
P A =S
Hand to neck Not Testable No function % A Normal
Not possible Difficult Easy
" \"“I l"_Y
Hand to spine Not Testable No function A A i Lo Normal
Not possible $1 T12
i) o) =L
Y R\
Hand to mouth Not Testable No function N g FIERY Normal
Marked trumpet Partial trumpet <40" of
sign sign abduction
Internal rotation Not Testable No function r— ~— S ~ -~ Normal
Cannat touch Can touch with Paim on belly
wrist fiexion No wrist flexion

Figure 16 : exemples d’échelles d’évaluation des amplitudes articulaires actives
Au-dessus : échelle AMS, en dessous : échelle de Mallet modifiée

En pratique, les enfants avec POPB sont évalués principalement avec I'’examen clinique. Les
décisions thérapeutiques chez ces enfants sont réalisées principalement avec cet examen
clinique. Il présente cependant certaines limites (Talbert et al. 2011):
- il ne permet pas d’obtenir des données quantitatives
- lors de la cotation des échelles, il existe un risque d’erreur systématique pour la
notation de certains items, notamment chez le jeune enfant (A. Bialocerkowski, O’shea
et Pin 2013; A. E. Bialocerkowski et Galea 2006)
- la décomposition en sous items et I'individualisation des facteurs individuels affectés

sont limités.
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Dans un objectif de compréhension plus précise du fonctionnement de I'épaule et de
I'ensemble du membre supérieur chez I'enfant avec POPB et d’orientation des choix
thérapeutiques, d’autres explorations telles que I'IRM et I'analyse quantifiée du mouvement
peuvent compléter 'examen clinique. Ces explorations ne sont pas employées en pratique

clinique courante mais sont utilisées actuellement dans un cadre de recherche.

Dans le cadre du questionnement sur |'atteinte musculaire des muscles gléno-huméraux,
I'IRM de I'épaule semble particulierement intéressante (Bahm et al. 2007; Poyhia et al. 2007;
Peter M. Waters et al. 2009). En effet, cette technique d’imagerie non irradiante et non
invasive permet |'évaluation quantitative de chaque muscle, dont I'accés individuel est
impossible en clinique du fait de la complexité anatomique et fonctionnelle de I'épaule. L'IRM
est largement utilisée dans I’évaluation morphologique du systéme locomoteur car la
morphologie y est tres en lien avec la fonctionnalité. Différents éléments morphologiques
(volume, ...) liés a la fonction musculaire sont mesurables et quantifiables pour chaque muscle
en IRM et représentent un intérét dans I’étude et la compréhension de |’atteinte des muscles

chez les enfants avec POPB.

L’évaluation du mouvement de |’épaule mais aussi de 'ensemble du membre supérieur chez
I’enfant avec POPB, est impossible de maniére précise avec le seul examen clinique y compris
avec |'utilisation d’échelles (A. E. Bialocerkowski et Galea 2006; A. Bialocerkowski, O’shea et
Pin 2013). L’analyse quantifiée du mouvement permet la décomposition des mouvements
dans chaque articulation pour une tache donnée, et a I'aide des parametres spatio-temporels,
peut évaluer la performance du mouvement. Elle a une place spécifique pour la quantification
du mouvement chez les enfants avec POPB et I’évaluation des interventions thérapeutiques

(Russo et al. 2014; Fitoussi et al. 2009).

2.4 Traitements chez I’enfant avec POPB

La récupération de la motricité, la lutte contre les rétractions musculaires et déformations
articulaires pour I'obtention d’une bonne mobilité du membre supérieur sont les objectifs
thérapeutiques chez les enfants avec POPB (Shenaq et al. 2005; Peter M. Waters 2005). Une

attention spécifique est portée a I’épaule (Julka et Vander Have 2011). A son niveau, le

33



maintien de la mobilité active et passive, la lutte contre les déséquilibres de force, le maintien
de la congruence scapulo-humérale et la prévention de l'installation de changements

dysplasiques permanents sont des objectifs thérapeutiques prioritaires.

2.4.1 Rééducation

Des thérapies rééducatives peuvent étre proposées tout au long de la vie de I'enfant
présentant une POPB initialement pour favoriser la récupération puis pour limiter les
séquelles chez les enfants qui n"auront pas une récupération compléte de leur pathologie.
Elles sont le plus souvent réalisées en premiere ligne et complétées si nécessaire par d’autres

prises en charge.

Dés quelques semaines de vie, une prise en charge rééducative précoce est recommandée,
afin de favoriser la récupération du membre supérieur atteint, faciliter la fonction de ses
muscles et prévenir les complications a type de rétractions des tissus mous et déformations
articulaires et osseuses survenant rapidement au niveau de I'épaule (Bialocerkowski 2005;
Justice D 2015; Philandrianos 2011; DiTaranta P 2004; Verchere 2014; Smith 2018). Elle peut
consister en des exercices doux a type de mobilisations passives, stimulation de la mobilisation
active, exercices a domicile, mise en place d’orthéses (Bialocerkowski 2005, Justice D 2015,
Philandrianos 2011, di Taranto P 2004). Le maintien des amplitudes articulaires en rotation

externe lors des mobilisations et avec les orthéses est particulierement ciblé.

Chez I'enfant plus 4gé n’ayant pas récupéré complétement, des rééducations peuvent étre
proposées, afin de maintenir les amplitudes articulaires actives et passives ainsi que la force,
dans un contexte chirurgical (pré ou post opératoire) ou en dehors (Safoury et al. 2017; Yilmaz
et al. 2018; Rasmussen et al. 2013).

En paralléle de ces prises en charge ayant pour objectif premier de limiter les déficiences a
type de limitations d’amplitudes articulaires passives et actives au niveau articulaire, des
thérapies proposant un travail plus global de I'ensemble du membre supérieur ont
également été rapportées chez l'enfant conservant des séquelles de sa POPB. Des

programmes globaux de rééducation a la maison (S. H. Brown et al. 2015) ou des programmes
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de type contrainte induite visant a améliorer la fonction du membre supérieur et les

limitations d’activité ont été proposés (Buesch et al. 2010; Vaz et al. 2010).

Il est actuellement difficile d’évaluer I’efficacité de ces interventions rééducatives du fait du

faible niveau de preuve des études actuelles avec le plus souvent absence de groupe contréle.

2.4.2 Chirurgies nerveuses précoces

Dans les cas les plus graves, chez les bébés avec POPB, des microchirurgies de reconstruction
nerveuse sont proposées précocement si la récupération est insuffisante (Peter M. Waters
2005; Zafeiriou et Psychogiou 2008; Michael L. Pearl 2009; Smith et al. 2018). Elles consistent
en des transferts nerveux, greffes nerveuses ou combinaison des deux (Smith et al. 2018;
Pondaag et Malessy 2014) permettant une amélioration clinique des possibilités de
mouvements actifs (Smith et al. 2018; Pondaag et Malessy 2014). Les indications sont claires
dans les atteintes complétes du plexus sans récupération a quelques semaines de vie avec
intervention envisagée dés 3-4 mois de vie (Ruchelsman et al. 2009; Pondaag et Malessy 2014;
Smith et al. 2018; Raducha et al. 2017). La place et le moment des chirurgies nerveuses chez
les enfants présentant des atteintes incomplétes (groupes Narakas | et Il) sont davantage
discutés du fait de la difficulté a estimer la récupération spontanée chez ces enfants (Pondaag

et Malessy 2014; Ruchelsman et al. 2009; Abid 2016).

2.4.3 Chirurgies secondaires musculo-squeletiques

Chez les enfants plus agés n’ayant pas récupéré completement et présentant d’importantes
limitations d’amplitudes articulaires pour lesquels la prise en charge rééducative est
insuffisante ou a échoué, des interventions chirurgicales « interventions chirurgicales
secondaires » sont proposées afin d’améliorer les possibilités de mouvements dans ces
directions et de limiter le cercle vicieux de la déformation osseuse (Peter M. Waters 2005;
Michael L. Pearl 2009; Ruchelsman, Grossman et Price 2011; Julka et Vander Have 2011). Au
niveau de I'épaule, elles consistent en une réduction de luxation de la téte humérale et en des
gestes au niveau des tissus mous. Dans ces gestes au niveau des tissus, les muscles sont ciblés.

Chez les enfants présentant des limitations d’amplitude articulaires en rotation externe et
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abduction, des techniques a type de libération de rétraction(s) musculaire(s), ou transferts
musculaires sont utilisées, visant a rétablir les longueurs musculaires et améliorer les
déséquilibres musculaires (Michael L. Pearl 2009; Ozben et al. 2011; Hultgren et al. 2013;
Louden et al. 2013; Hultgren et al. 2014; Greenhill et al. 2018; Michael L. Pearl et al. 2006;
Kozin et al. 2010). Les muscles les plus fréquemment ciblés sont les muscles subscapulaires,
grand dorsal et grand rond ainsi que grand pectoral. Ces chirurgies, réalisées a I’dge de 6 mois
pour les plus précoces permettent une amélioration des amplitudes articulaires actives en
abduction et rotation externe, un arrét de progression voire une amélioration de la
déformation, mais également une amélioration des activités et de la qualité de vie (Hoffer,
Wickenden et Roper 1978; Peter M. Waters 2005; Kozin et al. 2006; Cohen et al. 2010; Van
der Holst et al. 2015).

Lorsque la déformation osseuse est trop avancée, sans efficacité suffisante des gestes au
niveau des tissus mous, des gestes osseux (triangle tilt surgery, ostéotomie de rotation
humérale, correction de |'orientation de la gléne) sont proposés afin d’améliorer la mobilité
dans les amplitudes articulaires faisant défaut et impactant I'utilisation du membre supérieur
chez I'enfant (Michael L. Pearl 2009; Dodwell et al. 2012). Des chirurgies secondaires sont
également possibles au niveau des autres articulations du membre supérieur (Costil, Romana,

et Fitoussi 2018).

2.4.4 Injections de toxine botulinique

Les toxines botuliniques ont une action sur la synapse neuromusculaire a la base de leur
utilisation thérapeutique. Injectée dans un muscle, la toxine botulinique de type A bloque la
libération de I'acétylcholine au niveau de la jonction neuromusculaire (Vidal 2015). Les effets
de la toxine sont réversibles (Poulain, Popoff et al. 2008). La toxine botulinique a été de plus
en plus utilisée ces dernieres années dans le traitement de la POPB en association avec la
rééducation, les orthéses ou les chirurgies (Ruchelsman, Grossman et al. 2011). Elle est utilisée
dans cette pathologie pour lutter contre les déséquilibres musculaires. Au niveau de I'épaule,
les muscles rotateurs internes sont ciblés et injectés afin de limiter le déséquilibre de force en
faveur de ces muscles. Des résultats positifs sur les amplitudes articulaires passives et actives
de cette articulation ainsi que sur les capacités fonctionnelles sont mis en évidence dans des

études de faible puissance (Grossman, Price et al. 2003; Basciani and Intiso 2006; DeMatteo,
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Bain et al. 2006; Gobets, Beckerman et al. 2010; Shin, Shin et al. 2014). Ces injections
pourraient avoir une place dans la prévention de la subluxation ou luxation postérieure de
I’épaule (Ezaki, Malungpaishrope et al. 2010, Greenhill DA 2016) et favoriser la simplification
des interventions chirurgicales secondaires (Ezaki, Malungpaishrope et al. 2010; Michaud,

Louden et al. 2014, Greenhill DA 2016).
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3 Synthése de lI'introduction

Chez les enfants avec paralysie obstétricale du plexus brachial sans récupération compléte,
I’atteinte de I’épaule est la principale cause de morbidité. En effet, les |ésions nerveuses
impliquent quasi systématiquement les racines C5 et C6, innervant les muscles de I'épaule,
avec un impact particulierement important au niveau des muscles de I'articulation gléno-
humérale. Cette atteinte musculaire, d’importance variable selon les muscles, a pour
conséquence la déformation osseuse trés précoce de I'articulation gléno-humérale. Ces deux
éléments, atteinte musculaire et déformation osseuse, sont a I’origine d’une perturbation du
mouvement de I'épaule. Cette perturbation du mouvement de I’'épaule a, a son tour, un
impact sur les forces exercées sur l'articulation gléno-humérale et sur I'ensemble de la
motricité du membre supérieur de I'enfant avec POPB (Figure 12). Le maintien de la mobilité
passive et active de I’épaule et de I'’ensemble du membre supérieur, la conservation de
I'intégrité de I’articulation gléno-humérale sont des objectifs majeurs dans la prise en charge

de 'enfant avec POPB.

Les muscles gléno-huméraux sont au cceur de la pathologie de I’épaule, a la fois pour leur
réle dans la déformation de I’articulation et dans la limitation des mouvements. Ils sont ciblés
dans les prises en charge rééducatives et interventions chirurgicales. Une meilleure
connaissance de leur atteinte apparait comme un point clé pour améliorer la
compréhension des conséquences de [I'atteinte musculaire sur la déformation
tridimensionnelle de I’épaule et la limitation de la mobilité du membre supérieur.

Le simple examen clinique ne permet pas la connaissance anatomique et fonctionnelle précise
des muscles de I’épaule chez I'enfant avec un développement typique et chez les enfants
présentant une pathologie de I'épaule.

L’IRM, en donnant acces a différents éléments morphologiques (volume, ...) liés a la fonction
musculaire, représente un moyen d’exploration de I'anatomie fonctionnelle de I’épaule chez
I’enfant.

Chez les enfants avec POPB, I'examen morphologique des muscles en IRM, pourrait permettre
de donner un accés a la compréhension de I'atteinte individuelle et a la fonction spécifique

des muscles gléno-huméraux et ainsi guider les développements thérapeutiques.
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La suite du document repose sur la présentation des 5 publications issues de ces travaux.
Le chapitre Il présente des travaux sur 3 aspects ayant fait I'objet de publications :

- Quantifier le volume et la forme des muscles squelettiques chez I'homme en utilisant
I'IRM : revue systématique de validité et fiabilité (Quantifying skeletal muscle volume
and shape in humans using MRI : a systematic review of validity and reliability)

- Volume des muscles de I'épaule chez I’enfant et relation a la force, étude cas témoin
pilote (In vivo pediatric shoulder muscle volumes and their relationship to 3D strength)

- Atrophie des muscles de I'épaule, relation avec la perte de force chez les enfants avec
POPB (Shoulder muscle atrophy and its relation to strength loss in obstetrical brachial

plexus palsy).

Etant donné I'impact direct des limitations de mouvement sur les activités et la participation
chez ces enfants, la connaissance et la compréhension des spécificités de leurs mouvements
au niveau de I'épaule mais aussi de I'ensemble du membre supérieur ainsi que I’évaluation de
leurs performances sont nécessaires. Le chapitre Il présente une quatriéme publication
scientifique qui consiste en une étude cas-témoin :
- Caractéristiques du mouvement tridimensionnel du membre supérieur chez les
enfants avec paralysie obstétricale du plexus brachial et enfants avec développement
typique (Three-dimensional upper limb movement characteristics in children with

brachial plexus birth palsy).

L’association de ces travaux, visant a mieux comprendre le fonctionnement de I'épaule et du
mouvement du membre supérieur chez I'enfant avec POPB, et des éléments
physiopathologiques déja connus et présentés dans l'introduction, sont a |'origine de
discussions autour de perspectives d’exploration de I'épaule et du membre supérieur ainsi
que de perspectives thérapeutiques développées dans les chapitre IV et V. Un essai
thérapeutique est proposé dans un cinquiéme article :
- Efficacité et sécurité des injections intramusculaires précoces de toxine botulinique
pour prévenir la déformation de I|'épaule chez les bébés atteints de paralysie
obstétricale du plexus brachial (POPB-TOX), un essai controlé randomisé : protocole

de I'étude (Effectiveness and safety of early intramuscular botulinum toxin injections
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to prevent shoulder deformity in babies with obstetrical brachial plexus palsy (POPB-

TOX), a randomized controlled trial : study protocol)..

40



Il. Etude morphologique musculaire en IRM

La force développée par un muscle est influencée par certains parameétres morphologiques
(Lieber et Fridén 2000; Cormie, McGuigan et Newton 2011). Les paramétres tels que la surface
de section physiologique ou anatomique, le volume musculaire, I'angle de pennation, la
longueur de la fibre musculaire ou le bras de levier sont d’importants éléments pour
I’évaluation de la performance du mouvement humain (Lieber et Fridén 2000). L’architecture
musculaire peut changer lors d’une altération de I'utilisation des muscles, lors d’une
pathologie ou lorsque les contraintes varient, modifiant ainsi ses propriétés fonctionnelles
(Lieber et Fridén 2000; Kubo et al. 2003; Tate et al. 2006; C. I. Morse et al. 2005).

L'IRM est largement utilisée dans I’évaluation morphologique du systéme locomoteur. Elle
permet d’identifier les Iésions musculaires, les quantifier et donne des informations sur leur
composition (Fleckenstein et al. 1991; Theodorou et Kakitsubata 2012). Elle permet
également la mesure quantitative du volume musculaire et de la surface de section
anatomique chez les sujets sains et présentant des pathologies du muscle (Vanmechelen,
Shortland et Noble 2017; Valentin et al. 2015). Des corrélations de ces deux mesures évaluées
en IRM avec la force ont été montrées dans différentes populations (Akagi et al. 2009; Mathur
et al. 2008; Fukunaga et al. 2001; Vidt et al. 2012). La corrélation plus forte entre le volume
musculaire mesuré en IRM et la force permet de recommander I'utilisation de cette technique
plutdt que la mesure simple de la surface de section (Fukunaga et al. 2001; Akagi et al. 2009;
Blazevich et al. 2009; Vidt et al. 2016; Tonson et al. 2008; Mathur et al. 2008). L'importance
de ces corrélations était variable en fonction des populations, avec par exemple des
corrélations moins fortes lors du vieillissement, dans I'enfance ou dans certaines pathologies
(Akagi et al. 2009; Kanehisa et al. 1994).

L’étude des volumes des muscles en IRM est ainsi utilisée en pratique clinique pour le
diagnostic et le suivi des maladies neuromusculaires (Jenkins et al. 2013; Godi et al. 2016),
I’évaluation de certains traitements (E. X. Wu et al. 2008). L’étude des volumes et des formes
des muscles est également utilisée en recherche pour améliorer la compréhension de certains

symptémes ou maladies (Kaick et al. 2010; Engstrom et al. 2007).
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L’accés au volume musculaire et a ses changements par I'IRM, étant donné ses possibles
relations avec la fonction musculaire, représente un intérét fort dans le cadre de la

compréhension de I'atteinte musculaire au niveau de I'épaule chez les enfants avec POPB.

1 Article 1 : Quantification des volumes et des formes des

muscles squelettiques chez I'homme en IRM : revue

systématique de validité et fiabilité.

De nombreuses techniques de mesure, manuelles et/ou automatiques peuvent étre utilisées
en IRM pour quantifier les volumes musculaires. Leur utilisation est conditionnée par deux
facteurs : la qualité de mesure (ou propriétés métrologiques) et les aspects pragmatiques en
relation avec leur utilisation, notamment le temps nécessaire pour réaliser la mesure (Rodary,

Pezet-Langevin et Kalifa 2001).

Les propriétés métrologiques d’un outil de mesure comprennent trois principaux aspects : la
validité (« validity »), la fiabilité ou reproductibilité (« reliability ») et la sensibilité au
changement (« responsiveness ») (Mokkink et al. 2010; Rodary, Pezet-Langevin et Kalifa 2001;
Brink et Louw 2012).

La validité représente la capacité de I'outil a évaluer spécifiqguement ce qu’il cherche a
mesurer. Différents types de validité peuvent étre distingués. La validité de contenu
(« content validity ») évaluant le degré selon lequel I’élément mesuré est un reflet adéquat de
I’élément a mesurer et la validité de critere (« criterion validity ») estimant le degré selon
lequel I'instrument testé est un reflet exact de I'instrument gold standard sont pertinents a
retenir dans le cadre du travail ci-dessous (Mokkink et al. 2010). Dans le cadre de la mesure
de volume musculaire en IRM, la validité de contenu pourra étre testée en estimant le volume
d’un muscle sur un examen IRM puis en mesurant le volume réel de ce méme muscle apres
dissection. La validité de critere pourra étre déterminée en comparant |'estimation d’un
méme volume musculaire par la technique de mesure testée et la technique de mesure de

référence en IRM.
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La fiabilité représente la capacité de I'outil a rapporter les mémes résultats, sans erreur de
mesure, lors de I’évaluation d’un méme élément dans des situations similaires. On peut
distinguer : la fiabilité test-retest qui évalue la stabilité des résultats d’'une mesure lors de
plusieurs tests pour un méme élément, la fidélité intra-examinateur qui correspond a I'accord
entre plusieurs mesures prises par un méme observateur pour ['évaluation d'un méme
élément, et la fidélité inter examinateur qui correspond a I'accord entre plusieurs mesures
réalisées par différents observateurs pour I’évaluation d’'un méme élément (Mokkink et al.
2010; Rodary, Pezet-Langevin et Kalifa 2001; Brink et Louw 2012). Dans le cadre de la mesure
de volume musculaire en IRM, une bonne fiabilité test-retest montrera une stabilité des
résultats dans I'estimation d’'un méme volume musculaire sur deux examens IRM réalisés avec
les mémes parametres mais a deux occasions différentes. Une bonne fidélité intra
examinateur retrouvera des estimations proches pour un méme volume musculaire sur le
méme examen par un méme examinateur mais avec des mesures a plusieurs reprises. Une
bonne fidélité inter-examinateur retrouvera des estimations proches pour un méme volume
musculaire sur le méme examen avec des mesures réalisées par deux examinateurs différents.
La sensibilité au changement évalue la capacité de I'instrument a mesurer les variations du

phénomeéne mesuré (Beaton et al. 2001).

Dans la revue systématique « Quantifying skeletal muscle volume and shape in humans using
MRI : a systematic review of validity and reliability », I'objectif principal était de rapporter la
validité et la fiabilité des techniques utilisées pour estimer les volumes musculaires
squelettiques et les formes musculaires tridimensionnelles a partir des données d'IRM dans
les muscles sains et pathologiques. Les objectifs secondaires étaient de déterminer la
faisabilité de ces techniques et de proposer des recommandations pour les recherches

futures.

Cet article est proposé ici dans sa version acceptée dans la revue Plos One le 8 novembre 2018.

Les appendices seront trouvés en annexe 2.
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Aims: The aim of this study was to report the metrological qualities of techniques currently

used to quantify skeletal muscle volume and 3D shape in healthy and pathological muscles.

Methods: A systematic review was conducted (Prospero CRD42018082708). PubMed, Web
of Science, Cochrane and Scopus databases were searched using relevant keywords and

inclusion/exclusion criteria. The quality of the articles was evaluated using a customized scale.

Results: Thirty articles were included, 6 of which included pathological muscles. Most
evaluated lower limb muscles. Partially or completely automatic and manual techniques were
assessed in 10 and 24 articles, respectively. Manual slice-by-slice segmentation reliability was
good-to-excellent (n=8 articles) and validity against dissection was moderate to good(n=1).
Manual slice-by-slice segmentation was used as a gold-standard method in the other articles.
Reduction of the number of manually segmented slices (n=6) provided good to excellent
validity if a sufficient number of appropriate slices was chosen. Segmentation on one slice
(n=11) increased volume errors. The Deformation of a Parametric Specific Object (DPSO)
method (n=5) decreased the number of manually-segmented slices required for any chosen level
of error. Other automatic techniques combined with different statistical shape or atlas/images-
based methods (n=4) had good validity. Some particularities were highlighted for specific

muscles. Except for manual slice by slice segmentation, reliability has rarely been reported.

Conclusions: The results of this systematic review help the choice of appropriate segmentation
techniques, according to the purpose of the measurement. In healthy populations, techniques
that greatly simplified the process of manual segmentation yielded greater errors in volume and
shape estimations. Reduction of the number of manually segmented slices was possible with

appropriately chosen segmented slices or with DPSO. Other automatic techniques showed
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promise, but data were insufficient for their validation. More data on the metrological quality

of techniques used in the cases of muscle pathology are required.

Introduction

The volume and shape of a muscle are strongly related to its function [1-4]. Structural
differences between muscles, which result from different muscle fibre architecture, are good
predictors of force generation capacity [1]. Physiological cross-sectional area is the major
determinant of joint torque [1]. Muscle volume, which is closely related to physiological cross
sectional area, was shown to be strongly connected with joint torque in both healthy and
pathological populations [2—5]. Changes in muscle volumes and shapes may be normal, such
as hypertrophy after a strengthening program, or atrophy associated with ageing [6,7]. Changes

can also be pathological due to neuromuscular disease or injury [5,8,9].

Assessment of muscle volume and shape is essential for both clinical practice and research.
Measurement of muscle volume facilitates surveillance of neuromuscular disease progression
[10,11] and the effects of treatments [12,13], as well as being useful for diagnostic purposes
[14,15]. Muscle shapes can be used to distinguish between pathologies [16,17] and modelling
individual muscles can be useful when planning surgery [18], evaluating changes over time
[6,19] and in order to improve the understanding of particular symptoms or diseases [16,17,20—

22].

Magnetic resonance imaging (MRI) is the gold-standard technique for the evaluation of muscle
volumes and three-dimensional (3D) shapes, and is used as a reference to validate other imaging
techniques for this purpose [23,24]. Many manual and automatic segmentation techniques have
been developed for the estimation of muscle volumes and 3D shapes from MRI data [25-29].

However, despite the widespread use of these measurements in both clinical practice and
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research, to date neither their metrological qualities nor their feasibility for use in routine

practice have been specifically reviewed.

Knowledge of the validity and reliability of measurement methods is essential when choosing
a technique in order to ensure an accurate interpretation of the results [30,31]. Validity is the
degree to which a technique measures what it is intended to measure, and the extent to which
the values obtained are similar to the true values. Reliability is the extent to which a technique
yields the same results over repeated trials in stable study subjects [31,32]. Techniques that are
easy to use may lack validity or reliability whereas techniques that are valid and reliable are not
always feasible for use in a research or clinical setting if they are too time-consuming. It may
thus be necessary to compromise between (I) the metrological accuracy required and (II)

practical considerations of usage.

The main aim of this systematic review was to report the validity and reliability of techniques
used to estimate skeletal muscle volumes and 3D muscle shapes based on MRI data in healthy
and pathological muscles in humans. The secondary aims were to determine the feasibility of
those techniques and to provide recommendations for future research.

Our first hypothesis was that manual slice by slice segmentation would have good metrological
properties but would need a large amount of time. The second was that while providing valid

and reliable results, automatic segmentation techniques would require less time.

Materials and methods

This systematic review adheres to the PRISMA guidelines. A PRISMA checklist was

completed (S1 Table) and the review protocol was published in Prospero (CRD42018082708).
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Database search and selection process

Articles were identified through a comprehensive search of the following online bibliographic
databases: PubMed, Web of Science, The Cochrane Library and Scopus. In order to ensure the
search was exhaustive, the following Medical Subject Headings (MeSH) and keyword
combinations were used (I) MRI, magnetic resonance imaging, (II) muscle, skeletal muscle,
muscul* (II) (keywords relating to segmentation) volum®*, cross sectional area, three
dimension*, 3D, shape, segmentation, organ size and (IV) (keywords relative to metrological
properties) reliability, reproducibility, repeatability, validity, accuracy, measur®, metrologic*,
validation stud*. Search strings were formulated and tailored to the search syntax of each
database to ensure a common search strategy (S1 Text). Neither publication year nor language

limits were imposed. The last search was performed in January 2018.

Inclusion criteria were: I) studies in which the main aim was to describe and/or evaluate a
method to determine skeletal muscle (or functional groups) volume and/or shape using MRI
data, II) the study was on human subjects and III) the study included an evaluation of the
metrological qualities of the method. Studies that evaluated head and neck muscles or that
evaluated muscle groups that were not functionally grouped [33,34] and conference papers were
excluded. Articles that compared ultrasonography (USG) with MRI to evaluate MRI validity
were also excluded [35]. The references of the selected articles were screened to complete the
review process. The titles, abstracts and whole texts of the articles identified by the search were
independently evaluated by two examiners (CP and ML). Any disagreements were resolved by

discussion between the two examiners.

Quality assessment of selected studies

Since no standardized tools exist to determine the quality of articles in the field of radiology, a

customized quality assessment scale was developed from other scales in the literature [36,37].
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The aim of the scale was to assess both the intrinsic quality of each article (maximum score 30)
and the metrological qualities of the method evaluated (maximum score 11). The total score
was named the Q score and was out of 100. The first (quality) part of the scale was based on
previously published quality checklists for systematic reviews as well as scales for the
assessment of the quality of studies included in systematic reviews. Those scales included
questions relating to study design and quality of the reporting of methodologies and results [38—
40], for example “were the aims clearly stated” or “was the description of patient recruitment
clear” (S2 Table ). The second (metrological) part of the scale was based on published scales
that were specifically designed for the evaluation of metrological studies in other fields than
radiology [31,36,37,41,42]. It included questions such as “was concurrent validity evaluated?”
or “Was the gold standard measure described ?”. The grades for the questions ranged from 0 to
2. This scale was only used for the purposes of the present study. The quality rating was carried
out independently by two examiners (CP and BB) and disagreements were resolved by

consensus.

Data extraction and analysis

Information regarding the samples included, muscles evaluated, magnetic field strengths and
MRI protocols used were collected from each article. The technique evaluated, the reference
technique used, operators and outcome measures (validity, reliability and feasibility) were also
recorded (table 1 and S3 Table). In this paper, validity refers to the concept of concurrent
validity [31] and reliability refers to the correlations between different measurements within
the same stable subject, as well as the measurement error [30,43]. To assess the validity and
reliability of the results reported in each article, the following values were considered: standard
error of the estimate (SEE) and root mean square error (RMSE), values > 10% = poor, 5 - 10%
=moderate, 1 - 5% = good and < 1% = excellent. The same limits were used for the coefficient

of variation. Mean differences, results > 5% = poor, 2 - 5% = moderate, 1 - 2% = good and <

49



154

155

156

157

158

159

160

161

162

163

164

165

166

167

1% = excellent. For mean distances, results with distances > 6 mm = poor, 3 - 6 mm = moderate,
1 - 3 mm = good and < 1 mm = excellent. Intraclass correlation coefficients (ICC) and r? values
from 0 - 0.49 = poor, 0.5 - 0.69 = moderate, 0.7 - 0.89 = good and > 0.9 = excellent [44]. The
same limits were used for the Dice similarity index(DSI). DSI is the size of the overlap of the
two segmentations divided by the total size of the two objects. If different statistical analyses
were available in the same study, the worst results were primarily used for the classification.
Although we acknowledge that there is no reference or reported recommendation for this
categorization, it was used to provide clarity and to standardize the hierarchy of the results
reported in the selected articles. The results for validity and reliability were also extracted as
they were reported in each original article (S4 Table). When similar evaluations were carried
out, for example a bilateral psoas evaluation in a healthy subject using the same technique for
each side [45], only the poorest values of validity or reliability were reported. Technique
feasibility was determined as the time required for manual segmentation to be carried out or

from the time needed to run automatic techniques.
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Table 1 : Description of the segmentation techniques and methodology of the articles included

left side

transformation)

Muscles reference technique (methodology optimization of operators Outcome measures Statistical
evaluated technique and volume/shape the acquisition for analysis
calculation) targeted error number, | reliability volume/
qualificati | study design 3D shape
on and
experience
Albracht GM, GL, SO slice by slice | single slice manual - - - volume concurrent volume RMSE
2008 [52] manual segmentation (CSAmax), validity
segmentation, | muscle length (ML)
volume using | obtained using full muscle
3D shape reconstruction and shape
factor (p)determined in a
group with untrained and
trained persons, volume: p*
CSAmax* ML
Amabile 2017 | QL, ES, GIMa, 3D - use of ACSAmax and - - - volume concurrent volume RMSE
[53] GIMe, GIMi, reconstruction, | muscle length (ML) validity
AddOP, VLI, VM, | segmentation | obtained using full muscle
TFL, RF, Gra, Sar, | using reconstruction and shape
BFS, BLF, SM, parametric factor (p), volume: p*
ST, grouped in shape ACSAmax* ML
spine deformation - reduced MRI set method:
extensors/flexors, | and image model using the DPSO
hip processing method, with 5 segmented
extensors/flexors, | (DPSO slices, volume predicted
knee method) from a multilinear
extensors/flexors, regression
both sides
Andrews Gra, Sar, BFL, slice by slice | interactive segmentation image 1, physical | - 3D shape concurrent DSI, mean Surf
2015 [65] RF, ST, BFS, SM, | manual using shape priors + preprocessing therapist, validity D
VI, VM, Add, VL, | segmentation | statistical shape model (linear expert

51



Barnouin RF, VI, VL, VM, |- slice by slice manual - 2, trained - volume inter rater ICC, Student,
2014[46] Qua, both sides segmentation, volume: reliability mean diff
muscle tissue area * (muscle
interslice distance volume
estimation,
muscle
individual
contribution)
Barnouin RF, VI, VL, VM, | slice by slice | - slice by slice manual - - - volume concurrent ANOVA, mean
2015 [47] both sides manual segmentation, volume: validity, diff, CV
segmentation, | cone method/ 3d-order comparison
volume: polynomial regression/ 4th- between
cylinder order polynomial methods
method regression - manual
segmentation of a reduced
number of slices , volume:
cylinder/ cone method/ 3d-
order polynomial
regression/ 4th-order
polynomial regression
Belavy 2011 [RF, VM, VL, VI, |slice by slice [|manual segmentation ofa | number of slices 1, NR - volume concurrent Pearson
[55] Sar, Gra,Add M, | manual reduced number of slices, chosen: % within change validity correlation
Add L, BFL, segmentation, | selection of the segmented | 0.5% of the coefficient r,
BFS,ST, SM, GL, | volume: linear | slices with 5 algorithms reference % change mean percentage
GM, So+FHL, TP, | interpolation | including subalgorithms in muscle volume; change
FDL, Per LBT, with various number of variability of the %
TA +EDL + EHL, slices (1-largest CSA and change in muscle
left side the sum of the 3,6,9 ... size same or less

largest CSA measurement/
2-largest CSA with
immediately adjacent
CSAs/ 3-same as 2 except
every second images taken/
4- method using CSA at 30,
40, 50, 80%/ 5- most
proximal CSA with every
2d, 3d, 4th... CSA
measurements), volume:
linear interpolation

than that of the
variability of the
reference % change
in muscle volume.
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Elliot 1997 GM, GL, So - image based segmentation | correction 2, trained | - volume inter rater correlation
[66] + manual segmentation, algorithm for reliability coefficient, max
volume: addition of the partial volume diff
number of voxels effect
Eng 2007 PT (10times ), dissection manual segmentation in the | - 2,NR - volume concurrent ICC, mean diff
[54] ECRB (10 times), 3 planes, volume: addition validity,
EPL (10 times), of the number of voxels inter rater
FCU (7 times), reliability
BR (6 times)
Engstrom QL, Ps, ESM, slice by slice | atlas based + statistical image 1, expert '3D shape | concurrent DSI, TC, mean
2011 [67] both sides manual shape based segmentation | preprocessing (bias | (for manual validity Surf D
segmentation field correction, segmentati
partial volume on)
interpolation)
Jolivet 2014 | RF, VLML, Sar, slice by slice | segmentation using number of slices - - volume, 3D | concurrent point-to-surface
[68] TFL, BFS, BFL, | manual parametric shape chosen to obtain an shape validity distance
ST, ST, Gra segmentation, | deformation and image error <5%/ <Smm 2*RMSE
volume: using | processing, improvements
3D shape (improved DPSO
technique: semi automatic
contouring, automatic
adjustements of the
intermediate contours)
Kim 2017 Sspi thresholding image based and shape - 2, experts | - 3D shape | concurrent DSI, Accuracy =
[29] and manual based segmentation, validity (RP+ RN)/( RP+
post- volume: accumulation of E N+ E P+ RN),
processing the 2D contours, Laplacian mean Surf D,
smoothing process Max Surf D
Lehtinen Sspi,Ssca, slice by slice | - single slice manual - 2, each operator | volume concurrent Student, mean
2003 [56] Ispi+Tmin manual segmentation (at the Y- orthopaedic | contoured validity, intra | diff, 2SD, CV
segmentation, | shaped position), volume: surgeons muscles 3 and inter
volume: calculated by the software times on 3 days rater
calculated by | '- manual segmentation of 2 reliability

the software

slices (at the Y-shaped
position and at a defined
more medial position),
volume: calculated by the
software
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Le Troter RF, VI, VM, VL, [slice by slice | - atlas based segmentation | - 1, - volume, 3D | concurrent ICC, CV, DSI,
2016 [48] Qua, right side manual (semi automated) experience shape validity, FNVF, FPVF,
segmentation, |'- atlas based segmentation d repeatability, | MVSF
volume: cone | (fully automated) evaluation of
method affine and
non linear
registration
methods, and
fusion
methods
[53]
Lund 2002 TA+EDL+EHL, slice by slice | - slice by slice manual number of slices 2, NR manual volume concurrent ICC, ANOVA,
[49] left side manual segmentation, volume: NR | chosen: to have < segmentation validity mean diff, 2SD
segmentation, | - slice by slice manual 10% difference/ of 13 slices (reduced
volume: segmentation, volume: reference volume equally number of
cylinder cone method distributed 3 slices), intra
method '- manual segmentation of 8 times by one and inter
slices, volume: cylinder operator, 1 rater
method time by another reliability
'- manual segmentation of 8 using 13
slices, volume: cone slices,
method comparison
between
methods
Marcon 2015 | Qua manual - single slice manual slice at 25cm 1, operator volume concurrent ICC, SEE
[9] segmentation | segmentation (at 25cm (rather than slice at | musculoske | repeated the validity
of a reduced above the knee joint), 15 and 20cm) letal every third (single slice),
number of volume: NR chosen: to have the |radiology | slice manual intra rater
slices (every minimal SEE fellow segmentation reliability
third slice), (every 3d
volume: NR slice manual
segmentation
)
Mersmann GM, GL, SO, TS, |slice by slice | single slice manual - - - volume concurrent 2, ANOVA,
2014 [57] right side manual segmentation (CSA max), validity volume RMSE
segmentation, | muscle length (ML)
volume: obtained using full muscle
integral of the | reconstruction and shape
CSA along the [ factor (p) determined in a

muscle length

group with untrained and
trained persons, volume: p*
ACSAmax* ML
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Mersmann VL, VM, VI, one | slice by slice | single slice manual - - volume concurrent coefficient of
2015 [58] side manual segmentation (CSA max), validity determination 12,
segmentation, | muscle length (ML) ANOVA,
volume: obtained using full muscle volume RMSE
integral of the | reconstruction and shape
CSA along the [ factor (p), determined in a
muscle length | group with untrained and
trained persons, volume: p*
ACSAmax* ML
Moal 2014 Add BLM, BF, slice by slice | segmentation using 3 3 operators 'volume, - intrarater | Student, mean
[59] ES, GIMa, GIMe, | manual parametric shape experience |made 3 T1 3D shape | reliability diff, SD, CV,
GIMi, Gra, 11, Obl, | segmentation | deformation and image d operators | reconstruction and inter point to surface
Ps, QL, RA, RF, | (T1 images), |processing (DPSO) and 3 Fat rater distance
Sar, SMT, TFL, volume using reconstruction reliability of | 2*RMSE
VLI, VM 3D shape (using DPSO the DPSO
method) method for
T1 and fat
images
'- concurrent
validity of
the DPSO
method for
T1 and fat
images with
reference
method
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Morse 2007 | Qua, VL, VM, VI, | slice by slice | - 1/single slice manual - 1 - volume concurrent r2, SEE, mean
[60] RF, right side manual segmentation (CSAmax), (measures validity diff, 1.96SD
segmentation, | muscle length (ML) with made 3
volume: US, volume: equation using times,
muscle tissue | ML and ACSA max average
area * - 2/ single slice manual recorded)
interslice segmentation (CSA at 40%
distance from the distal end of the
femur), regression equation
to estimate the maximum
muscle cross-sectional area,
muscle length (ML) with
US, volume: equation using
ML and ACSA max
'- 3/same method as 2/ with
CSA at 50%
'- 4/same method as 2/
with CSA at 60%
Nordez 2009 | Qua slice by slice | - manual segmentation of a | number of slices 2, NR 1st operator volume intra rater ICC, ANOVA,
[27] (VL+VI+VM+RF) | manual reduced number of slices chosen to obtain an outlined all the reliability Student, mean
segmentation, | (3-21), volume: cone error<=1.1% slices a second and inter diff, 1.96SD
volume using | method, time on rater
3D shape. '- manual segmentation of a different days. reliability for

reduced number of slices
(3-21), volume: Cavalieri
formula

'- manual segmentation of a
reduced number of slices,
cubic spline interpolation to
estimate missing CSAs

'- manual segmentation of a
reduced number of slices
(3-21), volume: DPSO

the reference
technique,
concurrent
validity ,
comparison
between
methods
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Popadic 2011 | TB, both sides slice by slice | - single slice manual - - volume, concurrent adjusted 12, RSE
[50] manual segmentation (CSA max), volume validity
segmentation, | humerus length (HL), change muscle
volume: cone | volume: equation using volume,
method CSAmax, humerus length muscle
(HL), BMI volume
'- single slice manual change)
segmentation (CSA max),
humerus length (HL),
volume: equation using
CSAmax, HL
'- single slice manual
segmentation (CSA 50%),
humerus length (HL),
volume: equation using
CSA50%, HL
'- single slice manual
segmentation (CSA 60%),
humerus length (HL),
volume: equation using
CSA 60%, HL
Skorupska Pir, GIMi, GIMe, |- slice by slice manual 2 physical | - volume inter rater 1CC
2016 [61] GIMa, both sides segmentation, volume: therapists, reliability
addition of the voxels and 3/0 years of
multiplication by the voxel experience,
dimension trained
Smeulders FCU, ECU, right |- slice by slice manual 2, NR 1st operator volume intra rater ICC, Student,
2010 [62] side segmentation, volume: repeated the reliability, mean diff, CV,
muscle tissue area * evaluation of inter rater SDD
interslice distance the first reliability,
dataset, each repeatability
observer
evaluated both
datasets
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Springer GIMe, GIMi, OE, |- slice by slice manual - 2, NR 2d operator volume intra rater Student, mean
2012 [48] both sides segmentation, volume: NR repeated the reliability, diff, 1.96SD, CV
evaluation of inter rater
all datasets reliability
after an
interval of 4
weeks.
Sudhoff 2009 | SM, ST, BFS, slice by slice | segmentation using number of slices 2, NR - volume, 3D | concurrent ICC, mean diff,
[63] BFL, Sar, TFL, manual parametric shape chosen to obtain an shape validity, inter | SD, point to
Gra, VLI, VM, segmentation | deformation and image error<5% rater surface distance
RF, GM, GL (T1 images), | processing (DPSO) reliability error, point to
volume: using surface distance
3D shape 2*RMSE
Tingart 2003 | Sspi,Ssca, dissection, slice by slice manual - 3,NR each operator | volume concurrent Pearson 12, mean
[25] Ispi+Tmin water segmentation, volume: contoured validity, diff, SD, CV
displacement | muscle tissue area * muscles 3 intra rater
interslice distance times on 3 days reliability,
inter rater
reliability
Tracy 2003 Qua, trained side | slice by slice | - manual segmentation of a | - 1, NR - volume, concurrent 2, SEE, mean
[26] manual reduced number of slices volume validity diff, 2SD
segmentation, | (every 2nd/ 4th/ 6ty/ 8th/ change (muscle
volume: cone | 10th section), volume: cone volume,
method method muscle
- single slice manual volume
segmentation (CSAmax), change after
volume: univariate training)
regression
Valentin ES, M, RA, Ps - slice by slice manual - 2, novice new analysis volume inter rater ICC, mean diff,
2015 [45] both sides segmentation, volume: (received made 2 weeks reliability 2SD
muscle tissue area * training) later if low/

interslice distance

moderate
agreement
between
assessors on
the 1st
evaluation
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71
72
73
74
75
76
77
78
79
30
31
32
33
34
35

Vanmechelen | GM, SOL, TA, slice by slice | single slice manual - - - volume concurrent r2, SEE
2017 [51] RF, SM, ST, left | manual segmentation, muscle validity
side segmentation, | length (ML) obtained using
volume: full muscle reconstruction
muscle tissue | and form factor (FF),
area * slice volume: ((ACSAmax*
thickness ML)-Offset)*FF
Yamauchi VL, VM, VI, RF, |slice by slice [ -single slice manual Use of the CSA at | 1, trained - volume concurrent SEE
2017 [28] SM, ST, BFS, manual segmentation at different 60% from the image validity
BFL, painful side | segmentation, | femoral length levels, distal end of the analyst
volume: femoral length (FL), femur and muscle
muscle tissue | volume: regression thickness at 50% of
area * equations which varied for | the distal end of
interslice each muscle the femur to have
distance '- use of muscle thickness | the best
at different femoral length | correlations with
levels and femoral length | MV
(FL), volume: regression
equations which varied for
each muscle

NR: not reported,

ICC: intraclass correlation coefficient, mean diff: mean difference, SD: standard deviation, CV: coefficient of variation, SDD: smallest detectable difference,
RMSE: root mean square error, SEE: standard error of the estimate, DSI: Dice similarity index, mean surf D: mean surface distance, max surf D: maximal
surface distance, TC: Tannimoto coefficient, FNVF: false negative volume fraction, FPVF: false positive volume fraction, MVSF: muscle volume similarity
fraction

RF: rectus femoris, VI: vastus intermedius, VL: vastus lateralis, VM : vatsus medialis, Qua : quadriceps, Pir : Piriformis, GIMi : Gluteus Minimus, GIMe : Gluteus
Medius, GIMa : Gluteus Maximus, FCU: flexor carpi ulnaris, ECU: extensor carpi ulnaris, Sspi: Supraspinatus, Ssca: Subscapularis, Ispi+Tmin: Infraspinatus
and Teres minor, ES: Erector Spinae, M: multifidus, RA: rectus abdominis, Ps: Psoas, Sar: Sartorius, Gra: Gracilis, AddM: Adductor Magnus, Add L: Adductor
longus, BFL: Biceps Femoris Long head, BFS: Biceps Femoris Short head, ST: Semi Tendinosus, SM: Semi Membranosus, GL: Gastrocnemius Lateralis, GM:
Gastrocnemius Medialis, So+FHL: Soleus and flexor hallucis longus, TP: Tibialis Posterior, FDL: flexor digitorum longus, Per LBT: Peroneus (Longus, Brevis,
Tertius), TA+EDL+EHL.: tibialis anterior and extensor digitorum longus and extensor hallucis longus, So: Soleus, TS: triceps surae, TB: triceps brachii, TA:
Tibialis Anterior, VLMI: Vastus Lateralis and Medius and Intermedius, TFL: tensor Fascia Lata, Add BLM: adductor (brevis, longus, magnus), Il: Iliacus , Obl:
Obliquus (transversus abdominis, internus and externus obliquus), QL: Quadratus Lumborum, VLI: Vastus Lateralis and Intermedius together, VLMI: Vastus
Lateralis and Medialis and Intermedius, BF: Biceps Femoris, SMT: Semi Membranosus and Tendinosis, ESM : erector spinae and multifidus, PT: pronator teres,
ECRB : Extensor Carpi Radialis Brevis, EPL : Extensor Pollicis Longus, Br : Brachioradialis
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Results

Selection process

The literature search identified 2160 citations in PubMed, 324 citations in the Cochrane Library,
3911 citations in Scopus, 2302 citations in Web of Science. After removing duplicates, 4631
remained. After screening titles and abstracts, 86 articles were found to be potentially eligible.

Finally, 30 met the inclusion criteria and were included (Fig 1).

Fig 1: flow chart

Quality assessment

The mean Q score of the articles included was 64.1/100 (SD: 9.7). The primary aim of seventeen
articles was to determine the metrological properties of a measurement technique. Ten articles
had a score above 70/100 [9,27,28,45-51], fifteen articles had a score between 60 and 70/100
[25,26,52—-64] and five articles had a score below 60/100 [29,65-68]. Details of the scores of

each article are provided in S2 Table.

Description of Studies

The methodological characteristics (samples, designs and measurement methods) of each
article are presented in table 1 and S3 Table.

The articles included primarily focused on segmentation techniques. Manual techniques
(including slice by slice cross sectional area (CSA) segmentation, segmentation of CSA in a
reduced number of slice(s), segmentation of CSA on one slice and muscle length use) were
evaluated in twenty-four articles [9,25-28,45-58,60—-64] and partially or completely automatic
segmentation techniques (deformation of a parametric specific object, semi-automated and

automated atlas-based, image-based and shape-based, atlas-based and statistical shape-based,
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and interactive-segmentation using shape priors and statistical shape modelling methods) were
evaluated in ten articles [27,29,48,53,59,64—68].

Muscle volume was evaluated in twenty-six articles [9,25-28,45-54,56—64,66,68], changes in
muscle volume were evaluated in three articles [26,50,55] and 3D shapes were evaluated in
seven articles [29,48,59,64,65,67,68].

Seventeen articles included only healthy subjects [26,27,45-50,52,53,57-60,62,64,67] and six
included subjects with a muscular pathology of which five were on adults with: low back pain,
total unilateral arthroplasty, anterior cruciate ligament reconstruction, chronic obstructive
pulmonary disease or knee osteoarthritis [9,28,61,63,65]; the fifth article was on children with
cerebral palsy [51]. Three articles evaluated cadavers [25,54,56].

Forty different muscles were examined: upper limb muscles were assessed in six articles
[25,29,50,54,56,62] and lower limb muscles in twenty-four articles [9,26-28,45-49,51—
53,55,57-61,63—68]. The rectus femoris muscle was the most frequently evaluated (n=13
articles). Different functional groups were used (n=18 articles). For example, for the quadriceps,
it could be considered as a whole, or groupings could be made between vastus lateralis and
intermedius or vastus lateralis, medialis and intermedius, or all the muscles could be segmented
separately.

With regards to MRI parameters, 1.5T scanners were the most frequently used (n=22 articles),
T1 weighted sequences were used in twenty four articles and 3D sequences were used in seven

articles [9,29,46,47,52,54,66]. Axial slices were the most frequently segmented.

Manual techniques (table 1 and 2, S3 S4 and S5 Tables)

Slice by slice CSA segmentation

Estimation of muscle volume using slice-by-slice CSA segmentation was evaluated in 11
articles (Range Q score: 61-73, mean Q score: 68.5 [25,27,45-49,61-64]). Slice thicknesses

varied between 1.5mm [25] and 10 mm [45]. In seven of those articles, there were no gaps
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between slices [25,27,46,47,49,61,64]. After segmentation, seven different calculation methods
were used to estimate muscle volume.

Moderate to good validity was found between manual slice-by-slice CSA segmentation and
measurements from cadavers (n=1 article, [25]). Intra-rater reliability was good to excellent
(n=4 [25,27,62,63]). Inter-rater reliability was moderate to good (n=8 [25,27,44,45,60—63]).
Test retest reliability was good (n=2, [48,62]). Results were less reliable for external obturator
volume [63] or gluteus minimus volume. Results for quadriceps volume were more reliable
than results for the individual muscles that constitute it [27,46,48,64]. In articles that included
both healthy and pathological muscles, results were more reliable for healthy muscles than
pathological muscles [61,63]. Mean differences of less than 1% were found between different
methods of volume estimation (cone, cylinder, 3™ and 4" order polynomial regression

equations) (n=2, [47,49)).
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Table 2: Evidence of validity and reliability by technique and by muscle

slice-by-slice | CSA CSA CSA deformation of | deformation | other
CSA segmentation | segmentation/ |segmentation | a parametric of a automatic
segmentation | on a reduced muscle on a single specific object | parametric methods
number of thickness using | slice (DPSO) specific object
slices a single slice (DPSO),
and muscle reduced MRI
length set method
supraspinatus validity | ++ [25] + (2 MSS) [56] +[56] - [29]
intraR | +++ [25] +++ (2 MSS) +++[56]
[56]
interR | +++ [25] +++ (2 MSS) +++[56]
[56]
subscapularis validity | ++ [25] ++ (2 MSS) +[56]
[56]
intraR | +++ [25] +++ (2 MSS) +++[56]
[56]
interR | +++ [25] +++ (2 MSS) +++[56]
[56]
infraspinatus + | validity | ++ [25] ++ (2 MSS) ++ [56]
teres minor [56]
intraR | +++ [25] +++ (2 MSS) +++[56]
[56]
interR | +++[25] ++ (2 MSS) +++[56]
[56]
triceps brachii validity ++ [50]
flexor carpi intraR [ ++++[62]
ulnaris :
interR | +++ [62]
extensor carpi intraR | +++ [62]
ulnaris interR | ++[62]
quadratus validity +[53] ++ (Dixon)/ +++[67]
lumborum +++ (T1)
(18%MSS) [59]
intraR +++ (18%MSS)
[59]
interR +++ (18%MSS)
[59]
erector spinae validity ++ [53] ++ (Dixon)/
+++ (T1) (15%
MSS) [59]
intraR +++ (15% MSS)
[59]
interR | +++[45] +++ (15% MSS)
[59]
multifidus interR | ++ [45]
rectus validity ++ (Dixon)/
abdominis +++ (12% MSS)
(T [59]
intraR +++ (12% MSS)
[59]
interR | +[45] ++ (12% MSS)
[59]
psoas validity ++ (Dixon)/ +++[67]
+++ (T1) (10%
MSS) [59]
intraR +++ (10% MSS)
[59]
interR | +++ [45] +++ (10% MSS)
[59]
erector spinae validity it [67]
and multifidus | interR | +++ [45]
gluteus medius | validity ++ [53] ++ (Dixon)/
+++ (T1) (25%
MSS) [59]
intraR | +++ [63] +++ (25% MSS)
[59]
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interR | +++[61] ++ (25% MSS)
+[63] [59]
gluteus validity +[53] ++ (Dixon)/
minimus +++ (T1) (30%
MSS) [59]
intraR |+ (P)/ ++ (H) ++ (30% MSS)
[63] [59]
interR | +++[61] ++ (30% MSS)
+[63] [59]
external intraR | ++[63]
obturator interR | +[63]
gluteus maximus | validity ++ [53] ++ (Dixon)/
+++ (T1) (18%
MSS) [59]
intraR +++ (18% MSS)
[59]
interR | +++[61] +++ (18% MSS)
[59]
piriformis interR | +++[61]
iliacus validity ++ (Dixon)/
+++ (T1) (25%
MSS) [59]
intra +++ (25% MSS)
reliab [59]
inter +++ (25% MSS)
reliab [59]
obliquus validity ++ (Dixon)/
+++ (T1) (20%
MSS) [59]
intraR +++ (20% MSS)
[59]
interR +++ (20% MSS)
[59]
spine flexors validity ++ [53]
spine extensors | validity +[53]
hip flexors validity ++ [53]
hip extensors validity ++ [53]
rectus femoris validity ++++(alg 2,9 | +++[51] ++ (Dixon)/ + (fully)/
MSS) [55] ++ [60] +++(T1) (13% -+
+ to +++ + MSS) [59] (semi)
(depending of [ (CSA/thickness) ++ (6 MSS) [64] [48]
nr of MSS) [47] | [28] ++ (improved +++[65]
+++[53] DPSO, 5 MSS)
[68]
intraR +++ (13% MSS)
[59]
++ 6 MSS)[64]
interR | ++ (1 subject) +++ (13% MSS)
[64] [59]
++[46]
+++ [48]
vastus lateralis | validity +to +++ +++ (58) + (fully)/
(depending of | +++[60] -+
nr of MSS) [47] | + (thickness)/ (semi)
++ (CSA) [60] [48]
+++ [65]
interR | ++ [48]
++ [46]
vastus medialis | validity + to +++ ++[53] ++ (Dixon)/ +++ +++ (fully
(depending of | +++[60] (T1) (15% MSS) and semi)
nr of MSS) [47] | ++ (58) [59] [48]
+ (thickness)/ ++ (7 MSS) [64] +++[65]
++ (CSA) [60]
intraR +++ (15% MSS)
[59]

++ (7 MSS) [64]
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interR | ++ [46] +++ (15% MSS)
++ (1 subject) [59]
[64]
+++ [48]
vastus validity | ++++ +to +++ ++ (58) + (fully)/
intermedius Barnouin (depending of | ++[60] -+
2015 nr of MSS) [47] | + (thickness)/ (semi)
++ (CSA) [60] [48]
+++ [65]
interR | +++ [46]
+++ [48]
vastus lateralis | validity +++ [53] ++ (Dixon)/
and intermedius +++ (T1) (15%
MSS) [59]
++ (7 MSS) [63]
intraR +++ (15% MSS)
[59]
+++ (7 MSS)
[63]
interR | ++ (1 subject) +++ (15% MSS)
[64] [59]
vastus lateralis | validity ++++ (alg 3, 3 ++ (improved
and medialis MSS) [55] DPSO, 5 MSS)
and intermedius [68]
quadriceps validity ++ to ++++ +to ++ (CSA at | ++[26] - [27] ++
(depending of | different levels) [ ++ (9) [53]
nt of MSS) [26] | [60]
+to +++
(depending of
nt of MSS) [47]
+++ to +HH+
(depending of
volume
calculation
method, 5 to 12
MSS) [27]
intraR | ++++[27]
interR | +++ [48] +++(9)
++ [46]
- [27]
sartorius validity ++++ (alg 3,7 | +++[53] ++ (Dixon)/ +++[65]
MSS) [55] +++(T1) (10%
MSS) [59]
++ (7 MSS) [64]
++ (improved
DPSO, 5 MSS)
[68]
intraR +++ (10% MSS)
[59]
+ (7 MSS) [64]
interR | + (1 subject) +++ (10% MSS)
[64] [59]
tensor fascia lata | validity ++ [53] ++ (Dixon)/
+++ (T1)
(15%MSS) [59]
++ (6 MSS) [64]
++ (improved
DPSO, 4 MSS)
[68]
intraR +++ (15%MSS)
[59]
++ (6 MSS) [64]
interR | ++ (1 subject) +++ (15%MSS)
[64] [59]
biceps femoris validity ++++ (all) [55] | ++[53] ++ (8 MSS) [64] +++[65]
short head +[60] ++ (improved
DPSO, 5 MSS)
[68]
intraR + (8 MSS) [63]
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interR

+ (1 subject)
[64]

biceps femoris validity ++++ (all) [55] | ++[53] +++ (6 MSS) +++[65]
long head +[60] [64]
++ (improved
DPSO, 4 MSS)
[68]
intraR + (6 MSS) [64]
interR | ++ (1 subject)
[64]
biceps femoris validity ++ (Dixon)/
+++ (T1) (12%
MSS) [59]
intraR +++ (12% MSS)
[59]
interR +++ (12% MSS)
[59]
semi tendinonsis | validity ++++ (alg 2, 11 | ++[53] ++ (6 MSS) [64] +++[65]
MSS) [55] +[60] ++ (improved
++[51] DPSO, 6 MSS)
[68]
intraR + (6 MSS) [64]
interR | ++ (1 subject)
[64]
semi validity ++++ (all) [55] | ++[53] ++ (6 MSS) [64] +++[65]
membranosus +[60] ++ (improved
++[51] DPSO, 5 MSS)
[68]
intraR + (6 MSS) [64]
interR | ++ (1 subject)
[64]
gracilis validity ++++ (all) [55] | ++[53] ++ (Dixon)/ +++[65]
+++ (T1) (10%
MSS) [59]
++ (7 MSS) [64]
++ (improved
DPSO, 4 MSS)
[68]
intraR +++(10% MSS)
[59]
+ (7 MSS) [64]
interR [ + (1 subject) +++ (10% MSS)
[64] [59]
AddOP validity ++[53]
add longus validity ++++ (alg 2, 3
MSS) [55]
add magnus validity ++++ (alg 2, 1
MSS) [55]
semi validity ++ (Dixon)/
membranosus +++ (T1)
and tendinosis (11%MSS) [59]
intraR +++ (11%MSS)
[59]
interR +++ (11%MSS)
[59]
adductor validity ++ (Dixon)/
(brevis, longus, +++(T1)
magnuas) (20%MSS) [59]
intraR +++ (20%MSS)
[59]
interR +++ (20%MSS)
[59]
adductor validity +++[65]
knee flexors validity ++[53]
knee extensors validity ++[53]
gastrocnemius validity ++++(alg 2,2 | ++[52] ++ (8 MSS) [64]
medialis MSS) [55] ++[51]
+++ [57]
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interR | ++ (1 subject)
[64]
gastrocnemius validity ++++(alg 2,7 |+ [52] ++ (6 MSS) [64]
lateralis MSS) [55]
intraR + (6 MSS) [64]
interR | ++ (1 subject)
[64]
soleus validity ++++ (alg 2,4 | ++[52]
MSS) [55] ++ [51]
++[57]
tibialis posterior | validity ++++ (alg 2, 12
MSS) [55]
peroneus validity ++++ (alg 3,7
(Longus, Brevis, MSS) [55]
Tertius)
tibialis anterior | validity ++++ (alg 3, 10
+ extensor MSS) [55]
digitorum ++++ (8 MSS)
longus + [49]
extensor hallucis | intraR +++ 13 slices
longus [49]
interR ++ 13 slices
[49]
flexor digitorum | validity ++++ (alg 2, 7
longus MSS) [55]
tibialis anterior | validity ++[51]

IntraR: intra rater reliability, interR: inter rater reliability
Excellent, good, moderate and poor metrological qualities are represented by ++++, +++, ++ and + signs

respectively
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CSA segmentation on a reduced number of slices

Estimation of muscle volume using CSA segmentation on a reduced number of slices was
evaluated in 6 articles (Range Q score: 66-73; mean Q score: 70.2 [9,26,27,47,49,55]). The
choice of slices for segmentation was based on different elements, such as the number of slices
[27,49], interslice distance [9,26,47,55], specific characteristics of the slices (for example slices
with largest CSA, or slices taken in a specific part of the muscle [55]). Six different methods of
volume estimation were reported: the cylinder method [49], the cone method [26,27,49], the
Cavalieri method [27], cubic spline interpolation [27], and 3" and 4™ order polynomial
equations [47]. Comparison between segmentation data from techniques using a reduced
number of slices and slice-by-slice segmentation (n=5 [26,27,47,49,55]) showed that validity
varied from poor to excellent. Validity was excellent when a sufficient number of slices was
segmented Reducing the number of slices systematically increased the error. The number and
the choice of slices to segment and the choice of volume calculation method to obtain a pre-
determined error was specific to each muscle. The method of CSA segmentation on a reduced

number of slices had moderate to good intra and inter-rater reliability I[CC (n=2 [9,49]).

CSA segmentation or muscle thickness using a single slice and muscle length

Eight articles evaluated the use of CSA segmentation or muscle thickness using a single slice
and muscle length to estimate muscle volume (Range Q scores: 61-78; mean Q score: 67.4)
[50-53,57,58,60]. For the measurements, either the slice with the greatest CSA [51—
53,57,58,60], or slices taken at specific locations (for example at 50% of the bone length)
[28,50,60] were used. To estimate muscle volumes, equations using muscle length, CSA and
shape factors were used. The validity of these methods was evaluated by comparing with slice-
by-slice manual segmentation in all the studies but one. Results showed that validity ranged
from poor to good, but was mostly moderate (n=8 [50-53,57,58,60]). The smallest errors were

found for CSA measured at 60% from the distal end of the femur or humerus for the quadriceps,
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knee flexors and triceps brachialis (n=3 [28,50,60]), and using muscle thickness at 50% of the
femur for the quadriceps (n=1 [28]). Some muscle volumes appeared to be more difficult to
obtain with CSA segmentation using a single slice, such as gluteus minimus and quadratus

lumborum, for which validity was poor. No studies evaluated reliability.

CSA segmentation on a single slice without muscle length

Estimation of muscle volume using CSA segmentation on a single slice without muscle length
was evaluated in three articles (Range Q score: 68-72; mean Q score: 69.3 [9,26,56]). Specific
slices were chosen, either the one with the largest CSA [26] or those taken at specific locations
[9,56]. Manual slice-by-slice segmentation was used as the control reference to evaluate
validity, and showed that it was poor to moderate (n=3 [9,26,56]). Poor results were found for

supraspinatus, and subscapularis muscles [56]. Intra and inter-rater reliability were good (n=1

[56]).

Automatic segmentation techniques (table 1 and 2, S3 S4 and S5 Tables)

Deformation of a parametric specific object method with manual

segmentation

Estimation of muscle volume and/or 3D shape using the deformation of a parametric specific
object (DPSO) method with manual segmentation was evaluated in five articles (Range Q score:
46-71; mean Q score: 62.2 [27,53,59,64,68]).This technique involves manual contouring on a
reduced set of images, followed by a parametric shape-based interpolation combined with a
kriging technique in order to obtain a surface model without using the intermediate slices
[68,69]. Validity was moderate to good compared to slice-by-slice manual segmentation (n=4
[27,59,64,68]). Reducing the number of slices increased the error (n=1 [53]). Reliability was

poor to good depending on the muscle (n=2, [59,64]). The number of manually segmented slices
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required to obtain a pre-determined error was specific to each muscle. A larger number of slices

was necessary for gluteus minimus, gluteus medius, obliquus and iliacus.

Other automatic segmentation techniques

Four other methods to estimate 3D muscle shapes were evaluated: semi-automated and
automated atlas-based segmentation [48], image-based and shape-based segmentation [29],
atlas-based and statistical shape-based segmentation [67], and interactive-segmentation using
shape priors and statistical shape modelling [65] (Range Q scores: 49-73: mean Q score: 55.5).
Andrews et al. used a probabilistic shape representation called generalized log-ratio
representation that included adjacency information along with a rotationally invariant random
forest boundary detector to automatically segment thigh muscles [65]. Kim et al. used an active
contour segmentation method with a level sets approach to automatically extract supraspinatus
muscle from an MR image [29]. Engstrom et al., used a statistical shape model (SSM) to
automatically segment quadratus lumborum [67]. During the fitting process, the deformable
SSM was constrained using probabilistic MR atlases. Le Trotter et al. used a multi-atlas based
automatic segmentation method to quantify the volume of the quadriceps femoris muscle group
[48]. Validity against slice by slice manual segmentation was moderate to excellent and most

of the results showed good validity. No studies of reliability were found.

Technique feasibility (S4 Table)

The duration of segmentation was evaluated in eight studies [25,26,46,56,59,64—66]. Use of a
reduced number of slices to obtain muscle volume divided segmentation time by 4, use of only
one or two slices divided segmentation time by 26 and 15, respectively [56]. Use of the DPSO
method to evaluate 3D shape halved the time taken in one article [59] and divided it by 12 in

another [27]. Using automatic segmentation methods, one article reported that the time-to-run,
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without human interaction, was about 50 minutes per image [65]. No other studies evaluated

feasibility.

Discussion

This review included 30 articles which primarily focused on segmentation techniques. It has
reported currently available evidence for the metrological qualities of manual and automatic
segmentation techniques that estimate muscle volume and shape, and the feasibility of their use
in a clinical or research setting. The majority of studies reviewed included healthy subjects,
evaluated lower limb muscles and used slice-by-slice manual segmentation as the gold-standard
reference. Greater errors in volume and shape estimation were found to be produced by methods
that simplified and shortened the manual segmentation process. Sufficient evidence was
available to support the validity of the DPSO technique. A lack of robust studies meant that
other automatic segmentation techniques could not be validated but the evidence currently
available was considered to be encouraging and further work on these methods is indicated.

Some particularities for specific muscles and segmentation techniques were highlighted.

Metrological qualities of manual and automatic techniques

Manual segmentation techniques

Slice-by-slice manual segmentation was the most evaluated technique but its validity was only
evaluated in one study (on rotator cuff muscles). As slice-by-slice manual segmentation is
widely used as a reference method, further studies are warranted to confirm its validity. With
regards to reliability, results varied among muscles. The use of different volume calculation
methods did not seem to change the errors, indicating that errors found between measurements
were likely related to segmentation. The quality of the results was lower for deep muscles such

as gluteus minimus and for muscles whose boundaries are unclear, such as the individual
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muscles of the quadriceps. Identifying their external borders appears challenging. To limit these
segmentation errors, we believe that it is essential that standardized procedures using clear
anatomical landmarks per muscle are developed and implemented [46]. Despite the fact that
few studies evaluated image acquisition methods, they appear to be key for the limitation of
segmentation errors [70]. Regarding the studies that compared data from subjects with healthy
or pathological muscles, the weaker reliability for pathological muscles could be attributed to
shape changes and boundaries that are more difficult to identify [65]. Slice-by-slice manual

segmentation is also time-consuming, hence it cannot be easily used in clinical practice.

Techniques based on the manual segmentation of a reduced number of slices reached good to
excellent validity when a sufficient number of slices was segmented. The appropriate number
of slices varied among muscles. For most, fewer than half of the total number of slices need to
be manually segmented, with slice thicknesses of 10 mm and interslice distances of 5 mm,
allowing shorter processing time, whilst maintaining an almost equivalent level of performance
compared to slice by slice segmentation. Results can further be improved by the choice of
appropriate slices to segment [55]. Errors in volume estimation can however occur when the
number of segmented slices is reduced [26,27,47,49,55]. We were unable to determine any
general rules based on muscle shape or the size, thus further studies are required to assess these
methods in muscles that were not evaluated in this systematic review, especially upper limb
and trunk muscles. Lastly, important differences between volume calculation methods were

also highlighted. For example, the cone method was inappropriate for fusiform muscles [27,47].

Use of even faster techniques, such as the segmentation of a single slice with or without muscle
length, could be associated with a loss of precision. Because of their speed of realization, these
techniques can be used in clinical practice if the aim is, for example, to estimate the degree of

muscle loss in diseases that causes severe atrophy, where differences of more than 10% in
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volume would normally be expected. Special attention must however be paid when using these
methods for non-fusiform muscles. Although the guidelines used for the choice of each slice
were detailed for each technique, there was little reliability evaluations. It has been previously
reported that the optimal location of measurements can be difficult to both define and reproduce
[61] thus there is a potential for errors to occur from manual CSA segmentation. Further studies

are warranted to evaluate reliability.

Automatic segmentation techniques

The DPSO method, which involves automatic segmentation of intermediate slices, had good
validity if enough slices were manually segmented. For non-fusiform and small muscles, a
greater number of slices has to be manually segmented to maintain good accuracy. If this
method is found to be reliable, it could be used in association with manual techniques to reduce
the number of manually segmented slices and help save time. Further studies are warranted to
determine which technique is the most accurate and fast between manual segmentation of a
reduced number of slices with different volume estimation methods and manual segmentation
with DPSO [27]. The results could differ depending on the muscles, because of their specific

shapes and localizations.

The validity of the other four partially or completely automatic techniques analysed (semi-
automated and automated atlas-based segmentation, image based and shape-based
segmentation, atlas based and statistical shape-based segmentation) could not be confirmed in
this review due to the small number of low-quality studies currently available, however it is
important to note that results were encouraging. These techniques appeared to be promising in
terms of validity. High quality, additional metrological studies are thus needed to validate them.
Each technique had its own characteristics: segmentation using generalized log-ratio

representation transformation can impose soft constraints whereas deformable statistical shape

73



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

models and atlas-based segmentations use hard constraints. However, the generalized log-ratio
representation method cannot effectively delineate pose variability as against the other
techniques and thus requires image pre-processing as an additional step. Thus, some techniques
may be more appropriate than others depending on the muscles and their properties and on the
characteristics of the population (children, persons with muscle pathology etc.). Other findings
indicated that techniques, such as random-walk segmentation [71,72], wavelet-based
segmentation [73], or deep learning-based segmentation [74] should additionally be
investigated further to determine if they could provide rapid, accurate, valid and reliable

measurements of muscle volume and shape for use in routine clinical practice.

Pathological muscles

Methods to estimate skeletal muscle volumes and/or 3D muscle shapes using MRI data are used
clinically for diagnosis [14], to evaluate the effects of treatment [12], and as an aid to
preoperative planning [18]. In the case of muscle pathologies, changes in muscle shape and
signal occur because of muscle degeneration, which can render identification of muscle
boundaries in MRI difficult (due to fatty and fibrous infiltration) [16,17]. Modification of the
anatomical landmarks used for CSA segmentation, of techniques that are based on shape
factors, and of volume estimation methods may therefore be required. This is, however,
currently unknown due to a lack of studies that have evaluated pathological muscles. This
finding suggested that specific metrological studies are required depending on the pathology
being investigated in order to avoid measurement errors and that caution must be applied when

extrapolating the results of techniques used in healthy muscles to those with pathologies.

Image acquisition

The MRI protocol used to acquire images can have a huge impact on segmentation outcomes

[70]. The studies included in this review mostly used T1 weighted sequences, suggesting that
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these anatomical sequences are appropriate for segmentation because of their ability to provide
good quality images of the muscles, to distinguish the margins between them and because of
their capacity to contrast bones from muscle [9,27,29,64]. However other sequences could also
be used and differences in metrological properties between sequences were shown in one article
[59]. No other studies compared different sequences in the articles included. Thus, data
regarding the validity of the different sequences are warranted [59]. Regarding the issue of 2D
or 3D acquisition, of the seven articles which used 3D sequences, none showed that 3D
sequences yielded better results than 2D sequences. Most of them evaluated manual
segmentation techniques. Since 3D sequences take longer to acquire, have lower contrast and
are more sensitive to susceptibility and BO inhomogeneities [75], there was no evidence to
recommend 3D acquisition for manual segmentation. Continuous slice acquisition, allowing
muscle tracking, might be an interesting method [55]. The size of the muscle should be
considered in determining the resolution to use to avoid partial volume artefacts [49,66]. A
greater resolution is needed for small muscles. We suggest the use of a T1 sequence, 2D
acquisition with continuous slices between 1 and 10mm thick, oriented in an orthogonal way to
the large axis of the muscles, with a resolution that avoids partial volume effects. However, the
paucity of data in the articles included in the systematic review does not allow strong
recommendations to be made. Lastly, no data are currently available to show the effect of MRI
scanner and coil type on data acquisition and the quality of metrological parameters, despite the
fact that all of these elements could impact on the accuracy and reliability of the muscle volume
and shape [54,65,76,77]. Further studies are therefore warranted to clarify these issues.

The feasibility of MRI can be limited by the availability of MRI scanners and the cost of MRI
devices and assessments. Thus, some other techniques, for example using ultrasonography,

could be interesting to estimate skeletal muscle volumes and 3D muscle shapes [78].

Improving future metrological study methodology
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We believe future work should include evaluation of test-retest reliability since we found only
two articles that assessed this [48,62]. Test retest reliability refers to the extent to which the
rating of one sample of individuals by one observer on two or more separate occasions using
the same test yields similar results, with all test conditions remaining as constant as possible
[31]. This is of high importance because factors such as patient positioning could impact on the
accuracy and reliability of the muscle volume and shape as determined using MRI
[54,65,76,77]. The second evaluation of great importance in future work is responsiveness.
Responsiveness refers to the quality of a measure when showing changes [32], and is also a
very important quality for the evaluation of neuromuscular disease progression [10,11] and the
effects of treatment [12,50]. We were unable to report on the responsiveness of techniques in
the present review as it was only evaluated in two articles.

Furthermore, precise reporting of the statistical analysis method employed is essential for
metrological studies. As a result of the work undertaken in this review we recommend that the
following evaluations are included as standard in future work, in addition to the usual analyses
of correlation to improve the internal validity, on measurement technique studies [30,79]. The
first evaluation we recommend is measurement error. In order to demonstrate the reliability of
a technique, the standardized error of measurement, including limits of agreement or smallest
detectable change [30], should be known as they indicate whether the observed difference is

due to a true change in muscle volume or size, or if it is simply a measurement error.

Limitations

When considering our findings and recommendations, it is important to note that the strength
of any conclusions depends on the quality of the original articles [43]. The articles were rated
as moderate to good quality, however only two included statistical power calculations, reducing
the conclusions that can be drawn from the results. This aspect of study design should be

included in all future studies into this topic. A second limitation of this study is the heterogeneity
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of source material included, in particular the different MRI parameters used in the studies and
the different muscles evaluated prevented pooled analysis from being carried out and
complicated the synthesis of the results. Regarding MRI, even when the same sequences were
used, the parameters remained heterogeneous since they were device-dependent. Regarding
muscles, some muscles have been the focus of many studies, whilst others have been neglected.
Clinicians and researchers should bear this in mind when using a technique that has not been
previously evaluated for the muscle in question. The results of this study are therefore only
relevant for the methods of estimation of muscle volume and shape evaluated by the studies
included, and must be generalised with caution to other methods and other muscles. Finally, the
statistical methods employed by the different studies also varied considerably which, in turn,
further prevented more definite conclusions from being drawn in this review. The different
statistical methods used to report concurrent validity (including 2, ICC, Dice Similarity Index),
Tannimoto coefficient, mean differences, SD, SEE, RMSE and point-to-surface distance) and
reliability (such as ICC, mean differences, RMSE, coefficient of variation and standard
deviation) limited the synthesis of the data with a quantitative pooled analysis. Future work
should aim to overcome as far as possible such diversity in order to both strengthen results as

well as improving the generalisability of findings across different methods.

Conclusion

The results of this systematic review provide a rationale for the choice of appropriate
segmentation techniques depending on the muscle, the need for precision and the available time.
Such uses could include diagnosis of a disease, evaluation of a treatment response, monitoring
of disease progression or measurement for research purposes. Further research is required to
confirm the validity of manual slice-by-slice segmentation and automatic techniques, except
for DPSO for which there is sufficiently strong supporting evidence. The reliability of most

techniques in current use also needs to be confirmed, except for manual slice-by-slice
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segmentation, which has been shown to be sufficiently reliable (if time consuming). Studies to
evaluate different MRI protocols are warranted. Specific studies in pathological muscles are

also needed to enable the proper application of such techniques in routine clinical practice.
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L'ensemble des étapes nécessaires a I'estimation d’un volume musculaire est rapporté dans
ce travail, comprenant les données concernant I'acquisition des images et éventuellement le
post processing, les données relatives aux techniques de segmentation a partir des images
acquises et les techniques utilisées pour les calculs de volume une fois la segmentation
réalisée. Une grande diversité de protocoles était retrouvée pour chacune de ces étapes.

Il'y avait de plus une variété notable dans les muscles évalués et dans les groupements
musculaires réalisés. Les populations différaient également selon les articles (sujets sains,
sujets pathologiques, cadavres).

L'ensemble de ces parameétres, associé a la variabilité des tests statistiques utilisés, rendait les
comparaisons entre les études complexes et ne permettait pas la réalisation d’une méta-
analyse. En effet, les études étaient trop hétérogénes en termes de population, type de
technique testée et qualité méthodologique et n’auraient pas pu conduire a des résultats

précis par technique et par muscle, limitant ainsi I'intérét de I'étude.

Dans le contexte particulier de I'enfant, les résultats de ce travail sont a utiliser avec
précaution. En effet, une seule étude incluse dans la revue systématique concernait les
enfants (Vanmechelen, Shortland et Noble 2017). Du fait d’éventuelles différences
morphologiques au niveau des muscles (modification du contraste musculaire en IRM
(Bottomley et al. 1984) de la forme musculaire et du cartilage de croissance (Khanna et Thapa
2009), des spécificités pour I'acquisition des images en IRM puis pour la segmentation
pourraient exister. De méme, une vigilance particuliére est a avoir pour I’étude du muscle
pathologique. Les quelques données retrouvées laissaient présager une fiabilité plus faible
des mesures chez des sujets avec une prothése de hanche et rachialgiques (Springer et al.

2012; Skorupska et al. 2016).

L’évaluation métrologique se limitait a la validité dans la moitié des études. La fidélité test-
retest et la sensibilité au changement sont des propriétés importantes a considérer dans une
perspective de suivi de population pédiatrique. Dans le cadre spécifique du suivi longitudinal
d’enfants présentant une POPB, avec évaluation du bénéfice d’'une thérapeutique,
I’évaluation de ces deux propriétés apparait indispensable afin de pouvoir écarter une erreur

de mesure dans l'interprétation des résultats.
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Les techniques de segmentation automatiques apparaissent trés prometteuses, du fait de la
réduction ou disparition du temps de segmentation manuelle, avec des perspectives
d’utilisation en recherche mais peut-étre également en pratique cliniqgue dans I'avenir. De
nouvelles études métrologiques sont indispensables afin de confirmer cette hypothése pour
les techniques décrites dans les articles inclus dans la revue systématique. Lors de |'utilisation
de certaines techniques de segmentation automatiques, des prérequis sont cependant
nécessaires et a prendre en compte, comme la nécessité d’avoir une base de données

d’entrainement (Le Troter et al. 2016; Engstrom et al. 2011).

Pour la mesure des volumes des muscles gléno-huméraux chez les enfants a developpement
typique et présentant une POPB, aucune donnée métrologique n’était disponible dans la
littérature concernant les techniques adaptées pour les muscles, deltoide, grand pectoral et
grand rond chez I’enfant. Pour les muscles de la coiffe des rotateurs, les techniques simples
de segmentation apparaissaient insuffisamment précises dans deux des articles inclus (Tingart
et al. 2003; Lehtinen et al. 2003). Le faible nombre d’examens, la présence de muscles de
formes et tailles différentes, la possibilité d’artefacts respiratoires au niveau du muscle
pectoral, les difficultés attendues pour délimiter les muscles du fait de la dégénérescence
musculaire (chez les enfants avec POPB) étaient des éléments en faveur du choix d’une
technique de segmentation manuelle précise. Une technique de segmentation manuelle sur
un grand nombre de coupes, avec une fréquence de segmentation variant en fonction de la
taille et de la complexité des muscles évalués, pour répondre aux objectifs de précision mais

aussi de faisabilité a été choisie.
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2 Article 2 : Morphologie musculaire en IRM et fonction des

muscles de I’épaule chez ’enfant sain

Chez les enfants, le fonctionnement typique de I'épaule reste peu exploré. Peu d’éléments
descriptifs de I'épaule sont disponibles dans cette population au niveau musculaire. Les
connaissances anatomiques provenant d’études cadavériques adultes leur sont appliquées
bien gu’aucun élément ne permette de le justifier. Des différences morphologiques au niveau
des muscles entre des populations d’ages différents ont déja été constatées (Tate et al. 2006;
Kubo et al. 2003; Akagi et al. 2009). Des variations en fonction de I'dge et des muscles de la
distribution musculaire et une évolution de la relation force volume en fonction des ages et
selon les sexes ont été montrées dans différentes régions anatomiques chez I’enfant (Kanehisa
et al. 1995; Deighan et al. 2006; Kanehisa et al. 1994; Pitcher et al. 2012; Wood et al. 2004).
Ainsi, au niveau de I’épaule, la croissance pourrait se faire de maniére inhomogene en fonction
des groupes musculaires, entrainant un équilibre entre les muscles agonistes et antagonistes
différents de celui de I'adulte et la relation entre I'architecture musculaire et la genese de

force pourrait étre plus faible chez les enfants.

Définir le fonctionnement de I'épaule chez les enfants a développement typique et connaitre
sa « normalité » représente un enjeu. En effet, la bonne connaissance de ses spécificités
anatomiques et de son fonctionnement normal est une étape préalable a I'identification et a
la compréhension des dysfonctionnements présents chez les enfants présentant des
pathologies de I'épaule, comme les enfants avec POPB.

L’étude IRM, non invasive et non irradiante, permettant la visualisation de I'ensemble des
structures de I'épaule ainsi que la mesure quantifiée des volumes musculaires, semble

particulierement intéressante dans ce cadre.

Dans cette premiere étude, I'objectif principal était d'établir une base de données pédiatrique

sur les volumes des muscles de I’épaule et leur distribution, dans une population regroupant

des enfants d'ages, de tailles et de genres divers. L'objectif secondaire était d'associer les
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volumes musculaires de I'épaule aux moments articulaires isométriques volontaires
maximaux produits dans les différents degrés de liberté de I'épaule.

Le travail réalisé consistait en 1/ a la participation aux choix de de la méthodologie de
segmentation, de répartition des muscles en groupes fonctionnels, de méthodologie de
division du deltoide, des statistiques, en 2/ a la segmentation manuelle des muscles, en 3/ a

la relecture de I'article principalement écrits par le premier et le dernier auteurs.
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In the pediatric shoulder, injury and pathology can disrupt the muscle force balance, resulting in severe
functional losses. As little data exists pertaining to in vivo pediatric shoulder muscle function,
musculoskeletal data are crucially needed to advance the treatment of pediatric shoulder pathology/
Keywords: injury. Therefore, the purpose of this study was to develop a pediatric database of in vivo volumes for the
Torque major shoulder muscles and correlate these volumes with maximum isometric flexion/extension,
MRI internal/external rotation, and abduction/adduction joint moments. A methodology was developed to

Chi}dr?{l derive 3D shoulder muscle volumes and to divide the deltoid into sub-units with unique torque
Reliability producing capabilities, based on segmentation of three-dimensional magnetic resonance images. Eleven
Et;;)r cuff typically developing children/adolescents (4F/7M, 12.0 + 3.2 years, 150.8 + 16.7 cm, 49.2 + 16.4 kg)

participated. Correlation and regression analyses were used to evaluate the relationship between
volume and maximum, voluntary, isometric joint torques. The deltoid demonstrated the largest
(30.4 + 1.2%) and the supraspinatus the smallest (4.8 + 0.5%) percent of the total summed volume of
all six muscles evaluated. The anterior and posterior deltoid sections were 43.4 +3.9% and 56.6 + 3.9% of the
total deltoid volume. The percent volumes were highly consistent across subjects. Individual muscle volumes
demonstrated moderate-high correlations with torque values (0.70-0.94, p <0.001). This study presents
a comprehensive database documenting normative pediatric shoulder muscle volume. Using these data a clear
relationship between shoulder volume and the torques they produce was established in all three rotational
degrees-of-freedom. This study furthers the understanding of shoulder muscle function and serves as a
foundation for evaluating shoulder injury/pathology in the pediatric/adolescent population.

© 2014 Published by Elsevier Ltd.

1. Introduction sports is taking place at earlier ages (Davis, 2010; Emery, 2006).

Unfortunately, much of the existing knowledge regarding shoulder

Shoulder stability and function are predominantly maintained
by a balance of muscle forces (Ackland and Pandy, 2011; Boettcher
et al.,, 2010; Otis et al., 1994). As such, congenital conditions (e.g.,
brachial plexus palsy (Kozin et al., 2010) and cerebral palsy
(Abel et al., 2003; Brochard et al., 2012)) can cause muscle imbalances
and skeletal deformities, resulting in functional losses in both the
pediatric and adult populations. Sports related injuries, which have
been viewed as primarily adult issues, are now becoming prominent
in pediatric populations as participation in high-level competitive

* Correspondence to: National Institutes of Health, Building 10 CRC RM 1-1469,
10 Center Drive MSC 1604, Bethesda, MD 20892-1604, USA. Tel.: +1 301 451 7585;
fax: +1 301 451 7536.

E-mail address: fsheehan@cc.nih.gov (ET. Sheehan).

http://dx.doi.org/10.1016/j.jbiomech.2014.04.049
0021-9290/© 2014 Published by Elsevier Ltd.

function originates from adult cadaver and modeling studies. Since
evidence suggests that children may not be scaled versions of adults
(Neu et al, 2002; Tonson et al, 2008), in vivo pediatric shoulder
musculoskeletal data are needed to enhance the understanding of
typical shoulder function and improve the management and treat-
ment of pediatric shoulder pathology/injury.

Although it is well accepted that an individual muscle's volume
can predict its force generating capacity (Akagi et al, 2009;
Blazevich et al, 2009; Fukunaga et al, 2001), establishing this
relationship for the shoulder presents unique challenges. Specifi-
cally, the largest shoulder muscle (deltoid) has multiple lines of
action, which enables it to generate torques on humerus in opposite
directions (Ackland and Pandy, 2011; Brown et al., 2007; Kuechle
et al., 2000). Specifically, the anterior deltoid segments produce
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humeral flexion torque, while the posterior segments produce
humeral extension torque. Likewise, but to a lesser degree, the
deltoid is capable of ad/abduction and internal/external rotation
torques. Thus, it is difficult to relate the volume of the deltoid to its
ability to generate a torque in a specific direction. This has resulted
in a paucity of data with regard to the shoulder muscle volume-
torque relationship. To evaluate the full three-dimensional (3D)
muscle volume-torque relationship an in vivo methodology is
needed for separating the deltoid into sub-units with non-
antagonist torque producing capabilities. Currently, the volume-
torque relationship has been evaluated for only one of the three
rotational degrees of freedom (DOFg), ab/adduction (Audenaert
et al,, 2009; Holzbaur et al., 2007; Vidt et al., 2012). The pediatric
shoulder muscle volume-torque relationship has not been quanti-
fied. Rather, individual shoulder muscle cross-sectional areas
have been used to evaluate hypertrophy with training (Pitcher
et al, 2012) and functional losses with pathological atrophy
(Poyhia et al., 2005).

Therefore, the primary purpose of this study was to establish a
normative pediatric database of shoulder muscle volume and its
distribution, spanning a range of ages, sizes, and genders. The
deltoid, pectoralis major, teres minor/infraspinatus, teres major/
lattisimus dorsi, supraspinatus, and subscapularis were evaluated.
The secondary purpose was to associate shoulder muscle volumes
with the maximum voluntary isometric joint moments they
produce in all three DOFk. To accomplish these two purposes, an
in vivo methodology for splitting the deltoid into functional sub-
units was developed. The inter-rater reliability of obtaining pedia-
tric muscle volumes and creating deltoid sub-units was evaluated.

2. Methods

Fourteen typically developing children/adolescents were recruited for this IRB
(National Institute of Child Health and Human Development, intramural) approved
study. A legal guardian or subject over 18 years of age provided written consent.
Additionally, each subject under 18 years of age provided written assent. A pediatric
physiatrist performed a history and physical. Potential subjects with active or historical
upper limb pathologyfinjury or known contraindications to MR imaging were
removed from the study. Three children declined MR imaging after enrollment and
withdrew, leaving a cohort of seven males and four females (Table 1).

2.1. MR acquisition

Each participant was given time to become accustomed to the scanner. The
subject was placed supine on the plinth of a 3T MR scanner (Verio: Siemens,
Germany). To optimize the signal- and contrast-to-noise ratios, the dominant
shoulder was positioned at the MR isocenter. In addition, standard cardiac flex coils

Table 1
Subject data. Top: cohort demographic and anthropomorphic data. Abbreviations:
BMI=body mass index; SD=standard deviation.

Subject Gender Dominant Age Height Weight BMI Weight

arm (years) (cm) (kg) category®
1 M R 13.8 157.5 743 29.9 Obese
2 M R 14.5 180.3 72.0 221 Normal
3 M R 11.4 159.0 40.5 16.0 Normal
4 M R 73 131.0 239 13.9 Normal
5 M R 111 130.0 446 264 Obese
6 M R 9.2 142.2 473 282 Obese
7 M R 13.7 151.8 64.9 18.2 Under
8 F R 8.7 127.0 263 234 Obese
9 E R 10.8 152.4 455 16.3 Normal
10 F R 18.7 1651 495 19.6 Normal
1 F L 124 162.6 531 20.1 Normal

Mean 12.0 150.8 492 213

SD 3.2 16.7 16.4 5.2

* Centers for Disease Control categorization based on BMI.

were positioned anterior, posterior, and lateral to the shoulder. The arm was placed
as close to anatomical position as possible with the forearm pronated for comfort.
Sandbags were placed alongside the arm and a large supportive strap was gently
secured around the coils and chest. A Tl-gradient recalled echo sequence was
acquired for the dominant shoulder. With the exception of the in-plane field of
view, all scanning parameters were held constant across subjects (416 x 312 x 192
pixels, slice thickness 1.2 mm, TR=16.6 ms, TE=5.1 ms, imaging time=4 min 22 s).
This slight variation in the in-plane resolution across subjects (0.55 mm x

0.55 mm-0.63 mm x 0.63 mm) enabled higher resolution for smaller subjects.

22. MR image processing

Individual muscle volumes were quantified from 3D muscle models, derived by
segmenting the MR data (Fig. 1) in MIPAV (NIH, Bethesda, MD). Segmentation
guidelines were established in a preliminary dataset. An image magnification factor
of six was used to achieve greater precision. Muscle segmentations began and
ended with at least five consecutive MR image slices. To maximize efficiency
without sacrificing accuracy, every slice was not segmented in the mid-belly of the
muscles. For the shortest muscle (supraspinatus), every other slice was segmented
in the mid-belly. For the mid-length muscles (infraspinatus/teres minor, subsca-
pularis, and teres major) every fourth slice was segmented in the mid-belly. For the
longest muscles (deltoid and pectoralis major) every sixth slice was segmented in
the mid-belly. Segmentation was guided by tracking minor changes in area through
the “skipped” slices and by visualizing muscle fascial planes, origins, and insertions
in a tri-planar view (MIPAV). Segmentation propagation direction was inferior to
superior. The segmentation process created a point cloud delineating the outer
edge of the muscle (Fig. 1). This point cloud was imported into Geomagic (Research
Triangle Park, NC) and a surface was wrapped to the points without smoothing
filters. Any errors in the wrapping (e.g., holes in the surfaces, overlapping surfaces
areas, etc.) were manually corrected. The final muscle volume was recorded. Each
muscle's volume was also reported as a percent volume of the total summed
volume of the six muscles measured.

The deltoid, pectoralis major (PM), supraspinatus, and subscapularis were
segmented as individual muscles. The infraspinatus and teres minor were seg-
mented as one muscle (I-tm) because they have analogous functions and the fascial
boundaries between them are often indistinct (Lehtinen et al., 2003; Portney and
‘Watkins, 2009; Talbert et al., 2011; Van Gelein Vitringa et al., 2011). Using a similar
rationale, the teres majof (TM) was segmented assuming its distal border was at
the level of the most distal scapula point. In doing so, a small portion of the
latissimus dorsi was included in the TM volume. The latissimus dorsi was not
separately segmented, as it was not fully captured in taller subjects. The research
team was blinded to the subject's demographics throughout the analysis phase.

2.3. Assigning muscles to functional groups

Muscle function was categorized (Table 2) based on moment arm data from
studies that used an identical testing position (Brown et al., 2007; Kuechle et al.,
1997, 2000). Muscles with moment arms greater than 3 mm in a selected torque
direction were defined as contributors to that direction. This was a qualitative
decision based on the fact that a 4 mm moment arm was ~10% of the largest
moment arm (Table 2). Although the TM is often reported as an add uctor, currently it
‘was not categorized as such, as it has an adductor moment arm less than 3 mm with
the shoulder flexed to 90° (Kuechle et al., 1997).

24. Splitting the deltoid into functional compartments

To quantify the deltoid volume and associate it with the primary torques it
produces, the deltoid was split into two segments (Fig. 2) based on the seven
functionally independent segments defined by Brown et al. (2007). Neither a full
seven-way split nor a three-way split (Klepps et al., 2004; Lorne et al., 2001) was
used based on the results of a preliminary study, which demonstrated that it was
not feasible to reliably identify the fascial planes for these splits in the MR images.
Attempting to do so resulted in inconsistent segmental volumes across subjects
that did not match well with the previous data (Brown et al., 2007; Peterson and
Rayan, 2011). The anterior segment, which combined the anterior three sections of
the seven-segment model (Fig. 2), was considered a flexor; whereas the posterior
section, which combined the posterior four sections (Fig. 2) was considered an
extensor. The entire deltoid was considered an abductor, as only the smallest
segment of the seven-segment deltoid model (closest to the spinal column)
produces adduction (Brown et al., 2007). Although they were minor torques of
the deltoid, internal and external rotation were assigned to the anterior and
posterior deltoid (Kuechle et al., 2000).

The deltoid was divided using a 2D slice plane, defined by three points (51, 52,
and D; Fig. 3). S1 and S2 were the medial and lateral borders of the fascial plane
between the deltoid segments at the level of the mid-acromioclavicular joint
(Wickham and Brown, 1998). To ensure that the correct border had been defined,
the four intramuscular tendons posterior to the bicipital groove (Sakoma et al.,
2011) were identified in an image at the superior aspect of the humeral head. The
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Fig. 1. Segmentation. Left column: images 118 and 119 are ~18.4% and ~18.8% of the humeral length distal from the superior aspect of the humeral head. For this subject
(same subject depicted in Fig. 3) the images resolution is 0.6 mm x 0.6 mm x 1.2 mm. In this location, the area of the pectoralis major, subscapularis, deltoid, and I-tm
demonstrate minimal change between slices. As these images contain the superior aspect of the teres major, there is a rapid change in its area. For this reason every slice was
segmented for at least five slices representing the origin and insertion of the muscle but the segmentation was not done for every slice in the mid-belly of the muscle. Top
right: the segmentation generates an individual point cloud for each muscle (yellow: suprascapularis, red: I-tm, and blue: subscapularis). Bottom right: a 3D surface was
wrapped to the point cloud. After manual correction of any minor errors in the model, the volume was calculated. Note that the humerus is shown slightly transparent in
order to highlight the scapula. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

third most posterior tendon (AP tendon, Fig. 3) represented the border between the
anterior and posterior segments. If this tendon did not communicate with the
fascial plane defined by points S1 and S2, the images were re-evaluated until
agreement was reached. Point D was defined as the center of the fascial plane
dividing the deltoid segments just proximal to the deltoid's distal humeral
insertion (segments D3 and D5, Figs. 2 and 3). As a final check, the separation of
the deltoid segments was visualized on a sagittal reconstruction of the 3D axial
image set.

2.5. Reliability of muscle volumes

To test the inter-rater reliability, two investigators independently analyzed the
volumes for the I-tm and supraspinatus, along with the anterior, posterior, and total
deltoid. These muscles were chosen to represent a variety of shapes, sizes, depths,
and functions. Intra-class correlation coefficients (ICCs), using a two-way mixed
effects model, were computed. The muscle volumes were acquired, using the
identical protocol, for the unimpaired, dominant arm of ten children/ adolescents
(six boys and four girls) with unilateral brachial plexus palsy. This cohort had
similar demographics (age= 12.1+3.3 years, height=157.8+209 cm, and
weight=51.5+17.3 kg) to the typically developing children/adolescents of the
main study.

2.6. Maximum isometric torque measures

Identical to a previous study (Brochard et al., 2014, in press) maximum
voluntary isometric joint torques (strength) were measured by a physician for all
three DOFg using a hand-held dynamometer (Jtech Commander powertrack II).
Subjects were assessed in six functional directions. Testing position, testing order
(flexion, abduction, external rotation, internal rotation, adduction, and extension),
and verbal instructions were standardized. All torque measures were acquired with
the subject lying on a plinth and the shoulder in the anatomic position, with one
exception. To maximize reliability, max-adduction strength was measured with the
subject prone and the humerus in 90° of flexion. For internal/external rotation
assessments, a strap was used to stabilize the upper-arm against the body. Subjects
first conducted a sub-maximal contraction as a practice/warm-up. Three trials of
maximal voluntary isometric contractions were performed in each direction, while
subjects were encouraged to push as hard as they could with the shoulder without

moving or displacing the elbow from its rest position. Only trials lasting for at least
three seconds were accepted. Subjects rested for ten seconds between trials and a
minimum of one minute between different directions.

2.7. Statistics

The 3D volumes of the six muscles, along with the anterior and posterior
deltoid volumes, were correlated (Pearson's) with the strength (SPSS ver19, IBM,
Armonk, NY). A multivariate regression analysis was performed to determine if
using the individual volumes of a functional group as independent variables
(Table 2) could better predict the maximum isometric joint torques. p-value < 0.05
was considered significant.

3. Results

In this pediatric database, the largest total volume (summed
volume of all six muscles) was three and a half times greater than
the smallest (273.2-943.8 cm?). The deltoid demonstrated the
largest percent volume of the six muscles segmented (Table 3,
30.4 + 1.2%) and the supraspinatus demonstrated the smallest
(Table 3, 4.7+ 0.5%). The percent volumes were highly consistent
across subjects, with coefficients of variation ranging from 0.038
(deltoid) to 0.107 (supraspinatus) and a correlation between each
individual muscle and the total muscle volume ranging from 0.937
to 0.996 (Fig. 4).

The anterior and posterior deltoid sections were 43.4 + 3.9%
and 56.6 + 3.9% of the total deltoid volume (Table 3). If defined as a
percent of the total shoulder muscle volume these deltoid sub-
sections demonstrated consistency similar to all other muscles.

The individual muscle volumes were moderately to strongly
correlated with maximum voluntary isometric joint torques
(Table 2, max r-values for each torque direction ranged from
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Table 2

Pearson correlation coefficients and regression values for muscle volume-torque
relationship. Correlation and regression coefficients (columns 5 and 6) between the
maximum isometric torque produced in specific directions (column 1) and the
individual muscle volumes for selected muscles (column 2) are presented. Muscles
identified as torque contributors to a given direction were labeled as primary,
secondary, or minor (column 4). These categorizations were largely based on
moment arms (column 3) from relevant studies, but other factors such as size and
clinical knowledge were considered in assigning a role. Abbreviations: PM -
Pectoralis Major, TM - Teres Major, I-tm - Infraspinatus/Teres Minor.

Torque Muscle Moment Role r- -
direction arm (mm) value value
Flexion Anterior deltoid 15.9¢ Primary 0.885 0.784
Supraspinatus Vi Primary 0.819 0.670
PM 10" Primary 0.853 0.728
I-tm 4° Minor 0919 0.844
Extension Posterior deltoid 45.4° Primary 0937 0878
™ 38> Primary 0.891 0.794
Abduction Supraspinatus 19° Primary  0.701 0492
Total deltoid 19.5% Primary 0.784 0.614
I-tm 19" Secondary 0.806 0.649
Adduction PM 21° Primary  0.772  0.596
Subscapularis g» Minor 0832 0.693
Internal rotation Subscapularis 22.5° Primary  0.750 0.562
PM 20:€ Secondary 0.772  0.591
Anterior deltoid 6° Minor 0.780  0.608
™ 7.5°¢ Minor 0.789 0.623
External rotation [-tm 24° Primary 0929 0.863
Posterior 5¢ Minor 0.895 0.800
Deltoid

2 Volume weighted moment arms (Brown et al., 2007).
b Kuechle et al, 1997.
€ Kuechle et al., 2000.

0.789-0.937 (p <0.001)). Therefore, 62-91% of the maximum
isometric torque could be predicted from single muscle volumes.
Using multivariate regression analyses improved the predictability
for external rotation only (r>=0.94 p < 0.001).

The maximum voluntary isometric joint torques were strongly
correlated with each other. The torques in antagonistic directions
(flexion/extension, internal/external, abduction/adduction) had
correlation coefficients ranging from 0.866 to 0.951 (p < 0.001).
The correlation of each torque with the torques in orthogonal
directions ranged from 0.844 to 0.966 (p < 0.001).

The inter-rater reliability for generating muscle volumes was
excellent (ICC=0.993-0.999), well above the level required for
“clinical relevance” (Portney and Watkins, 2009). The average
inter-rater differences were —0.9+4.5cm® 2.2+2.1cm’, and
—1.0+23 cm> (—04%, 2.1%, and —2.8%) for the entire deltoid,
infraspinatus, and supraspinatus. Quantifying the anterior and
posterior deltoid segments demonstrated excellent inter-rater
reliability (ICC=0.970 and 0.989 p <0.001). The average inter-
rater differences were —6.5+12.1 cm®, and 6.0+ 9.8 cm® (—6.4%
and 4.3%).

4. Discussion

This study presents a comprehensive database documenting
normative pediatric shoulder muscle volume. Using these data an
association between muscle volume and strength was established
in all three DOFg. The methodology for reliably splitting the in vivo
deltoid volume into subgroups with unique torque producing
abilities is important for further research, as it simplifies the
evaluation of a muscle with multiple actions. Fortunately, the

application of this methodology is not limited to pediatric data,
but should be directly applicable to adult data as well. Thus, both
the methodologies developed and the databases established within
this study will likely advance the understanding of shoulder injury;,
pathology, and overuse by facilitating functional-based analyses in
both the pediatric and adult populations.

Despite the diverse spectrum of ages and sizes, the muscle
volume distribution remained consistent across individual sub-
jects. Hence, this normative pediatric muscle database could be
beneficial for estimating shoulder muscle volumes, particularly
when such data are difficult to obtain. For example, acquiring MR
data for children often requires anesthesia (Halliday and Kelleher,
2013; Usher and Kearney, 2003), yet such a risk is difficult to
justify for research purposes. This database also provides a base-
line to which atrophic (e.g., children with cerebral palsy or brachial
plexus palsy) or hypertrophic (e.g., overuse) muscle volumes can
be compared.

The relative distribution of shoulder muscles in children
appears to be consistent with adults (Fig. 5) with a few notable
exceptions. In this pediatric cohort the deltoid occupies a relatively
smaller, and the rotator cuff muscles (supraspinatus, subscapularis,
and I-tm) a relatively larger, percentage of the shoulder muscle
volume (Holzbaur et al., 2007; Peterson and Rayan, 2011; Vidt et
al., 2012). The differences in muscle distribution, albeit small,
between the current pediatric and previous adult cohorts, com-
bined with the documented humeral shape changes during
development (Edelson, 2000; Sheehan et al., 2014) indicate that
caution must be used when applying results from adult modeling
and experimental studies to pediatric populations.

The concept that muscle volumes are predictive of maximum
isometric torques was supported by the moderate to strong
regression coefficients. The differences in regression coefficients
across muscles of a functional group (Table 2) were quite small, a
likely result of the strong association between muscle volumes.
The results expand upon the current knowledge of the in vivo
relationship between shoulder muscle volume and strength by
establishing these relationships for all cardinal planes. The inabil-
ity to fully explain the variance in maximum voluntary isometric
joint torques was anticipated, as numerous other factors (e.g.,
moment arm values, specific tension, fiber length, and pennation
angles) also influence a muscle's ability to generate torque.
As these parameters are most often derived from cadaveric
studies, such data for the pediatric shoulder are unavailable. In
addition, these parameters can vary across the muscles of the
shoulder. Thus, the quantified volume-torque relationship defines
the relationship between a single muscle's volume and the torque
it can produce, which will likely be useful in evaluating the effects
of muscle atrophy/hypertrophy in the production of torque. The
conclusions of this study in no manner imply that the muscle
volume alone can quantify differences in strength across different
muscles (Ward et al., 2006; Zajac, 1992).

The abduction/adduction regression coefficients matched well
with literature values (Audenaert et al., 2009; Vidt et al., 2012) but
tended to be smaller. This difference may have arisen from the fact
that the overall volume was fairly evenly distributed across
genders in the current study (Fig. 4) but in a past study (Vidt et
al., 2012), the average female volume was ~ 18 standard deviations
less than the average male volume. This large difference in volume
between the male and female populations likely create a correla-
tion that was stronger for the entire population, but weaker within
the sub-populations.

The fact that the multivariate regression analysis improved the
prediction of only one (external rotation) of the six joint torques
indicates that the relationship between individual muscle volumes
and torque may be more relevant than the relationship between
the summed muscle volumes within a functional group and its
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Fig. 2. Deltoid functional divisions. Left: previous studies have provided evidence that the deltoid is comprised of seven unique functional groups. Based on the
quantification of moment arms, Brown et al. (2007) defined these segments as flexors-abductors (D1-D3), extensors-abductors (D4-D6), and extensor-adductors (D7). The
internal-external rotation moment arms were not reported. The study of Sakoma et al. (2011) also supported this division into seven segments (defined as A1, A2, A3, M1, P1,
P2, and P3, which roughly matched D1-D7). The origins of segments D6, D7, D3, and D1 are isolated to the scapular spine, the acromion process, and the clavicle,
respectively. The origins of D4 and D2 span the acromion and either the spinal process or the clavicle. Top Right: The anterior (D1-D3) and posterior (D4-D7) segments were
assigned to the flexion-internal rotation and the extension-external rotation functional groups, respectively. Bottom right: the entire deltoid volume was considered an
abductor since the volume of D7, which contributed to adduction, was negligible compared to the entire deltoid.

corresponding torque (Holzbaur et al., 2007). Performing a regres-
sion based on the summed volume assumes that the multiplicative
coefficient for each muscle volume is a constant. This constant
accounts for the moment arm, specific tension, and pennation
angle of each muscle. There can be no expectation that it would be
constant across muscles of a functional group. In addition, the
colinearity amongst the volumes created a bias against improving
the single regressions with a multivariate regression.

The cross-correlation between joint torques was expected as
shoulder function requires a high level of dynamic interaction
between co-contracting muscles. Thus, the shoulder's capacity to
produce force in one direction is balanced by a reciprocal capacity
to produce force in the opposite direction.

It is well accepted that the deltoid is functionally capable of
producing moments on the humerus in opposing directions.
Dividing the deltoid based on the seven-segment deltoid model
(Brown et al., 2007) provided clear guidance for assigning exten-
sion, flexion, and abduction to the segments. Compared to these
torques, the deltoid's ability to produce internal/external rotation
is minor and these moment arms have only been reported based
on three-segment models (Ackland et al., 2008; Otis et al., 1994).
The anterior deltoid is an internal rotator, whereas the posterior
deltoid is an external rotator, but the mid-deltoid has been
reported as being both an internal (Ackland and Pandy, 2011)
and external (Otis et al., 1994) rotator. As the seven-segment
model can be converted to the commonly used three-segment
model by combining segments (anterior=D1+D2, mid=D3 +D4,
and posterior=D5+D6+4D7, Fig. 2), the current two-segment
deltoid allocated a small portion of the mid-deltoid to the anterior
and posterior segments, forming a compromise across past

studies. A more realistic 3D curved plane defining the boundary
between sections D3 and D4 was not used since identifying it in
the mid-belly was difficult and time-consuming. In a preliminary
dataset, a comparison of the segmental volumes derived using the
2D and 3D slice planes demonstrated small volumetric differences.

Although the current methodology deviated slightly from the
three-segment deltoid model (Klepps et al., 2004; Lorne et al,,
2001), it enabled the deltoid to be reliably divided into sub-units
with unique torque producing abilities. This methodology is
pivotal to establishing the in vivo volume-torque relationship for
all three DOFg. More importantly, it opens a rich path for research
into injury, pathology, and hypertrophy in both pediatrics and
adult populations. For example, in obstetrical brachial plexus
palsy, external rotation and extension torque weakness have been
documented (Kozin et al., 2010). Yet, the contribution of deltoid
atrophy to this weakness may have been masked by a reliance on
evaluating the entire deltoid (Hogendoorn et al., 2010; Van Gelein
Vitringa et al., 2011).

In this pediatric cohort, the anterior deltoid was a smaller
percentage (43.4%) of the entire deltoid relative to the limited
available adult cadaver data. For a single adult cadaver, the
anterior—posterior deltoid split was 50.7-49.2% (Wickham and
Brown, 1998). For five adult cadavers it was approximately 46.5—
52.5% (Peterson and Rayan, 2011). This may indicate a differential
development of the functional sub-units within the deltoid. To
more fully explore this issue, future work is needed to establish
in vivo adult segmental volumes.

This study confirms that the process of deriving muscle
volumes from MR images in children/adolescents is as reliable as
in adults, if not more so. The inter-rater reliability matched that of
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Fig. 3. Defining the three points of the anterior-posterior deltoid slice plane. Both rows present two axial images whose locations are defined by the horizontal arrows
extending to the center sagittal image. Similarly, the location of the central sagittal image is indicated on the right and left axial images using vertical arrows. Note that ax1
and ax4 have been enlarged and cropped for better visualization. Top row: the proximal two points defining the 2D slice plane were defined in the axial image at the level of
the acromioclavicular joint (ax1). To ensure that the fascial plane dividing the anterior and posterior deltoids (AP fascial plane) had been located, the intramuscular tendons
(as defined by Sakoma et al. (2011)) were identified in an axial image at the superior aspect of the humeral head. The “AP tendon” marks the division between the anterior
and posterior deltoids. This tendon was followed back to image ax1 to ensure that it communicated with the AP fascial plane. Bottom Row: Just superior to the distal
insertion of the posterior deltoid, the AP fascial plane was identified and the center of this plane was the 3rd point. A 3D plane outlining the fascial plane could not be used
because the fascial plane in the mid-belly of the deltoid was often indistinguishable, as can be seen in ax3.

Table 3
Muscle volume, strength, and physical measures for each subject.

Muscle Volumes (cm®) Strength (N.m) Physical Measurements (mim)
Subject Total Ant. Pos. PM ™ Sub I-tm  Supra Total Flex Ext Abd Add IR ER Hum. Epi. Sca.
Deltoid Deltoid Deltoid Length Width Length
1 286.2 1345 151.8 2404 1232 1438 1155 348 9438 57.2 37.7 59.3 411 434 222 2825 61.1 115.6
2 2518 119.2 132.6 2108 1255 1168 1041 435 852.6 458 348 369 329 277 191 3332 56.9 122.0
3 15952 62.9 923 140.5 81.2 67.9 66.2 299 540.7 16.0 132 189 189 13.7 7.4 2928 443 111.0
4 86.7 333 535 57.0 334 432 38.7 141 2732 84 92 57 70 44 40 2257 379 86.9
5 1364 579 78.4 962 610 649 641 224 4449 172 154 184 220 11.6 94 259.0 492 1094
6 2216 95.4 126.2 1469 815 1109 1007 355 697.1 41.2 339 47.9 339 303 231 2677 56.4 105.7
7 27738 1292 148.6 2251 1038 1377 111.6 381 894.0 30.6 320 21.8 20.1 17.9 174 3404 56.0 120.9
8 157.7 56.8 100.9 101.3 595 798 766 235 4985 27.8 185 18.0 216 121 102 251.2 51.8 95.1
9 80.5 384 42.1 58.1 388 499 362 13.0 2766 7.5 106 128 101 7.5 6.7 220.1 40.7 91.7
10 1459 62.9 83.0 125.9 71.0 761 62.0 22.1 503.0 213 200 154 165 106 7.7 262.5 54.2 106.8
11 2394 109.0 1304 176.2 951 1285 979 378 7748 348 292 292 336 122 169 305.1 554 115.5
Mean 1854 81.8 103.6 1435 794 927 794 286 609.0 28.0 23.1 258 234 174 131 2764 51.3 107.3
SD 733 36.7 373 638 308 360 283 102 238.0 158 106 161 107 11.7 6.8 39.2 74 1.7
Distribution  30.4% 43.4%* 56.6%* 231% 131% 154% 132% 4.8%
SD 12% 3.9%* 3.9%* 22% 12%  14% 11% 05%

Abbreviations: SD - standard deviation, Ant. - Anterior, Pos. — Posterior, PM - Pectoralis Major, TM - Teres Major, I-tm - Infraspinatus/Teres Minor, Sub - Subscapularis,
Supra - Supraspinatus, Flex - Flexion, Ext - extension, Abd - Abduction, Add - Adduction, IR - Internal Rotation, ER - External Rotation, Hum - Humeral, Epi - Epicondylar,
Sca - Scapular.

2 The distribution of the anterior and posterior deltoid is relative to the total deltoid volume. The distribution for all other muscles is relative to the summed volumes of
the total deltoid, PM, TM, sub, I-tm, and supra. The Hum. Length, Epi. Width, and Sca. Length are defined as the distance between the most superior and inferior aspects of
the humerus, the medial and lateral edges of the humeral epicondyles, and the Trigonum Spinae Scapulae and the Angulus Inferior, as measured from MR images.
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Fig. 4. Individual muscle volume relative to total muscle volume. All correlations
had a p-value < 0.001. The gray arrows mark the data from the female subjects.
Abbreviations: PM - Pectoralis Major, Sub - Subscapularis, TM - Teres Major, Supra
- Supraspinatus, Post. - Posterior, Ant. — Anterior, [-tm - Infraspinatus/Teres Minor.

Tingart et al. (2003) but the average difference (—0.4%) was lower
than the 4% reported for the intra-rater reliability of the deltoid
(Holzbaur et al., 2007). The higher percent differences (6.4%
and 4.3%) for the anterior and posterior deltoid segments arose
primarily from a single subject with —40.2 and a 312 cm®
difference in segment volumes between observers. Advancements
in MR technology have provided higher resolution and stronger
MR units (3-T) with larger bores, allowing optimal subject place-
ment and increased signal-to-noise ratios. This enabled the voxel
resolution for the current study (0.36-0.48 mm?) to be two times
better than the data acquired by Tingart et al. (2003). Thus, the
current accuracy is likely equivalent to or better than the 2-4%
accuracy reported in this previous study.

While the present study is the largest and most comprehensive
database documenting the relationship between pediatric
shoulder muscle volume and strength, the cohort is still objec-
tively small, and thus a limitation of the study. For this reason, the
full individual dataset is provided so that future experimental
and modeling studies can use the current data as a foundation. In
the current pediatric database, it was not feasible to create a “gold
standard” to evaluate the methodology for dividing the deltoid.
Therefore, the exact accuracy of this methodology remains
unknown.

This study quantified 3D, in vivo shoulder muscle volumes and
their association with strength in a normative pediatric popula-
tion. The potential for asserting definitive conclusions with regard
to shoulder muscle function, particularly differences between the
pediatric and adult shoulders, is predicated on expanding the
normative database quantitatively (i.e., additional subjects) and
qualitatively (i.e., broader sample of characteristics). The current
data provides a reference for clinicians and researchers investigat-
ing pediatric shoulder pathology. This information is useful in
identifying muscle imbalances and tailoring interventions to
specific muscles and functions.
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Fig. 5. Comparison of the muscle volume distribution. The distribution was
calculated based on only the muscles that overlapped between studies. TOP:
Comparison to past in vivo studies in young adults and elders (Holzbaur et al.,
2007; Vidt et al., 2012). Bottom: to past cadaver study (Peterson and Rayan, 2011).
As Peterson and Rayan (2011) reported average masses, the percent volumes were
based on the assumption that muscle density was constant across muscles. Note:
the distributions are slightly different than those listed in Table 3 since the set of
muscles used for the total volume was dependent on the data available in the
previous studies. Although measured, the volume of the teres major was not
included in the above figures because it was calculated differently than had been
done previously. Abbreviations: PM -Pectoralis Major, Subscap - Subscapularis,
Supraspin - Supraspinatus, I-tm - Infraspinatus/Teres Minor.
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Différentes difficultés méthodologiques ont été rencontrées pour ce travail.

Dans le travail ci-dessus, une séquence anatomique avec des coupes trés fines, a été choisie.
Des vérifications de la justesse de la segmentation sur les coupes axiales étaient possibles dans
les plans sagittal et frontal. Une technique de segmentation manuelle sur un grand nombre
de coupes était utilisée. Les évaluations de fidélité inter-examinateur retrouvaient
d’excellents résultats sur trois muscles laissant présager de bonnes qualités métrologiques
pour cette technique. Malgré I'absence de segmentation de toutes les coupes, 15 heures au
minimum étaient nécessaires pour réaliser les segmentations manuelles puis la
reconstruction d’'une épaule unique, ne permettant pas d’utiliser cette technique sur des

populations beaucoup plus larges ou en pratique clinique.

Afin d’établir des groupes fonctionnels des muscles intervenant dans chacun des
mouvements de I'articulation gléno-humérale, les bras de levier déterminés a partir d’études
cadavériques chez les adultes ont été utilisés avec une méthode de « tendon excursion »
permettant de s’affarnchir de la détermination du centre de rotation de I'articulation gléno-
humérale. lls sont a I'origine d’un biais dans le raisonnement pour I'étude de la relation

volume-force et sont une limite pour cette étude.

Enfin, le muscle deltoide, du fait de son organisation tridimensionnelle entourant I'épaule,
présente des actions différentes en fonction des chefs musculaires avec pour certains chefs
des actions antagonistes (J. M. M. Brown et al. 2007). De ce fait, une technique de division en
deux parties a été proposée. Sa fidélité inter-examinateur était trés satisfaisante mais sa
validité reste a prouver. De méme, son utilisation dans des images autres que celles obtenues

pour ce travail, avec une séquence différente par exemple, sera a explorer.

Malgré ces difficultés méthodologiques, ce travail a permis de recueillir les premiéres
données de volumes des muscles de I’articulation gléno-humérale ainsi que leur distribution
spécifique dans une population d’enfants avec développement typique. Des corrélations
moyennes a fortes entre les volumes musculaires et la force ont pu étre établies dans toutes
les directions du mouvement et avec I'ensemble des muscles intervenant dans la genése de

force dans les différentes directions, confirmant l'intérét de I'’étude morphologique des
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muscles de I"épaule en IRM chez I'enfant. Ces premiéres données vont pouvoir servir de

données de référence dans les études incluant des enfants présentant des pathologies de

I’épaule, comme les enfants avec POPB.

Des études similaires a celle présentée ci-dessus proposant une étude des volumes

musculaires et de leur relation a la force dans des groupes d’enfants par age et sexe pourrait

permettre d’évaluer I'impact de la croissance sur I'anatomie et le fonctionnement de I'épaule

chez I'enfant a développement typique et potentiellement d’affiner cette premiére base de

données.

Erratum : Des erreurs se sont glissées dans le tableau 1 (calcul de I'IMC), la version exacte est

présentée ci-dessous

subject | gender dominant |age height (cm) |wieght (kg) |BMI | weight
arm (years) category
1 M R 13,8 157,5 74,3 30,0 obese
2 M R 14,5 180,3 72,0 22,1 normal
3 M R 11,4 159,0 40,5 16,0 normal
4 M R 7.3 131,0 23,9 13,9 normal
5 M R 11,1 130,0 44,6 26,4 obese
6 M R 9,2 142,2 473 23,4 obese
7 M R 13,7 151,8 64,9 28,2 | obese
8 F R 8,7 127,0 26,3 16,3 normal
9 F R 10,8 152,4 45,5 19,6  |normal
10 F R 18,7 165,1 49,5 18,2  |normal
11 F L 12,4 162,6 53,1 20,1 normal
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3 Article 3 : Morphologie musculaire en IRM et fonction

musculaire de I’épaule chez I’enfant avec paralysie obstétricale

du plexus brachial

Bien que les muscles soient au cceur de la pathologie de I'épaule chez les enfants avec POPB,

leur atteinte reste imparfaitement connue.

En IRM, la morphologie et notamment la trophicité des muscles scapulo-huméraux de
I’enfant avec POPB sans récupération neurologique compléte a été étudiée dans cing articles
(Poyhia et al. 2005; van Gelein Vitringa et al. 2009; Peter M. Waters et al. 2009; Hogendoorn
et al. 2010; Van Gelein Vitringa et al. 2011) afin d’établir un lien entre les déformations
osseuses et |'atteinte musculaire.

Dans ces travaux, la trophicité des muscles de I'épaule était explorée avec des techniques de
segmentation simples, telles que I'épaisseur de section maximale ou la surface de section
anatomique du muscle mesurées sur une coupe unique. Dans le cadre du muscle pathologique
de I'enfant, ces techniques utilisant une coupe unique ne sont cependant pas validées. Elles
ne sont pas adaptées a des muscles avec des formes non fusiformes spécifiques comme le
deltoide. Enfin, du fait de I'atrophie, des déformations du muscle peuvent étre suspectées.
L'ensemble est en faveur d’une évaluation du muscle dans son ensemble par une technique
de segmentation précise (Lehtinen et al. 2003)(Article 1).

Seul un petit nombre de muscles était étudié, principalement les muscles subscapulaire et
infraépineux. Cependant ce ne sont ni les seuls muscles du couple rotation interne/externe
(Kuechle et al. 2000; Ackland, Keynejad, et Pandy 2011), ni les seuls muscles a intervenir dans
la stabilisation et la mobilisation de I'épaule (paragraphe 2.2.2).

Les corrélations entre la trophicité musculaire et les déformations osseuses étaient établies
sans que le lien entre la trophicité musculaire et la force, en lien avec les contraintes
mécaniques s’exercant sur I'articulation gléno-humérale, ne soit connu dans cette population
(Dysart, Harkness et Herbison 1989; M. L. Pearl et Edgerton 1998). Les corrélations connues

pour I'enfant a développement typique et présentées ci-dessus ne pouvaient pas étre utilisées

97



étant donné le caractere pathologique des muscles chez les enfants avec POPB, présentant
une infiltration graisseuse et un changement de leur architecture (Einarsson et al. 2008;

Hogendoorn et al. 2010) modifiant possiblement leurs propriétés contractiles.

Cette étude « atrophie des muscles de I'épaule, relation avec la perte de force chez I'enfant
avec POPB » visait a mieux évaluer I'atteinte musculaire des muscles gléno huméraux. Son
objectif principal était de quantifier le profil et la gravité de I'atrophie musculaire des muscles
gléno-huméraux chez les enfants présentant une POPB en utilisant une technique de
segmentation manuelle sur un grand nombre de coupes permettant la considération du
muscle dans son ensemble. Ses objectifs secondaires étaient de quantifier I’équilibre entre
les volumes musculaires agonistes et antagonistes, ainsi que de déterminer la relation

volume force au niveau de I'épaule dans cette population.
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ARTICLEINFO ABSTRACT

Keywords: Background: Treatment/prevention of shoulder muscle strength imbalances are major therapeutic goals for
Obstetrical brachial plexus palsy children with obstetrical brachial plexus palsy. The study aims were to characterize muscle atrophy in children/
Children adolescents with unilateral obstetrical brachial plexus palsy, to quantify the agonist-antagonist muscle volume
Muscle volume balance and the association between muscle volume and strength.

!Swt?elnth Methods: Eight boys and four girls (age = 12.1, standard deviation = 3.3) participated in this case-control
Shovulder study. Three-dimensional magnetic resonance images of both shoulders were acquired. The unimpaired shoulder

served as a reference. Volumes of deltoid, pectoralis major, supraspinatus, infraspinatus, teres major, sub-
scapularis were calculated based on 3D models, derived through image segmentation. Maximal isometric torques
were collected in six directions.

Findings: All the major muscles studied were significantly atrophied. The teres major demonstrated the biggest
difference in atrophy between groups (51 percentage points), the pectoralis major was the least atrophied (23
percentage points). The muscle volume distribution was significantly different between shoulders. Muscle vo-
lume could predict maximal voluntary isometric torques, but the regression coefficients were weaker on the
impaired side (72% to 91% of the strength could be predicted in the uninvolved side and 24% to 90% in the
involved side and external rotation strength could not be predicted).

Interpretation: This study demonstrates muscle atrophy varied across all the main shoulder muscles of the gle-
nohumeral joint, leading to significant muscle volume imbalances. The weaker coefficients of determination on
the impaired side suggest that other variables may contribute to the loss of strength in addition to atrophy.

1. Introduction

Obstetrical brachial plexus palsy (OBPP) is one of the most common
birth injuries, with an incidence around 1.5 per 1000 births (Chauhan
et al., 2014). While many injuries are transient, 18-34% of patients
have long-term or permanent impairments/disability (Chauhan et al.,
2014; Hoeksma et al., 2004; Lagerkvist et al., 2010). The upper (C5C6)
and/or middle (C7) trunks of the brachial plexus and their distal ele-
ments are the most commonly injured elements (Lagerkvist et al.,
2010). These nerve injuries lead to varying degrees of muscle de-
nervation in shoulder girdle muscles (prime movers and scapular sta-
bilizers), inducing a complex profile of muscle atrophy and force im-
balances between agonist and antagonist muscle pairs (Brochard et al.,
2014). The combined effects of shoulder muscle force imbalances,
weakness, and joint pathology can severely diminish a child's functional
use of their arm and/or hand for activities of daily living and other

tasks.

Although the primary interventional goals when treating OBPP re-
lated impairments is to improve function by minimizing force im-
balances across the shoulder muscles, there are little data defining the
pattern or severity of muscle atrophy in children/adolescents with
OBPP either individually or as a group. Studies evaluating atrophy in
OBPP have typically used qualitative assessments (Hogendoorn et al.,
2010; Poyhia et al., 2005), substituted cross-sectional areas for volumes
(Eismann et al., 2015; P6yhid et al., 2005; Ruoff et al., 2012; Waters
et al., 2009), or defined the volume using only a portion of the muscle
(Van Gelein Vitringa et al.,, 2009; Van Gelein Vitringa et al., 2011).
Additionally, these studies evaluated a limited subset of shoulder
muscles, primarily the subscapularis and infraspinatus (Poyhia et al.,
2005; Talbert et al., 2011; Van Gelein Vitringa et al., 2009; Van Gelein
Vitringa et al., 2011; Waters et al., 2009). Therefore, the full extent and
pattern of shoulder muscle atrophy in OBPP is not well established. The

* Corresponding author at: Rehabilitation Medicine, National Institutes of Health, 6707 Democracy Blvd., Suite 856, Bethesda, MD 20817, USA.

E-mail address: fsheehan@cc.nih.gov (F.T. Sheehan).

http://dx.doi.org/10.1016/j.clinbiomech.2017.07.010
Received 24 February 2017; Accepted 26 July 2017
0268-0033/ © 2017 Published by Elsevier Ltd.

99



C. Pons et al

lack of information related to the pectoralis major (PM) and teres major
(TM) is a major deficit when developing treatments for children with
OBPP, as these muscles are often targeted for lengthening, transfer
procedures (Kirkos et al., 2005; Kozin et al., 2010; Odeh and Odeh,
2015; Ozben et al., 2011; Ozturk et al., 2010) or botulinum toxin in-
jections (Ezaki et al., 2010; Michaud et al., 2014). Thus, a more com-
plete understanding of the pattern and degree of muscle atrophy across
shoulder muscles in patients with OBPP is needed to improve inter-
ventional outcomes.

An understanding of the volume-torque relationship in children/
adolescents with OBPP will provide valuable patient-specific informa-
tion, including the optimal target muscles for a given procedure. For
example, Aydin and colleagues (Aydin et al., 2011) state that a pre-
operative examination should determine whether the muscle being
transferred has sufficient power to justify the procedure. Yet, it is not
possible to directly measure the power of an individual muscle. A recent
study in typically developing children/adolescents established the re-
lationship between shoulder muscle volume and torque in all three
rotational degrees of freedom (Im et al., 2014). However, the in vivo
relationship between muscle volume and torque has not been estab-
lished in children with OBPP. A direct relationship between muscle
volume and strength may not exist in these children, as other factors,
such as glenohumeral deformity (Brochard et al., 2016) or fatty in-
filtration (Hogendoorn et al., 2010), may alter the relationship.

The primary purpose of this study was to quantify the pattern and
severity of muscle atrophy of the major shoulder muscles (anterior
deltoid, posterior deltoid, PM, TM, combined infraspinatus and teres
minor, subscapularis, and supraspinatus) in the involved, relative to the
uninvolved, shoulder in children/adolescents with unilateral OBPP
using a 3D magnetic resonance (MR) based methodology. The sec-
ondary purposes were to quantify the agonist-antagonist muscle volume
balance and determine if the maximum voluntary isometric joint mo-
ment in all three degrees of freedom could be predicted by the muscle
volumes using a multiple regression analysis. As this study set out to
evaluate the muscle volume to torque relationship, it was known from
the outset that an older population, inclusive of children with previous
surgical interventions, would be targeted. Thus, a separate analysis
addressed if muscle atrophy and volume distribution was different in
individuals with and without previous reconstructive surgery. In sup-
port of these purposes, the inter-rater reliability of obtaining muscle
volumes in children/adolescents with OBPP was evaluated.

2. Methods

Data from an ongoing IRB (National Institute of Child Health and
Human Development, intramural, MD, USA) approved study (Brochard
et al., 2014; Brochard et al., 2016; Im et al., 2014; Sheehan et al., 2014)
formed the basis of this case-controlled study. Sixteen children/ado-
lescents with unilateral OBPP were recruited as a sample of con-
venience. A legal guardian or subject over 18 years of age provided
written consent. Written assent was obtained from subject's under
18 years of age. The exclusion criteria were: 1) < 30° active flexion and
abduction, 2) other neurological problems (e.g., cerebral palsy, ar-
throgryposis), 3) contraindications for MR imaging, and 4) shoulder
surgery and/or botulinum toxin injections within the 6 months prior to
inclusion. A pediatric physiatrist performed a history and physical ex-
amination. Data were included only if a complete three-dimensional
MR dataset was available for both shoulders. The final cohort consisted
of eight boys and four girls [age = 12.1 (SD 3.3) years, height = 155.9
(SD 20.8) cm, 52.6 (SD 17.9) kg] with five of these children having had
past surgical interventions (Supplementary material 1).

The MR data were acquired as a subset of a previous study (Sheehan
et al., 2014), but the muscle volume was not analyzed as part of that
study. Each participant was placed supine on the scanning bed of a 3 T
MR scanner (Verio: Siemens, Germany). A flexible cardiac coil was
placed posterior to the shoulder while its pair was wrapped around the
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subject's shoulder and chest. The arm was in a neutral position with the
hand pronated. A Tl-gradient recalled echo sequence was in-
dependently acquired for each shoulder, enabling optimal shoulder
position relative to the MR unit. Neither sedation nor anesthesia was
used. The imaging parameters, based on recommended parameters for
denervated muscle (Kamath et al., 2008; Menashe et al., 2015), were
held constant for each subject (416 x 312 x 192 pixels, slice thick-
ness = 1.2mm, TR = 16.6 ms, TE = 5.1 ms, imaging time = 4 min
225). The in-plane resolution varied from 0.55 mm x 0.55mm to
0.63 mm X 0.63 mm across subjects, allowing for finer resolution in
smaller subjects. The minimum scan volume ranged from the inferior
scapular angle to 5 mm proximal of the acromion superior edge and
from the lateral edge of the arm to the mid-spine. Throughout data
processing the research team was blinded to the subjects' identity and
side of impairment.

The 3D volume calculation was carried out as previously done (Im
et al.,, 2014). The muscles of interest were manually segmented using
MIPAV (Medical Image Processing Analysis and Visualization, Be-
thesda, MD, USA). The first and last five images containing a specific
muscle were always used in segmentation. In the belly of the muscle
every other, every fourth, or every sixth slice was used, based on the
length of the muscle. Segmentation was guided by tracking minor area
changes through the “skipped” images and using a tri-planar view to
identify the muscular fascial planes, origins, and insertions. In cases of
severe atrophy, segmentations were allowed to deviate from the uni-
form slice separation to more precisely capture the volume. The infra-
spinatus and teres minor were segmented as a single muscle (infra-
spinatus-teres minor (I-tm)). Similarly, the distal border of the TM was
assumed to be at the level of the most distal scapular point, resulting in
a small portion of the latissimus dorsi being included within the TM
volume.

From the segmentation, a three-dimensional model (Fig. 1) of each
muscle was created (Geomagic, Research Triangle Park, NC, Morris-
ville, USA). Smoothing filters were not used and minor modeling errors
(e.g., overlapping surfaces, holes) were manually corrected. Muscle
volume was computed from the 3D model. The deltoid was split into
functional segments, based on previous work in typically developing
children (Im et al., 2014), and the volume of its functional sub-sections
were quantified.

Each subjecl's contralateral shoulder was used as a control for the
involved side. The atrophy was defined as the ratio of muscle volume
from the involved side relative to that of the uninvolved side for each
muscle. The proportional volumes of each muscle were obtained by
dividing the corresponding volumes by the total muscle volume of the
six muscles volumes quantified. These proportional volumes defined
the muscle volume distribution. The ratio of agonist to antagonist
muscle volume was computed for both shoulders in each of the three
movement planes. The external rotation muscle group was the I-tm, the
internal rotation group was the subscapularis and PM. The extensor
group was the posterior deltoid and TM. The flexor group was the PM,
supraspinatus, and the anterior deltoid. The abduction group was the
entire deltoid, I-tm, and supraspinatus. The adductor group was the PM
and subscapularis (Table 1).

Functional groups (Table 1) were determined based on moment
arms from in vitro adult studies that used identical testing positions
(Brown et al., 2007; Kuechle et al., 1997; Kuechle et al., 2000). Muscles
with a moment arm greater than 6 mm in a specific torque direction
were considered as contributors to that torque. This qualitative cut-off
was slightly higher than our previous study (Im et al., 2014) due to the
potential alteration in moment arms secondary to the bone deformities
and humeral head migration in OBPP (Brochard et al., 2016). This re-
sulted in the entire deltoid being considered an abductor, its anterior
segment a flexor, and its posterior segment an extensor (Brown et al.,
2007).

Two investigators independently assessed inter-rater reliability of
calculating the muscle volumes from MR images in fifteen randomly
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selected shoulders (five affected and 10 healthy shoulders) for three of
the six muscles evaluated (deltoid, supraspinatus and I-tm). In total the
volumes of 45 muscles were segmented twice. The selected muscles
represented a diversity of shapes, sizes, depths, and functions. The re-
liability of calculating the anterior and posterior deltoid volume was
quantified.

As part of a previous study (Brochard et al., 2014), maximal vo-
luntary isometric joint torques were acquired in all three degrees of
freedom wusing a hand held dynamometer (JTech Commander

Table 1
Adjusted coefficient of determination (R?) for muscle volume-torque relationship.

Supraspinatus
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Fig. 1. Comparison of muscle volumes between
sides for a single subject. The musculoskeletal
models are both from a single male subject
(subject 2). This subject has a Narakas score of 3
and a Mallet of 15. Top row is a superior to in-
deltoid
splitting
plane

ferior view (involved arm on the right of the
image), the left column provides an anterior to
posterior view (involved side on the left of the
image), and the right column provides a posterior
view (involved arm on the right side of the
image). For the bottom four images the identical
scale is used. The identical scale is used in the top
two images. Thus, the smaller muscle and bone
volumes seem for the involved side are a result of
atrophy/hypotrophy and are not a scaling arte-
fact. The 3D MR images were acquired in-
dependently for both arms, as per the protocol,
but used the identical resolution. Thus, the pose
of each arm relative to each the other was based
on a visual approximation and not a true anato-
mical position.

Impaired

PowerTrack II). The position of the child, dynamometer, and observer;
the order of the torque production (flexion, abduction, external rota-
tion, internal rotation, adduction, and extension); and verbal en-
couragement cues were standardized. Children rested at least 10 s be-
tween trials and at least 1 min between directions. The highest maximal
voluntary isometric torque value produced in three trials was used for
the multiple regression analysis.

An a priori power analysis, based on a Wilcoxon paired test, de-
termined that at least 10 subjects were required (a = 0.05 and

Torque direction Muscle Moment arm (mm) R? value
Involved Uninvolved
Flexion Anterior 15.9 (Brown et al., 2007) 0.60 0.87
Deltoid
Supraspinatus 7 (Kuechle et al., 1997) - 0.81
PM 10 (Kuechle et al., 1997) 0.90 0.78
Extension Posterior deltoid 45.4 (Brown et al., 2007) 0.37 0.89
™ 38 (Kuechle et al., 1997) 0.86 0.86
Abduction Supraspinatus 19 (Kuechle et al., 1997) 0.24 0.83
Total deltoid 19.5 (Brown et al., 2007) 0.45 0.86
I-tm 19 (Kuechle et al., 1997) 0.58 0.81
Adduction PM 21(Kuechle et al., 1997) 0.80 0.83
Subscapularis 8 (Kuechle et al., 1997) 0.44 0.72
Internal rotation Subscapularis 22.5 (Kuechle et al., 2000) 0.46 0.76
PM 20 (Kuechle et al., 2000) 0.88 0.82
External rotation I-tm 24 (Kuechle et al., 2000) - 0.91

Muscles were identified as torque contributors to a given direction based on published moment arm data (Brown et al., 2007; Kuechle et al., 1997; Kuechle et al., 2000). R* values are

presented when P < 0.05.
Abbreviations: [-tm = infraspinatus-teres minor, PM = pectoralis major, TM = teres major.
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Fig. 2. Interobserver reliability of muscle volume measurement. All Intraclass Correlation Coefficients (ICC) all had P-values < 0.001, as indicated by the double star. Abbreviations: I-

tm = infraspinatus-teres minor.

B = 0.9) assuming 50% atrophy in the subscapularis volume, as pre-
viously reported (Van Gelein Vitringa et al., 2009). A signed rank
Wilcoxon paired-test was used for between-side comparisons and a
signed Mann-Whitney test was used for sub-group comparisons. Using a
linear regression analysis, the adjusted coefficient of determination
between groups (R?) was calculated between each muscle and the
strength in the related direction. All statistical analyses were run in
SPSS (IBM, version 22). To quantify inter-rater reliability, the intra-
class correlation coefficients (ICCs), using a two-way mixed effects
model, were computed. A P-value < 0.05 was considered significant.

3. Results

The inter-rater reliability for quantifying muscle volumes was ex-
cellent (ICC = 0.962-0.999, Fig. 2). Removing the data from the in-
volved shoulder created minimal changes in the reliability. The percent
error between raters ranged from — 2.0% to 3.5%. The larger percent
errors were due to the small volumes of the muscle.

For all subjects every muscle on the involved side was smaller re-
lative to the uninvolved side (Fig. 3, top graph), with one exception for
one muscle for one subject (3.8% hypertrophy in the PM). The TM,
supraspinatus, and subscapularis muscle volumes were the most af-
fected. In contrast, the PM and posterior deltoid volumes were the least
affected. The children with previous surgeries tended to have more
severe functional limitations (a trend towards lower Mallet scores) and
significantly greater atrophy in all muscles, excluding the deltoid
(Fig. 3, bottom graph). The loss of muscle volume was approximately
20 percentage points higher in the post-surgical group, except for the
TM, which was 51 percentage points higher and the deltoid that de-
monstrated little difference between groups.

The muscle volume distribution was significantly different between
shoulders (Fig. 4, top graph). For the involved side, the PM had a larger
proportional volume (P = 0.002), relative to the uninvolved shoulder.
In contrast, the TM, subscapularis, and supraspinatus made up a sig-
nificantly lower proportional volume (P = 0.024, 0.003 and 0.010), as
compared with the uninvolved shoulder. The muscle volume distribu-
tion on the involved side was not significantly different between the
surgical and non-surgical groups for all muscles, with the exception of
the deltoid and I-tm (Fig. 4, bottom graph).
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The varying degrees of muscle atrophy led to significant changes in
antagonist/agonist volume ratios (Fig. 5). This was true for extension/
flexion (sagittal plane imbalance, P = 0.002), external/internal rota-
tion (transverse plane imbalance, P = 0.016), and ab/adduction
(frontal plane imbalance, P = 0.025).

For the uninvolved shoulder, 72% to 91% of the maximal voluntary
isometric torques could be predicted using the muscle volumes
(Table 1). For the involved side, 24% to 90% of the strength could be
predicted, but external rotation strength could not be predicted
(Table 1).

4. Discussion

This study advances our understanding of the complexity of
shoulder muscle atrophy in OBPP by providing the first comprehensive
evaluation of muscle volume loss across all the main shoulder muscles
of the glenohumeral joint in children/adolescents with unilateral OBPP.
In the impaired shoulder, all the muscles are atrophied, the TM, su-
praspinatus, and subscapularis muscle volumes are the most affected
and the PM the least affected, inducing different distribution of
shoulder muscle volume and three-dimensional imbalance around the
palsied shoulder. Quantifying this variable pattern and severity of
muscle atrophy fosters understanding of the impairments and func-
tional limitations associated with OBPP, as well as, promotes improved
subject-specific treatment planning. Substantiating the volume-strength
relationship allows for deeper insights into how atrophy across various
muscles relates to weakness at the shoulder. Identifying differential
atrophy in the post-operative subgroup provides novel data which en-
hances our understanding of the long term musculoskeletal sequela
associated with OBPP.

The inclusion of all “main” muscles of the shoulder provides a more
detailed picture of the variability of atrophy across the shoulder in
patients with OBPP. The greater atrophy in the current participants,
relative to past studies(Péyhié et al., 2005; Talbert et al., 2011; Van
Gelein Vitringa et al., 2009; Van Gelein Vitringa et al., 2011; Waters
et al., 2009), is likely due to the older age of the current participants.
Specifically, Talbert and colleagues (Talbert et al., 2011) demonstrated
a correlation between age and I-tm atrophy in a group of patients with
OBPP (age 1.1 to 13.2 years). Of note is the 23% loss of volume in the
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PM, which contrasts past reports (Waters et al., 2009) that assumed the
PM was “unaffected”. One possible explanation of this difference might
be atrophy induced by a lack of use of the arm. The 3D muscle models
take into account the entire volume and geometrical complexity of the
shoulder muscles, which previous techniques did not, with the excep-
tion of one study evaluating the I-tm (Talbert et al., 2011). This volu-
metric information is particularly important in atrophic muscle where
the relationship between the entire muscle volume and the area within
a single slice may be quite different than in uninvolved muscles (Fig. 1).
The length of the affected muscles may also be altered. These factors
combined with the knowledge that muscle volume has been found to
correlate more with age than cross sectional area (Pitcher et al., 2012;
Vidt et al., 2012) support the concept that a 3D, volume-based, method
is needed for accurately measuring muscle atrophy in individuals with
OBPP.

The shifts in the muscle volume distribution between affected and
unaffected shoulders likely relate to muscle innervation and the site and
severity of the injury, as well as the extent of re-innervation. The lower
percent contribution to the total muscle volume for the subscapularis,
supraspinatus, and TM muscles highlights their potential key role in
OBPP. Similarly, the PM's increase in percent muscle volume is likely
due to the relative preservation of this muscle, which has dual
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innervation from multiple trunks and both the medial and lateral cords.
The alterations in muscle volume balance in all three anatomical
planes, with a greater volume imbalance in the sagittal plane, clearly
demonstrates that treatment focused solely on the axial plane is too
restrictive. The ratio of muscle volumes producing external rotation (I-
tm) to muscle volume producing internal rotation (subscapularis and
PM) matched previous results (Waters et al., 2009). If the PM is re-
moved from the internal rotation group, then the previously reported
decreased ratio is seen (Waters et al., 2009). These comparisons high-
light the fact that subscapularis atrophy was compensated for by the
fairly well preserved PM for both internal rotation and adduction,
leading to the transverse and coronal plane imbalances. This makes the
PM the major player in generating muscle volume imbalance. Since
imbalance, more than muscle atrophy, is likely the cause of the gle-
nohumeral deformities(Bahm et al., 2007; Gharbaoui et al., 2015;
Sibinski et al., 2010; Van Der Sluijs et al., 2002), evaluating and tar-
geting the imbalances in all three planes may improve global shoulder
muscle balance, posture, motion, and joint integrity.

The markedly greater atrophy seen in the surgical, relative to the
non-surgical, sub-group is noted in one previous study (Poyhid et al.,
2005). Unique to the current study, the shoulder muscles do not show a
consistent difference between groups. The deltoid shows no difference
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in atrophy across groups and the difference in TM atrophy between
groups (66% and 15% remaining for the non-surgical and surgical
groups) is more than double all other muscle evaluated. As all children
in this subgroup had a TM transfer, from a functional perspective, these
results call into question the efficacy of the TM transfer and its potential
long term benefits in the surgery subgroup. This is true regardless of
whether the TM atrophy occurred preoperatively or post operatively.
Longitudinal and controlled studies involving more children under-
going reconstructive/transfer surgeries are thus needed to evaluate
accurately the biomechanical impacts of these interventions.
Accurately assessing muscle strength is of critical importance when
considering reconstructive surgery in patients with OBPP (Aydin et al.,
2011). It has long been recognized that the multiple muscles con-
tributing to a given movement inhibit the direct assessment of an in-
dividual muscle's contribution to an overall joint torque. Further,
overall joint torque cannot be assessed in individuals who cannot follow
directions. Thus, establishing that muscle volume does predict strength
in this population with unilateral OBPP provides the most direct in-
sights into the remaining strength for individual muscles and will help

B Surgical

Teres
Major
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Fig. 4. Muscle volume distribution changes. Uninvolved (left col-
umns) and involved (right columns) muscle volume distributions
and standard deviations (error bars) are displayed. The distribution
was calculated as a percentage that an individual muscle's volume
contributes to the total volume of all six muscles. The white lines in
the deltoid column represent the anterior deltoid. The between side
differences expressed as a percentage of the control is provided
below the graph. A significant difference is denoted with a * if
P < 0.05. The anterior and posterior deltoids between side volume
distributions were not significantly different.

Supraspinatus

-0.6

» [ Non-surgical

Supraspinatus

0.2

advance the decision making process for reconstructive procedures
(Jeng et al., 2012). However, the weaker R2 values on the involved side
coupled with a non-significant relationship between muscle volume and
external rotation torque suggests that additional variables such as
rheological changes in non-contractile muscle elements, fatty infiltra-
tion (Hogendoorn et al., 2010), changes in muscle architecture and/or
osseous deformation(Eismann et al., 2016; Van Der Sluijs et al., 2002;
Voigt et al., 2011) may also contribute to the loss of strength.

A limitation of this study is the use of the contralateral side as a
control, as the uninvolved side may be altered relative to that of a ty-
pically developing child. Yet, an evaluation of nine typically developing
children (Im et al., 2014), age and sex matched to nine children in the
current study, demonstrated no significant differences in the dominant
arm muscle volumes (deltoid, pectoralis major, supraspinatus, infra-
spinatus, teres major, subscapularis) or in the average height and
weight in typically developing children relative to the children with
unilateral OBPP. Using the dominant arm as a control provides the best
anthropometric match, which is a main methodological issue in pe-
diatric research. In order to avoid the use of anesthesia in this research
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Fig. 5. Shoulder muscle group ratio (balance). The volume for each group was calculated
based on the categorization provided in Table 1. For example, extensors/flexors ratio =

(volume of anterior deltoid + volume of supraspinatus + volume of pectoralis major) /
(volume of posterior deltoid + volume of teres major). Mean and standard deviations
(error bars) are displayed. A significant between side difference is denoted with a * if
P < 0.05.

Abbreviations: external = external rotators, and internal = internal rotators.

study and to accurately assess strength, the subjects were older than
those in previous studies (Hogendoorn et al., 2010; Poyhia et al., 2005;
Talbert et al.,, 2011; Van Gelein Vitringa et al., 2009; Van Gelein
Vitringa et al., 2011; Waters et al.,, 2009). Further, the current seg-
mentation and reconstruction methods are, at present, time-consuming.
This limits their use in routine clinical practice, but for decisions in-
volving invasive procedures, the time could easily be justified. Future
work on developing/validating a more efficient, reliable technique is
warranted (Blazevich et al., 2009; Lund et al., 2002).

This study clearly demonstrates muscle atrophy across all the main
shoulder muscles of the glenohumeral joint. This atrophy varied across
the muscle groups, leading to significant 3D muscle volume imbalances.
As the PM is relatively preserved, compared to other muscles, this
muscle is a key factor in generating 3D volumetric and strength im-
balances. Based on the regression analysis, this study also emphasizes
that other variables in addition to atrophy (e.g., joint deformity and/or
muscle inefficiency) may contribute to the loss of strength, especially in
external rotation. An individualized, comprehensive, 3D musculoske-
letal evaluation, including a muscle volume specific evaluation should
be considered a prerequisite for interventions in OBPP children with
complex clinical presentation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clinbiomech.2017.07.010.
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Cette étude est la premiére a proposer une évaluation précise des muscles mobilisateurs
principaux de 'articulation gléno-humérale chez I'enfant avec POPB et a établir un lien avec

la fonction musculaire en établissant des corrélations avec la force.

Les difficultés méthodologiques étaient similaires a celles explicitées pour I'étude chez
I'enfant a développement typique. Nous reviendrons simplement sur le choix réalisé
concernant la formation des groupes fonctionnels. Seuls les muscles avec un bras de levier
d’au moins 6 mm pouvaient étre inclus dans un groupe fonctionnel. Cette simplification était
nécessaire du fait de la migration postérieure, inférieure et médiale de la téte humérale par
rapport a la glene, modifiant les lignes d’action et bras de levier des muscles gléno-huméraux
(Kuechle et al. 1997, 2000). En conservant le seuil de 3 mm utilisé pour I'enfant a
développement typique dans |'étude précédente, nous craignions d’attribuer une action
mécaniquement impossible a un des muscles étudiés du fait de la déformation. Comme dans
I’étude précédente, cette méthode représente une limite et un biais dans le raisonnement

pour I'étude de la relation volume-force.

Cette étude évalue six muscles mobilisateurs principaux de I'articulation gléno-humérale, et
permet une vision plus globale des atteintes musculaires et déséquilibres au niveau de
I’épaule que les études précédentes. Cependant, 'ensemble des muscles potentiellement
impliqués dans la pathologie de I’épaule chez I'’enfant avec POPB, du fait de leur innervation
ou de leur potentielle participation dans la déformation de I’épaule (Crouch et al. 2014), n’a
pas pu étre étudié. Les chefs long du biceps et long du triceps et le muscle grand dorsal,
transféré dans certaines chirurgies (Michael L. Pearl et al. 2006; Kozin et al. 2006),
mériteraient d’étre également étudiés dans les études futures concernant les muscles dans
cette population. Ils ne pouvaient pas étre considérés ici du fait de I'impossibilité de
segmentation, méme manuelle, pour le grand dorsal et des limites de champ de vue pour les

deux autres muscles.

Les coefficients de corrélation entre le volume et la force étaient présents mais plus faibles

pour les muscles du c6té de la POPB que du c6té non affecté ou que ceux retrouvés chez les

enfants a développement typique. En plus de I'atrophie, d’autres facteurs limitent les muscles
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dans leur production de force, telles que linfiltration graisseuse, les modifications de
I’architecture musculaire.

Le muscle pectoral était a la fois le moins atrophique et le muscle dont les coefficients de
corrélation volume-force étaient les plus élevés, suggérant la trophicité comme un bon reflet
de l'importance de I'atteinte d’un muscle chez les enfants avec POPB. L’existence des
corrélations volume-force dans tous les degrés de liberté de I’épaule sauf un est un argument
en faveur de l'utilisation des volumes musculaires dans I’étude de la genése de la déformation
gléno-humérale.

Aucune relation entre I'infraépineux et la force en rotation externe n’était retrouvée. On
peut dans ce cas faire I'"hypothése que la subluxation de la téte humérale en arriere, en
diminuant I'espace entre l'insertion du muscle infraépineux sur la scapula et sa terminaison
sur I’humérus, modifie son bras de levier et rende le muscle « trop long » empéchant la
contraction efficace du muscle. Une étude EMG associée a I'étude morphologique des
éléments présentés ci-dessus, contribuerait a améliorer notre compréhension de cette
absence de relation et évaluer la contraction du muscle infraépineux lors des tentatives de
mouvement en rotation externe (J. M. M. Brown et al. 2007; Hurov 2009; Talbert et al. 2011;

Gross et al. 2015) .
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Il Analyse du mouvement du membre supérieur

L'atteinte musculo-squelettique de [|'épaule a pour conséquence la limitation des
mouvements de I’épaule chez les enfants avec POPB, avec un retentissement sur ’ensemble
des mouvements des membres supérieurs et les activités et la participation de ces enfants.
L’évaluation clinique ne permet pas une analyse précise et compréhensive
biomécaniquement du mouvement chez les enfants avec POPB. Bialocerkowski et al. ont
comparé, sur 30 enfants avec POPB, la cotation de I’AMS avec le seul examen clinique et avec
un systeme d’analyse 2D du mouvement le V Scope (A. E. Bialocerkowski, Wrigley et Galea
2006). lls retrouvaient des erreurs systématiques dans la cotation de I’AMS lors de I’évaluation
clinique visuelle et montraient ainsi l'intérét d’une analyse quantifiée instrumentale du
mouvement pour améliorer la précision de la mesure (A. E. Bialocerkowski et Galea 2006). Le
systéme V scope était toutefois limité pour I'analyse compréhensive du mouvement du
membre supérieur par son caractére bidimensionnel, ne permettant pas I'analyse compléte
du tronc ou de I'épaule, possédant 3 degrés de liberté articulaire.

Les systemes optoélectroniques d’analyse quantifiée du mouvement utilisent des
marqueurs externes positionnés sur des repéres anatomiques (G. Wu et al. 2005). Pour
pouvoir déterminer le mouvement des structures en mouvement dans les trois dimensions de
I'espace et avec une fréquence d’acquisition élevée, les systémes optiques mesurent les
coordonnées 3D de ces marqueurs (Jaspers et al. 2011; Desroches et al. 2010; Alt Murphy,
Willén et Sunnerhagen 2013). Lors d’'un mouvement, ces systemes permettent d’obtenir les
données cinématiques de chaque articulation en 3D, et permettent donc au niveau du
membre supérieur I'exploration dynamique du mouvement et sa quantification dans chaque
articulation, notamment au niveau de I'épaule. Chez I'enfant avec POPB, la faisabilité et
I'intérét de I'utilisation de ce systéme au niveau du membre supérieur pour quantifier le
mouvement tridimensionnel et évaluer I'impact d’un traitement ont été montrés dans deux

études (Fitoussi et al. 2009; Mosqueda et al. 2004).
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Ces systémes ont aussi permis de montrer les limitations importantes du mouvement actif au
niveau de l'articulation gléno-humeérale et les compensations au niveau de I’articulation
scapulo-thoracique (Duff, Dayanidhi et Kozin 2007; Russo et al. 2014). Une atteinte au niveau
du coude a été objectivée, avec une tendance a I'augmentation de la flexion (Herisson et al.
2017; Mosqueda et al. 2004; Fitoussi et al. 2009) (paragraphe 2.3).

Etant donné la possibilité de compensations au niveau de I'ensemble des articulations du
membre supérieur atteint mais également le possible impact sur la motricité du membre
supérieur sain dont la dextérité peut étre affectée (Aktas et al. 2018; Immerman et al. 2012;
Matthews 2018), une analyse du mouvement des deux membres supérieurs dans un groupe
d’enfants POPB par rapport a des enfants TD permettrait de caractériser les spécificités du
mouvement chez les enfants avec POPB.

Dans le travail ci-dessous, ayant pour objectif de caractériser le mouvement des deux
membres supérieurs dans un groupe d’enfants avec POPB par rapport a des enfants avec
dévelopement typique, des taches testant spécifiguement 'amplitude des mouvements de
I’épaule étaient évaluées étant donné |'atteinte importante connue a ce niveau. Afin de
connaitre les stratégies de mouvement utilisées lors de taches quotidiennes et I'efficacité de
celles-ci, trois taches fonctionnelles étaient évaluées. Lors de ces taches fonctionnelles, les

parametres spatio-temporels étaient mesurés afin d’évaluer la performance du mouvement.

Cet article est en préparation pour une soumission dans Gait and Posture. La relecture de

I’Anglais n’a pas encore été réalisée. Les appendices seront trouvés en annexe 4.
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Objective : To investigate which kinematic and spatiotemporal parameters differentiate upper
limbs movements in children with obstetrical brachial plexus palsy (OBPP) from typically
developing children (TDC).

Design: Case control study

Setting: Functional Applied Biomechanics laboratory, NIH, USA

Participants: 12 children with unilateral OBPP (mean age = 11.7 years (SD 4.2) years) and 11
TDC (age=10.9 (SD 2.5))

Interventions: not applicable

Main outcome measures: Three-dimensional motions of both upper limbs of children with
OBPP and of the non-dominant limb of TD children were collected during the execution of 5
shoulder amplitude tasks and 3 functional tasks. Total active range of motion (ROM) start and
stop angles were calculated. Kinematics between groups were compared using the Arm Profile
Score. Spatio-temporal parameters were computed for the functional tasks.

Results:

Spatio-temporal parameters did not differ between groups for most of the tasks. Significant
changes were found during all the tasks at the gleno-humeral joint, especially in the rotation
plane, but also on all the other segment/joints (trunk, scapulo-thoracic, elbow, wrist). For all
the tasks, children with OBPP had significantly higher APS-scores compared to TDC. In the
unimpaired side of children with OBPP, significant kinematic differences compared to TDC
were found, especially in the shoulder rotation plane.

Conclusions: Effective movements with good motor control but with atypical patterns of
movements were highlighted on the impaired upper limb of children with OBPP. The major
Involvement of the gleno-humeral joint was confirmed and compensatory movements were
found at the other levels. Management of gléno-humeral mobility appears as a key point.
Compensations were also found on the unimpaired limb, in favor of an overall evaluation of

children with OBPP.

112



Key words: brachial plexus palsy, upper limb, kinematics, spatio-temporal, rehabilitation

113



Introduction

Obstetrical Brachial Plexus Palsy (OBPP) refers to injury to one or more cervical nerve roots
(C5-C8) and/or the first thoracic nerve root (T1), usually caused by excessive traction during
birth. The incidence is around 1.5 per 1000 births. In one third of cases, nerve recovery is
incomplete or absent (1,2), resulting in permanent impairment (1). The upper part of the
brachial plexus is most commonly affected, resulting in paresis of shoulder movements and
elbow flexion (3,4). On the impaired side, active and passive range of motions (ROM) are
known to be limited (4—6). On the unimpaired side also, performances are reported to be worse
compared to typically developing children (TDC). One of the main goals of the care and
rehabilitative management is to improve these movements in order to improve function and
participation (7,8).

The use of three-dimensional movement analysis have been reported in children with OBPP to
quantify differences with typically developing children (TDC) in upper limb position during
movements (9,10). It adds to our insights in the upper limb movement pathology in children
with OBPP and provide valuable information for intervention evaluations (10,11). Compared
to TD children differences were highlighted at the gleno-humeral, scapulo-thoracic and elbow
levels with decreased gleno-humeral contribution, increased scapulathoracic contributions and
a more flexed elbow position (9—13). However, a more global analysis of both upper-limbs
movements is still lacking. To our knowledge, spatiotemporal parameters, which can provide
relevant information about upper limb motor “performance” (14—16) has not been studied yet
in children with OBPP. Better characterizing the impaired and unimpaired upper limb
movement of children with OBPP will help as well in understanding, and thus adapt
rehabilitation strategies.

The aim of this study was to investigate which spatiotemporal, and kinematic parameters

obtained from 3D motion analysis differentiate upper limbs movements in children with OBPP
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from TDC, during the execution of 5 full shoulder tasks and 3 tasks which simulated activities
of daily living.

Our hypotheses were that upper limb spatiotemporal and kinematic parameters would be
different between groups on the impaired and unimpaired sides with most significant changes

at the shoulder level.

Methods

Participants

Data from an ongoing IRB (National Institute of Child Health and Human Development,
intramural, MD, USA) approved study (17-19) formed the basis of this case-controlled study.
Inclusion criteria were: age 5—18 years, unilateral OBPP, and ability to flex and abduct the
impaired arm at least 30°. Exclusions were any other significant neurological or orthopedic
impairment, orthopedic surgery with secondary interventions (4), botulinum toxin injections to
upper limbs within 6 months, inability to follow verbal directions. Medical histories were
reviewed to confirm eligibility (figure 1). Functional evaluation using Mallet scale (20) was
performed for all the children with OBPP. For comparison purposes, TDC with no history of
neuro-musculo-skeletal disorders were also recruited.

The protocol was approved by the institutional review board at the National Institutes of Health,

Bethesda, MD. Parents and children if possible provided informed consent.

Data collection

Three-dimensional motion of the markers was captured using a 10 camera Vicon MX system
(Vicon Motion Systems, Oxford, UK) at a rate of 100 Hz. Markers were placed on the trunk, in

the arm, on medial and lateral epicondyles, on forearm and on the hand (21). An acromion
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marker cluster (AMC) with three markers was positioned on the flat surface of the acromion.
A scapula locator, placed over the angulus acromius, angulus inferius and trigonum spinae, was

used to calibrate the scapula position in the AMC frame.

The movement protocol consisted first in static calibration in rest position to identify the
anatomical landmarks (21). Next children were asked to perform 5 full shoulder movements
(flexion, extension, abduction, adduction and external rotation) named hereafter amplitude
tasks and 3 tasks which simulated activities of daily living (reach to grasp, hand to top of the
head, hand to contralateral shoulder) named functional tasks. All movements were performed
three times at self-selected speed with the non-dominant arm for TD children and with both
arms for children with OBPP. Movements were systematically carried out in the same order.
Children with OBPP performed the set of tasks in the impaired side and then with the other
side. Oral instructions were given to help the children to perform the movements in a

standardized way

Participants seated in an armless chair with their feet on the ground with ankle in neutral
position and the hips and knees flexed 90°. Horizontal adduction was performed from maximal
horizontal abduction. External rotation was performed with the arm supported by an examiner
at 90° of abduction from maximal internal rotation. Functional tasks began with the arm
hanging freely at the participant's side. For the reach to grasp task, a cylindrical rod was placed
on a table at elbow height and at a distance near but less than maximum reach for each

individual.

Data processing
The gleno-humeral center of rotation was estimated using the functional method of Gamage &

Lasenby (22,23). Upper limb kinematics of the trunk, shoulder, scapula, elbow and wrist were
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computed following the ISB recommendations (21), using visual 3D (C-Motion, Inc.,
Germantown, MD). Double calibration was used (24,25) to better estimate scapular rotations
during flexion and abduction movements. Discrete kinematic parameters included total active
range of motion (ROM, calculated as the difference between minimum and maximum angles)
start angles and point of task achievement (PTA) angles. Kinematics were compared using the
Arm Profile Score (APS), a summary index to grade the severity of upper limb movement
pathology, decomposed of 13 Arm Variable Scores (AVS) which are calculated as the RMSE
between the point by point comparison of the joint angle of the involved upper limb and the
same joint angle of the reference database (26). For the functional tasks, spatio-temporal
parameters including movement duration(s), peak velocity of the wrist marker (m/s), timing of

maximum velocity (%) and the index of curvature (27) were calculated.

Statistical analysis

Kinematic, spatiotemporal and APS data were analyzed using R (version 3.4.3). Statistical
analyses were made on the available data. Means and standard deviations between the trials for
a same movement were calculated for each parameter. Comparisons between impaired side of
children with OBPP and non-dominant side of TDC, and between the unimpaired side of
children with OBPP and non-dominant side of TDC (kinematic, spatio temporal and APS data)

were carried out using a Mann Whitney U test. The level of significant was set at 0.05.

Results

Participants
Twelve children with OBPP (7 boys, 5 girls, age = 11.7 (SD 4.2) years) and 11 TDC (7 boys,
4 girls, age=10.9 (SD 2.5)) were included. No statistical difference between ages in the two

groups was found.
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In the group of children with OBPP, the impaired side was the right side in 8 children and the
left side in 4 children. Mean Mallet scale was 15.5, Narakas evaluation was 1 for 3 children, 2

for 5 children and 3 for 4 children. TD children were all right handed.

Comparison between impaired side of children with OBPP (I OBPP) and non-dominant side of

TD children (ND TD)

Spatio-temporal parameters (table 1)
Movement time, timing of maximum velocity and index of curvature did not differ between
groups for all the functional tasks. During hand to shoulder movement, children with OBPP

had a significantly lower velocity (13% slower).

Kinematic parameters (Table 2)

Children with OBPP had significantly higher APS-scores compared to the TDC. Mean APS
were respectively of 24.4 and 10.8 for OBPP and TDC. Regarding individual joint angles,
significant task-dependent differences in AVS were highlighted.

At the level of the trunk, children with OBPP had altered rest and starting positions with a
significantly increased trunk rotation with the impaired side frontward (difference 6-10°) and
less lateral tilt (difference =3°). While performing flexion, abduction, and the three functional
tasks, children with OBPP used more ROM in flexion/extension (difference 3-13°). At PTA,
they had less lateral tilt on the impaired side for flexion, abduction and external rotation tasks
(difference =6°), and increased tilt for reach to grasp task (difference =4°). Trunk rotation AVS
was increased in all the tasks.

At the level of the scapula, children with OBPP started external rotation task with less anterior
tilt and more lateral rotation. They started hand to shoulder and hand to head tasks with more

medial rotation. For the amplitude tasks except abduction, lower ROM were found in all planes.
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As a result, at PTA, they had less posterior tilt for flexion (difference =13°), less anterior tilt
for extension and adduction tasks (difference =11°). They also had less lateral rotation for
flexion, extension and adduction tasks (difference =15°). Regarding functional tasks, children
with OBPP used greater ROM with more tilt for reach to grasp and hand to head movements
(difference 7-11°), more rotation for reach to grasp task (difference =7°) and more
pro/retraction for hand to head movement (difference =11°).

At the gleno-humeral level, children with OBPP had altered rest and starting positions with
more internal rotation for all the tasks (difference 27-53°) but extension, more elevation for all
the tasks (difference = 10°). They finished their movement with more internal rotation for all
the tasks (difference 25-61°) but hand to shoulder. Shoulder rotation AVS was increased in all
the tasks. Lower ROM in the two other planes were found for the amplitude tasks (plane of
elevation, difference: 7-52.6°; elevation: difference 10-35°). For reach to grasp and hand to
shoulder tasks, children finished their movement with a less anterior position and more
elevation. Shoulder elevation AVS was increased in 7/8 tasks.

At the elbow level, children with OBPP had a more flexed position for the amplitude tasks
(difference 22-33°). They used less ROM for reach to grasp and hand to head movements
(difference =20°). They finished hand to shoulder task with less supination (difference =30°).
and reach to grasp task with less pronation (difference =25°). ROM were decreased for
prono/supination in all the tasks (difference 18-38°) but three (adduction, external rotation,
reach to grasp).

At the wrist level, for the hand to head task, greater extension was used (difference =12°).
Mobility was greater in the two planes of mobility for abduction task and in inclination for

adduction. Wrist deviation AVS was increased in 7/8 tasks.
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Comparison between unimpaired side of children with OBPP (Ul OBPP) and non-dominant

side of TD children (ND TD)(Table 1, appendix 1 and 2)

Spatio-temporal parameters (table 1) did not differ between groups for the functional tasks.
APS were significantly greater except for flexion task. Mean APS were respectively of 14,6
and 10.8 for OBPP and TD children. At the trunk level, lateral tilts and rotations were reversed
and AVS were significantly higher. At the gleno-humeral level, children with OBPP had more
internal rotation at the start of the movement for flexion and abduction (difference 10-17°),
leading to greater internal rotation at the shoulder level (flexion, abduction, extension). At PTA,

they had less external rotation for external rotation task.

Discussion

The brachial plexus is a peripheral neurological lesion. However it occurs before motor
programs have been developed fully and thus central developmental consequences are expected
in children with OBPP, like changes in brain organization (28-30). Specific consequences on
the development of central motor programs are suspected in the literature (31-33). In
populations with central brain lesions like children with cerebral palsy (14,34), adults with
multiple sclerosis (35) or stroke (36), movements exhibits less straight trajectories in the
impaired upper limb with discontinuous spatial and temporal movement trajectories. In this
study however, no consequence was found on timing of maximum velocity and index of
curvature in functional tasks in the involved upper limb of children with OBPP. This first result
is in favor of at least a relatively preserved motor control in children with OBPP, who can
produce smooth trajectories, similar to controls, despite the earliness of the lesions. These new

data on spatio-temporal parameters which showed good upper limb motor performance, are in
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favor of the acquisition of compensatory mechanisms allowing children with OBPP to have

effective movements.

Children with OBPP showed discernable differences in joint kinematics on their impaired side
compared to the TDC for all the joints and tasks. Depending of the amplitude or functional
tasks, movements at individual joints could differ.

APS scores were quite high compared to children with cerebral palsy (14). Greater AVS were
found at the shoulder level but also at the other levels, including levels whose motricity is
preserved.

As previously shown, major changes were confirmed at the gleno-humeral level with decrease
ROM in all the planes (9,11,13). The humerus was more internally rotated at rest and for all the
tasks (11). These changes can be explained by the involvement of all the shoulder muscles
(18,37,38) and the bone deformity (17,39). Regarding axial rotation, the impaired growth with
internal rotation contractures of the subscapularis (40) and the internal and external rotators
imbalance are involved in the external rotation limitation (6,41-43). For reach to grasp and
hand to shoulder tasks, children finished their movement with a less anterior position and more
elevation of the arm (13), suggesting that less anterior elevation might be easier for these
children. At the scapula level, for the amplitude tasks, decrease ROM were found, which can
be related to the decrease in amplitudes at the gleno-humeral level. For the functional tasks,
greater scapula ROM without greater gleno-humeral ROM were found in some cases, in favor
of the scapulo-humeral rhythm disturbance and a greater contribution of the scapulo-thoracic
joint for these movements (9—12).

At the trunk level, an increased trunk rotation with the impaired side frontward was highlighted
at the start but not at the end of the movement, in favor of an impaired position with possibilities
of correction and compensations to avoid impaired upper limb to be even more internally

rotated. The decrease of the lateral tilt highlighted for the amplitude tasks could be linked with
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the reduced gleno-humeral ROM. The increase of trunk flexion for flexion, abduction, and
functional tasks could aim to increase the mobility of the impaired upper limb and compensate
the gleno-humeral involvment.

At the elbow level, as previously shown, a more flexed elbow position was found with reduced
ROM (10,12,13). ROM decrease for prono/supination was expected because of the frequent
involvement of the supinator muscles in these children. Some compensations were highlighted
for the reach to grasp task, during which children finished with less pronation possibly to well
orientate the internal rotated upper limb to achieve the task.

Lastly, regarding wrist joint, greater mobility in the sagittal plane was found for abduction and
adduction tasks, that can be interpreted as an attempt to increase the mobility of the upper limb.
In this article, we confirmed the predominant impairment of the gleno-humeral joint in the
impaired side of children with OBPP. A specific organization of the movement involving all
the upper limb joints was also highlighted with an interdependence of the functioning of the
joints. Consequences such as a decrease in amplitude of the movements or compensatory
movements were highlighted showing the interest of considering the whole upper limb when

evaluating children with OBPP. More compensations were found for functional tasks.

On the unimpaired limb of children with OBPP, less external rotation at the beginning of the
tasks and during movement were found for some of the tasks compared to TDC. As no change
for unimpaired trunk rotation was obvious, except the inverse rotations and tilt because of the
comparisons of unimpaired side with the non-dominant side, we did not interpret this as a
compensation. As central motor reorganization was shown to involve both hemispheres (31),
central reorganization of the position and movements can be questioned in this case, with a
mirroring of the involved and uninvolved sides. We thus believe that TDC should serve as

controls for future upper extremity motion analysis studies in children with OBPP (44).
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Clinical implications can be drawn from the results of this study. The management of the gleno-
humeral internal rotation contracture, which, associated with increased trunk rotation and
limitation of prono-supination largely disturbed the rest position and movement during all the
tasks in this study is a key point. As external rotation is necessary during humeral elevation,
internal rotation contracture may further limit shoulder movement (45). Thus, a careful
monitoring of active and passive range of motions in shoulder rotations is necessary. More data
on the treatment strategy of internal rotation contracture, using early passive and active
mobilization in physiotherapy (46), botulinum toxin injections (7) and secondary surgeries (4)
are warranted.

The presence of effective movements in both sides with good motor control but with atypical
pattern of movements questions the type of rehabilitative therapies to set up in this pathology.
Use of techniques like constraint induced movement therapies (47) can be questioned, because
of the good performances of both upper limbs. The risk of preventing compensations from being
used and thus limiting the effectiveness of the movement can also question therapies aiming to
restore a typical pattern of movement (48). An involvement of the unimpaired upper limb was
suspected, further evaluations of both upper limbs are warranted (49). Bimanual therapies (50)

could be interesting if the organization of the movement between upper limbs is affected.

The large number of statistical comparisons carried out in this pilot study induce a high risk of
type 1 error (some significant differences may have occurred due to chance). However, the
conclusions were determined by overall comparisons and was not based on specific
comparisons. Further oriented studies in a larger population have to be carried out. Important
variability in spatio temporal and kinematic parameters remain in the impaired side of children
with OBPP compared to TD children which can be in favor of variations in motion strategies
among children with OBPP. Further studies are warranted to identify motion specificities and

propose more individualized managements in subgroups of children with OBPP (9).
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In this study, effective movements with good motor control but with atypical pattern of joint
mobility were highlighted on the impaired upper limb of children with OBPP. Changes were
also highlighted on the unimpaired limb. Involvement of the gleno-humeral joint was confirmed
on the impaired limb, especially in the rotation plane, with impacts the mobility of other joints.
Management of internal rotation contracture appears thus as a key point in the management of

children with OBPP to improve all upper-limb movements.
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81 children and families contacted

Children excluded
18 agreed to participate —> 5 children who had secondary surgery
1 child who did not follow the consigns

12 children included

Figure 1 : flow chart
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reach to grasp hand to head hand to shoulder
ND TDC (N=11) UI OBPP (N=10) p ND TDC (N=11) UI OBPP (N=11) p ND TDC (N=11) UI OBPP (N=10) p
mean SD mean SD mean SD mean SD mean SD mean SD
movement time 1,17 0,15 1,18 0,17 0,61 1,38 0,43 1,44 0,33 0,80 1,20 0,32 1,24 0,26 0,35
maximum velocity 1,00 0,10 0,94 0,15 0,24 1,27 0,19 1,22 0,17 0,48 1,15 0,14 1,12 0,19 0,35
timing of maximum | 0,35 0,04 0,35 0,08 0,53 0,39 0,06 0,41 0,65 0,37 0,49 0,05 0,45 0,10 0,15
velocity
index of curvature 0,82 0,06 0,83 0,08 0,41 0,68 0,07 0,68 0,56 0,85 0,64 0,11 0,68 0,07 0,25
ND TDC (N=11) 1 OBPP (N=10) p ND TDC (N=11) NI OBPP (N=11) p ND TDC (N=11) 1 OBPP (N=10) p
mean SD mean SD mean SD mean SD mean SD mean SD
movement time 1,17 0,15 1,19 0,25 0,83 1,38 0,43 1,72 0,71 0,33 1,20 0,32 1,41 0,42 0,20
maximum velocity 1,00 0,10 0,87 0,18 0,09 1,27 0,19 1,10 0,30 0,12 1,15 0,14 1,00 0,17 0,01
timing of maximum | 0,35 0,04 0,34 0,10 0,83 0,39 0,06 0,44 0,12 0,27 0,49 0,05 0,47 0,10 0,86
velocity
index of curvature 0,82 0,06 0,83 0,08 0,49 0,68 0,07 0,70 0,08 0,52 0,64 0,11 0,71 0,05 0,13

Table 1 : spatio-temporal parameters of the non dominant side of typically developping children,

OBPP

ND TDC : non dominant side of typically developping children

UI OBPP : unimpaired side of children with OBPP
I OBPP : impaired side of children with OBPP

N : number of children

impaired and unimpaired sides of children with
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arm down (rest) flexion abduction extension adduction
ND I(N=12) p ND I(N=12) p ND (N=11) I P ND I(N=12) p ND (N=11) I p
(N=11) (N=11) (N=12) (N=11) (N=11)
start angle
wrist fl-ext -2,6 -3,2 0,3 -10,1 -15,6 -22,0 1,5 -4,8 -26,5 -22,8
rad-ulnar -7,3 2,3 -1,4 -0,2 -4,1 -0,4 -2,9 0,8 -5,9 6,3 *
inclination
elbow fl ext 21,1 36,1 10,8 333 ¥*x 73 34,7 *xx o 110,6 36,4 *** 109 33,8 Horxk
pro- 106,2 93,1 85,6 75,7 28,3 72,3 Hrx 86,6 82,0 58,3 79,1
supination
gleno plane of 6,6 6,4 8,2 5,4 8,6 6,3 8,3 9,3 -16,3 13,0 Hkokx
humeral elevation
elevation -13,8 -28,4 ** -9,5 24,5 ** -7,4 -19,8 ** -12,6 -28,1 ¥k 1.36,3 -51,9 *
axial -31,3 2,1 ** -23,0 6,1 * -53,3 0,0 Hrx -25,8 -5,6 -67,0 -13,5  HAEx
Rotation
shoulder plane of -1,5 8,4 * -2,3 4.8 * -3,0 5,5 * -3,0 8,5 * -23.9 19,2 Hkokx
(thoraco elevation
humeral)
elevation -11,5 -22,1 * -10,7 -18,3 * -8,0 -16,5 * -12,0 -17,7 30et25vs  -64,7
40)
axial 2,0 46,7 ¥k 10,8 33,7 ¥k 1-19,5 30,4 Hoak 33 34,1 ** -59,8 -1,7 Horxk
Rotation
scapula ant-post tilt | -14,8 -15,4 -16,5 -13,7 -16,1 -14,5 -16,9 -14,5 -10,8 -8,3
med-lat 4.4 5,8 1,5 4,5 1,5 2,5 2,7 7,7 -14,9 -15,6
rotation
pro- 30,4 39,9 26,9 32,0 19,0 28,7 25,9 34,5 33 12,4 *
retraction
trunk fl-ext 5,4 8,5 34 7,4 -0,4 43 32 7,5 1,2 -1,2 *
lat tilt -0,8 2,1 0,7 3,6 * 0,9 4.4 * -0,2 2,2 -13,3 -3,1 Hoak
rotation 1,7 -4,7 * 3,3 -3,4 ** -0,7 -9,7 ** 2,3 -7,6 k14,1 -23,1
PTA angle
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wrist fl-ext -13.4 -20,5 -15,5 -22.4 18,0 4,8 -23,6 -17,8
rad-ulnar -5,6 -3,0 0,6 5,7 1,8 7,3 -4,0 -3,4
inclination

elbow fl ext 15,8 453 *k 11,7 432 *k 1,5 35,2 *kkE 1311 60,9 *
pro- 48,7 62,5 81,6 75,6 1123 88,1 58,9 83,0
supination

gleno plane of 11,9 16,3 10,7 16,7 -27,0 4,7 *Ekkx 1501 34,4 ok

humeral elevation
elevation -99.,6 -76,2 *k -105,6 -70,8 ok -11,8 21,2 * -48.,6 -58.4
axial -62,3 -15,5 ok -50,9 -13,1 *k -30,8 -4,6 * -48.4 -4,0 ok
Rotation

shoulder plane of 21,3 422 *k 27,8 35,1 -50,8 -4.8 *kkE 1571 62,8 *

(thoraco elevation

humeral)
elevation -144,8 -107,4 *k -148,4 -101,7  ***k 1356 -19,8 *k 50,9 23,4
axial -93,6 -343 *EkkE 898 -27,8 *EEE 110 27,9 *k 97,5 75,2
Rotation

scapula ant-post tilt 15,9 29 *% 7,2 1,3 -29.7 -19,1 *% 21,5 -9,8 *
med-lat -46,1 -31,7 * -41,5 -31,7 1,3 5,8 -33,0 -16,8  **
rotation
pro- 21,0 32,3 31,8 25,7 14,0 26,1 68,0 61,2
retraction

trunk fl-ext -13,8 -14.9 -10,4 -114 15,3 9,5 -6,6 -5.2
lat tilt 9.4 -1,9 * -14,7 9,2 *ok -7,0 0,3 *k -39 0,5
rotation 2,27 1,2 3.4 -14,0 17,8 224 354 256 %

ROM angle

wrist fl-ext 18,4 26,1 11,3 25,9 * 21,0 13,8 15,7 13,9

rad-ulnar 8,7 29,9 7,1 15,9 *ok 10,3 28,8 6,3 34,6 *
inclination

elbow fl ext 16,2 15,1 13,6 16,0 13,9 5,8 *k 34,1 30,2




pro-
supination

gleno
humeral

plane of
elevation

elevation

axial
Rotation

shoulder
(thoraco
humeral)

plane of
elevation

elevation

axial
Rotation

scapula

ant-post tilt

med-lat
rotation

pro-
retraction

trunk

fl-ext
lat tilt

rotation

39,0 21,4 rrx 57,7 20,0 rxx 1344 12,2 123,60 19,9

25,2 18,3 * 30,8 16,1 ok 36,1 8,1 rrxE 1758 23,2 Rk
90,9 53,0 *xx 1984 54,2 o 112,1 9,6 32,5 17,1 *ox
45,1 24,7 o 27,6 21,0 14,1 59 rrxx 127,6 17,4 *
64,0 47,3 o 34,5 31,7 47,8 15,8 *Exx 1999 50,4 Rk
136,2 90,5 rrxx o 1140,4 85,5 k27,7 6,2 rxx 11257 98,3

100,2 72,4 * 71,1 58,9 19,0 9.3 ok 164,3 125,0

34,2 20,5 rax 1258 18,8 14,1 6,0 ok 15,7 10,2

48,1 36,5 * 44,0 34,7 8,6 5,5 * 21,1 10,3 ok
22,8 15,3 * 17,3 16,6 14,5 9,1 * 65,7 49,6 o
17,8 22,8 * 10,6 16,9 HoE 13,0 4,6 ek 1114 6,4 *
11,3 9,4 16,5 15,6 8,5 2,8 ok 12,8 9,6

11,2 9,5 7,3 10,7 21,1 15,2 56,3 49,2

s
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external rotation RTG HTS HTH
ND (N=11) 1 p ND IN=12) p ND I(N=10) p ND IN=11) p
(N=12) (N=11) (N=11) (N=11)
start angle
wrist fl-ext 19,7 14,7 -6,7 -154 -8,1 -9,3 -3,7 -7,8
rad-ulnar 9,4 -4,3 -6,0 -1,2 -6,9 -1,8 -6,7 0,3
inclination
elbow fl ext 90,2 85,9 21,2 43,8 22,0 33,1 22,7 35,5
pro- 110,5 92,3 103.4 94,0 103,7 91,9 104,8 84,2
supination
gleno plane of -24.1 1,1 *kEX 16,9 8,3 6,5 7,1 8,1 5,5
humeral elevation
elevation -44.1 -56,0 *k -12.3 -27.9 *k -11,1 -27.9 ok -11,6 -26,9 ok
axial -18,2 11,3 * -30,7 -4,3 * -28,7 -3,7 * -282 -4,5 *ok
Rotation
shoulder plane of -7,4 24,5 *kEx 130 9,5 * -3,3 3,9 * -2,9 3,8 *
(thoraco elevation
humeral)
elevation -72.3 -72,1 -10,6 -18.,8 *% -11,3 -17,2 -11,2 -16,9
axial 16,8 31,1 1,9 35,5 *k 1,7 33,8 *k 2,2 32,5 *
Rotation
scapula ant-post tilt | -24,0 -12,8 *% -15,6 -13,1 -16,1 -15,0 -16,6 -13,2
med-lat -10,1 -16,8 * 4,4 6,8 2,1 10,5 * 2,7 9,8 *
rotation
pro- 34,4 31,9 29,8 35,2 28,0 31,8 27,4 32,5
retraction
trunk fl-ext 6,7 2,3 5,5 6,3 4,8 5,7 4,6 4,2
lat tilt 9,1 -3,3 * -0,3 -2,9 * -0,4 2,1 * -0,5 2,5 *
rotation 0,3 -18,0 *kEx - 10,8 5,0 2,3 -7,1 ok 2,0 -5,9 *k
PTA angle
wrist fl-ext -47,6 -39,0 222 -30,5 -10,6 -12,2 2,2 -32,0 *k

135



rad-ulnar -13,1 2,8 -19,1 -6,0 * -9,7 -16,4 -13,3 -11,0
inclination

elbow fl ext 103,9 74,0 *k 55,5 57,4 1183 1234 118,7 1159
pro- 91,7 73,7 94,2 69,3 * 45,6 75,3 *k 36,1 48,2
supination

gleno plane of 1,2 16,8 * 30,4 18,7 * 50,4 28,3 *k 21,2 18,2

humeral elevation
elevation -39,1 -62,7 *HkEk|.36,7 -48,7 * -25,9 -58,4 Hoak -70,9 -66,8
axial -79,3 -18,1 wREkE 425 -8,0 *HkEk 15,8 -9,0 -73,7 -30,7 ook
Rotation

shoulder plane of 10,0 34,2 Hkok 38,6 44,2 52,2 60,0 44,0 35,7

(thoraco elevation

humeral)
elevation -67,6 -89,3 * -15.3 -35,6 ok 16,2 0,0 -113,9 -103,1
axial -80,2 -18,7 *kEkx 10,2 32,5 * 70,0 44,0 -80,8 -38,0 ook
Rotation

scapula ant-post tilt | 4,9 1,5 -14,5 -7,0 -15,8 -6,5 * -3,2 9,3 *
med-lat -27.9 -26,4 -4,5 -7,9 -23.4 -6,8 *k -38,2 -28,6
rotation
pro- 5,6 17,8 * 42,8 42,0 53,2 54,7 25,6 17,8
retraction

trunk fl-ext 74 13,2 5.3 2.8 2,9 1,8 1,5 -14,3 ok
lat tilt -8,4 0,6 *k 0,1 -42 * 0,2 2,2 -3,8 -0,1
rotation -6,3 -23,0 wkEkx 11,7 0,9 8,0 1,6 1,6 -5,8 *

ROM angle

wrist fl-ext 71,4 67,3 32,0 31,6 28,1 29,2 28,2 40,2 *
rad-ulnar 11,7 31,1 16,7 31,8 10,6 40,1 13,6 43,5 *
inclination

elbow fl ext 258 24,7 61,8 38,8 ok 100,4 91,2 99,2 81,6 *k
pro- 40,6 27,0 28,3 34,1 60,5 30,5 ok 72,4 46,0 *k
supination
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gleno plane of 26,3 16,9 * 26,6 14,7 *k 44,7 23,5 ok 17,4 17,5

humeral elevation
elevation 11,4 12,4 26,3 22,3 24,3 35,6 * 59,6 43,4 *
axial 61,8 30,0 ok 14,8 11,0 22,5 16,3 46,5 29,0 *k
Rotation

shoulder plane of 19,4 12,7 * 45,0 36,3 58,0 60,6 49,3 41,8

(thoraco elevation

humeral) -
elevation 10,6 20,4 *k 14,1 26,6 * 38,3 50,7 103,6 90,8
axial 97,1 49,9 *REkx 20,6 17,5 74,9 69,2 84,6 78,0
Rotation

scapula ant-post tilt | 29,4 15,0 Hkok 42 11,3 iclolol RVl 12,7 15,0 26,5 *%
med-lat 20,1 11,3 *% 10,8 17,2 * 26,2 20,0 * 419 40,4
rotation
pro- 29,3 15,3 *% 15,1 12,2 27,0 244 11,0 22,2 *
retraction

trunk fl-ext 14,8 15,8 2,5 54 *k 3,0 5,6 * 6,4 19,4 ook
lat tilt 4.4 5,6 2,1 3,7 2.4 42 * 473 6,7
rotation 7,7 6,0 11,4 13,4 7,8 10,2 4,0 8,7 *k

Table 2 : Mean of the discrete joint angles of the non dominant side of typically developping children and impaired side of children with

OBPP

ND : non dominant, N : number of children, I : impaired

Fl-ext : flexion extension, pro-supination : pronation-supination, ant-post tilt : anterio-posterior tilt, med-lat rotation : medial-materal rotation, pro-retraction : protraction-

retraction, lat tilt : lateral tilt

RTG : reach to grasp, HTS : hand to shoulder, HTH : hand to head
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Les résultats de cette étude montrent I'intérét de considérer le membre supérieur dans son
ensemble pour quantifier les conséquences de I'atteinte nerveuse au niveau des articulations
dont les mobilisateurs principaux sont affectés mais également pour comprendre les
stratégies d’adaptation mises en place au niveau des autres articulations dans un groupe
d’enfants avec POPB.

Une stratégie de mouvement différente mais avec une bonne performance chez ces enfants
était montrée. L'hypothése d’un mouvement efficace et fonctionnel sous réserve de la
possibilité de mettre en place des compensations avec les articulations dont les muscles sont
moins ou non affectés par la dénervation peut étre formulée. L’association des limitations
d’amplitudes articulaires actives et passives et du dépassement des capacités de
compensation pourrait étre un facteur explicatif des limitations d’activité (Bae, Waters, et
Zurakowski 2008). Lors de I’évaluation des enfants avec POPB, un élément clé a considérer

pourrait donc étre les possibilités de compensation et leurs limites.

Dans cette étude, les angles de départ, de fin et les amplitudes articulaires étaient comparés
dans les analyses statistiques. Cette discrétisation des données d’analyse du mouvement
permet une simplification de leur traitement mais peut également étre a I'origine
d’informations manquantes. L'utilisation de I’APS autorisait une comparaison globale des
courbes de cinématique mais sans permettre de visualiser les moments ol les mouvements

différaient.
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IV Perspectives dans I’exploration de I’épaule et du

membre supérieur de I’enfant avec POPB

1 Exploration IRM

L’étude des volumes des muscles gléno-huméraux apparaissait particulierement intéressante
dans I'exploration du fonctionnement de I'épaule chez les enfants avec développement
typique et avec POPB étant donné le lien volume-force objectivé dans les deux populations
(articles 2 et 3). Le temps nécessaire pour la technique de segmentation manuelle sur un
grand nombre de coupes utilisée dans les articles 2 et 3 ne permettait cependant pas de
I'utiliser sur des populations larges ou en pratique clinique. Les techniques de segmentation
automatiques sont prometteuses du fait du potentiel gain de temps qu’elles permettent
(article 1).

Afin d’avoir acces plus facilement aux volumes musculaires lors de I’évaluation des enfants
avec POPB, une technique de segmentation utilisant des réseaux de neurones a été
développée et testée au sein de notre équipe de recherche (annexe 2). Les segmentations
réalisées sur les IRM d’épaule des enfants avec développement typique et avec POPB pour les
articles 2 et 3 étaient utilisés et servaient de référence pour l'apprentissage et pour
I’évaluation de la segmentation automatique développée. Des résultats particulierement
intéressants ont été obtenus pour I'ensemble des muscles testés (deltoide, supra-épineux,
infra-épineux et subscapulaire) (annexe 2). Les images provenaient cependant toutes de la
méme machine et de la méme séquence, des tests restent a réaliser afin de savoir si la
segmentation automatique d’images réalisées sur une autre machine et une autre séquence
est possible. En effet, les résultats de segmentation peuvent étre dépendants des techniques
d’obtention des images (parameétres IRM, prétraitement). Une plus grande base de données
d’apprentissage contenant des images provenant de machines et séquences variées pourrait

étre nécessaire.
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Au niveau morphologique, certains autres éléments caractérisant les muscles pourraient étre
accessibles et quantifiables en IRM et seraient intéressants a explorer spécifiquement chez
I’enfant avec POPB dans un cadre de recherche initialement avec évaluation dans un second
temps de I'intérét de ces mesures pour la pratique clinique.

Chez ces enfants, les coefficients de corrélation entre le volume et la force étaient présents
mais plus faibles pour les muscles du c6té de la POPB que du c6té non affecté ou que ceux
retrouvés chez les enfants a développement typique. L'importance de l'infiltration graisseuse
et son implication dans la diminution de genése de force mériterait d’étre évaluée et
guantifiée au niveau de I'épaule, comme cela a déja été fait au niveau du bras dans cette
population (Duijnisveld et al. 2017; Kélin et al. 2018) en utilisant une séquence Dixon. De
méme, les tissus conjonctifs pourraient étre quantifiés en utilisant une séquence « ultra short
echo time » (Csapo et al. 2014). ’architecture musculaire pourrait étre étudiée en utilisant la
tractographie mais a notre connaissance, cela n’a pas encore été réalisé chez I'enfant avec
POPB et la faisabilité nécessite d’étre examinée (Heemskerk et al. 2005; Khalil et al. 2010).

La longueur musculaire, qui impacte la mobilité passive et active, et qui a un role suspecté
dans la genese de la déformation gléno-humérale (Cheng et al. 2015; Crouch et al. 2014) est
elle aussi mesurable en IRM.

Enfin, la connaissance des bras de levier des muscles gléno-huméraux apparait un point clé
chez les enfants avec POPB. En effet, la déformation gléno-humérale les modifie
probablement. Les muscles peuvent alors étre dans une position plus ou moins favorable pour
mobiliser I'articulation. Les groupes fonctionnels de muscles impliqués dans la mobilité de
I'articulation gléno-humérale dans ses différents degrés de liberté pourraient étre modifiés.
L'utilisation des bras de levier détérminés chez des sujets adulte répresente une limite dans
les articles 2 et 3. L'obtention de ces bras de levier a partir des données d’imagerie
(Maganaris 2004) mériterait d’étre testée étant donné la non possibilité d’utilisation de la
méthode « tendon excursion » dans cette population d’enfants (An et al. 1984). Cela
représente cependant un challenge scientifigue au niveau de I’épaule étant donné sa
structure complexe et sa mobilité dans les trois plans de I'espace ainsi que la nécessité de
définir le centre de rotation de I'articulation. Cette difficulté est accrue par la présence de la
déformation osseuse modifiant les rapports entre I’'humérus et la glene chez les enfants avec

POPB.

140



2 Exploration en analyse quantifiée du mouvement

L'analyse quantifiée du mouvement permettait de montrer des changements cinématiques
au niveau de I'ensemble des articulations du membre supérieur du coté atteint chez les
enfants avec POPB (article 4). Une organisation différente mais efficace du mouvement chez

les enfants avec POPB était retrouvée.

Afin d’affiner la compréhension du mouvement chez I'enfant avec POPB, des techniques
évaluant les modifications cinématiques et les différences d’organisation dans la coordination
des mouvements des articulations sur I'ensemble du mouvement et non uniquement au
début et a la fin pourraient étre intéressantes. La technique de « statistical parametric
mapping » (SPM) (Pataky 2010) pourrait étre utilisée dans les études futures pour I’évaluation
des données cinématiques. Cette technique permet de détecter des périodes durant le
mouvement, durant lesquelles les groupes testés ont des différences cinématiques au niveau
d’une articulation (Pataky 2010; Santos et al. 2018). Les patterns de coordination entre les
articulations pourraient étre évalués a I'aide du « multi-joint coordination measure » (MJCM)
(Kukke et al. 2016). Cette méthode précise la maniere dont les résultats cinématiques sont
coordonnés selon les différents degrés de liberté. Ceci est réalisé a I'aide d’une analyse en
composante principale mesurant les contributions des différents degrés de liberté pour un

mouvement (Kukke et al. 2016; Mayfield et al. 2017).

Etant donné les modifications cinématiques trouvées dans l'article 4 au niveau des deux
membres supérieurs et le questionnement sur le développement des programmes moteurs
(Anguelova et al. 2017; Colon, Vredeveld, et Blaauw 2007), un autre facteur a l'origine de
limitations d’activités chez ces enfants pourrait étre leur difficulté a réaliser un mouvement
bimanuel, qui, a notre connaissance, n’a pas encore été évalué dans cette population. Des
protocoles existent en analyse quantifiée du mouvement (Gaillard et al. 2018) pour I'évaluer

et seraient intéressants a tester dans cette population.
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3 Modélisation biomécanique

Chez les enfants avec POPB, la connaissance et la compréhension précise de I'ensemble des
éléments intervenant dans le cercle vicieux de la pathologie de I’épaule, mais aussi leur
organisation dans le temps et la pondération de I'importance de chacun d’entre eux
représente un enjeu pour lI'amélioration de leur évaluation et du choix des cibles
thérapeutiques. Il est en effet actuellement peu aisé de rattacher précisément ces éléments
entre eux. La connaissance de la physiopathologie du dysfonctionnement de I’épaule chez

ces enfants reste donc imparfaite.

L'utilisation de modéles biomécaniques représente une possibilité d’aide dans cette
compréhension. A notre connaissance, dans trois études chez I’enfant avec POPB, des
modéles biomécaniques ont été utilisés a cette fin (Kleiber et al. 2013; Crouch et al. 2014;

Cheng et al. 2015).

Dans la premiére étude, un modeéle biomécanique obtenu a partir de données d’analyse du
mouvement et d’'une technique dynamique inverse permettait de montrer qu’une rétraction
en rotation interne au niveau de I'épaule était a I'origine d’'une augmentation des forces
appliquées sur I'articulation thoraco-humérale lors d’'un mouvement de flexion extension
(Kleiber et al. 2013). L’étude concluait a un potentiel impact de la perturbation du mouvement
de I'épaule dans la genése de la déformation osseuse. Ce modele présentait certaines
faiblesses. Le raisonnement était limité aux forces s’appliquant sur I'articulation empéchant
la distinction des éléments a I'origine de la rétraction en rotation interne. L’étude a été faite

sur I'articulation humero-thoracique et non pas gléno-humérale.

Dans deux autres études, des simulations sur un modéle informatique tridimensionnel du
membre supérieur ont été réalisées afin d’identifier les muscles et le type d’atteinte
(déséquilibre musculaire, perturbation de la croissance) impliqués dans la genese de la
déformation osseuse (Crouch et al. 2014; Cheng et al. 2015). Sept muscles (infraépineux,

subscapulaire, grand dorsal, chef long du biceps, deltoide antérieur, grand pectoral, chef long
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du triceps) étaient identifiés comme pouvant produire une force favorisant la déformation de
I'articulation gléno-humérale (Crouch et al. 2014). L’association des déséquilibres musculaires
et de la perturbation de la croissance de ces muscles avaient I'impact le plus fort, comparé au
déséquilibre musculaire seul ou a la perturbation de la croissance isolée. Dans ce modele, les
données anatomiques des os, les degrés de liberté au niveau des articulations (scapulo-
thoracique, gléno-humérale, coude, poignet et doigts), les données d’architecture et de
capacité de génération de force des muscles étaient intégrés (figure 16). Cela permettait
d’évaluer I'impact de plusieurs muscles et plusieurs types d’atteinte musculaires sur les
contraintes mécaniques s’appliquant sur I’articulation gléno-humérale. Les données intégrées
provenaient d’études chez I’'adulte (Holzbaur, Murray, et Delp 2005; Holzbaur, Delp, et al.
2007; Holzbaur, Murray, et al. 2007) et avaient simplement été mises a I’échelle pour les
enfants. L'utilisation de données dans le modéle provenant d’adultes non pathologiques
représente un biais et limite la force des conclusions de ces études. Dans le contexte de
I’enfant en croissance, des modeles musculo-squeletiques pédiatriques par age seraient plus
adaptés.

Chez I'enfant I'absence de données cadavériques empéche I'obtention directe de certains
des éléments a intégrer au modele. Les techniques d’analyse quantifiée du mouvement et
d’'IRM présentées ci-dessus, adjointes a 'EMG pour caractériser 'activation musculaire,
pourraient étre intéressantes a utiliser pour la collecte des données chez I'enfant et
I'obtention de modeéles spécificiques a I'enfant avec POPB. Un travail de thése sur cette
problématique est actuellement réalisé au sein du laboratoire par Asma Salhi.

Ce type de modélisation a été utilisé pour analyser les conséquences de certains traitements
dans des pathologies de I'épaule chez I'adulte (Jastifer et al. 2012; Ling, Angeles, et Horodyski
2009). De la méme maniére, chez I’enfant avec POPB, ces modéles pourraient étre utilisés en
recherche pour préciser les conséquences des thérapeutiques de rééducation, des injections

de toxines botuliniques ou des chirurgies secondaires.

Les atteintes du plexus brachial peuvent étre diverses. De méme la récupération suite a une
atteinte du plexus brachial chez le bébé sera différente d’un enfant a I'autre (Yang 2014; Van
Dijk et al. 2012). De ce fait, I'exploration et la modélisation individuelle de I’enfant avec POPB
est prometteuse, lors des questionnements pour les choix thérapeutiques en pratique

clinique courante par exemple. Au niveau de I'épaule, en fonction de 'atteinte musculaire et
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de la déformation osseuse, des résultats variables pourraient étre obtenus avec des
conséquences en termes de mobilité active et passive différentes selon les choix réalisés. Cet
objectif apparait comme un objectif a long terme, du fait des travaux nécessaires au préalable
pour permettre l'obtention rapide des données permettant de spécifier le modele

(Charbonnier et al. 2017; Noble et al. 2018).

Figure 16 : Modele du membre supérieur d’'Holzbaur. A : vue latérale, B : vue antérieure, C : vue
antéro-médiale, D : vue postéro-latérale.
(Tiré de I’article Holzbaur KRS 2005)
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V Perspectives thérapeutiques

La récupération de la motricité initialement, la lutte contre les rétractions musculaires et
déformations articulaires pour I'obtention d’'une bonne mobilité du membre supérieur sont
les objectifs thérapeutiques principaux chez les enfants avec POPB (Shenaq et al. 2005; Peter
M. Waters 2005). L’association des travaux présentés ci-dessus, visant a mieux comprendre le
fonctionnement de I'épaule et du mouvement du membre supérieur chez I'enfant avec POPB,
et des éléments physiopathologiques déja connus et présentés dans l'introduction,

permettent de discuter plus précisément certains objectifs et cibles thérapeutiques.

Dans l'article 4, évaluant le mouvement des membres supérieurs d’'un groupe d’enfants
présentant des séquelles de POPB, une organisation différente mais efficace du mouvement
était objectivée avec des compensations des degrés de liberté manquants au niveau des
articulations les plus impactées par la POPB par une mobilité différente au niveau des
articulations moins affectées. Dans un objectif de favoriser le mouvement et |'utilisation du
membre supérieur atteint et éviter les limitations d’activité malgré la parésie et les limitations
d’amplitudes articulaires passives, si ces résultats sont confirmés dans un échantillon
d’enfants plus important, les thérapies par contrainte induite, visant a forcer |'utilisation du
membre supérieur parésié semblent peu nécessaires étant donné |'efficacité du mouvement
retrouvée. La lutte contre les compensations (Russo et al. 2014) au niveau des articulations
préservées semble également peu appropriée car risquant de limiter les possibilités de
mobilisation du membre supérieur atteint et impactant les activités de vie quotidienne. Au
contraire, étant donné I'utilité des compensations pour l'obtention d’un mouvement
fonctionnel, un axe de prise en charge pourrait étre le travail spécifique de ces compensations

(Cusack et al. 2014).

L'association d’une atteinte de l'ensemble des muscles de |'épaule, de déséquilibres

musculaires dans les trois plans de I'espace (article 3) et d’'une atteinte de I'ensemble des
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mouvements au niveau de l'articulation gléno-humérale (article 4), est un argument en faveur
d’une stratégie de prise en charge globale pour cette articulation et va avec 'objectif de
rétablir les équilibres musculaires pour les rotateurs mais aussi pour les muscles intervenant
dans les autres mouvements afin de permettre une meilleure mobilisation du membre
supérieur (Bialocerkowski 2005, justice D 2015). La limitation précoce de ces déséquilibres
musculaires pourrait aussi étre un enjeu pour la prévention de la déformation tri-
dimensionnelle gléno-humérale. Davantage d’études sont cependant nécessaires pour bien
comprendre le lien entre l'atteinte musculaire dans tous les plans de l'espace et la
déformation osseuse, de méme que pour évaluer les thérapeutiques visant a améliorer cet

équilibre musculaire.

Plus spécifiguement, concernant I'atteinte des rotateurs, |’atteinte des muscles subscapulaire
et infraépineux et les conséquences de leur atteinte sur la déformation osseuse et le
mouvement sont déja bien connues et décrites (Poyhia et al. 2005; Peter M. Waters et al.
2009; Van Gelein Vitringa et al. 2011; van Gelein Vitringa et al. 2009; Hogendoorn et al. 2010).
Le muscle subscapulaire est particulierement ciblé dans les traitements chirurgicaux. Des
chirurgies secondaires de libération du sous scapulaire chez les enfants présentant une
rétraction en rotation interne d’épaule sont pratiquées couramment, afin de libérer cette
rétraction, et corriger la déformation osseuse (Hultgren et al. 2014; Pedowitz et al. 2007;
Mehliman et al. 2011).

Dans I'article 4, la perturbation de la rotation au niveau de I’articulation gléno-humérale était
présente pour toutes les taches. Des mouvements compensatoires étaient nécessaires dans
les autres articulations. Cette perturbation des mouvements en rotation pourrait a son tour
favoriser la déformation de l'articulation gléno-humérale (Kleiber et al. 2013), montrant
I'intérét de limiter (chez le bébé) puis libérer (chez I'enfant plus agé) la rétraction en rotation
interne dans le double objectif de 1/ favoriser la mobilité du membre supérieur et 2/ limiter
la déformation osseuse.

Les résultats de I'article 3 dont I'objectif était de caractériser plus précisément I'atteinte des
muscles et a faire le lien avec la fonction musculaire, montrent I'intérét de considérer le couple
subscapulaire-infarépineux mais aussi chacun des autres rotateurs internes dans le

guestionnement sur les stratégies thérapeutiques.
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Un résultat notable était I'absence de relation entre le volume musculaire du muscle
infraépineux et la force générée en rotation externe. Un élément pouvant expliquer cette
absence de relation est la modification des bras de levier induite par la déformation osseuse.
La lutte contre la genese de la déformation osseuse avec le travail de conservation des
amplitudes articulaires passives en rotation externe pour limiter la rétraction du subscapulaire
lié a la diminution des sollicitations mécaniques ainsi que la récupération d’'une contraction
active du muscle infraépineux sont dans ce contexte des objectifs prioritaires dans la prise en
charge initiale chez le bébé. Chez I'enfant plus agé présentant une déformation installée, le
travail actif en rotation externe réalisé en kinésithérapie peut étre questionné étant donné
I’absence de relation volume- force pour le muscle infraépineux.

Le muscle grand pectoral apparaissait relativement préservé. Cette relative préservation
était a I'origine du déséquilibre entre les volumes des rotateurs internes et externes. Dans
I'article de modélisation de Crouch et al. (2014), le muscle grand pectoral était identifié
comme pouvant générer une force contribuant a la déformation de I'articulation gléno-
humérale. Ces éléments montrent I'intérét de considérer le muscle grand pectoral comme
potentielle cible thérapeutique pour 'objectif d’amélioration des équilibres musculaires
(Peter M. Waters et al. 2009; Ozben et al. 2011).

Enfin, le muscle grand rond, rotateur interne accessoire, est couramment utilisé dans les
chirurgies de transfert pour obtenir une rotation externe active Kirkos 2005, Kozin 2006
HUIltgren. Son volume était particulierement diminué chez les 5 enfants avec POPB ayant eu
des chirurgies secondaires (transferts de grand rond pour les 5 enfants, libération du sous
scapulaire pour 4 d’entre eux) (article 3). D’'un point de vue fonctionnel, du fait de son
atrophie majeure, ce muscle semble peu susceptible d’avoir un impact fort sur les amplitudes
articulaires actives. L'efficacité et I'intérét du transfert peuvent étre questionnés (Kirkos et

al. 2005; Hultgren et al. 2013).

La lutte contre le déséquilibre musculaire de I’ensemble des rotateurs internes par rapport
aux rotateurs externes apparait donc comme une priorité dans la prise en charge des enfants
avec POPB. La précocité de la prise en charge est un point clé étant donné la présence de la
déformation osseuse a seulement quelques mois de vie (van der Sluijs et al. 2001; Van Gelein

Vitringa et al. 2011).
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Des études de faibles puissances ont montré le potentiel intérét de la toxine botulinique au
niveau des rotateurs internes d’épaule chez les enfants présentant une POPB pour lutter
contre ce déséquilibre musculaire, améliorer les amplitudes articulaires et limiter la
déformation gléno-humérale (Ezaki et al. 2010).

Nous proposons d’évaluer I'intérét d’injections de toxine botulinique précoces au niveau de
I’ensemble des rotateurs internes dans le traitement des enfants avec POPB présentant une
déformation de I'épaule pour prévenir I'évolution de cette déformation, et conserver la

mobilité active et passive de I'épaule avec une étude de forte puissance (article 5).
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Article 5 : Efficacité et innocuité des injections intramusculaires

précoces de toxine botulinique pour prévenir la déformation de

I'épaule chez les bébés atteints de paralysie obstétricale du

plexus brachial (POPB-TOX), un essai controlé randomisé :

protocole de I'étude

Ce protocole a été soumis dans BMJ open et est financé par le PHRC National. L'étude a débuté
en avril 2018. La derniére mise en place a été faite a Nimes le 8 octobre 2018. Deux enfants

ont été inclus.
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Introduction

In children with Obstetrical Brachial Plexus Palsy (POPB), denervation of the shoulder muscles
leads to bony deformity in the first months of life, reducing active and passive range of motion
(ROM), and causing activity limitation. The aim of this multicentre randomised controlled trial
is to evaluate the effectiveness of botulinum toxin injections (BTI) in the shoulder internal
rotator muscles of 12 month-old babies in limiting the progression of posterior subluxation of
the glenohumeral joint, compared with a sham procedure mimicking BTI. The secondary aims
are to evaluate the effectiveness of BTI in (I) limiting the progression of glenoid retroversion
and 3D deformity and (IT) improving shoulder range of motion and upper limb function, as well
as to confirm the tolerance of BTI.

Methods and analysis

Sixty-two babies with unilateral POPB and a risk of posterior humeral head subluxation will be
included. Only those with at least 7% posterior subluxation of the humeral head compared with
the contralateral shoulder on the MRI will be randomized to one of two groups: “BTI” and
“Sham”. The BTI group will receive BOTOX injections at the age of 12 months in the internal
shoulder rotator muscles (8UIl/kg). The sham group will undergo a sham BTI procedure. Both
groups will undergo repeated shoulder MRI at 18 months of age to quantify changes in the
percentage of posterior migration of the humeral head (primary outcome), glenoid version and
3D bone deformity. Clinical evaluations (passive shoulder range of motion, Active Movement
Scale) will be carried out at baseline and 15 and 18 months of age. The mini Assisting Hand
Assessment will be rated between 10 and 11 months, and at 18months of age. Adverse events
will be recorded at least monthly for each child.

Ethics and dissemination

Full ethical approval for this study has been obtained.

Trial registration number

EudraCT: 2015-001402-34 in European Clinical Trial database; NCT03198702 in Clinical
Trial database.

Keywords: Obstetrical Brachial Plexus Palsy, shoulder, botulinum toxin, bone deformity

Strengths and limitations of this study

We expect botulinum toxin injections to limit shoulder deformity and improve shoulder range
of motion in children with obstetrical brachial plexus palsy.

This randomized controlled study will evaluate the safety and effectiveness of early botulinum

toxin injections in the shoulder internal rotator muscles.
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The effect on bony deformities (glenohumeral subluxation and glenoid version), active and

passive range of motion and upper limb function will be evaluated.

INTRODUCTION

Obstetrical Brachial Plexus Palsy (POPB) refers to injury to one or more cervical nerve
roots (C5-C8) and/or the first thoracic nerve root (T1), usually caused by excessive traction
during a difficult birth. The incidence is around 1.5 per 1000 births(Chauhan, Blackwell, et
Ananth 2014). In one third of cases, nerve recovery is incomplete or absent(Chauhan,
Blackwell, et Ananth 2014; Hoeksma et al. 2004), resulting in permanent impairment which in
turn may lead to activity limitation and participation as defined by the International
Classification of Functioning(Julka et Vander Have 2011; Zafeiriou et Psychogiou 2008).

POPB greatly affects the musculoskeletal development of the shoulder complex(Julka
et Vander Have 2011; Michael L. Pearl 2009; Van Gelein Vitringa et al. 2011). Deformities
occur very early, within the months following birth(Van Gelein Vitringa et al. 2011; van der
Sluijs et al. 2001, 2004), and gradually worsen with the child’s growth(van der Sluijs et al.
2001; Peter M. Waters 2005). Bony and joint deformities are caused by the partial denervation
of the shoulder muscles, which results in an imbalance of the forces acting on the glenohumeral
joint (Van Gelein Vitringa et al. 2011; Poyhid et al. 2005). In particular, there is often a
dominance of the internal rotator muscles (Crouch et al. 2014; Kleiber et al. 2013). Excess
glenoid retroversion is typical, along with deformation of the glenoid fossa. This allows
posterior migration of the humeral head to occur, eventually progressing to complete
subluxation(Van Gelein Vitringa et al. 2011; van der Sluijs et al. 2001, 2004; Moukoko et al.
2004). These deformities increase the risk of early degenerative joint changes and pain during
childhood and adulthood(Partridge et Edwards 2004; Kirkos et al. 2005). Active and passive
shoulder range of motion (ROM) are also reduced, causing a vicious circle in which the muscles
cannot contract effectively because of the bony deformities and altered lever arms (Peter M.
Waters 2005). These changes reduce the functional capacity and quality of life of children with
POPB(Hulleberg et al. 2014; Squitieri et al. 2013).

Botulinum toxin injections (BTI) are a common treatment to reduce muscle activity.
This treatment is mostly used to treat spasticity in children, particularly in the case of cerebral
palsy(Novak et al. 2013), however it is also becoming more widely used in children with
POPB(Ruchelsman et al. 2009; Gobets et al. 2010), combined with other treatments such as

physiotherapy, occupational therapy, orthoses and sometimes surgery. The dominant internal
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shoulder rotators are often targeted in order reduce the strength imbalance between agonist and
antagonist muscles (Brochard, Alter, et Damiano 2014). Studies have shown that BTT combined
with immobilisation could reduce posterior subluxation or dislocation of the shoulder in babies
with POPB(Ezaki et al. 2010), as well as improve passive and active shoulder ROM and
functional capacity(Gobets et al. 2010; Michaud et al. 2014; Shin et al. 2014). BTI is a
minimally invasive treatment that is well tolerated. When used prior to surgery, it can avert or
reduce the complexity of surgical secondary orthopaedic procedures (e. g. subscapularis release,
latissimus dorsi and teres major transfers ) (Ezaki et al. 2010; Michaud et al. 2014). Although
the results of studies of early BTI for POPB are encouraging, most studies are retrospective,
include small samples and do not have a control group, limiting the conclusions that can be
drawn regarding any effects on the musculoskeletal system. Randomized controlled trials to
evaluate the efficacy of early BTI are therefore warranted. With regard to the control treatment,
a sham procedure mimicking BTI without injection is ethically more appropriate than an

invasive placebo procedure because of the young age of the children involved.

AIMS and HYPOTHESES

Aims

The main aim of this study is to evaluate the effectiveness of BTI in the internal shoulder
rotator muscles of 12 month-old babies in limiting the progression of posterior subluxation of
the glenohumeral joint.

The secondary aims are (I) to compare the effectiveness of BTI with a sham treatment
in limiting the progression of glenoid retroversion and three-dimensional glenoid deformity;
(IT) to compare the effectiveness of BTI with a sham treatment in improving active and passive
joint range of motion and upper limb function; (III) to assess the tolerance of BTI in babies with
POPB; (IV) to evaluate the effects of BTI on muscle growth and fatty infiltration of the injected
muscles, as well as muscle volume balance around the shoulder, and (V) to determine the long-

term effect of BTI on frequency and type of surgical interventions.

Hypotheses

Our primary hypothesis is that BTT will limit posterior subluxation of the glenohumeral
joint in the BTI group compared with the Sham group.

We further hypothesize that the progression of glenoid retroversion and three
dimensional deformities will be reduced, that active and passive range of motion will be

increased, and that number of secondary surgical interventions will be reduced in the BTI group
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compared with the Sham group. The robust design of this study will confirm the results of
previous un-controlled studies, providing a strong level of evidence for BTI treatment. We also
hypothesize that BTI will be well tolerated by the babies. With regards to morphological
changes following BTI, we expect slight atrophy to occur in the injected muscles, with some
fatty infiltration (Williams et al. 2013) but no change in non-injected muscles, leading to an

improvement in the volume balance of agonist and antagonist muscles REF +++.

MEDTHODS/DESIGN

Design
A randomised, multicentre, double-blind, controlled, parallel group, superiority trial
will be performed (version 3, 17.01.2018). One group will receive BTI and the other will

undergo a Sham procedure.

Ethics

Full ethical approval for this study has been obtained by the ethical committee Ouest 1
of Tours and Agence Nationale de Sécurité du Médicament et des produits de santé (ANSM).
The trial has been registered in the European Clinical Trial database (EudraCT: 2015-001402-
34) and Clinical Trial database (NCT03198702). All families will be given a written
information letter detailing the study and parents or guardians will sign informed consent prior
to the child’s inclusion. Any modification or amendment to the protocol will be submitted to
the ethical committees and ANSM for approval. After approval, investigators and trial
participants will be informed of the changes by letter or email. All trial databases will also be

updated.

Recruitment

The sponsor is CHRU Brest. Babies will be recruited from six French hospitals (CHRU
Brest, Centre de Réadaptation pour enfant Flavigny-sur-Moselle, Hopital National de Saint
Maurice, CHU Saint-Etienne, CHU Nimes, CHU Rennes), all of which are specialized in the
management of children with brachial plexus palsy and have access to MRI. All doctors
involved are skilled in BTI. Hospitals were selected by the study coordinator and sponsor based
on their responses to a feasibility questionnaire. It is predicted that during the 29 months of
inclusion, around 2590 children will be born with POPB in France (Chauhan, Blackwell, et
Ananth 2014), of whom 466 will left with sequelae(Chauhan, Blackwell, et Ananth 2014). This

study will recruit 13.5% of these babies (62 patients over 29 months). The investigator in each
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of the specialist participating centres will inform clinicians in local maternity units about the
study, and flyers and posters will be displayed in the reception areas of clinics and maternity
units. Clinicians will be asked to refer babies with OBBP to their nearest participating specialist
centre and they will be provided with information leaflets to give to the parents. External
advertising will also include a webpage on the Brest CHRU website. If inclusion goals are not
achieved, more centers will be asked to participate.

A rehabilitation physician and/or a surgeon in each participating specialist centre will
identify potentially eligible babies for the study during routine consultations. The protocol will
be explained and proposed to parents of babies between 10 and 11 months of age who have a
high risk of bony deformity. An information letter will be given to the parents (supplementary
file).If the parents agree to their baby’s participation, and the baby fulfils the inclusion criteria,
he or she will be enrolled in the study for 7 months.

The inclusion criteria are: male or female babies aged between 10 and 11 months with
unilateral POPB; at least one of the following risk factors for posterior subluxation of the
humeral head: 10° less passive external ROM of the affected shoulder compared with the
contralateral shoulder and/ or a score below 6 on the Active Movement Scale (AMS) for
shoulder external rotation and abduction, elbow flexion or supination; whose parents or
guardians have signed the consent form. Babies with bilateral POPB, microsurgery or shoulder
muscle surgery planned between 12 and 18 months of age, contraindications to the use of
botulinum toxin (hypersensitivity to botulinum toxin or the excipients used, or myasthenia),
contraindications to MRI (pace maker, metal implants, foreign metal body in the eye, etc.), MRI
not possible in the Paediatric Day Hospital setting because of contraindications to the
premedication protocol or organizational constraints, parents inapt to provide consent for the

participation of their child, or parents under the age of 18 years, will be excluded.

Study procedure (Figure 1 and Table 1)

At visit 1 (between 10 and 11 months of age), the parents or guardians will sign the
informed consent form and the baby will be included. The physician or surgeon will carry out
a physical examination and will collect socio-demographic data including history of POPB in
a brother or sister, overweight or obesity of the mother, any medical conditions during the
pregnancy (e.g. gestational diabetes), the birth procedure (caesarean section, vaginal delivery
with epidural, induction of labour, instrumental delivery, shoulder dystocia, term and duration),
birth weight and length, and APGAR score.

Visit 2 (at 11 months of age) will involve MRI to confirm the diagnosis of bony

deformity (at least 7% subluxation of the humeral head on the involved side compared with the
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controlateral side). Once confirmed, randomisation will be carried out. This will ensure that
only children with verified glenohumeral deformity are included, since clinical tests are not
sufficiently sensitive to confirm this. Babies who do not fulfil this randomisation criterion will
be withdrawn from the study and will pursue the usual medical follow-up. The parents will be
informed of the results of the MRI within 10 days by means of a telephone call from the research
investigators. The randomisation will allocate the babies to one of two treatment groups (each
with the same number of babies): BTI group and sham group.

Visit 3 (12 months +/-15 days of age) will include treatment (BTI or sham procedure).

Both groups will then attend seven follow up visits: visit 4 will be carried out ten days
after treatment administration, and visits 6-10 will be carried out each month until 18 months
of age. Visits 1, 7 and 10 will involve a standardized clinical examination by occupational
therapists or physiotherapists and visits 5, 6, 8 and 9 will involve a telephone call from a
member of the study team.

Un-blinding will be performed at visit 10 (18-months of age). Following un-blinding,
the baby will attend a follow-up visit at 24 months then yearly follow-up visits, as is usual
practice. The aim of this is to determine the safety of the use of botulinum toxin before the age
of two years (after which there is a marketing authorization for children with cerebral palsy),
and to compare the frequency and complexity of surgical interventions between groups until

the age of 10 years.

MRI

The babies included in this study will undergo MRI of both shoulders at visits 2 and 10
(at 11 and 18 months of age). A three-dimensional, T1-weighted gradient-echo sequence will
be used. This anatomical sequence highlights bones and muscles, including denervated
muscles(Kamath et al. 2008). The child will lie supine with his/her arms in neutral and hands
pronated. The T1 protocol(Pons et al. 2017) will be adapted in each centre depending on the
type of MRI scan they have. Acquisition time will be less than 5 minutes per shoulder. No
contrast injection will be required. Images will have to include sternum and spine medially, the
whole deltoid laterally and the spine of the scapula at the back down. Premedication (sedation
or general anaesthetic) will be necessary for both MRI exams, at 11 and 18 months of age. The
premedication will be adapted to the clinical status of each child and the customs of each centre.
After premedication, the child will be monitored by a paediatrician in the day hospital of each

centre using a validated protocol.

Randomisation process and blinding
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Randomisation will be possible 24 hours per day using centralised computer
randomisation by Internet, according to the usual procedures in effect at Brest Regional
University Hospital. After MRI confirmation that the baby fulfils the randomisation criterion
(visit 2), randomisation will be performed by the study investigator during visit 3 (12 months
of'age). Stratification will be carried out by centre and by microsurgery prior to inclusion, since
early surgery could influence the progression of bony deformity. Neither the parents or
guardians, nor the clinical and radiological evaluators will be aware of the treatment
administered. The doctors carrying out the BTI will not take part in subsequent visits, to ensure
the blinding of the examiner. A central analysis of MRI data will be carried out in order to

ensure blinding of the evaluator to the primary outcome measure.

Study Treatments

BTI procedure

The botulinum toxin that will be used in the study is BOTOX (Allergan). Doses will be
injected into the pectoralis major, subscapularis and teres major/latissimus dorsi muscles on
one occasion (visit 3: 12months +/- 15 days of age). These muscles have been the target of BTI
treatment to prevent the progression of humeral head subluxation and to improve active and
passive shoulder ROM in previous studies of children with POPB(Ezaki et al. 2010). Following
reconstitution, the toxin will be injected intramuscularly using a transcutaneous approach with
ultrasound guidance. The chosen doses are based on data in the literature in children and babies
with POPB(Gobets et al. 2010; Ezaki et al. 2010; Michaud et al. 2014): a total of 8U/kg will
be injected (2U/kg in subscapularis, 3U/kg in pectoralis major and 3U/kg in teres
major/latissimus dorsi). Because there is no marketing authorisation for the use of botulinum
toxin in children under the age of two years, the chosen doses are smaller than the maximal
doses authorized for the treatment of spasticity in older children with cerebral palsy. Moreover,
the doses chosen correspond with doses used in previous studies. A standardized protocol for
the prevention and treatment of induced pain and post-injection pain will be systematically
used. This will involve the administration of topical anaesthesia (such as EMLA) and
paracetamol (dose according to the baby’s weight) one hour prior to the injection. Distraction
techniques will be used during the injection. The parents will be instructed to bring reassuring,
familiar objects belonging to the child (e.g. soft toy, pacifier, nursery rhyme, music). In order
to standardize practices and to ensure maximum safety, staff from the different centres will all
be trained in BTI of the shoulder muscles using ultrasound guidance in babies prior to

participating in the study.
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Sham procedure

The aim of the Sham procedure is to mimic the BTI and to maintain the blinding of the
research team and the parents or guardians. The same anesthetic procedure will be carried out
as for BTI. The physician performing the injection will prepare a syringe containing
physiological saline solution 10 minutes prior to the Sham procedure. The procedure will be
simulated with ultrasound and use of a blunt needle (that will not penetrate the skin) on the sites
selected for injection. All sites will be covered with adhesive dressings and tincture of betadine,
as for the BTI. With regard to the control treatment, a sham procedure mimicking BTI without
injection is ethically more appropriate than an invasive placebo procedure because of the young

age of the children involved.

Rehabilitation and medical follow up

To ensure comparability, the babies in both groups will receive 2 sessions of
physiotherapy per week. A standardized medical prescription will be made. An information and
advice letter will be given to the physiotherapists via the parents to standardize and optimise
physiotherapy treatment. Advice will be given to parents regarding exercises to carry out at

home. All other medical and rehabilitation will be carried out according to usual procedures.

Adverse events

Adverse events relating to the use of botulinum toxin

The secondary effects of BTI are mostly mild, temporary and related to the dose and the
injection site. Local reactions such as contusions or pain at the injection site may occur, or
excessive, localised muscle weakness. Systemic effects are rare and include generalised allergic
reactions and effects related to product diffusion (rash, erythema, pruritus, anaphylactic
reaction, flu-like syndrome, headaches, dizziness, fever, shivering, hypertension, and
abdominal pain and dry mouth). Exceptionally, serious effects have been observed, a type of
excessive muscle weakness, dysphagia and aspiration pneumonia, however these occurred
principally when the recommended doses were not respected(Bourseul et al. 2017; Papavasiliou
et al. 2013; Albavera-Hernandez, Rodriguez, et Idrovo 2009; Dahan-Oliel et al. 2012). The
safety of BTI in infants under two years of age was shown to be good in a recent systematic
review(Bourseul et al. 2017) and the tolerance of this treatment also seems good in this
population(Ezaki et al. 2010; Dahan-Oliel et al. 2012; Desiato et Risina 2001). The specific
effects on muscle structure and the contractile properties of muscles are, however, poorly
understood. Moderate muscle atrophy and fatty infiltration may occur following

injections(Williams et al. 2013; Fortuna et al. 2011; Schroeder et al. 2009).
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Families will be given a contact phone number to enable them to discuss any questions
or doubts regarding the effects of the treatment, or to report any suspected adverse event.
Parents will be questioned regarding adverse events at 10 days and each month between 12 and

18 months of age using standardized questionnaires that include all possible side effects.

Adverse events related to MRI premedication

The risks related to the premedication are the standard risks for the sedation or
anaesthesia of children (gastritis, anticholinergic effects, oxygen desaturation, excessive
sedation). The child will be examined for potential risks during a routine paediatric or

anaesthetic consultation.

Independent Data Monitoring Committee and un-blinding procedure

An independent data safety monitoring Committee (DSMC) comprised of five
independent members will be set up. The purpose of the DSMC will be to provide an
independent evaluation of any adverse events that occur during the research, as well as to
monitor the benefit / risk ratio.

Should an adverse event that requires different care than that planned in the study occur,

unblinding will be carried out. Unblinding will not be carried out in any other condition.

Patient and Public involvement statement
Patients were not involved in the development of the research, and will not be involved
in the recruitment and conduct of the study. Results of the study will be given to the parents

after the study during a medical consultation in their participating center.

OUTCOME MEASURES

Primary Outcome (table 1)

The primary outcome measure is the change in the percentage of posterior migration of
the humeral head measured on an axial MRI image between 11 months (before the BTI at 12
months) and 18 months of age (6 months post BTI) at visits 2 and 10. Posterior subluxation will
be evaluated using the method described by Waters, on an axial MRI slice taken just below the
coracoid process (H Kozin 2004; Lippert et al. 2012; P. M. Waters, Smith, et Jaramillo 1998).
Percentage posterior subluxation will be calculated in the following manner: a line will be
traced from the medial border of the scapula to the middle of the glenoid fossa. A segment will

then be drawn perpendicularly to the line, from the widest part of the humeral head (AC). The
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length of the anterior part of this segment (AB) divided by the (AC) segment will be multiplied
by 100 to obtain the percentage migration of the humeral head. A percentage below 50%
indicates posterior migration of the humeral head. This measurement is quick to carry out and
is used in both research and routine clinical practice in children and babies with POPB to help
preoperative decision making for the type of intervention and post-operative follow up(Van
Gelein Vitringa et al. 2011; van der Sluijs et al. 2004; P. M. Waters, Smith, et Jaramillo 1998).
Intra- and inter-rater reliability have been shown to be excellent, with a 7% estimated
measurement error (Lippert et al. 2012). MRI data will be analysed centrally (at Brest CHRU)
by two trained investigators using the same guidelines in order to minimise inter-rater

variability and to ensure the blinding of the evaluator.

Secondary Outcome Measures (table 1)

Glenoid retroversion and three-dimensional deformity

The following MRI measurements will be compared at visits 2 and 10 (11 and 18 months

of age) to determine the effectiveness of BTI relative to the sham treatment in limiting the
progression of glenoid retroversion and three-dimensional deformity:

1) 2D glenoid version will be measured on an axial image using Friedman’s
technique(Friedman, Hawthorne, et Genez 1992). This measurement has been
validated and is used in clinical practice and research(Poyhia et al. 2005; Lippert et
al. 2012).

2) 3D glenoid version and 3D migration of the humeral will be measured on MRIs
following 3D reconstruction. These original measurements were recently used for
the first time(Brochard et al. 2016) and will provide an evaluation of 3D shoulder
deformity and the effect of BTI on the deformity.

Passive and active movement and upper limb function

Three standardized evaluations will be carried out by occupational therapists or
physiotherapists to compare the effect of BTI and the sham treatment on active and passive
joint range of motion and upper limb function. All therapists will undergo training prior to their
involvement in the study in order to ensure the reliability of measures.

1) Passive shoulder ROM will be measured at the baseline (before the MRI at visit 1,
between 10 and 11 months of age), at visits 7 and 10 (15-months and 18-months of
age Vvisits).

2) The AMS (Active Movement Scale) will be rated at baseline (before the MRI at visit
1, between 10 and 11 months of age), and at visits 7 and 10 (15-months and 18-
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months of age visits). This test evaluates upper limb strength in babies with POPB
during active movements. Each movement is rated on an 8-point scale from 0 (no
movement) to 7 (complete movement against gravity). It has satisfactory
psychometric properties(Curtis et al. 2002; A. Bialocerkowski, O’shea, et Pin 2013).
3) The Mini-AHA (Mini-assistive Hand Assessment) will be rated at visit 1 and 10
(baseline and the 18-months of age visits). This functional evaluation measures
bimanual performance during games and tasks. It was designed for children aged

from 8 to 18 months(Greaves et al. 2013).

Tolerance
The parents of the babies in both groups will be questioned at 10 days and each month
between 12 and 18 months of age using a standardized questionnaire that includes a list of all

possible side effects of BTI.

Changes in muscle structure (BTI group only)
3D MRI reconstruction(Pons et al. 2017) and the validated technique described by
Hogendoorn et al.(Hogendoorn et al. 2010) will be used to respectively evaluate the direct
effects of BTI injections on muscle volume and fatty infiltration of the shoulder muscles. This

evaluation will only be carried out in the BTI group.

Future surgical interventions
To determine if BTI reduces the frequency and complexity of surgical interventions in
the long term, surgical procedures undergone by the children in both groups (recorded during

routine medical follow-up) will be compared up to the age of 10 years.

Locations and data management

Each centre will manage their own recruitment of babies and organization of MRIs,
clinical evaluations and treatment. Electronic data will be secured and analyzed in a central
database managed by the Brest CHRU. Data will be the property of CHRU Brest.

In accordance with Good Clinical Practice (GCP) guidelines, the sponsor is in charge of
obtaining agreement from all centers involved in the clinical research, in order to guarantee
direct access to all the clinical research sites, to all the source data, source documents and all
the reports for the purpose of Quality Control and audit by the sponsor.

All information required for the study will be entered in the paper case report forms

during evaluations, then transferred to the electronic case report form (Clinsigth). Items of
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missing data will be coded. Each centre will be responsible for completing the CRFs for the
babies enrolled in their centre. Each investigator will receive an instruction document regarding
the use of this tool. The investigator will be responsible for the accuracy, quality and relevance
of all the data entered. In addition, the data will be immediately verified as they are entered,
using consistency checks. The investigator must validate any changes to the values in the CRF.
These modifications will be subject to an audit trail. A justification can be added when
applicable, as a comment. Data management and query processing will be carried out by a data

manager.

A Clinical Research Assistant (CRA) appointed by the sponsor will ensure the good running of
the study, data collection on the paper CRF, data recording in the electronic CRF, data saving
and reporting in accordance with the sponsor’s Standardized Operating Procedures as well as
the GCP guidelines and current legislation and laws in force.

The investigator and the members of his/her team will agree to be available during all the
routine and planned Quality Control visits by the CRA. During these visits, the following will
be audited: signed informed consent, compliance with the study protocol and procedures, data
recorded in the CRF: accuracy, missing data, consistency between these data and their “source”
(medical files, original laboratory results, etc.), product management and investigator file. The
investigators agree to accept the quality assurance audits carried out by the sponsor as well as
the inspections carried out by the competent authorities. All data, documents and reports may
be subject to regulatory audits and inspections. Medical confidentiality cannot be invoked in
opposition to these audits and inspections.

Any data sent to the sponsor by the investigators (or any other specialised parties) during or
after the biomedical research will be anonymised. These data should not reveal any visibly
accurate names and addresses of enrolled (involved) individuals. Only the first letter of the
subject’s name and first name will be saved along with a coded number indicating the order of
inclusion of the subjects. The sponsor will ensure that the parent of each research subject has
given permission in writing for access to personal information about the baby which is strictly

necessary for the quality control of the research.

Sample size and statistical analysis

No longitudinal data regarding the progression of bony deformities in children with
POPB are available in the literature. Only transversal studies have been carried out, indicating
that posterior subluxation is significantly greater on the affected side compared with the healthy
side at the age of 4.8 months (affected side: 32.1% - SD=19.7% vs. healthy side: 49.8% -
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SD=7.3%)(Van Gelein Vitringa et al. 2011). The calculation of the number of subjects
necessary for this study was based on a difference of one standard deviation at 12 months, for
a standard deviation of 5%.

In order to guarantee a power of 90%, a sample of 22 babies per group is required, thus a total
of 44. In order to account for babies lost to follow-up (10%) and babies who will not be treated
because of a lack of true subluxation on MRI, 62 babies will be recruited.

The characteristics of the babies in both groups will be described using means, standard
deviations, medians, quartiles or frequencies. Mean changes in 2D percentage humeral
subluxation, 3D humeral subluxation, 2D and 3D glenoid version, the AMS score and passive
shoulder ROM will be compared using analysis of covariance (ANCOVA) adjusted on the
initial values. If the hypotheses underlying the analysis of covariance model are not respected,
a non-parametric Wilcoxon test will be used. Shoulder muscle volumes and the mini-AHA
scores will be compared between the groups using a Student test or a non-parametric Mann-
Whitney test, depending on the distribution of the variable of interest. Lastly, the number of
serious and non-serious adverse events, and the degree of fibrosis and fatty infiltration will be
compared between the two groups using a Chi2 test or Fisher’s exact test, so as the number of
secondary surgeries. p<0.05 will be considered as statistically significant.

Data analysis will be carried out on an intention to treat basis by a biostatistician after
blind review and database freezing at the end of the study. No intermediate analysis is planned

during this trial.

DISCUSSION

This paper presents the background and design for a multicentre double-blind
randomised controlled trial to evaluate the effectiveness of BTI in the shoulder internal rotator
muscles of 12 month old babies in limiting the progression of posterior subluxation of the
glenohumeral joint, compared with a sham procedure. To our knowledge, this is the first study
with a sufficiently robust methodology to allow conclusions to be based on a high level of
evidence. The primary end-point, change in the percentage posterior migration of the humeral
head measured on an axial MRI image between 11 months (before BTI) and 18 months of age
(6 months post BTI), has been chosen for its clinical relevance and its strong psychometric
properties compared with clinical or functional assessment in this population. Clinical
evaluations carried out before and after BTI will determine the effects of the treatment on
shoulder ROM and functional capacity. Evaluations will be carried out monthly, with alternate
phone contacts and direct consultations in order to limit traveling, promote adherence and limit

losses to follow-up. Because there is currently no marketing authorisation for BTI in infants
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under the age of two years, special attention was paid to the safety assessment. The use of a
systematic and detailed questionnaire will yield detailed and specific data, confirming or not
the safety of BTI before the age of two years. The results of the study could lead to a request
for an evaluation by the French National Agency for Medicines and Health Products Safety
(ANSM) for Temporary Recommendation for Use (TRUs) of botulinum toxin in children with
POPB. It is expected that the results of this trial will be published in peer-reviewed scholarly

journals and international academic conferences.
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Table 1 : Visits and study procedure
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VI Conclusions de la these

Chez les enfants présentant une paralysie obstétricale du plexus brachial (POPB) sans
récupération compléte, des séquelles secondaires a I'atteinte nerveuse du membre supérieur
persistent. Ces séquelles sont a I'origine de déficiences, limitations des activités, restrictions
de participation au sens de la CIF (Classification Internationale du Fonctionnement) et d’'une

réduction de la qualité de vie.

L'atteinte de I'épaule et plus particulierement de l'articulation gléno-humérale, est la
principale cause de morbidité dans cette population. Les conséquences musculo-
squelettiques sont majeures au niveau de cette articulation. Elles sont présentes tres
précocement et persistent a I’dge adulte. Au niveau musculaire, la dénervation est a I'origine
d’une altération de leur fonction. Les muscles gléno-huméraux sont ainsi limités dans leur
capacité a générer de la force et a mobiliser I'articulation gléno-humérale. Une perturbation
de la croissance musculaire est également présente, a I'origine d’'une perte d’amplitudes
articulaires passives, plus particulierement dans certains degrés de liberté, comme la rotation
externe. L’atteinte musculaire et la limitation des mouvements au niveau de I'articulation
gléno-humérale sont a I'origine d’'une modification des contraintes mécaniques exercées sur
cette articulation conduisant a sa déformation. Le maintien de la congruence gléno-humérale
et la mobilité de I'épaule sont des objectifs de prise en charge majeurs chez I'’enfant avec POPB

sans récupération compléte.

Chez ces enfants, I'atteinte du couple agoniste-antagoniste subscapulaire-infraépineux ainsi
gue ses conséquences ont été spécifiquement étudiées. Cependant, la connaissance de
I'atteinte de I'ensemble des muscles impliqués dans la mobilisation de I'articulation gléno-
humérale reste incompléte. De méme, la perturbation de la motricité de I'épaule a été bien
décrite mais les spécificités de mouvement des membres supérieurs et les modifications de

cinématique au niveau des autres articulations sont moins connues.
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Afin d’obtenir une évaluation précise, objective et quantitative de de la dysfonction du
membre supérieur et plus particulierement de I'articulation complexe qu’est I'épaule,
I’évaluation clinique doit étre complétée par des explorations complémentaires.

Etant donné le lien entre la morphologie des muscles et leur fonction, I'utilisation de
techniques d’imagerie parait la meilleure évaluation pour explorer I'atteinte des muscles de
I’épaule. Les volumes musculaires en particulier, bien corrélés avec la force musculaire,
peuvent étre obtenus en IRM par des techniques de segmentation manuelles ou
automatiques aprés acquisition. Les propriétés métrologiques de ces techniques variant en
fonction des techniques mais aussi des muscles a segmenter, le choix de la technique doit se
faire en fonction du type de muscles a explorer et de la précision recherchée. Chez I'enfant
avec POPB, nous souhaitions une importante précision et avons choisi une technique de
segmentation manuelle d’un grand nombre de coupes. Nous avons montré une atrophie
variable des muscles mobilisateurs de I'articulation gléno-humérale évalués (subscapulaire,
infraépineux et petit rond, grand rond, supraépineux, deltoide, grand pectoral) a I'origine de
déséquilibres dans tous les couples agonistes-antagonistes. Le muscle grand pectoral
apparaissait relativement préservé, contribuant ainsi au déséquilibre en faveur des rotateurs
internes. Le muscle grand rond au contraire était particulerement affecté. Des corrélations
entre les volumes musculaires et la force étaient présentes mais plus faibles que chez I'enfant
avec un développement typique.

Pour explorer le mouvement des membres supérieurs chez ces enfants, nous l'avons
enregistré lors de huit taches standardisées avec un systéeme optoélectronique d’analyse
guantifié¢e du mouvement. La performance du mouvement était satisfaisante mais la
cinématique de I'’ensemble des articulations était changée. Au niveau de I'articulation gléno-
humérale, des amplitudes articulaires réduites étaient retrouvées dans les trois plans de
I'espace avec une limitation particulierement importante en rotation externe. Des
compensations et adaptations cinématiques étaient notées au niveau de I'ensemble du

membre supérieur.

L'utilisation d’outils tels que IRM et I'analyse quantifiée du mouvement permettent
I'obtention de données quantitatives caractérisant les muscles individuellement et les
amplitudes articulaires autorisées pour chaque degré de liberté, mais aussi les os et les

déformations osseuses. Ces données pourraient étre intégrées dans un modéle biomécanique
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générique tridimensionnel du membre supérieur pour obtenir un modele spécifique a I’enfant
avec POPB. En permettant une meilleure compréhension des relations entre les différentes
atteintes, musculaires, osseuses et du mouvement, ce type de modele pourrait contribuer a
améliorer la connaissance de la physiopathologie de I’atteinte de leur épaule et ainsi améliorer

et spécifier les prises en charge proposées.

A partir des résultats obtenus dans les articles explorant le fonctionnement de I'épaule et du
membre supérieur chez les enfants avec POPB, différents objectifs et cibles thérapeutiques
sont discutés. La lutte contre le déséquilibre musculaire de I'ensemble des rotateurs internes
par rapport aux rotateurs externes apparait comme une priorité dans la prise en charge des
enfants avec POPB. Nous proposons d’évaluer I'intérét d’injections de toxine botulinique
précoces dans les rotateurs internes pour rétablir I’équilibre du couple agoniste-antagoniste
et ainsi limiter I'évolution de la déformation gléno-humérale, et améliorer la mobilité de
I’épaule dans un essai contréle randomisé multicentrique.

Etant donné [I'efficacité du mouvement des membres supérieurs, le respect des
compensations mises en place et non la lutte contre celles-ci apparait nécessaire chez les

enfants plus agés

L'IRM de I'épaule et I'analyse du mouvement du membre supérieur, en plus d’étre des outils

de recherche comme dans cette thése pourraient devenir des outils d’exploration clinique

guidant le suivi et des décisions thérapeutiques rééducatives et chirurgicale individualisées. .
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VIIl Annexes

Annexe 1: muscles du membre supérieur, innervation,

mobilisation(s) principale(s)

Les ¢léments contenus dans ce tableau proviennent des articles Raducha J 2017 et Kattan AE

nerf racine

2011.

muscle

mobilisation(s)

principale(s)
Trapeze -accessoire 11e paire adducteur (rétraction) et
(faisceau supérieur) | cranienne, fixateur de la scapula
-nerf du trapéze C3C4 contre le thorax

Grand dorsal thoraco dorsal Co6C8 adducteur et rotateur
(faisceau médial du bras/ adducteur
postérieur) (rétraction) et abaisseur

de la scapula

Elevateurs de la | scapulaire dorsal C5 ¢lévateur de la scapula

scapula (racine C5)

Rhomboides scapulaire dorsal C5 adducteur (rétraction) de
(racine C5) la scapula

Grand pectoral pectoral latéral C5Co6 adducteur, fléchisseur et
(faisceau latéral) | rotateur interne du bras

Petit pectoral pectoral médial C8T1 adducteur du bras
(faisceau
médial)

Subclavier subclavier C5Co6 limitée
(tronc supérieur)

Dentel¢ antérieur |thoracique long C5C7 abducteur (protraction) de
(racines la scapula
C5C6C7)

Deltoide axillaire C5Co6 abducteur du bras,

fléchisseur/extenseur du
bras selon les chefs
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Supraépineux supra-scapulaire C5C6 abducteur et fléchisseur
(tronc supérieur) | du bras
Infraépineux supra-scapulaire C5Co6 rotateur externe du bras
(tronc supérieur)
Petit rond axillaire C5Co6 rotateur externe du bras
Grand rond subscapulaire C5C6 extenseur du bras
inférieur (faisceau
postérieur)
Subscapulaire subscapulaire C5C6 rotateur interne du bras
supérieur et (faisceau
inférieur postérieur)
Biceps brachial musculocutané C5C7 fléchisseur de l'avant-
bras, supinateur
Coracobrachial musculocutané C5C7 fléchisseur et adducteur
(faisceau latéral) | du bras
Brachial musculocutané C5C7 fléchisseur de l'avant-bras
Brachio-radial radial C5C7 fléchisseur de l'avant-bras
Triceps brachial  |radial C6Cs8 extenseur de I'avant-bras
Rond pronateur médian C8T1 pronateur de l'avant-bras
Fléchisseur radial | médian CcoeC7 fléchisseur du poignet
du carpe
Long palmaire médian CcoeC7 tenseur de I'aponévrose
palmaire et fléchisseur de
la main
Fléchisseur ulnaire | ulnaire C8T1 fléchisseur et adducteur
du carpe de la main
Supinateur radial C5C6 supinateur de l'avant-bras
Carré pronateur | médian C8T1 pronateur de l'avant-bras
Long extenseur radial C7C8 extenseur et abducteur de
radial du carpe la main
Extenseur ulnaire |radial C5T1 extenseur et adducteur de

du carpe

la main
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11
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22

23

24

25

Annexe 2: supporting information article 1

S1 Table : Prisma checklist

S2 Table : Quality assessment of the articles included in the review

S3 Table: Description of the population and MRI technique in the articles included

F: female, M: male, SD: standard deviation, NR: not reported

RF: rectus femoris, VI: vastus intermedius, VL: vastus lateralis, VM : vatsus medialis, Qua :
quadriceps, Pir : Piriformis, GIMi : Gluteus Minimus, GIMe : Gluteus Medius, GIMa : Gluteus
Maximus, FCU: flexor carpi ulnaris, ECU: extensor carpi ulnaris, Sspi: Supraspinatus, Ssca:
Subscapularis, Ispi+Tmin: Infraspinatus and Teres minor, ES: Erector Spinae, M: multifidus,
RA: rectus abdominis, Ps: Psoas, Sar: Sartorius, Gra: Gracilis, AddM: Adductor Magnus, Add
L: Adductor longus, BFL: Biceps Femoris Long head, BFS: Biceps Femoris Short head, ST:
Semi Tendinosus, SM: Semi Membranosus, GL: Gastrocnemius Lateralis, GM: Gastrocnemius
Medialis, So+FHL: Soleus and flexor hallucis longus, TP: Tibialis Posterior, FDL: flexor
digitorum longus, Per LBT: Peroneus (Longus, Brevis, Tertius), TA+EDL+EHL: tibialis
anterior and extensor digitorum longus and extensor hallucis longus, So: Soleus, TS: triceps
surae, TB: triceps brachii, TA: Tibialis Anterior, VLMI: Vastus Lateralis and Medius and
Intermedius, TFL: tensor Fascia Lata, Add BLM: adductor (brevis, longus, magnus), II: Iliacus
, Obl: Obliquus (transversus abdominis, internus and externus obliquus), QL: Quadratus
Lumborum, VLI: Vastus Lateralis and Intermedius together, VLMI: Vastus Lateralis and
Medialis and Intermedius, BF: Biceps Femoris, SMT: Semi Membranosus and Tendinosis,
ESM : erector spinae and multifidus, PT: pronator teres, ECRB : Extensor Carpi Radialis

Brevis, EPL : Extensor Pollicis Longus, Br : Brachioradialis
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26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

FOV: Field of View, NEX: Number of Excitations, TR: Repetition Time, TE: Time to echo

S4 Table: metrological properties of techniques

ICC: intraclass correlation coefficient, mean diff: mean difference, SD: standard deviation,
CV: coefficient of variation, SDD: smallest detectable difference, RMSE: root mean square
error, SEE: standard error of the estimate, DSI: Dice similarity index, mean surf D: mean
surface distance, max surf D: maximal surface distance, TC: Tannimoto coefficient, FNVF:
false negative volume fraction, FPVF: false positive volume fraction, MVSF: muscle volume
similarity fraction

RF: rectus femoris, VI: vastus intermedius, VL: vastus lateralis, VM : vatsus medialis, Qua :
quadriceps, Pir : Piriformis, GIMi : Gluteus Minimus, GIMe : Gluteus Medius, GIMa : Gluteus
Maximus, FCU: flexor carpi ulnaris, ECU: extensor carpi ulnaris, Sspi: Supraspinatus, Ssca:
Subscapularis, Ispi+Tmin: Infraspinatus and Teres minor, ES: Erector Spinae, M: multifidus,
RA: rectus abdominis, Ps: Psoas, Sar: Sartorius, Gra: Gracilis, AddM: Adductor Magnus, Add
L: Adductor longus, BFL: Biceps Femoris Long head, BFS: Biceps Femoris Short head, ST:
Semi Tendinosus, SM: Semi Membranosus, GL: Gastrocnemius Lateralis, GM: Gastrocnemius
Medialis, So+FHL: Soleus and flexor hallucis longus, TP: Tibialis Posterior, FDL: flexor
digitorum longus, Per LBT: Peroneus (Longus, Brevis, Tertius), TA+EDL+EHL: tibialis
anterior and extensor digitorum longus and extensor hallucis longus, So: Soleus, TS: triceps
surae, TB: triceps brachii, TA: Tibialis Anterior, VLMI: Vastus Lateralis and Medius and
Intermedius, TFL: tensor Fascia Lata, Add BLM: adductor (brevis, longus, magnus), I1: Iliacus
, Obl: Obliquus (transversus abdominis, internus and externus obliquus), QL: Quadratus
Lumborum, VLI: Vastus Lateralis and Intermedius together, VLMI: Vastus Lateralis and
Medialis and Intermedius, BF: Biceps Femoris, SMT: Semi Membranosus and Tendinosis,
ESM : erector spinae and multifidus, PT: pronator teres, ECRB : Extensor Carpi Radialis

Brevis, EPL : Extensor Pollicis Longus, Br : Brachioradialis
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52

53

54

55

56

57
58

S5 Table: metrological properties of techniques

S1 Text: Search String
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Supporting information

S1 Table : Prisma checklist

simplifications made.

TITLE

Title 1 | Identify the report as a systematic review, meta-analysis, or both. 1

ABSTRACT

Structured summary 2 | Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, | 2
participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and
implications of key findings; systematic review registration number.

INTRODUCTION

Rationale Describe the rationale for the review in the context of what is already known. 3

Objectives 4 | Provide an explicit statement of questions being addressed with reference to participants, interventions, comparisons, | 4
outcomes, and study design (PICOS).

METHODS

Protocol and registration 5 | Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide 5
registration information including registration number.

Eligibility criteria 6 | Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, 5
language, publication status) used as criteria for eligibility, giving rationale.

Information sources 7 | Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify 5
additional studies) in the search and date last searched.

Search 8 | Present full electronic search strategy for at least one database, including any limits used, such that it could be 5,
repeated. appendix

2

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 5-6
included in the meta-analysis).

Data collection process 10 | Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 6-7
for obtaining and confirming data from investigators.

Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and 6-7
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Risk of bias in individual 12 | Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 6

studies done at the study or outcome level), and how this information is to be used in any data synthesis.

Summary measures 13 | State the principal summary measures (e.g., risk ratio, difference in means). NA (no
meta
analysis)

Synthesis of results 14 | Describe the methods of handling data and combining results of studies, if done, including measures of consistency NA (no

(e.g., 1% for each meta-analysis. meta
analysis)

Risk of bias across studies 15 | Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias, selective NA (no
reporting within studies). meta
analysis)
Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, NA (no
indicating which were pre-specified. meta
analysis)
RESULTS
Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for exclusions 17, fig 1
at each stage, ideally with a flow diagram.
Study characteristics 18 | For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up period) 17, 18,
and provide the citations. table 1 and
appendix 4
Risk of bias within studies 19 | Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12). 17,
appendix 3
Results of individual studies 20 | For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for each 18, 33-35,
intervention group (b) effect estimates and confidence intervals, ideally with a forest plot. 40-42
tables 1, 2
and
appendix 5
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Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and measures of consistency. NA (no
meta
analysis)

Risk of bias across studies 22 | Present results of any assessment of risk of bias across studies (see Item 15). NA (no
meta
analysis)

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]). NA (no
meta
analysis)

DISCUSSION

Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to | 36

key groups (e.g., healthcare providers, users, and policy makers).

Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 42

identified research, reporting bias).

Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, and implications for future research. | 36-40

FUNDING

Funding 27 | Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for Declaration

the systematic review. of interest
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S2 Table: Quality assessment of the articles included in the review

Questions 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 subtotal, | 16 17 18 19 20 21 subtotal | total
score/30 score score=Q
/11 score/100

Albracht 2 0 1 2 2 2 2 2 0 2 0 2 2 0 1 20 1 2 2 0 0 0 5 61
2008

Amabile 2 2 2 2 1 1 2 2 0 1 0 2 2 2 2 23 0 2 1 0 0 0 3 63
2016

Andrew 2 0 0 1 1 1 2 2 2 0 0 1 2 2 2 18 0 2 1 0 0 0 3 51
2015

Barnouin 2 2 1 2 2 2 2 2 0 2 0 2 2 2 2 25 2 0 0 2 0 1 5 73
2014

Barnouin 2 2 2 2 2 2 2 1 0 2 0 2 2 0 2 23 2 2 2 0 0 0 6 71
2015

Belavy 2011 | 1 2 2 0.5 2 2 2 2 0 2 0 1 2 2 2 22 2 2 1 0 0 0 5 66
Elliott 1997 | 1 0 0 1 0 1 2 2 1 0 0 1 2 1 1 13 0 0 0 1 0 0 1 34
Eng 2007 1 NA |1 0.5 2 2 2 2 0 1 0 1 2 1 2 17 2 2 2 1 0 0 7 62
Engstrom 2 0 0 1.5 2 2 1 2 1 2 0 1 2 0 2 17 0 2 1 0 0 0 3 49
2011

Jolivet 2014 | 1 0 0 1.5 2 2 1 2 0 1 0 1 2 2 1 15 0 2 2 0 0 0 46
Kim 2017 2 0 0 0 2 1 0 2 1 2 0 1 2 2 2 17 0 2 1 0 0 0 49
Lehtinen 2 NA |0 1,5 2 2 2 1 1 2 0 2 1 1 2 19,5 2 2 1 1 1 0 68
2003

Le troter 2 2 0 2 2 1 2 2 1 1 0 1 2 2 2 22 2 2 2 0 2 0 8 73
2016

Lund 2002 |2 1.5 1 1 0 0 0 20 2 2 2 2 0 10 73
Marcon 1 1,5 2 1 1 0 2 24,5 1 1 1 0 0 5 72
2015

Mersmann |2 2 1 2 2 2 2 2 0 2 0 2 2 0 2 23 1 2 2 0 0 0 5 68
2015

Mersmann |2 2 0 1.5 2 2 2 2 0 2 0 2 2 0 2 20 2 2 2 0 0 0 6 63
2014

Moal 2014 1 0 1 2 2 1 2 2 1 2 0 2 1 0 2 19 0 2 2 2 0 7 63
Morse 2007 | 1 2 1 2 1 2 2 1 0 2 0 1 1 2 1 19 2 2 0 0 0 6 61
Nordez 1 1 2 1 1 0 0 2 2 0 2 19 2 2 0 10 71
2009

Popadic 2 2 1 2 1 1 2 2 0 2 2 2 2 2 1 24 2 2 2 0 0 0 6 73
2011

Skorupska |2 2 2 1.5 2 2 2 2 2 2 0 2 2 1 1 24 0 0 0 1 0 1 2 63
2016
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Smeulders
2010

1.5

21

66

Springer
2012

19

61

Sudhoff
2009

22

68

Tingart
2003

NA

16

10

63

Tracy 2003

—

22

68

Valentin
2015

Ju—

24

71

Vanmecheln
2017

—

1,5

23,5

72

Yamauchi
2017

26

78
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S3 Table: Description of the population and MRI technique in the articles included

Sample Muscles MRI
evaluated
N of subjects | type ages (years) session Strength and | sequence type | sequence
F M) scanner, coil parameters
Albracht 2008 | 13 (13M) healthy 29 (SD: 6) GM, GL, SO 1 MRI 0.2T Esaote 3D TI TR: 38 ms
[52] coil : NR weighted TE: 16 ms
gradient echo | FOV: 159*%159
mm
flip angle: NR
NEX: NR
slice
orientation:
axial
slice thickness:
2mm
slice gap: 0 mm
resolution:
pixel spacing
0.625*%0.625mm
Amabile 2016 |23 (12F, 11M) | healthy 19.3 (SD: 0.8) | QL, ES, GIMa, 1 MRI 1.5T GE, T1, turbo spin | TR: 427ms
[53] GIMe, GIMi, coil ; NR echo TE: 11.3ms
AddOP, VLI, VM, FOV: 16 x 16 x
TFL, RF, Gra, Sar, 19.6cm
BFS, BLF, SM, flip angle: 160°
ST, grouped in NEX: NR
spine slice
extensors/flexors, orientation:
hip axial
extensors/flexors, slice thickness:
knee Smm
extensors/flexors, slice gap: 0 mm
both sides resolution:
pixel :
0.82*0.82 mm
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Andrews 2015
[65]

patients with
moderate to
severe chronic
obstructive
pulmonary
disease

>50

Gra, Sar, BFL,
RF, ST, BFS, SM,
VI, VM, Add, VL,
left side

1 MRI

1.5T GE,
coil : NR

T1 weighted,
fast spin echo

TR: 650ms
TE: 8ms

FOV: 40cm3
flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
Smm

slice gap: 0 mm
resolution:
pixel :
0.78*0.78 mm

Barnouin 2014
[46]

20 (11F, 9M)

healthy

49.7

RF, VI, VL, VM,
Qua, both sides

1 MRI

3T Siemens,
quadrature
birdcage body
coil, sets of
phased-array
receiver coils

3D 3-point
Dixon gradient
echo

TR: 10msec
TE:
2.75/3.95/5.15
msec

FOV:
448%224%*320
mm

flip angle: 3°
NEX: 1

slice
orientation:
axial

slice thickness:
Smm

slice gap: 3D
resolution:
matrix 448*224
*64
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Barnouin 2015
[47]

20 (9F, 11M)

healthy

49,7

RF, VI, VL, VM,
both sides

1 MRI

3T Siemens,
coil : NR

T1 weighted,
3D 3-point
dixon sequence

TR: 10 ms
TE: 2.75/3.95
then 2.75/5.15
ms

FOV:
448x224x320
mm

flip angle: NR
NEX: 1

slice
orientation:
axial

slice thickness:

Smm

slice gap: Omm
resolution:
matrix:
448%224x64
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Belavy 2011
[55]

20 (20M)

NR

NR

RF, VM, VL, VI,
Sar, Gra,Add M,
Add L, BFL,
BFS,ST, SM, GL,

GM, So+FHL, TP,

FDL, Per LBT,
TA +EDL + EHL,
left side

1st MRI the
day of bed rest,
then at 2 week
intervals (day
14, day 28, day
42 and day 56)
through to the
end of the bed-
rest period

1.5T Siemens,
coil : NR

Proton density
turbo spin echo

thigh, 35
images

TR: 6000msec
TE: 15msec
FOV:
480*480mm
flip angle: 180°
NEX: NR

slice
orientation:
axial

slice thickness:
10mm

slice gap: Smm
resolution:
matrix :
512*512

lower leg, 30
images

TR: 4800msec
TE: 15msec
FOV:
340*340mm
flip angle: 180°
NEX: NR

slice
orientation:
axial

slice thickness:
10mm

slice gap: Smm
resolution:
matrix :
512*512

195



Elliot 1997
[66]

3 (NR)

NR

19-50

GM, GL, So

1 MRI

1.5T GE,
birdcage
extremity coil

T1 weighted,
3D fast
gradient echo

TR: 100ms
TE: 10ms
FOV:16x 16x
19.6cm

flip angle: 30°
NEX: NR

slice
orientation: 3D
slice thickness:
3D slice
gap: 3D
resolution:
voxel size: 2.73
mm

Eng 2007 [54]

17 (NR)

cadavers

82 (SD: 8)

PT (10times ),
ECRB (10 times),
EPL (10 times),
FCU (7 times),
BR (6 times)

1 MRI

3T GE,
coil : NR

T1 weighted,
3D fast spoiled
gradient
recalled echo
pulse sequence

TR: 9.2msec
TE: 3.9msec
FOV:35 x 35
cm

flip angle: 30°
NEX: 1

slice
orientation:
sagittal

slice thickness:
1.0mm

slice gap: NR
resolution:
voxel
dimension: 1
mm3

196



Engstrom
2011 [67]

20 (20M)

healthy (cricket
fast bowlers,
athletic control
subjects)

18-35y

QL, Ps, ESM,
both sides

1 MRI

1.5T Siemens,
phased-array
spinal coil

T1, turbo spin
echo

TR: 650ms
TE: 15ms
FOV: 250 mm
flip angle: NR
NEX: 2

slice
orientation:
axial

slice thickness:
7mm

slice gap: 0 mm
resolution:
pixel :
0.98*0.98 mm

Jolivet 2014
[68]

4 (NR)

NR

28 (SD: 2.7)

RF, VLMI, Sar,
TFL, BFS, BFL,
ST, ST, Gra

1 MRI

1.5T Philips,
Q body coil

T1 spin echo

TR: 680ms
TE: 50ms
FOV: NR

flip angle: NR
NEX: NR
slice
orientation:
axial

slice thickness:
10 mm

slice gap: NR
resolution:
0.78*0.78 mm
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Kim 2017 [29]

5(-4)

NR

NR

Sspi

1 MRI

3T,
coil : NR

3D

TR: NR

TE: NR
FOV: NR

flip angle: NR
NEX: NR
slice
orientation:
sagittal

slice thickness:

0.7mm

slice gap: 3D
resolution:
pixel :
0.63*0.63mm

Lehtinen 2003
[56]

10 (GF, 4M)

cadavers

76 (67-82)

Sspi,Ssca,
Ispi+Tmin

1 MRI

1.5T GE,
shoulder coil

T1 weighted
gradient echo

TR: 100 ms
TE: minimum
FOV: 260*260
mm

flip angle: NR
NEX: 1

slice
orientation:
coronal

slice thickness:
Smm

slice gap: Smm
resolution:
matrix:
256*128
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Le Troter
2016 [48]

7 (TM)

healthy

32(SD: 7)

RF, VI, VM, VL,
Qua, right side

2 MRI sessions
repeated twice

1.5T Siemens,
flexible surface
6-channel body
coil

T1-weighted,
gradient echo

TR: 549 ms
TE: 13 ms
FOV: 220*220
mm?2

flip angle: NR,
NEX: NR,
slice
orientation:
axial,

slice thickness:
6mm,

slice gap: 6mm,
resolution:
matrix 576 x
576

Lund 2002
[49]

11 (4F, 7 M)

healthy

2440

TA+EDL+EHL,
left side

1 MRI

1.5T Philips,
knee coil

T2 weighted
fast-field echo
fat-saturated
(spectral
inversion
recovery,
SPIR)

TR: 56 ms

TE: 14 ms
FOV:180 *180
mm

flip angle:15°
NEX: NR

slice
orientation:
axial

slice thickness:
1.5 mm

slice gap: Omm
resolution:
matrix:
256*256

199



Marcon 2015
91

34 (12F, 22M)

persons with
ACL
reconstructions

F:31.3(SD:
8.8)

M: 30.9 (SD:

6.5)

Qua

1 MRI

1.5T GE,
coil : NR

T1 weighted,
3D spoiled
dual gradient-
echo water
signal only

TR: 6.14 ms
TE: 2.1/4.2 ms
FOV: NR

flip angle: 5°
NEX: 2

slice
orientation:
axial

slice thickness:

6mm

slice gap: 3D
resolution:
matrix:
320%224

Mersmann
2014 [57]

21 (NR)

healthy

25 (SD: 8)

GM, GL, SO, TS,
right side

1 MRI

1.5 T Siemens,
coil : NR

T1, gradient
echo

TR: 3.11 ms
TE: 1.18 ms
FOV: 244*449
mm

flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
1.8mm

slice gap: Omm
resolution: NR
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Mersmann
2015 [58]

37 (20F, 17M)

healthy

W: 31 (SD:
17)
M: 32 (SD:
16)

VL, VM, VI, one
side

1 MRI

1.5T Siemens,
coil : NR

T1 weighted,
turbo spin echo

TR: 641 ms
TE: 11 ms
FOV: 230*420
mm

flip angle: NR
NEX: NR
slice
orientation:
axial

slice thickness:

4mm

slice gap:
0.8mm
resolution: NR
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Moal 2014
[59]

2 (2F)

healthy

35,38

Add BLM, BF,
ES, GIMa, GIMe,
GIMi, Gra, I, Obl,
Ps, QL, RA, RF,
Sar, SMT, TFL,
VLI, VM

1 MRI, 2
sequences

3T Siemens,
24-channel
spine matrix
coil and three
4-channel flex
coils

T1weighted
turbo spin
echo, T1
weighted turbo
spin echo for
the 3 point
Dixon method

Tlweighted
TSE

TR: 1220 ms
TE: 11 ms
FOV: NR

flip angle: 150°
NEX: NR

slice
orientation:
axial

slice thickness:
Smm

slice gap: 5Smm
resolution:
0.98*0.98mm,
T1 weighted
TSE for the 3
point Dixon
method

TR: 829 ms
TE: 15.7 ms
FOV: NR

flip angle: 150°
NEX: NR

slice
orientation:
axial

slice thickness:
Smm

slice gap: Smm
resolution:
pixel :
0.98*0.98mm
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Morse 2007
[60]

18 (18M)

healthy

23.9(SD: 3.4)

Qua, VL, VM, VI,
RF, right side

1 MRI

0.2T Esaote
coil : NR

T1 weighted,
gradient echo

TR: 100 ms
TE: 16 ms
FOV: 330*254
mm

flip angle: NR
NEX: NR
slice
orientation:11
axial planes
slice thickness:
Smm

slice gap: NR
resolution:
matrix 256 *
256

11 slices along
the femur

Nordez 2009
[27]

10 (10M)

healthy

29 (SD: 4)

Qua
(VL+VI+VM+RF)

1 MRI

1.5T Siemens,
angiography
radiofrequency
coil

volume
interpolated
GRETI1

TR: 4.47 ms
TE: 2.10 ms
FOV: 400*400
mm

flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
4mm

slice gap: Omm
resolution:
voxel: 0.78
*0.78*%4 mm
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Popadic 2011
[50]

35 (35M)

healthy

21.6 (SD: 2.5)

TB, both sides

2 MRIs 1
before/ 1 after
training

1.5T Siemens
extremity coil

T1 weighted,
gradient echo

TR: 232msec
TE: 4.76msec
FOV: 162*288
mm

flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
10mm

slice gap: 3mm
resolution:
matrix 288*512

Skorupska
2016 [61]

100 (63F,
37M)

71 low back
pain, 29
healthy

low back pain
47.7 (SD: 8.4);
healthy 47.6
(SD: 9.9)

Pir, GIMi, GIMe,
GIMa, both sides

1 MRI

1.5T GE,
coil : NR

T2 weighted

TR: 3500 ms
TE: 110 ms
FOV: 320*%324
mm flip
angle: NR
NEX: NR

slice
orientation:
sagittal

slice thickness:
4mm

slice gap: Omm
resolution:
matrix
320*224
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Smeulders
2010 [62]

10 (5F, SM)

healthy

30 (20-35)

FCU, ECU, right
side

2 MRIs, 1
week between
sessions

3T Philips,
flexibles
surface coils
with two
elliptical
elements

T1 weighted
axial spin echo

TR: 500 ms
TE: 12 ms
FOV: 160*160
mm

flip angle: NR
NEX: NR
slice
orientation:
axial

slice thickness:

6mm

slice gap: NR
resolution:
matrix :
300*300
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Springer 2012
[63]

10 (6F, 4M)

with unilateral
total hip
arthroplasty

61.8 (SD:
12.2; 35-76)

GIMe, GIMi, OE,
both sides

1 MRI, 12
months after
hip

arthroplasty

1.5T Siemens,
flexible
wraparound
phased-aray
surface coil

T1 weighted
turbo spin echo

OF

TR: 667 ms
TE: 12 ms
FOV: 400*400
mm

flip angle: 150°
NEX: NR

slice
orientation:
coronal

slice thickness:
Smm slice
gap: NR
resolution:
matrix 512*256
Glutei muscles
TR: 667 ms
TE: 12 ms
FOV:
420%275.52 mm
flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
6mm

slice gap: NR
resolution:
matrix 512*168
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Sudhoff 2009
[64]

10 (10M)

healthy

29 (SD: 4)

SM, ST, BFS,
BFL, Sar, TFL,
Gra, VLI, VM,
RF, GM, GL

1 MRI

1.5T Siemens, ,
angiography
radiofrequency
coil

volume
interpolated
GRETI1

TR: NR

TE: NR

FOV: NR

flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
4 mm

slice gap: 0 mm
resolution:
pixel :
0.78*0.78 mm

Tingart 2003
[25]

10 (GF, 4M)

cadavers

76 (67-82)

Sspi,Ssca,
Ispi+Tmin

1 MRI

1.5T GE,
linear shoulder
array coil

T1 weighted
fast spin echo

TR: 650msec
TE: 10msec
FOV: 180*180
mm

flip angle: NR
NEX: NR

slice
orientation:
oblique sagittal
slice thickness:
3mm

slice gap: Omm
resolution:
matrix 512*224
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Tracy 2003
[26]

47 (21F, 26 M)

healthy

young: 26
(SD: 3) (N=
23);

older: 69 (SD:

3) (N=24)

Qua, trained side

2 MRIs 1
before/ 1 after
training

1.5T Picker
Edge,
coil : NR

T1 weighted

TR: 700 ms
TE: 14 ms
FOV: 50cm
flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
9mm

slice gap: Imm
resolution:
matrix 256*256

Valentin 2015
[45]

10 (10M)

healthy

5 young (18-
25)
5 mature (45-
60)

ES, M, RA, Ps
both sides

1 MRI

1.5T Siemens,
coil : NR

T1 weighted
gradient echo

TR: 9.3 ms
TE: 4.6 ms
FOV:
rectangular,
78%

flip angle: NR
NEX: NR

slice
orientation:
axial

slice thickness:
10mm

slice gap: NR
resolution: NR
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Vanmechelen
2017 [51]

44 (11F, 33M)

21 bilateral
cerebral palsy,
23 healthy

cerebral palsy:
14.7 (SD: 3)
helathy: 16.8
(SD: 3.3)

GM, SOL, TA,
RF, SM, ST, left
side

1 MRI

1.5T Philips
(22 subjects)
3T Philips (22
subjects) ,
quadrature
body coil

T2 weighted, 3
point Dixon

For 1,5T
scanner

TR: 4.6ms
TE: 13ms
FOV: NR

flip angle: 20°
slice
orientation:
axial slice
thickness:
Smm

slice gap: NR
resolution:
voxel size
0.9*%0.9*%0.5mm
For 3T scanner
TR: 2.11ms
TE: 5.2ms
FOV: NR

flip angle: 10°
slice
orientation:
axial

slice thickness:
Smm

slice gap: NR
resolution:
voxel size
0.9*0.9mm
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Yamauchi
2017 [28]

24 (12F, 12M)

12 with knee
osteoarthritis
grade 1 and 12
with knee
osteoarthritis
grade >=2

74.3 (SD: 4.4)

VL, VM, VI, RF,
SM, ST, BFS,
BFL, painful side

1 MRI

1.5T Toshiba

T1 weighted,
turbo spin-echo
coil: NR

TR: 625ms
TE: 15ms
FOV: 250mm
flip angle: NR
NEX: NR
slice
orientation:
axial

slice thickness:

10mm

slice gap: Omm
resolution:
matrix:
512*512

F: female, M: male, SD: standard deviation, NR: not reported
RF: rectus femoris, VI: vastus intermedius, VL: vastus lateralis, VM : vatsus medialis, Qua : quadriceps, Pir : Piriformis, GIMi : Gluteus Minimus,
GIMe : Gluteus Medius, GIMa : Gluteus Maximus, FCU: flexor carpi ulnaris, ECU: extensor carpi ulnaris, Sspi: Supraspinatus, Ssca:
Subscapularis, Ispi+Tmin: Infraspinatus and Teres minor, ES: Erector Spinae, M: multifidus, RA: rectus abdominis, Ps: Psoas, Sar: Sartorius, Gra:
Gracilis, AddM: Adductor Magnus, Add L: Adductor longus, BFL: Biceps Femoris Long head, BFS: Biceps Femoris Short head, ST: Semi
Tendinosus, SM: Semi Membranosus, GL: Gastrocnemius Lateralis, GM: Gastrocnemius Medialis, So+FHL: Soleus and flexor hallucis longus,
TP: Tibialis Posterior, FDL: flexor digitorum longus, Per LBT: Peroneus (Longus, Brevis, Tertius), TA+EDL+EHL.: tibialis anterior and extensor
digitorum longus and extensor hallucis longus, So: Soleus, TS: triceps surae, TB: triceps brachii, TA: Tibialis Anterior, VLMI: Vastus Lateralis
and Medius and Intermedius, TFL: tensor Fascia Lata, Add BLM: adductor (brevis, longus, magnus), Il: Iliacus , Obl: Obliquus (transversus
abdominis, internus and externus obliquus), QL: Quadratus Lumborum, VLI: Vastus Lateralis and Intermedius together, VLMI: Vastus Lateralis
and Medialis and Intermedius, BF: Biceps Femoris, SMT: Semi Membranosus and Tendinosis, ESM : erector spinae and multifidus, PT: pronator
teres, ECRB : Extensor Carpi Radialis Brevis, EPL : Extensor Pollicis Longus, Br : Brachioradialis
FOV: Field of View, NEX: Number of Excitations, TR: Repetition Time, TE: Time to echo
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S4 Table: metrological properties of techniques

Measure Muscle Concurrent validity Intra rater | Inter rater Other Duration
reliability reliability
Albracht single slice manual | GM RMSE: 7% - - -
2008 [52] segmentation
(CSAmax), muscle
length (ML) and
shape factor (p),
volume: p*
CSAmax* ML
GL RMSE: 10% - - -
SO RMSE: 5% - - -
Amabile use of ACSAmax QL volume RMSE: 17.7% - - - -
2016 [53] and muscle length
(ML) obtained using | ES volume RMSE: 5.2% - - - -
full muscle
reconstruction and GIMa volume RMSE: 5.9% - - - -
shape factor (p), GIMe volume RMSE: 6.6% - - - -
volume: p*
ACSAmax* ML GIMi volume RMSE: 11.9% - - - -
Add OP volume RMSE: 7.1% - - - -
VLI volume RMSE: 4.8% - - - -
VM volume RMSE: 5.2% - - - -
TFL volume RMSE: 9.0% - - - -
RF volume RMSE: 4.6% - - - -
Gra volume RMSE: 5.0% - - - -
Sar volume RMSE: 4.7% - - - -
BFS volume RMSE: 8.8% - - - -
BFL volume RMSE: 7.1% - - - -
SM volume RMSE: 6.7% - - - -
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ST

volume RMSE: 7.4%

reduced MRI set
method: model using
the DPSO method,
with 5 segmented
slices, volume
predicted from a
multilinear
regression

Spine flexors (iliacus, psoas)

volume RMSE: 5.7%

spine extensors (ES+QL)

volume RMSE: 10.7%

hip flexors
(Add+Gra+I1+Ps+RF+Sar+TFL)

volume RMSE: 9.7%

hip extensors (BFL+ volume RMSE: 8.7% - - -
BFS+GIMa+SM+ST

knee flexors (BFS + BFL+ volume RMSE: 6% - - -
Grat+Sart+SM+ST)

knee extensors (RF+ VLI+ VM)

volume RMSE: 6%

Andrews interactive Gra mean Surf D: 1.54; | DSI: 0.72; SD:0.24 - - 50+/-

2015 [65] segmentation using [ g5y SD:0.67mm DSI: 0.71; SD:0.27 _ _ 4.3minutes
shape priors + - — per image to
statistical shape BFL DSI: 0.70; SD:0.16 - - run
model RF DSI: 0.75; SD: 0.20 - -

ST DSI: 0.80; SD:0.16 - -
BFS DSI:0.89; SD:0.08 - -
SM DSI: 0.85; SD:0.11 - -
VI DSI: 0.79; SD:0.06 - -
VM DSI: 0.93; SD:0.06 - -
Add DSI: 0.81; SD:0.11 - -
VL DSI: 0.86; SD:0.03 - -

Barnouin slice-by-slice manual | RF - ICC: 0.995 contribution of 5

2014 [46] segmentation, significant inter | individual muscles | hours/subject
volume: muscle rater difference | within QF (whole
tissue area * mean diff: - significant segmentation
interslice distance 3.8%; SD: interoperator procedure)

2.9% differences for VI
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VI

1CC:0.997
no significant
inter rater
difference
mean diff: -
1.4%; SD:
3.3%

VL

ICC: 0.988
significant inter
rater difference
mean diff: -
4.5%; SD:
2.9%

VM

1CC: 0.992
significant inter
rater difference
mean diff: -
3.1%; SD:
1.9%

Qua

I1CC: 0.995
significant inter
rater difference
mean diff: -
3.1%; SD:
1.8%

and VL, mean diff:
1.8% for VI; 1.3%
for VL

1CC 0.836-0.995

Barnouin
2015 [47]

slice-by-slice manual
segmentation,
volume: cylinder/
cone method/ 3d-
order polynomial
regression/ 4th-order
polynomial
regression

RF, VI, VL, VM

effect of the method statistically significant
for all the muscles.
mean diff < 1% ( all individuals and muscles)

mean CV between
methods= 0.41%
(SD=0.45%, range:
0.03-2.75%)
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manual segmentation
of a reduced number
of slices, volume:
cylinder/ cone
method/ 3d-order
polynomial
regression/ 4th-order
polynomial
regression

inter-slice distances >5 cm: none of the
methods correctly estimate the muscle
volume (error> 5%).

increasing the distance between slices:
greater inter-individual variability

effect of inter-slice
distance very
significant for the
TC method and the
VM muscle.

most stable
method: cylinder
method
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Belavy 2011
[55]

manual segmentation
of a reduced number
of slices, selection of
the segmented slices
with 5 algorithms
including
subalgorithms with
various number of
slices (1-largest CSA
and the sum of the
3,6,9 ... largest CSA
measurement/ 2-
largest CSA with
immediately adjacent
CSAs/ 3-same as 2
except every second
images taken/ 4-
method using CSA
at 30, 40, 50, 80%/
5- most psoximal
CSA with every 2d,
3d, 4th... CSA
measurements),
volume: linear
interpolation

RF, VM, VL, VI, Sar, Gra,Add
M, Add L, BFL, BFS,ST, SM,
GL, GM, SO+FHL, TP, FDL,
PER LBT, TA +EDL + EHL,
left side

As the number of slices included in the
measure of muscle size increased, the
correlation with muscle volume tended to
approach 1. All the correlations were
statistically significant.

366 individual CSA measurements for a
typical data set (measurements from all of the
muscles on one lower limb)

Algorithms 1, 2 or 3, required 193, 191 or
232 individual CSA measurements to
accurately estimate the volumes of all lower-
limb muscles considered.

Depending on the muscles, algorithms and
subalgorithms differed.
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Elliott, 1997 | image based GM, GL, So - for 9 muscles - average time
[66] segmentation + (3 GM, 3GL, to segment an
manual segmentation 3S0) individual
correction algorithm correlation muscle: 45
for partial volume coefficient: minutes.
effect, volume: 0.99
addition of the max diff: 4.3%
number of voxels
Eng 2007 manual segmentation | PT ICC: 0.97 ICC: 0.97 - -
[54] in the 3 planes, mean diff: 8.4% mean diff:
. 111 0,
T -
mean diff: 7.7%
EPL ICC: 0.68 - -
mean diff: 21.6%
FCU ICC: 0.91 - -
mean diff: 9.8%
BR ICC: 0.93 - -
mean diff: 17.2%
Engstrom atlas based + QL DSI: 0.86; SD:0.06 - results errors -
2011 [67] statistical shape TC: 0.75; SD: 0.08 obtained from non
based segmentation mean Surf D: 1.32mm; SD:0.60mm rigid registration
Ps DSI: 0.91; SD:0.03 - and 3D SSM -
TC: 0.84; SD:0.05 segmentation
mean Surf D: 1.42mm; SD:0.51mm methods alone
were greater than
ESM DSI: 0.92; SD:0.03 - atlas based + -

TC: 0.85; SD:0.06
mean Surf D: 1.81mm; SD:0.81mm

statistical shape
based segmentation
method
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Jolivet 2014 | improved DPSO RF, VLMI, Sar, TFL, BFS, volume - - - -
[68] BFL, ST, SM, Gra 6 manual contours required for ST muscle, 5
for BFS, RF and SAR and 4 for BFL,GRA,
SM, TFL and VLMI, instead of 7 for RF and
SAR, 6 for BFL, 5 for BFS, GRA, SM, TFL
and ST, 4 for VLMI with the non-optimised
method.
point to surface distance
5 manual contours required for RF, SM, ST
and VLMI muscles; 4 for BFS, BFL, SAR
and TFL; 3 for GRA instead of 7 for Sar; 6
for BFL, RF, Gra, SM, ST, VLMI, 5 for BFS;
4 for TFL
Kim 2017 thresholding and Sspi - - DSI: 0.95 (SD: | - -
[29] manual post- 0.012)
processing kappa: 0.948
(SD:0.012)
image based and DSI: 0.95 - - - -
shape based accuracy: 0.99
segmentation mean Surf D: 0.44mm
max Surf D: 3.04mm
Lehtinen single slice manual | Sspi mean volume: 27cm? (ref volume: 36cm?3); CV:4.2% CV: 1.6% - average time
2003 [56] segmentation (at the 2SD: 18cm3 to complete
Y-shaped position), the tracing of
volume: calculated the 3
by the software Ssca mean volume: 80cm? (ref volume: 99cm3); CV:4.5% CV:4.4% - muscles:
28D: 50cm? 70sec (30min
Ispi+Tmin mean volume: 87cm? (ref volume: 96cm?3); CV:3.0% CV:2.7% - fqr slice-by-
25D: 72¢m? slice
segmentation)
manual segmentation | Sspi mean volume: 32cm? (ref volume: 36cm?3); CV:3.3% CV: 1.6% - average time
of 2 slices (at the Y- 2SD: 20cm3 to complete
shaped position and the tracing of
at a defined more the 3
medial position), Ssca mean volume: 91cm?3 (ref volume: 99cm3); CV: 3.5% CV:2.6% - muscles:
volume: calculated 2SD: 61cm? 1 15ch
by the software (30min for
Ispi+Tmin mean volume: 89cm? (ref volume: 96cm?3); CV:2.5% CV: 1.0% - slice-by-slice
2SD: 79c¢m? segmentation)
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Le Troter
2016 [48]

slice-by-slice manual | RF - Interscan | volume
segmentation, reliabilityy: | CV:
volume: cone ICC>= 4.5%
method VI - 0.98 for all | volume
the CV:
muscles 2.1%
VL - volume
CV:
5.5%
VM - volume
CV:
1.7%
Qua - volume
CV:2%
atlas based RF volume ICC: 0.99; CV: 3.6% -
segmentation (semi DSI: 0.89; SD:0.07
automated) FNVF: 0.10; SD:0.06
FPVF: 0.10; SD:0.09
MVSEF: 0.05; SD:0.09
VI volume ICC: 0.98; CV: 1.1% -
DSI: 00.94; SD:0.01
FNVF: 0.05; SD:0.02
FPVF: 0.05; SD:0.02
MVSEF: 0.02; SD:0.02
VL volume ICC: 0.99; CV: 2.1% -
DSI: 0.93; SD: 0.03
FNVF: 0.07; SD: 0.03;
FPVF: 0.07; SD: 0.05
MVSF: 0.03; SD: 0.04
VM volume ICC: 0.98; CV: 1.8% -
DSI: 0.95; SD: 0.04
FNVF: 0.06; SD:0.05
FPVF: 0.04; SD:0.04
MVSEF: 0.02; SD:0.03
atlas based RF volume ICC: 0.78; CV: 17.3% best results

segmentation (fully
automated)

DSI: 0.84; SD:0.12

FNVF: 0.20; SD:0.24
FPVF: 0.33; SD:0.13
MVSEF: 0.23; SD:0.24

obtained with the
combination of 2
deformation fields
resulting from the
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VI

volume ICC: 0.70; CV: 10.5%
DSI: 0.87; SD:0.07

FNVF: 0.12; SD:0.11

FPVF: 0.13; SD:0.05

MVSEF: 0.10; SD:0.07

VL

volume ICC: 0.90; CV: 17.3%
DSI: 0.88; SD:0.08

FNVF: 0.05; SD:0.05

FPVF: 0.23; SD:0.16

MVSEF: 0.23; SD:0.23

VM

volume ICC: 0.96; CV: 3.9%
DSI: 0.91; SD:0.05

FNVF: 0.10; SD:0.06

FPVF: 0.08; SD:0.06
MVSEF: 0.04; SD:0.04

non-parametric
symmetric
diffeomorphic
normalization and
the STEPS fusion
algorythm,

Lund 2002
[49]

manual segmentation
of a reduced number
of slices (13 slices)

slice-by-slice manual
segmentation,
volume: cylinder/
cone method

manual segmentation
of a reduced number
of slices (8 slices),
volume: cylinder
method

TA+EDL+EHL, left side

1CC: 0.99
significant
difference
mean diff:
0.07%

1CC: 0.96
significant
difference
mean diff:
4.7%

mean diff: 0.31ml, 2SD: 0.66ml

mean diff: 0.3ml (0.004%); 2SD: -0.66ml

- no difference
between cone and
cylinder method
using 50 slices

- mean difference:

0.31% between
cone and cylinder
method using 8
slices
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manual segmentation
of a reduced number
of slices (8 slices),
volume: cone
method

Marcon 2015 | manual segmentation | Qua - ICC: 0.90
[9] of a reduced number
of slices (every third
slice), volume: NR
single slice manual | Qua SEE: 8.1% -
segmentation (at
25cm above the knee
joint), volume: NR
Mersmann single slice manual | SO r2: 0.864 -
2014 [57] segmentation (CSA no significant difference
max), muscle length volume RMSE: 7.9%
gML) ?“‘)1 Sha]pe GM - 0.953 -
actor (p), volume: e .
’ no significant difference
p* ACSAmax* ML volume RMSE: 4.8%
GL r2: 0.849 -
no significant difference
volume RMSE: 8.3%
Mersmann single slice manual | VI r2: 0.955 -
2015 [58] segmentation (CSA no significant difference
max), muscle length volume RMSE: 5.2%
(ML), and shape . VL 50970 -
factor (p), volume: no significant difference
* * L
p* ACSAmax* M volume RMSE: 4.6%
VM 2: 0.943 -

no significant difference
volume RMSE: 5.7%
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Moal 2014 DPSO method T1 Add BLM, BF, ES, GIMa, on all the muscles, on all the on all the no significant time to obtain
[59] images GIMe, GIMi, Gra, 11, Obl, Ps, mean diff: 1.10%; SD: 2.50%; muscles, muscles, differences a
QL, RA, RF, Sar, SMT, TFL, mean point to surface distance 2RMSE< mean CV: mean CV: between sequences | reconstructio
VLI, VM 3mm, (0.88mm-11.30mm) 2.16%; SD: 2.55%; SD: for intra and inter | n reference
0.86%; 1.07%; range: | rater reliability method: 14-
range: 0.95 - [0.95-5.78% 15 hours
3.75% GIMi, GIMEe, time to obtain
GIMi: CV> | RA: CV>5% a
5% reconstructio
DPSO method Fat on all the muscles, on all the on all the n DPSO
images mean diff: 2.19%; SD: 2.85%; muscles, muscles, method: 7
mean point to surface distance 2RMSE< mean CV: mean CV: hours
3mm, (1.15mm-16.41mm) 2.05%; SD:  12.61%; SD:
1.01%; 1.82%; range:
range: 0.90 - 10.93 - 11.80%
5.62% GIMi, GIMe,
GIMi: CV> | RA: CV>5%
5%
Morse 2007 | single slice manual | VL r2: 0.726 - - - -
[60] segmentation
(CSAmax), volume: | VI 2:0.810 - - - -
equation using
length and CSA max VM r: 0.798 ) ) ) )
RF r2: 0.694 - - - -
Qua r2: 0.945 - - - -
SEE: 4.5%; SD: 2.7%,
mean diff: 25.6 cm3; 1.96SD: 250 cm3
single slice manual | Qua r2: 0.84 - - - -

segmentation (CSA
at 40% from the
distal end of the
femur), regression
equation to estimate
the maximum
muscle cross-
sectional area,
volume: equation
using length and
CSA max

SEE: 26.8%; SD: 5.2%
mean diff: 551 cm?; 1.96SD: 141 cm3
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single slice manual
segmentation (CSA
at 50% from the
distal end of the
femur), regression
equation to estimate
the maximum
muscle cross-
sectional area,
volume: equation
using length and
ACSA max

Qua

r2: 0.93
SEE : 12.5%; SD: 5.4%
mean diff: 254c¢m3; 1.96SD: 107 cm3

single slice manual
segmentation (CSA
at 60% from the
distal end of the
femur), regression
equation to estimate
the maximum
muscle cross-
sectional area,
volume: equation
using length and
ACSA max

Qua

r2: 0.90
SEE: 9.9%; SD: 5.7%
mean diff: =190 c¢m3; 1.96SD: 135 cm3

Nordez 2009
[27]

slice-by-slice manual
segmentation,volume
using 3D shape

Qua (VL+VI+VM+RF)

ICC: 0.999
CV:0.5%

ICC: 0.997
CV:0.8%

global reliability:
1.1%
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manual segmentation
of a reduced number
of slices, volume:
cone method

manual segmentation
of a reduced number
of slices, volume:
Cavalieri formula

manual segmentation
of a reduced number
of slices, cubic
spline interpolation
to estimate missing
CSAs

manual segmentation
of a reduced number
of slices, volume:
DPSO

volume error
decreased when the
number of available
slices increased for
VL+VI, VM, RF,
quadriceps

with 12 slices,
mean diff: 0.7%;
1.96SD: 0.7%

with 9 slices
mean diff: 0.7%;
1.96SD: 0.9%

with 5 slices
mean diff: 1.0%;
1.96SD: 2.3%

with 7 slices
mean diff: 0.9%;
1.96SD: 1.1%

cone method error
higher than that of
the Cavalieri and
DPSO methods
from 3 to 11 slices.
Cavalieri method
error higher than
that of the DPSO
method from 3 to 7
slices. Number of
slices required to
reach a given
volume error
different for the
different methods.

Popadic 2011
[50]

single slice manual
segmentation (CSA
max), humerus
length (HL) volume:
equation using CSA
max, humerus length
(HL), BMI

TB

mean volume
change before/after
training using multi
slice calculation:
+7.8% / using model
A:+6.3% / using
model CSAmax:

volume
r2: 0.830
RSE: 8.0%
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single slice manual
segmentation (CSA
max), humerus
length (HL) volume:
equation using CSA
max, HL

single slice manual
segmentation (CSA
50%), humerus
length (HL) volume:
equation using
CSA50%, HL

single slice manual
segmentation (CSA
60%), humerus
length (HL) volume:
equation using
CSA60%, HL

+6.4% / using model
CSA50%: +3.3% /
using model
CSA60%: +7%

volume
r2: 0.805
RSE: 8.55%

volume
r2: 0.842
RSE=7.7%

volume
2 0.836
RSE:7.8%

Skorupska
2016 [61]

slice-by-slice manual
segmentation,
volume: addition of
the voxels and
multiplication by the
voxel dimension

Pir

healthy: ICC:
0.94

low back pain:

ICC: 0.97

GIMi

healthy: ICC:
0.99

low back pain:

ICC: 0.98

GIMe

healthy: ICC:
0.984

low back pain:

ICC: 0.848

GIMa

healthy: ICC:
0.942

low back pain:

ICC: 0.969
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Smeulders slice-by-slice manual | FCU ICC:1.0 ICC: 0.99 Interscan
2010 [62] segmentation, no significant | no significant | reliability: ICC:
volume: muscle difference difference 0.99
tissue area * mean diff: mean diff: no significant
interslice distance 0.21ml; SD: | 0.45ml; SD: difference
0.26ml; CV: |[1.02ml; CV: mean diff: 0.27ml;
0.8% 3.3% SD: 1.11ml; CV:
3.6%
SDD: 2.2 mL
ECU ICC:1.0 1CC: 0.99 Interscan
no significant | significant reliability: ICC:
difference difference 0.99
mean diff: - | mean diff: - no significant
0.08ml; SD: | 0.87ml; SD: difference
0.30ml; CV: [0.94ml; CV: mean diff: -0.34ml;
1.8% 5.7% SD: 0.50 ml; CV:
3.0%
SDD: 1.0 mL
Springer slice-by-slice manual | GIMe no significant | significant -
2012 [63] segmentation, difference difference on
volume: NR non operated | both sides

side

mean diff:
0.1%;
1.96SD:
5.4%; CV:
2.0%
operated side
mean diff: -
0.7%;
1.96SD:
5.6%; CV:
2.4%

non operated
side
mean diff:

6.4%; 1.96SD:

13.7%; CV:
5.2%
operated side
mean diff:
10.2%;
1.96SD:
10.2%; CV:
4.6%
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GIMi

no significant
difference
non operated
side

mean diff:
1.0%;
1.96SD:
4.3%,; CV:
5.2%
operated side:
mean diff: -
2.5%;
1.96SD :
12.2%; CV:
18.8%

significant
difference on
both sides

non operated
side

mean diff:
5.9%; 1.96SD:
5.8%; CV:
5.2%

operated side
mean diff:
5.2%; 1.96SD:
8.0%;
CV:13.9%

OE

no significant
difference
non operated
side

mean diff: -
0.1%;
1.96SD:
2.6%; CV:
5.7%
operated side:
mean diff: -
0.4%;
1.96SD:
3.2%; CV:
8.4%

no significant
difference

non operated
side

mean diff:
1.7%; 1.96SD:
6.1%; CV:
14%

operated side
mean diff:
0.8%; 1.96SD:
5.4%; CV:15%
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Sudhoff 2009
[64]

slice-by-slice manual
segmentation (T1
images), volume:
using 3D shape

SM, ST, BFS, BFL, Sar, TFL,
Gra, VLI, VM, RF, GM, GL

For one
subject:

mean diff<6%,
except for the
BFS, Sar, Gra
(10%)

point to surface
distance
IRMSE<Imm,
2RMSE<3mm.

DPSO

SM, 6 slices

for 2 subjects
mean diff: 2.18%,
point to surface distance error: 2.57mm

1CC: 0.99
mean diff:

5.8%; 2SD:

5.4%
point to
surface
distance
2RMSE:
2.8mm

ST, 6 slices

for 2 subjects
mean diff: 3.55%
point to surface distance error: 3.06mm

1CC: 0.96
mean diff:

7.5%; 2SD:

6.5%
point to
surface
distance
2RMSE:
2.7mm

BFL, 6 slices

for 2 subjects
mean diff: 1.28%
point to surface distance error: 1.60mm

1CC: 0.99
mean diff:

5.9%; 2SD:

5,6%
point to
surface
distance
2RMSE:
3.3mm

reconstructio
nof 12
muscles: 1h
(12h when
using manual
slice-by-slice
segmentation)
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BES, 8 slices

for 2 subjects
mean diff: 4.17%
point to surface distance error: 2.40mm

1CC: 0.96
mean diff:
10.8%; 2SD:
10.6%

point to
surface
distance
2RMSE:
2.7mm

SAR, 7 slices

for 2 subjects
mean diff: 2.87%
point to surface distance error: 3.49mm

1CC: 0.93
mean diff:
8.4%; 2SD:
10.9%
point to
surface
distance
2RMSE:
3.6mm

TFL, 6 slices

for 2 subjects
mean diff: 2.73%
point to surface distance error: 1.29mm

I1CC: 0.98
mean diff:
4.3%; 2SD:
6.0%

point to
surface
distance
2RMSE:
3.lmm

GRA, 7 slices

for 2 subjects
mean diff: 3.27%
point to surface distance error: 2.51mm

1CC: 0.99
mean diff:
8.6%; 2SD:
5,2%

point to
surface
distance
2RMSE:
3.lmm




VLI, 7 slices

for 2 subjects
mean diff: 3.12%
point to surface distance error: 4.89mm

1CC: 0.99
mean diff:
1.9%; 2SD:
2.7%

point to
surface
distance
2RMSE:
5.6mm

VM, 7 slices

for 2 subjects
mean diff: 3.35%
point to surface distance error: 3.92mm

1CC: 0.99
mean diff:
3.2%; 2SD:
3.4%

point to
surface
distance
2RMSE:
3.7mm

RF, 6 slices

for 2 subjects
mean diff: 0.60%
point to surface distance error: 3.60mm

I1CC: 0.98
mean diff:
4.9%; 2SD:
4.3%

point to
surface
distance
2RMSE:
3.4mm

GM, 8 slices

for 2 subjects
mean diff: 3.28%
point to surface distance error: 3.31mm

1CC: 0.96
mean diff:
5.6%; 2SD:
8.9%

point to
surface
distance
2RMSE:
6.3mm




GL, 6 slices for 2 subjects ICC: 0.86 -
mean diff: 2.01% mean diff::
point to surface distance error: 2.40mm 7.1%; 2SD:
13.9%
point to
surface
distance
2RMSE:
6.lmm
Tingart 2003 | slice-by-slice manual | Sspi r2: 0.99 r2:0.98 2: 0.97 7 minutes
[25] segmentation, mean diff: 4%; SD 3% CV:2.56% CV:3.63%
volume: muscle
tissue area * Ssca r2: 0.99 r2:0.98 r2: 0.98 13 minutes
interslice distance mean diff : 3%; SD 2% CV:2.05% CV: 1.76%
Ispi+Tmin 2: 0.996 r2:0.98 r2: 0.98 12 minutes
mean diff: 2%; SD 2% CV: 1.94% CV: 1.83%
Tracy 2003 manual segmentation | Qua significant for every 4th slices - - 3/4 of time
[26] of a reduced number underestimation of | (3.1cm gap) gained with
of slices, muscle MYV for each of the | baseline MV every 4 slices
volume: cone alternative mean diff: 23cm?, segmentation
method measures, least for | 2SD: 1.7%
MV2 and greatest MV change
for MV 10.
significant
underestimation of
change of MV by

method using every
8th/ 10th section

mean diff: 0.25cm3,
2SD: 16.4%
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single slice manual
segmentation
(CSAmax), volume:
univariate regression

baseline MV
r2: 0.96
2SEE: 14.1%
MV change
2 0.74
2SEE: 59.7%

Valentin slice-by-slice manual | RA - ICC: 0.77
2015 [45] segmentation, mean diff: 2%;
volume: muscle 2SD: 3%
tissue area *
interslice distance Ps - 1CC: 0.92
mean diff:
0.5%; 2SD: 3%
M - ICC: 0.59
mean diff: -4%;
2SD: 5%
ES - 1CC: 0.93
mean diff: 1%;
2SD: 2%
MES - ICC: 0.904
Vanmechelen | single slice manual | GM r2: 0.998 -
2017 [51] segmentation SEE: 5.3%
(CSAmax) muscle
length (ML) SOL 2: 0.993 -
obtained using full SEE: 8.9%
muscle
reconstruction and TA r2: 0.994 -
form factor (FF), SEE: 8.7%
volume: ((CSAmax*
ML)-Offset)*FF RF r2: 0.988 -
SEE: 4.8%
SM r2: 0.996 -
SEE: 6.5%
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ST r2: 0.994
SEE: 9.0%
Yamauchi single slice manual | RF No significant SEE: 12.5%
2017 [28] segmentation (CSAs difference between

at 60% of the measured and

femoral VL estimated MVs SEE: 7.1%

length),femoral 1 EE: 7.59

length (FL), volume: v SEE:7.5%

regression equations [ VM SEE: 8.1%

which varied for

each muscle BFS SEE: 14.4%
BFL SEE: 7.2%
ST SEE: 10.9%
SM SEE: 13.9%

use of muscle RF No significant SEE: 21.8%

thickness at 50% of difference between

the femur and measured and

femoral length (FL), estimated MVs

volume: regression

equations which

varied for each

muscle VL SEE: 13.0%
VI SEE: 15.5%
VM SEE: 18.6%

ICC: intraclass correlation coefficient, mean diff: mean difference, SD: standard deviation, CV: coefficient of variation, SDD: smallest detectable
difference, RMSE: root mean square error, SEE: standard error of the estimate, DSI: Dice similarity index, mean surf D: mean surface distance,
max surf D: maximal surface distance, TC: Tannimoto coefficient, FNVF: false negative volume fraction, FPVF: false positive volume fraction,

MVSF: muscle volume similarity fraction
RF: rectus femoris, VI: vastus intermedius, VL: vastus lateralis, VM : vatsus medialis, Qua : quadriceps, Pir : Piriformis, GIMi : Gluteus

Minimus, GlMe : Gluteus Medius, GIMa : Gluteus Maximus, FCU: flexor carpi ulnaris, ECU: extensor carpi ulnaris, Sspi: Supraspinatus, Ssca:

Subscapularis, Ispi+Tmin: Infraspinatus and Teres minor, ES: Erector Spinae, M: multifidus, RA: rectus abdominis, Ps: Psoas, Sar: Sartorius,

Gra: Gracilis, AddM: Adductor Magnus, Add L: Adductor longus, BFL: Biceps Femoris Long head, BFS: Biceps Femoris Short head, ST: Semi
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Tendinosus, SM: Semi Membranosus, GL: Gastrocnemius Lateralis, GM: Gastrocnemius Medialis, So+FHL: Soleus and flexor hallucis longus,
TP: Tibialis Posterior, FDL: flexor digitorum longus, Per LBT: Peroneus (Longus, Brevis, Tertius), TA+EDL+EHL.: tibialis anterior and extensor
digitorum longus and extensor hallucis longus, So: Soleus, TS: triceps surae, TB: triceps brachii, TA: Tibialis Anterior, VLMI: Vastus Lateralis
and Medius and Intermedius, TFL: tensor Fascia Lata, Add BLM: adductor (brevis, longus, magnus), I1: Iliacus , Obl: Obliquus (transversus
abdominis, internus and externus obliquus), QL: Quadratus Lumborum, VLI: Vastus Lateralis and Intermedius together, VLMI: Vastus Lateralis
and Medialis and Intermedius, BF: Biceps Femoris, SMT: Semi Membranosus and Tendinosis, ESM : erector spinae and multifidus, PT:
pronator teres, ECRB : Extensor Carpi Radialis Brevis, EPL : Extensor Pollicis Longus, Br : Brachioradialis

233



S5 Table: validity and reliability of the articles included

validity

intra rater reliability

intra rater reliability

comparison
between
methods

slice-by-slice
CSA

Tingart 2003 [25],

Tingart 2003 [25],
Smeulders 2010 [62],

Tingart 2003[25],
Smeulders 2010 [62],

Lund 2002 [49]

segmentation Springer 2012 [63], Springer 2012 [63],
Nordez 2009 [27] Barnouin 2014 [46],
Valentin 2015 [45],
Skorupska 2016 [61],
Sudhoff 2009 [64],
Nordez 2009 [27]
segmentation | Nordez 2009 [27], Tracy | Marcon 2015 [9], Lund | Lund 2002 [49]
of CSAina |2003 [26], Barnouin 2015 | 2002 [49]
reduced [47], Lund 2002 [49],
number of Belavy 2011 [55]
slice[s]
using CSA Albracht 2008 [52], - -
segmentation | Amabile 2016 [53],
on a single Mersmann 2014 [57],
slice and Mersmann 2015 [58],
muscle Vanmechelen 2017 [51],
length Popadic 2011 [50], Morse
2007 [60], Yamauchi
2017 [28]
segmentation | Marcon 2015 [9], Tracy | Lehtinen 2003 [56] Lehtinen 2003 [56]
on a single 2003 [26], Lehtinen 2003
slice [56]
DPSO Sudhoff 2009 [64], Sudhoff 2009 [64], Moal 2014 [59]
method Nordez 2009 [27], Moal 2014 [59]
Amabile 2016 [53], Moal
2014 [59], Jolivet 2014
[68]
Automatic Engstrom 2011 [67],
segmentation | Andrews 2015 [65], Le
methods Troter 2016 [48], Kim

2017 [29]
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Pubmed — Medline Search String, December 26, 2017:

(((((((((((MRI*[Text Word]) OR magnetic resonance imaging[MeSH Terms])) AND
((("muscles"[MeSH Terms]) OR "muscle, skeletal"[MeSH Terms])) OR ((muscle*[Text
Word]) OR muscul*[Text Word])))) AND (((("models, anatomic"[MeSH Terms]) OR "organ
size"[MeSH Terms])) OR ((((((volum*[Text Word]) OR cross sectional area[ Text Word]) OR
three-dimension*[Text Word]) OR 3D[Text Word]) OR shape[Text Word]) OR
segmentation[ Text Word])))) AND ((((("reproducibility of results"[MeSH Terms]) OR "data
accuracy"[MeSH Terms])) OR (((((((reliability[Text Word]) OR reproducibility[ Text Word])
OR validity[ Text Word]) OR repeatability[ Text Word]) OR accuracy[Text Word]) OR
measur*[Text Word]) OR metrologic*[Text Word])) OR "validation studies"[Publication
Type]))) NOT myocard*[Text Word]) NOT cardia*[Text Word]) NOT cardiol*[Text Word]

Cochrane Library search string, December 30, 2017

(("MRI" OR "magnetic resonance imaging") AND ("muscle" OR "skeletal muscle" OR
"muscul*" ) AND ("volum*" OR "cross sectional area" OR "three dimension*" OR "3D" OR
"shape" OR "segmentation" OR "organ size") AND ("reliability" OR "reproducibility" OR
"repeatability" OR "validity" OR "accuracy" OR "measur*" OR "metrologic*" OR "validation
stud*")) in all Studies

Web of Science Search string, December 29, 2017

(TS = (((“MRI” or “magnetic resonance imaging”) AND (“muscle” OR “skeletal muscle” OR
“muscul*”’) AND (“volum™*” OR “cross sectional area” OR “three-dimension*” OR “3D” OR
“shape” OR “segmentation” OR “organ size””) AND ("reliability" OR "reproducibility" OR
"repeatability" OR "validity" OR "accuracy" OR "measur*" OR "metrologic*" OR "validation
stud*")) NOT (“cardiol*” or “cardia*”’)) AND DOCUMENT TYPES: (Article)

Scopus search string, January 2, 2018

( TITLE-ABS-KEY ( ( "MRI" OR “magnetic resonance imaging” ) AND ( "muscle" OR
"skeletal muscle" OR "muscul*" ) AND (“volum*” OR “cross sectional area” OR “three-
dimension*” OR “3D” OR “shape” OR “segmentation” OR “organ size’) AND ( "reliability"
OR "reproducibility" OR "repeatability" OR "validity" OR “accuracy” OR “measur®*” OR
“metrologic*” OR “validation stud*) ) ) AND NOT TITLE-ABS-KEY ( "cardiol*" OR
“cardia®” ) ) AND ( LIMIT-TO ( SRCTYPE, "j"))
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Annexe 3 : Healthy versus pathological learning transferability

on shoulder muscle MRI segmentation using Deep convolutional

encoder-decoders

Cet article est en préparation pour une soumission dans la revue IEEE TBME
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Healthy versus Pathological Learning Transferability
on Shoulder Muscle MRI Segmentation using Deep
Convolutional Encoder-Decoders

Pierre-Henri Conze*, Sylvain Brochard, Valérie Burdin, Frances T. Sheehan-Gavelli and Christelle Pons

Abstract—Automatic segmentation of pathological shoulder
muscles in magnetic resonance images is a challenging task for
patients with obstetrical brachial plexus palsy due to the huge
variability in muscle shape, size, location, texture and injury. A
reliable fully-automated segmentation method can greatly help
clinicians to plan therapeutic interventions and predict inter-
ventional outcomes while eliminating time consuming manual
segmentation tasks. The purpose of this work is three-fold. First,
we investigate the feasibility of pathological shoulder muscle
segmentation using deep learning techniques, given the very
limited amount of available annotated data. Second, we address
the learning transferability from healthy to pathological data
by comparing different learning schemes in terms of model
generalizability. Third, extended versions of deep convolutional
encoder-decoder architectures using encoders pre-trained on non-
medical data are proposed to improve the segmentation accuracy.
Methodological aspects are evaluated in a leave-one-out fashion
on a dataset of 24 shoulder examinations and focus on 4 different
muscles including deltoid as well as infraspinatus, supraspinatus
and subscapularis from the rotator cuff. The most relevant
segmentation model is partially pre-trained on ImageNet and
jointly exploits inter-patient healthy and pathological annotated
data. Its performance reaches Dice scores of 82.4%, 82.0%,
71.0% and 82.8% for deltoid, infraspinatus, supraspinatus and
subscapularis muscles with absolute surface estimation errors
of 134.6mm? for supraspinatus and all below 83mm? for other
muscles. These contributions offer new insights for force inference
in the context of musculo-skeletal disorder management.

Index Terms—Obstetrical brachial plexus palsy, shoulder
muscle MRI segmentation, deep convolutional encoder-decoder,
healthy versus pathological transferability, pre-trained encoders

I. INTRODUCTION

ixel-wise segmentation is a crucial task in medical im-
Page analysis with many applications such as computer-
assisted diagnosis, surgery planning, visual augmentation,
image-guided interventions or extraction of quantitative in-
dices from images. The rapid development of non-invasive
imaging technologies over the last decades has opened new
horizons in studying both healthy and pathological anatomy.
However, the analysis of complex Magnetic Resonance (MR)

P.-H. Conze is with IMT Atlantique, Inserm UMR 1101, UBL, Brest,
France. E-mail: pierre-henri.conze @imt-atlantique.fr. S. Brochard is with
Rehabilitation Medicine Department, University Hospital of Brest, Brest,
France. E-mail : sylvain.brochard @ chu-brest.fr. V. Burdin is with IMT Atlan-
tique, Inserm UMR 1101, UBL, Brest, France. E-mail: valerie.burdin@imt-
atlantique.fr. Frances T. Sheehan-Gavelli is with Rehabilitation Medicine,
National Institutes of Health, Bethesda, USA. E-mail : gavellif@cc.nih.gov.
C. Pons is with SSR pdiatrique, Fondation ILDYS, Brest, France. E-mail
: christelle.ponsbecmeur @ildys.org. Asterisk indicates corresponding author.
Manuscript received — XX, 2017; revised — XX, 2017.

imaging datasets could be tedious and time-consuming for
clinicians. It justifies the development of computerized assis-
tance methods including robust image segmentation techniques
to guide and improve their clinical practice.

The need for accurate muscle delineations arises for the
management of musculo-skelatal disorders including obstetri-
cal brachial plexus palsy (OBPP), one of the most common
birth injury [1]. Characterized by the disorder of the peripheral
nervous system conducting signals from the spinal cord to
shoulders, arms and hands, OBPP occurs most often during the
delivery phase when lateral tractions are applied to the head
to permit shoulder clearance [2]. Its incidence is estimated
around 1.4 every 1000 live births [3]. While full recovery is
possible, prognosis is variable and up to 35% of children may
have from weak to severe life-long functional impairments [2].
Shoulder involvment is the main cause of morbidity. At this
level, nerve injuries lead to variable muscle denervations and
induce muscle degeneration with fatty and fibrosis infiltration,
disruption of growth, muscle atrophy and force imbalances
between agonist and antagonist muscle pairs [4]. It is involved
in gleno-humeral deformity and can greatly impact upper limb
mobilization and the functional use of arms and hands for
activities of daily living and specific tasks [5].

Treatment and prevention of shoulder muscle strength im-
balances are main therapeutic goals for children with OBPP
who do not fully recover [6]. Therapeutic interventions mainly
aim at restoring a physiological balance between muscles
length and strength to prevent or treat joint deformity and
facilitate movement of the upper limb through muscle stretch-
ing/strengthening, botulinum toxin injection, muscle trans-
fer/lengthening [7]. Patient-specific information related to the
degree of muscle atrophy across shoulder muscles is therefore
needed to plan interventions and predict interventional out-
comes [8]. However, clinical examinations do not allow the
distinction and precise evaluation of each shoulder muscle.
Conversely, recent works report a clear relationship between
muscle atrophy and strength loss for children with OBPP
[1], showing the interest of such morphological evaluation
to better understand and treat shoulder problems. In this
direction, shoulder muscle segmentation on MR images is
useful to both quantify individual muscle involvement and
analyze shoulder strength balance profiles of non-dominant
and dominant shoulders for children with OBPP.

Considering the large variability in shoulder muscle shape,
size, location, texture and injury, muscle segmentation from
MR images has been commonly noticed as challenging [9].
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Both healthy and pathological muscles are prone to subtle
or more severe changes regarding their visual properties and
could be difficult to delineate near their insertion areas due
to the vicinity with other structures (Fig.l). In the case of
pathological muscles, changes in muscle shape and signal
occur because of muscle degeneration which can render iden-
tification of muscle boundaries even more difficult. To cir-
cumvent these difficulties, muscle segmentation is traditionally
performed manually in a slice-by-slice fashion [10]. However,
manual segmentation is a time-consuming task, prone to errors
due to intra and inter-expert variability. There has been a
recent and growing interest in developing fully-automated
techniques for muscle segmentation. This question is all the
more significant as many efforts have been recently devoted
to pixel-wise segmentation based on deep learning techniques
using convolutional encoder-decoders [11].

In this direction, the purpose of our study is three-fold.
First, we aim at studying the feasibility of automatic patho-
logical shoulder muscle segmentation using deep convolutional
encoder-decoder networks, given the small amount of available
annotated data in children with OBPP. To our knowledge,
shoulder muscle delineations have never been achieved auto-
matically through deep learning techniques. Second, our work
addresses the learning transferability from healthy to patho-
logic data and focuses in particular on how data available on
both healthy and pathological shoulder muscles can be jointly
exploited for pathological shoulder muscle delineation. Third,
extended versions of deep convolutional encoder-decoder ar-
chitectures using encoders pre-trained on non-medical data
are investigated to improve the segmentation accuracy. These
contributions reach all together a robust and fully-automated
muscle segmentation pipeline which provides new insights for
force inference in the context of OBPP management.

II. RELATED WORKS

To obtain quantitative measures from muscles such as
forces, muscle segmentation is traditionally performed man-
vally in a slice-by-slice fashion [10] from 3D MR images.
This task is extremely time-consuming and requires tens of
minutes to get accurate delineations for one single muscle. It
is not usable for a great amount of data in research and clinical
practice. Moreover, manual segmentation is prone to intra and
inter-expert variability given the high variability of muscle
shapes and the lack of clearly visible boundaries between
muscles and surrounding anatomy. To facilitate the process, a
semi-automatic processing based on transversal propagations
of manually-drawn masks can be considered [12]. It consists
of several ascending and descending non-linear registrations
applied to manual masks to finally get volumetric results with
a small amount of time devoted to manual segmentation.

A model-based approach for muscle segmentation consists
in considering a prior statistical shape model which is matched
to target slices. A patient-spectific 3D geometry can thus be
reached based on the deformation of a parametric ellipse
which tends to fit muscle contours starting from a reduced
set of initial slices [13], [14]. Segmentation models can be
further improved by exploiting shape information relying on

coronal

axial

sagittal

deltoid

infraspinatus

supraspi

subscapularis

Fig. 1: Groundtruth segmentations of pathological shoulder
muscles including deltoid as well as infraspinatus, supraspina-
tus and subscapularis from the rotator cuff. Axial, coronal
and sagittal slices are extracted from a 3D MR examination
acquired for a child with obstetrical brachial plexus palsy.

internal shape fitting and auto-correction to guide muscle
delineation [15]. Baudin et al. associated in [16] a statistical
shape atlas with a random walks graph-based algorithm to
automatically segment individual muscles through iterative
linear optimization. Andrews et al. [17] used a probabilistic
shape representation called generalized log-ratio representation
that included adjacency information along with a rotationally
invariant boundary detector to segment thigh muscles.

Aligning and merging manually segmented images into spe-
cific atlas coordinate spaces can be a reliable alternative. In this
direction, single and multi-atlas methods have been proposed
for quadriceps muscle segmentation [18], [19] relying on non-
linear registration. Engstrom et al. [20] used a statistical shape
model constrained using probabilistic MR atlases to automat-
ically segment quadratus lumborum. Segmentation of muscle
versus fatty tissues has been also performed through possi-
bilistic clustering [21], histogram-based thresholding followed
by region growing [22] and active contours [23] techniques.
However, all the previously described methods (except [17])
are not perfectly suited for high inter-subject shape variability
and significant differences of tissue appearance due to injury.
The use of pathological pediatric shoulder data reinforces this
finding. In addition, many of the previously described methods
are semi-automatic and therefore require a-priori knowledge,
usually associated with high computational costs.

Developing an accurate and robust muscle segmentation
method is therefore challenging and still remains an open
issue. Huge progress has been recently made for automatic
image segmentation using deep Convolutional Neural Net-
works (CNN). Introduced in [24], deep CNNs are entirely
data-driven supervised learning models formed by multi-layer
neural networks. In contrast to conventional machine learning
which requires hand-crafted features and therefore specialized
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knowledge, deep CNNs automatically learn complex hierar-
chical features directly from data. CNNs obtained outstanding
performance for many medical image segmentation tasks [11]
which suggests that robust fully automated segmentation of
shoulder muscles may be achieved by this way based on MR
images. To our knowledge, no other study has been conducted
on shoulder muscle segmentation using deep learning methods.

III. METHOD
A. Deep convolutional encoder-decoders

The simplest way to perform segmentation using deep
CNNs consists in classifying each pixel individually by
working on patches extracted around them [25]. Since input
patches from neighboring pixels have large overlaps, the same
convolutions are computed many time. By replacing fully
connected layers with convolutional layers, a Fully Convo-
lutional Network (FCN) is able to take entire images as
inputs and to produce likelihood maps instead of single pixel
outputs. It removes the need to select representative patches
and eliminates redundant calculations due to patch overlaps.
To avoid outputs with far lower resolution than input shapes,
FCNs can be applied to shifted versions of the input images
[26]. In this case, the multiple resulting outputs are stitched
together to obtain results at full resolution.

Further improvements can be reached with architectures
comprising a regular FCN to extract features and capture con-
text, followed by an up-sampling part that enables to recover
the input resolution using up-convolutions [11]. Compared to
patch-based or shift-and-stitch methods, it allows a precise
localization in one single pass while taking into account the
full image context. Such architecture consisting of paired
networks is called Convolutional Encoder-Decoder (CED).

U-Net [27] is the most well-known CED in the medical
image analysis community. U-Net has a symmetrical archi-
tecture with equal amount of down-samping and up-samping
layers between contracting and expanding paths (Fig.3a). The
encoder gradually reduces the spatial dimension with pooling
layers whereas the decoder gradually recovers object details
and spatial dimension. One key aspect of U-Net is the use of
skip connections which concatenate features from the encoder
to the decoder to help in recovering object details better while
improving localization accuracy. By allowing information to
flow directly from low-level to high-level feature maps, it
also leads to a faster convergence. This architecture can be
exploited for 3D volume segmentation [28] by replacing all 2D
operations with their 3D counterparts but it may suffer from
high computational costs and GPU memory consumption.
Processing 2D slices independently before reconstructing 3D
medical volumes remains a simpler alternative. In addition,
instead of cross-entropy measures used as loss function, the
extension of U-Net proposed in [29] directly minimizes a
segmentation error measure to deal with possible strong class
imbalance between foreground and background.

B. Healthy versus pathological learning transferability

In this work, we investigate the feasibility of automatic
pathological shoulder muscle segmentation using deep CEDs

healthy

Fig. 2: Three different learning schemes (P, HP, &) involved
in a leave-one-out setting for deep learning-based pathological
shoulder muscle segmentation.

(Sect.ITl-A), given a small amount of available annotated data.
In this context of OBPP, the availability of both healthy
and pathological data for image segmentation brings new
queries related to the learning transferability from healthy
to pathological structures. This aspect is particulary suitable
to musculo-skeletal pathologies for two main reasons. First,
despite different shapes and sizes due to growth and atrophy,
healthy and pathological muscles may share common char-
acteristics such as anatomic locations and overall global as-
pects. Second, such medical applications suffer from a limited
amount of available annotated data, usable for segmentation
purposes. Combining healthy and pathological data for deep
learning-based segmentation could thus act as a smart data
augmentation strategy.

In this direction, we aim at exploring the joint use of
healthy and pathological muscle data for pathological shoulder
muscle segmentation. Finding the optimal learning scheme to
be followed is key. Three different learning schemes (Fig.2)
employed with deep CEDs can be thus considered:

- the most common configuration consists in exploiting
annotations made on pathological shoulder muscles only,
assuming that CED features extracted from healthy exam-
inations are not suited enough for pathological anatomies.

- another strategy deals with transfer learning and fine
tuning from healthy to pathological shoulder muscles. In
this context, a first CED is trained using healthy data
only. The weights of the resulting model are then used as
initialization for a second CED network which is trained
using pathological inputs only.

- the last configuration consists in training a CED with a
groundtruth dataset comprising annotations made on both
healthy and pathological shoulder muscles, which allows
to benefit from a more consequent dataset.

By comparing these different training strategies, we can
evaluate the benefits brought by combining healthy and
pathological data together in terms of model generalizability.
The balance between data augmentation and healthy versus
pathological muscle variability is a crucial question which
has never been investigated for muscle segmentation. These
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Fig. 3: Extension of the standard U-Net architecture (a) by exploiting as encoder a slightly modified VGG-16 network [30]

whose weights are pre-trained on ImageNet [31], following [32], [33]. The decoder of the resulting architecture (b) has been
modified to get an exactly symmetrical construction while keeping skip connections still possible.

three different schemes, referred as P (pathological only),
HP (transfer learning and fine tuning) and A (healthy and
pathological data simultaneously), are illustrated Fig.2 in a
leave-one-out setting. The overall shoulder dataset is divided
into healthy and pathological MR examinations. One patho-
logical examination is extracted from the pathological MR
dataset and considered as test examination for shoulder muscle
segmentation. It will therefore not be used for training contrary
to remaining pathological images.

C. Extended architectures with pre-trained encoders

Contrary to deep classification networks which are usually
pre-trained on a very large image dataset, CED architectures
used for segmentation are in most cases trained from scratch,
relying on randomly initialized weights. Reaching a generic
model without over-fitting is therefore difficult, especially
when only a small amount of images is available as for
musculo-skeletal datasets. As suggested by [32], the encoder
part of a deep CED network can be easily replaced by a well-
known classification network whose weights have been pre-
trained on an initial classification task. It allows to exploit
transfer learning and fine tuning from large datasets such as
ImageNet [31] in the context of deep learning-based segmen-
tation. In the literature, the encoder part of a deep CED has
been already replaced by pre-trained VGG-11 [32] and ABN
WideResnet-38 [33] networks with impressive improvements
compared to their randomly weighted counterparts.

Following this idea, we propose to extend the standard
U-Net architecture described in Sect.IIl-A by exploiting an-
other simple network from the VGG family [30] as encoder,
namely the VGG-16 architecture. To improve the segmentation
task, this encoder branch is previously trained on ImageNet
[31]. This database has been designed for object recognition
purposes and contains more than 1 million natural images
from 1000 classes. Pre-training our deep CED dedicated to
muscle image segmentation using non-medical data is a clever
way to reduce the data scarcity issue while improving model

generalizability [34]. Pre-trained models can not only improve
predictive performance but also require less training time to
reach convergence for the target task. In particular, low-level
features captured by first convolutional layers are usually
shared between different image types which can explain the
success of transfer learning from one task to another.

As shown in Fig.3b, the VGG-16 encoder consists of se-
quential layers including 3 x 3 convolutional layers followed by
Rectified Linear Unit (ReLU) activation functions. Reducing
the spatial size of the representation is handled by 2 x 2 max
pooling layers. Compared to standard U-Net (Fig.3a), the first
convolutional layer generates 64 channels instead of 32. As
the network deepens, the number of channels doubles after
each max pooling until it reaches 512 (256 for classical U-
Net). After the second max pooling operation, the number
of convolutional layers differ from U-Net with patterns of 3
consecutive convolutional layers instead of 2, following the
original VGG-16 architecture. In addition, input images are
extended from one single greyscale channel to 3 channels by
repeating the same content in order to respect the dimensions
of the RGB ImageNet images used for encoder pre-training.
The only differences with VGG-16 rely in the fact that the
last convolutional layer as well as top layers including fully-
connected layers and softmax have been omitted. The two last
convolutional layers taken from VGG-16 serve as central part
of the CED and separate both contracting and expanding paths.

The extension of the U-Net encoder has been also trans-
ferred to the decoder branch by adding 2 convolutional layers
as well as more features channels to get an exactly symmetrical
construction while keeping skip connections still possible.
Contrary to weights of the encoder which are initialized
thanks to the pre-training performed on ImageNet, weights
of the decoder are set randomly before fine tuning. As for U-
Net, a final 1 x1 convolutional layer followed by a sigmoid
activation function reaches a pixel-wise segmentation mask
whose resolution is the same as input slices.
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Fig. 4: Pathological deltoid segmentation using U-Net [27] embedded with learning schemes P, HP and A. Groundtruth and
estimated delineations are in green and red. Displayed results cover the whole muscle spatial extent for L-P-0103 examination.

IV. DATA AND EXPERIMENTAL RESULTS

A. Imaging dataset

Experiments focus on data collected from 12 children with
unilateral OPBB and whose averaged age is 12.1 &+ 3.3. For
each patient, two T1-weighted gradient-echo MR images have
been acquired with a 3T MR scanner: one for the healthy
shoulder and another for the pathological one. For each healthy
or pathological MR image, spatially equally distributed 2D ax-
ial slices have been selected for four different shoulder muscles
including deltoid as well as infraspinatus, supraspinatus and
subscapularis from the rotator cuff. These axial slices were
annotated by an expert in pediatric physical medicine and
rehabilitation to reach pixel-wise groundtruth delineations.

Image size for axial slices are constant for each subject with
416x312 pixels. The number of axial slices varies from 192 to
224 whereas slice thickness remains unchanged with 1.2mm.
Overall, we have 374 (resp. 395) annotated axial slices for del-
toid, 306 (367) for infraspinatus, 238 (208) for supraspinatus
and 388 (401) for subscapularis across 2400 (2448) axial slices
arising from 12 pathological (healthy) examinations. Among
these 24 MR images, pairings are known between healthy and
pathological shoulders. Due to sparse annotations (Fig.1), deep
CEDs exploit as inputs 2D axial slices and produce 2D seg-
mentation masks which can be then easily stacked to recover
a full 3D volume for clinical purposes. Among pathological
examinations, 8 correspond to right shoulders (R-P-0134,
0684, 0382, 0447, 0660, 0737, 0667, 0277) whereas 4
are left shoulders (L-P-0103, 0351, 0922, 0773). Training
images displaying a right (resp. left) shoulder are flipped when
a left (right) shoulder is considered for test.

B. Segmentation assessment

To assess both healthy versus pathological learning trans-
ferability (Sect.IV-C) and extended pre-trained deep convo-
lutional architectures (Sect.IV-D), the accuracy of automatic
pathological shoulder muscle segmentation is quantified based
on Dice (%), sensitivity (TPZ_%). specificity
(%) and Jaccard (%) similarity scores where
TP, FP, TN and FN are the number of true or false positive and
negative pixels. We also exploit an absolute surface estimation
error (ASE) which compares groundtruth and estimated muscle
surfaces defined in mm? from segmentation masks. These
scores tend to provide a complete assessment of the ability of
CED models to provide contours identical to those manually
performed. Results provided are averaged among all annotated
slices arising from the 12 pathological shoulder examinations.

C. Healthy versus pathological learning transferability

The learning transferability from healthy to pathological
data discussed in Sect.IIl-B is addressed by comparing the
three learning schemes P (pathological only), HP (transfer
learning and fine tuning) and A (healthy and pathological
data simultaneously) in a leave-one-out fashion (Fig.2). To
avoid any biais for HP and A, annotated data from the
healthy shoulder of the patient whose pathological shoulder
is considered for test is not taken into account during training.

Whatever the configuration, deep CED networks are trained
using data augmentation since the amount of available training
data is limited. To teach the network the desired invariance
and robustness properties [27], training 2D axial slices un-
dergo random scaling, rotation, shearing and shifting on both
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_—y scheme = | HP | A

network U-Net [27] | vi6U-Net [ vi6épU-Net

deltoid 68.941+29.9 71.05+29.5 78.32+24.4 80.05£23.1 82.421204

8 infraspinatus 71.38+24.7 77.00+22.5 81.58+18.3 81.91+19.0 81.98+18.6
s supraspinatus 64.94428.0 65.69+29.6 65.68+30.7 67.304+29.4 70.98-+28.7
subscapularis 78.10+18.1 74.554+25.2 81.41+15.0 81.58+15.2 82.80L144

deltoid 70.854+30.5 70.744+29.5 78.92+25.4 81.45423.7 83.80+21.3

";:) infraspinatus 72.124+26.4 79.454+23.1 84.611+18.2 83.74£18.6 83.48£19.0
o supraspinatus 64.02+31.8 63.16+33.2 65.55+34.5 67.214+33.0 68.60+32.3
subscapularis 78.89+19.7 74.75+27.3 82.53+18.1 81.75+18.8 84.36+16.5

deltoid 99.6140.80 99.56+1.07 99.85+0.19 99.8240.22 99.84£0.22

8 infraspinatus 99.8240.23 99.8240.22 99.8440.18 99.86+0.17 99.86+0.18
o supraspinatus 99.861+0.18 99.9040.13 99.881+0.15 99.8610.17 99.91£0.12
subscapularis 99.86+0.13 99.83+0.28 99.87+0.13 99.881+0.12 99.86+0.15

deltoid 59271297 61.684+29.3 69.48+26.0 71.46124.9 74.00+22.8

51 infraspinatus 60.324+25.6 66.914+24.0 72.00+20.4 72.63+20.6 72.711£21.0
o supraspinatus | 53.61£27.1 55907:429.3 55.704+30.1 56.98+28.7 61.31+28.7
subscapularis 66.93+19.6 64.31+£24.7 70.83E17.6 TLI3E17.7 7272E17.16

deltoid 252.0+421.6 | 268.04507.8 | 105.5+178.9 | 94.23+139.2 | 80.38+127.5

g infraspinatus 156.8+£228.7 | 92.37£105.9 74.47192.8 80.114+96.2 79.17+£96.9
< supraspinatus | 174.8£164.0 | 159.9+153.5 | 753.9+146.0 | 147.5£129.4 | 134.6£135.5
subscapularis 94.56+95.5 102.0£110.7 | 95.19+109.0 | 94.06E£111.3 | 82.95+86.88

TABLE [: Quantitative assessment of deep CEDs (U-Net [27], v16U-Net, v16pU-Net) embedded with learning schemes
P, HP and A over the pathological dataset in terms of Dice, sensivity, specificity, Jaccard scores and absolute surface error
(ASE). Best results are in bold. Italic underlined scores highlight best results among learning schemes employed with U-Net.

directions. 100 augmented images are thus produced for one
single training axial slice. Comparisons between P, HP and
A schemes are performed using standard U-Net [27] with 10
epochs, a batch size of 10 images, an Adam optimizer with
10— as learning rate for stochastic optimization, a fuzzy Dice
score as loss function and randomly initialized weights for
convolutional filters. Models were implemented using Keras
and trained on a recent desktop PC with a single Nvidia
GeForce GTX 1080 Ti GPU with 11Gb/s. Once training is
performed, predictions for one single axial slice take around
28ms only which is suitable for routine clinical practice.

We present Tab.l a comparative assessment of P, HP and A
averaged over the whole pathological dataset. Reported results
correspond to the best results among those obtained after each
of the 10 training epochs. Italic underlined scores highlight
best results achieved among the three configurations.

Dice results show higher performance when both healthy
and pathological data are simultaneously used for training (2)
with scores of 78.32% for deltoid, 81.58% for infraspinatus
and 81.41% for subscapularis. Scheme A outperforms transfer
learning and fine tuning (HP) from 4 to 7% in terms of
Dice since HP only obtains 71.05% for deltoid, 77% for
infraspinatus and 74.55% for subscapularis. However, this
conclusion does not apply to supraspinatus for which A and HP
schemes get the same performance in Dice (= 65.7%). In par-
ticular, A increases the sensitivity (65.55% instead of 63.16%)
but provides a slightly smaller specificity compared to HP.
Comparing ASE from HP to A reveals improvements for all
shoulder muscles including deltoid whose surface estimation
error decreases from 268 to 105.5mm?. The same finding arise
when studying Jaccard scores whose gains are 7.8% and 6.5%
for deltoid and subscapularis. Directly combining healthy and
pathological data therefore appears as a better strategy than
dividing training into two parts focusing on first healthy and

then pathological data via transfer learning. Another finding
brought by Tab.I is that exploiting annotations made on patho-
logical shoulder muscles only (P) is the worst training strategy,
especially for deltoid (Dice loss of 10% from A to P). It proves
that CED features extracted from healthy examinations are
suited enough for pathological anatomies while acting as an
efficient data augmentation strategy. Results for subscapularis
deviate from this rule with higher similarity scores compared
to HP combined with the best ASE (94.56mm2).

Accuracy scores for supraspinatus are globally worse than
for other shoulder muscles. This finding is mainly due to
the presence of a severely injured supraspinatus muscle
(L-P-0922) among the set of pathological examinations.
Dice results for this single muscle is 42.99% for P against
38.59% and 32.33% for HP and A. It suggests that muscles
undergoing very strong degrees of injury must be processed
separately, relying on pathological data only or manual de-
lineations. Nevetheless, A appears globally better suited from
weak to moderately severe muscle impairments.

Dedicated to the deltoid muscle, a comparison between
P, HP and A is provided Fig.5 for each annotated slices of
the whole pathological dataset. The top raw displays Dice
scores with respect to normalized axial slice number obtained
by linearly scaling slice number from [Zmin, Zmaz| to [0, 1]
where {Zmin, Zmaxt are the minimal and maximal axial
slice number displaying the deltoid. Overall, the bell-shape
curves indicate that segmentation results are more accurate
for mid-muscle regions than for both base and apex where
muscles appear smaller with strong appearance similarities
with surrounding tissues. Above conclusions (A>HP >P) are
confirmed with much more individual Dice results grouped
on the interval [75,95%)] for A. By studying the concordance
between predicted and groundtruth deltoid surfaces (bottom
row), we observe a stronger correlation for A than for P and

242



HP

100 100
ry
P AT o -'s‘*:ﬂ—"-*f ALY
- -
L 13 o N
s - .. [ S .
80 . - . 804 ~
P R I i
.
_ . » <t
- - o - g
60 o * ‘ P )
& (] . 59
g g -y g “
3 < *"e 0 & -
0 - 9 0 * a0
- - ° .‘ *d +
* - »
= ¥ -
-
20 * 20 20
.- “
* o « 4
. *
0 - T o . o {
0.0 02 04 0.6 08 10 X 02 04 06 0B 1o 0.0 02 04 06 08 10
normalized axial slice number normalized axial slice number normalized axial slice number
P HP A
4000 ~ 4000 - 4000
— pertect concorsancn A — perfect concartharee 5 4 —— perfect concardares !
3500 3500 3500 .
.
3 3 e a
£ 3000 ] £ 3000 £ 3000
E mry E . &
I . g 3
& 2500 o . & 2500 *, & 2500 B
5 - 3 [} . 2
@ D x a ® a
2 5000 . 2 000 2% . * 2000
Z o0 Ca 3 Gl %
E =y .0, E . &
§ 1500 o BN e o, g 100 L § 1s00
% o k] ., %
£ - £ 2 £ 5
2 1000 T § 1000 5 1000
H i o o H ¥ »° ; Wi H 4 X 4
sn{ % ] 500 A 500 { ¢ 2 e
5 T
& ‘e, : A Ve
0 - - - 0 £ . - o Lok - -
] 500 1000 1500 2000 2500 3000 3500 4000 o 500 1000 1500 2000 2500 3000 3500 4000 o 500 1006 1500 2000 2500 3000 3500 4000
true muscle surface (mm2) true muscle surface (mm2) true muscle surface (mm2)
® R-P-0134 @ R-P-0684 ® R-P-0382 ® R-P-0447 @® R-P-0660 R-P-0737 % R-P-0667 * R-P-0277 % L-P-0103 b |-P-0351 * L-P-0922 L-P-0773

Fig. 5: Deltoid segmentation accuracy using U-Net [27] with learning schemes P, HP and A for each annotated slices of the
whole pathological dataset. Top raw show Dice scores with respect to normalized axial slice number. Bottom row displays
concordance between groundtruth and predicted muscle surfaces in mm?. Black line indicates perfect concordance.

supraspinatus infraspinatus

subscapularis

Fig. 6: Automatic pathological segmentation of infraspinatus, supraspinatus and subscapularis using U-Net [27] with training
on both healthy and pathological data simultaneously (2). Groundtruth and estimated delineations are resp. in green and red.
Displayed results cover whole muscle spatial extents resp. for R-P-0447, R-P-0660 and R-P-0134 examinations.
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HP with individual estimations closer to the line of perfect
concordance (L—P-0773 is the most telling example).

Evaluation is supplemented by qualitative results given Fig.4
for deltoid (P, HP and A) and Fig.6 for rotator cuff muscles
(A only). Displayed results cover the whole muscle spatial
extents. We notice Fig.4 a very accurate deltoid delineation
for A whereas P and HP tend to under-segment the muscle
area. Complex muscle shapes and subtle contours illustrated
Fig.6 are relatively well captured. In addition, we can notice
outstanding performance near muscle insertion regions whose
contours are usually hard to extract due to the vicinity with
other structures. These results confirm that using simulta-
neously healthy and pathological data for training helps in
providing good model generalizability despite the data scarcity
issue combined with large appearance variabilities.

D. Extended deep convolutional architectures

The standard U-Net architecture [27] is extended Sect.ITI-C
by exploiting VGG-16 as encoder, without (v16U-Net) or
with (v16pU-Net) pre-trained weights based on ImageNet.
Let us compare these three deep CEDs for pathological shoul-
der muscle segmentation through leave-one-out experiments.
We rely on the best obtained training scheme (Sect.IV-C)
combining healthy and pathological data (&). As previously,
networks are trained with data augmentation, 10 epochs, a
batch size of 10 images, Adam optimizer and a fuzzy Dice
score as loss function. Learning rates change from U-Net
and v16pU-Net (10~%) to v16U-Net (5 x 10~?) to avoid
divergence for deep networks trained with random weights.

Tab.I indicate the performance reached by U-Net,
v16U-Net and v16pU-Net over the whole pathologi-
cal dataset with best scores in bold. It clearly shows that
v16pU-Net globally outperforms U-Net and v16U-Net
with Dice scores of 82.42% for deltoid, 81.98% for infraspina-
tus, 70.98% for supraspinatus and 82.80% for subscapularis.
On the contrary, v16U-Net (resp. U-Net) obtains 80.05%
(78.32%) for deltoid, 81.91% (81.58%) for infraspinatus,
67.30% (65.68%) for supraspinatus and 81.58% (81.41%)
for subscapularis. In one hand, despite slightly worse scores
compared with U-Net for infraspinatus in terms of sensitivity
(83.74 against 84.61) and ASE (80.11 against 74.47mm?),
v16U-Net is most likely to provide good predictive perfor-
mance and model generalizability thanks to its deeper archi-
tecture. On the other hand, comparisons between v16U-Net
and v16pU-Net reveals that pre-training the encoder using
ImageNet brings non-negligible improvements. For instance,
v16pU-Net provides significant gains for deltoid (resp.
supraspinatus) whose Jaccard score goes from 71.46 (56.98) to
74% (61.31%). Surface estimation errors are among the lowest
obtained with only 80.38mm? for deltoid and 82.95mm?
for subscapularis. Despite their non-medical nature, the large
amount of ImageNet images used for pre-training makes the
network converge towards a better solution. v16pU-Net is
therefore the most able to efficiently discriminate individual
muscles from surrounding anatomical structures, compared to
U-Net and v16U-Net. In average among the four shoulder
muscles, gains for Dice, sensivity and Jaccard reaches 2.8, 2.7
and 3.2% from U-Net to v16pU-Net.

Fig.7 focuses on the deltoid muscle to compare U-Net,
v16U-Net and v16pU-Net for each annotated slices of
the whole pathological dataset. As previously, comparisons are
performed according to Dice scores (top row) and predicted
versus groundtruth surface concordance (bottom row). From
U-Net to v16pU—-Net, we can notice that individual Dice
results are slightly pushed towards the upper limit (100%)
with less variability and an increased overall consistency along
axial slices, as for R-P-0737 and L-P-0773. Extreme axial
slices are much better handled in the case v16pU-Net,
especially when normalized slice numbers approach zero.
In addition, compared to U-Net and v16U-Net, a slightly
stronger correlation between predicted and groundtruth deltoid
surface can be seen for v16pU-Net. Great improvements for
R-P-0737 and L-P-0773 can be also highlighted.

Automatic pathological segmentation results given Fig.8
for deltoid, infraspinatus, supraspinatus and subscapularis us-
ing U-Net, v16U-Net and v16pU-Net allows to visually
confirm the conclusions (v16pU-Net >v16U-Net >U-Net)
given above. 8 pathological examinations among the 12 avail-
able are involved to give a complete overview. Globally,
better contour adherence and shape consistency are reached
by v16pU-Net whose ability to mimmic expert annotations
is notable. The great diversity in terms of textures (smooth
in R-P-0684 versus granular in R—P-0737) is accurately
captured despite high similar visual properties with surround-
ing structures. Visual results also reveal that v16pU-Net
has a good behavior for complex muscle insertion regions
(R-P-0447). Despite a satisfactory overall quality, U-Net
and v16U-Net are frequently prone to under- (R-P-0134,
R-P-0277) or over-segmentation (R-P-0684). Some ex-
amples report inconsistent shapes (R-P-0667, R-P-0737),
sometimes combined with false positive areas located far
away from the groundtruth muscle location (R-P-0447,
L-P-0773). Using a pre-trained and complex architecture
such as v16pU-Net to process simultaneously healthy and
pathological data definitely seems to be the right strategy
to automatically provide accurate delineations of pathological
shoulder muscles for patients with OPBB.

V. CONCLUSION

In this work, we addressed automatic pathological shoul-
der muscle segmentation in magnetic resonance images for
patients with obstetrical brachial plexus palsy. Despite the
small amount of available data, shoulder muscle segmentation
were successfully explored by means of deep convolutional
encoder-decoders. In particular, we studied healthy to patho-
logical learning transferability by comparing different learning
schemes in terms of model generalizability against large
muscle shape, size, location, texture and injury variability. In
addition, extended versions of deep convolutional encoder-
decoder networks using VGG-16 encoders pre-trained on
ImageNet were explored to improve the accuracy reached by
standard U-Net architectures. Our contributions were evaluated
through leave-one-out experiments performed for four differ-
ent shoulder muscles including deltoid as well as infraspinatus,
supraspinatus and subscapularis from the rotator cuff. First,
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Fig. 7: Deltoid segmentation accuracy using U-Net [27], v16U-Net and v16pU-Net with learning scheme A for each
annotated slices of the whole pathological dataset. Top raw show Dice scores with respect to normalized axial slice number.
Bottom row displays concordance between groundtruth and predicted muscle surfaces. Black line indicates perfect concordance.
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Fig. 8: Automatic pathological segmentation of deltoid, infraspinatus, supraspinatus and subscapularis using U-Net [27],
v16U-Net and v16pU-Net with training on both healthy and pathological data simultaneously (&). Groundtruth and estimated

delineations are resp. in green and red.
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results clearly show that features extracted from healthy ex-
aminations are suited enough for pathological anatomies while
acting as an efficient data augmentation strategy. Compared to
transfer learning, directly combining healthy and pathological
data for training provides the best segmentation accuracy
together with outstanding delineation performance for muscle
boundaries including muscle insertion areas. Second, experi-
ments reveal that convolutional encoder-decoders built around
a pre-trained VGG-16 encoder strongly outperforms classical
U-Net. Despite the non-medical nature of pre-training data,
such deeper networks are able to efficiently discriminate indi-
vidual muscles from surrounding anatomical structures. These
conclusions offer new perspectives for the management of
musculo-skeletal diseases since it paves the way for automatic
inference of muscle strength imbalances which could greatly
help clinicians for intervention planning. Moreover, the pro-
posed approach can be easily extended to other muscle types
and imaging modalities with various applications including
neuro-muscular diseases, sports related injuries or any other
disorder affecting the balance between muscle forces.
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Annexe 4: supporting information article 4

arm down flexion abduction extensi adduction
ND Ul ND Ul ND Ul ND (N=11) I ND Ul
(N=11) (N=11) (N=1D)  (N=12) (N=11) (N=12) (N=12) (N=11) (N=11)
start angle
wrist fl-ext -2,6 -8,9 0,3 1,5 -15,6 -19,5 1,5 2,7 -26,5 -18,5
rad-ulnar -7,3 -8,4 -1,4 -6,2 -4,1 -8,9 -2,9 9,1 -5,9 -5,5
inclination
elbow fl ext 21,1 17,9 10,8 13,3 7,3 17,1 10,6 14,4 0,9 7,2
pro- 106,2 94,5 85,6 88,0 28,3 17,2 86,6 81,1 58,3 71,6
supination
gleno plane of 6,6 8,5 8,2 7,6 8,6 11,1 8,3 10,2 -16,3 21,1
humeral elevation
elevation -13,8 -12.4 -9,5 -10,9 -7,4 -8,8 -12,6 -15,8 -36,3 -41,5
axial -31,3 21,2 -23,0 -12,5 -53,3 -30,0 -25,8 -20,3 -67,0 -60,9
Rotation
shoulder plane of -1,5 1,4 -2,3 -0,1 -3,0 2,6 -3,0 3,7 -23.9 -21,6
(thoraco elevation
humeral)
elevation -11,5 -9,6 -10,7 -8,6 -8,0 -5,1 -12,0 -9,9 -53,8 -59,2
axial 2,0 15,9 -0,8 9,0 -19,5 -6,1 33 15,4 -59,8 -59,1
Rotation
scapula ant-post tilt |[-14,8 -13.4 -16,5 -12.9 -16,1 -14,5 -16,9 -13,4 -10,8 -1,9
med-lat 4,4 34 1,5 3,0 1,5 2,5 2,7 4,6 -14.9 -17,3
rotation
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pro- 30,4 34,5 26,9 28,1 19,0 28,7 25,9 32,5 33 1,7
retraction
trunk fl-ext 5.4 7,8 34 6,4 -0,4 5,0 32 9,5 1,2 3,1
lat tilt -0,8 -2,0 0,7 1,0 0,9 1,2 -0,2 1,3 -13,3 12,3 ook
rotation 1,7 4.5 33 -2,9 *% -0,7 0,8 23 -1,1 -14,1 11,8 *%
PTA angle
wrist fl-ext -13,4 -11,6 -15,5 -14,1 18,0 13,9 -23,6 -22,4
rad-ulnar -5,6 -1,7 0,6 -7,1 1,8 -4.9 -4,0 -6,5
inclination
elbow fl ext 15,8 21,0 11,7 21,1 1,5 5,5 31,1 39,3
pro- 48,7 63,1 81,6 73,8 1123 108,7 58,9 61,3
supination
gleno plane of 11,9 12,4 10,7 4,1 -27,0 -32,9 59,1 52,9
humeral elevation
elevation -99.,6 -105,6 -105,6 -97,1 -11,8 -12.3 -48.,6 -43,6
axial -62,3 -71,7 -50,9 -64,7 -30,8 -23,7 -48.4 -35,8
Rotation
shoulder plane of 21,3 20,0 27,8 22,0 -50,8 -49.8 57,1 60,7
(thoraco elevation
humeral)
elevation -144,8 -143,2 -148.,4 -145,8 -35,6 -29,0 50,9 38,6
axial -93,6 -93.3 -89,8 -86,0 1,0 2,5 97,5 90,3
Rotation
scapula ant-post tilt 15,9 15,6 7,2 1,3 -29,7 22,2 * -21,5 -12,5
med-lat -46,1 -38,2 -41,5 -31,7 1,3 39 -33,0 -30,4
rotation
pro- 21,0 11,7 * 31,8 25,7 *ok 14,0 12,1 68,0 63,4
retraction
trunk fl-ext -13,8 -8,9 -10,4 -5,0 15,3 16,1 -6,6 -4.8
lat tilt 9.4 9,5 wkkx | 14,7 12,8 kx| 70 4,7 ok -3,9 4,9 ok
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rotation 2,27 -2,6 -3,4 3.2 *k -17,8 13,2 *kEkx 1354 -19,7 ook
ROM angle
wrist fl-ext 18,4 16,0 11,3 11,3 21,0 18,4 15,7 15,1
rad-ulnar 8,7 5.4 * 7,1 7,1 10,3 6,0 6,3 6,1
inclination
elbow fl ext 16,2 16,3 13,6 13,6 13,9 12,6 34,1 36,4
pro- 39,0 29,0 * 57,7 57,7 34,4 30,2 23,6 26,1
supination
gleno plane of 252 26,1 30,8 19,5 36,1 43,3 75,8 74,7
humeral elevation
elevation 90,9 96,6 98,4 91,5 12,1 14,6 32,5 23,0 *
axial 45,1 61,6 *k 27,6 43,7 14,1 11,7 27,6 30,0
Rotation
shoulder plane of 64,0 62,4 34,6 34,6 47,8 53,6 99,9 97,0
(thoraco elevation
humeral)
elevation 136,2 136,6 140,4 140,4 27,7 23,0 125,7 115,0
axial 100,2 108,3 71,1 71,1 19,0 20,1 164,3 155,9
Rotation
scapula ant-post tilt 342 30,7 25,8 18,8 14,1 11,1 15,7 16,2
med-lat 48,1 42,1 44,0 34,7 8,6 8,7 21,1 16,1
rotation
pro- 22,8 26,8 17,3 16,6 14,5 21,0 *ok 65,7 62,7
retraction
trunk fl-ext 17,8 15,8 10.6 10.5 13,0 7.4 * 11,4 9,1
lat tilt 11,3 9,4 16.5 12.5 * 8,5 5,7 12,8 8,9
rotation 11,2 8,2 7.2 6.9 21,1 14,8 56,3 32,2 *ok
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external rotation RTG HTS HTH
ND (N=11) UI p |ND Ul p ND Ul ND Ul
(N=12) (N=1D)  (N=12) (N=11)  (N=10) (N=1D)  (N=11)

start angle

wrist fl-ext 19,7 11,1 -6,7 -7,4 -8,1 2,4 -3,7 -5,6
rad-ulnar 9.4 -18.4 * -6,0 -10,2 -6,9 -10,8 -6,7 -11,2
inclination

elbow fl ext 90,2 81,6 21,2 34,3 22,0 18,4 22,7 20,0
pro- 110,5 118,8 103.4 105,1 103,7 95,0 104,8 96,9
supination

GH plane of -24.1 -283 6,9 11,9 6,5 9,3 8,1 8,2
elevation
elevation -44,1 -48,4 -12,3 -14,0 -11,1 -13,3 -11,6 -13,2
axial -18,2 -11,7 -30,7 -25,0 -28,7 -23,2 -28,2 -21,7
Rotation

shoulder plane of -7,4 -12,1 -3,0 6,6 * -3,3 2,6 -2,9 1,0

(thoraco elevation

humeral)
elevation -72.3 -71,6 -10,6 9.4 -11,3 -9,6 -11,2 -9,3
axial 16,8 19,6 1,9 9,3 1,7 7,2 2,2 8,7
Rotation

scapula ant-post tilt | -24,0 -18,5 -15,6 -12,0 -16,1 -12,0 -16,6 -12.4
med-lat -10,1 -5,9 4.4 2,1 2,1 3,0 2,7 4.0
rotation
pro- 34,4 30,6 29,8 31,9 28,0 28,1 27,4 28,0
retraction

trunk fl-ext 6,7 6,4 5,5 9,3 4,8 10,3 4,6 8,2
lat tilt 9,1 10,4 *EEE 0,3 2,5 * -0,4 0,7 -0,5 2,0
rotation 0,3 -2,0 0,8 -4,1 * 2,3 -3,0 2,0 -3,3
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PTA angle

wrist fl-ext -47,6 -45.5 222 -23.9 -10,6 -5,7 2,2 -4,0
rad-ulnar -13,1 -17,1 -19,1 -18,5 -9,7 -14,4 * -13,3 -12,4
inclination

elbow fl ext 103,9 91,6 55,5 46,4 118,3 125,2 * 118,7 121,9
pro- 91,7 88,0 94,2 98,4 45,6 50,3 36,1 39,6
supination

GH plane of 1,2 -7,4 * 30,4 31,1 50,4 422 trend |21,2 17,7
elevation
elevation -39,1 -41,3 -36,7 -41,2 -25.9 -30,8 -70,9 -68,4
axial -79,3 -65,2 *k -42.5 -43.4 -15,8 -16,6 -73,7 -66,6
Rotation

shoulder plane of 10,0 2.8 * 38,6 48,3 * 52,2 53,6 44,0 36,8

(thoraco elevation

humeral)
elevation -67,6 -69,0 -15.3 -20,8 16,2 25,9 * -113,9 -107,6
axial -80,2 -73,4 10,2 7.4 70,0 50,5 trend |-80,8 -79,0
Rotation

scapula ant-post tilt | 4,9 13,2 * -14,5 -10,9 -15,8 -8,5 -3,2 4.6
med-lat -27.9 -27.9 -4,5 -9,3 -23.4 -18,0 -38,2 -32.4
rotation
pro- 5,6 0,4 428 441 53,2 45,1 25,6 223
retraction

trunk fl-ext -7,4 -5,3 53 9,2 2,9 7,5 -1,5 1,5
lat tilt -8,4 9,7 *EEE ()1 0,1 * 0,2 0,7 -3,8 5,3 oo
rotation -6,3 3,8 **k 11,7 11,7 *kEx 18,0 -2,1 wkok 1,6 -2,4

ROM angle

wrist fl-ext 71,4 58,7 32,0 37,4 28,1 29,5 28,2 31,3
rad-ulnar 11,7 7,0 16,7 13,2 10,6 8,2 13,6 13,1
inclination
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elbow fl ext 258 20,4 61,8 64,2 100,4 108,9 99,2 107,2
pro- 40,6 35,5 28,3 27,2 60,5 494 72,4 62,1
supination

GH plane of 26,3 21,6 26,6 24,5 447 34,2 *% 17,4 18,6
elevation
elevation 11,4 13,0 26,3 29,8 24,3 23,0 59,6 56,1
axial 61,8 53,8 14,8 22,1 * 22,5 18,1 46,5 46,2
Rotation

shoulder plane of 19,4 16,7 45,0 46,3 58,0 53,2 49,3 42,2

(thoraco elevation

humeral)
elevation 10,6 8,9 14,1 19,1 38,3 25,9 * 103,6 99,3
axial 97,1 93,1 20,6 24,3 74,9 53,5 *k 84,6 89,0
Rotation

scapula ant-post tilt | 29,4 32,1 4,2 6,0 * 7,7 -8,5 15,0 18,0
med-lat 20,1 23,0 10,8 13,2 26,2 -18,0 41,9 37,7
rotation
pro- 29,3 30,8 15,1 15,6 27,0 45,1 11,0 11,9
retraction

trunk fl-ext 14,8 12,1 2,5 2,6 3,0 3,4 6,4 6,9
lat tilt 4.4 3,1 2,1 1,9 24 2,0 43 3,9
rotation 7,7 6,4 11,4 8,3 * 7,8 4,5 * 4,0 4,0

Appendix 1 : Mean of the discrete joint angles of the non dominant side of typically developping children and unimpaired side of
children with OBPP

ND : non dominant, N : number of children, UI : unimpaired

Fl-ext : flexion extension, pro-supination : pronation-supination, ant-post tilt : anterio-posterior tilt, med-lat rotation : medial-materal rotation, pro-retraction : protraction-

retraction, lat tilt : lateral tilt

RTG : reach to grasp, HTS : hand to shoulder, HTH : hand to head
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Sh_Plane | Sh_Elev Sh_Rot El Fl El_Supi Wr_Fl Wr_Devia | Scap Prot | Scap Rot | Scap Tilt | Tr_Fl Tr_Lat Tr_Rot APS
Abduction [ND (n=11) | moyenne |[7,76 16,11 12,94 7,62 13,47 8,47 5,84 7,61 8,61 9,76 5,25 3,85 5,16 10,36
SD 1,94 543 517 4,18 4,60 4,91 3,13 3,54 4,93 525 2,06 1,32 2,43 2,29
Ul (n=12) |moyenne |38,52 12,86 13,43 12,44 26,66 11,69 9,67 14,49 10,04 15,08 8,26 15,22 6,32 15,86
SD 3,99 3,06 3,60 20,08 30,24 593 11,36 878 3,75 11,98 4,22 3,81 4,30 875
p * * mp. *
H ND (n=9) |moyenne |14,28 21,84 23,76 9,99 16,51 11,14 4,53 7,53 8,53 10,67 5,89 4,56 12,48 14,16
Adduction
SD 6,88 8,24 8,24 536 8,84 6,15 1,77 2,97 3,85 4,16 2,44 1,99 6,34 3,05
Ul (n=12) |moyenne |20,47 31,67 36,59 14,98 24,31 14,71 7,84 11,81 7,90 13,56 7,86 15,02 27,46 22,40
SD 10,67 19,01 18,76 13,49 2115 10,62 536 4,86 3,13 3,35 3,84 4,69 3,97 6,78
p * * ok ok ok
Flexion ND (n=11) | moyenne | 13,91 22,23 18,66 8,84 12,21 10,62 5,51 9,63 9,28 12,28 6,96 3,01 5,26 12,71
SD 3,87 6,78 7,44 4,53 4,75 7,72 2,47 6,34 3,40 6,76 2,93 1,25 1,70 3,01
Ul (n=12) |moyenne |12,05 15,98 16,80 8,71 20,46 11,02 6,11 10,41 9,86 10,97 10,32 8,99 9,47 13,48
SD 3,20 532 4,58 537 12,20 4,73 3,26 4,63 3,30 6,08 4,45 3,40 3,37 2,04
p * * * ok s
Extension [ND (n=11) | moyenne | 10,16 9,04 12,21 6,97 14,30 12,17 5,59 5,78 5,26 8,35 6,58 3,72 7,86 9,65
SD 3,52 529 5,91 4,79 536 9,00 2,93 2,42 2,76 4,95 2,26 1,75 2,79 3,39
Ul (n=12) |moyenne |10,47 8,38 15,50 7,51 20,64 9,11 8,54 7,61 6,08 9,34 13,79 6,32 14,59 12,92
SD 4,49 5,74 9,20 3,28 12,31 4,95 5,46 3,23 3,76 5,98 6,79 3,45 4,03 2,79
p * ok ok
Ext ND (n=11) | moyenne | 7,83 5,91 13,87 10,85 16,23 17,32 6,89 8,78 5,97 8,50 5,69 3,80 5,23 10,68
Rotation SD 3,71 2,28 3,57 6,14 7,62 9,75 2,58 4,04 2,29 2,66 1,90 1,53 2,45 2,45
Ul (n=12) |moyenne |9,23 6,59 16,41 14,45 16,51 19,15 8,84 9,13 9,12 9,42 7,66 15,67 6,51 13,42
SD 3,22 3,77 6,64 6,18 7,34 7,08 5,00 3,16 4,70 4,59 3,38 4,59 3,84 1,91
p mp. ok
Hand to ND (n=11) | moyenne | 10,58 8,62 12,02 13,87 14,10 10,29 4,89 5,82 6,21 8,33 6,68 1,60 3,85 9,80
Shoulder SD 547 4,58 5,61 6,88 317 517 211 2,92 4,58 2,93 5,64 0,76 1,85 2,63
UI (n=10) |moyenne | 10,06 10,17 15,09 14,86 17,77 13,55 7,20 6,27 7,86 8,47 10,65 2,65 6,91 12,10
SD 3,00 6,03 4,68 7,01 8,81 7,01 4,25 3,28 6,19 3,95 5,04 1,72 2,13 2,06
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p

sk

Handto | ND (n=11) | moyenne | 10,18 13,00 9,70 15,90 16,27 11,83 6,48 6,11 6,76 7.80 5,44 2,55 3.86 10,75
Head SD 5,12 5,72 3,61 9,29 6,74 3,94 2,80 2,21 3,29 4,41 3,49 132 2,75 2,94
UL (0=10) |moyenne |1537 15,02 17,40 14,62 20,16 15,41 6,98 7,50 8,36 9,71 7,78 5,26 5,33 13,66
SD 7,01 9,62 9,84 6,24 7,98 5,08 2,68 4,96 5,32 5,97 4,27 3,07 3,09 2,80

b . . .
Reachto | ND (n=11) | moyenne | 7,00 5,67 9,84 8,04 12,05 1437 6,55 4,05 419 6,00 4,43 1,45 432 8,43
Grasp SD 414 2,72 3,92 2,83 4,65 6,66 2,85 219 410 3,53 3,52 0,81 2,30 2,10
UL(n=10) |moyenne |13,33 8,07 12,58 18,21 16,32 15,70 7,36 541 7,65 5,50 9,18 3,93 11,19 12,55
SD 9,92 5,86 5,52 12,97 9,71 8,93 2,68 2,39 5,07 3,26 6,73 2,24 3,00 441

b . . . . ok -

Appendix 2: Arm profile score, unimpaired side of children with OBPP (I OBPP), non dominant side of TD children (ND TDC)

*p<0.05
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Résumé : La paralysie obstétricale du plexus brachial
(POPB) est une parésie d'un ou des membres
supérieurs causée le plus souvent par un étirement
excessif des racines nerveuses a la naissance. Les
enfants sans récupération compléte garderont des
séquelles a vie, comprenant une diminution de force et
des mouvements, des déformations osseuses,
impactant leurs activités quotidiennes. L’atteinte de
I'épaule est la principale cause de morbidité.

Les muscles gléno-huméraux sont au cceur de la
pathologie de I'épaule. L'IRM permet I'évaluation de
latteinte des muscles de [I'épaule. Les volumes
musculaires, intéressants du fait de leur corrélation
avec la force, peuvent étre obtenus par différentes
techniques de segmentation dont les propriétés
métrologiques sont inégales.

Chez I'enfant avec POPB, I'utilisation d’'une technique
de segmentation sur un grand nombre de coupes a

montré une atrophie variable des muscles gléno-
huméraux menant a des déséquilibres musculaires
dans les trois plans de I'espace. Des corrélations
entre les volumes musculaires et la force,
significatives mais plus faibles que chez les enfants a
développement typique étaient retrouvées.

Du fait de I'atteinte osseuse et musculaire, la mobilité
de l'articulation gléno-humérale est limitée. Dans une
étude utilisant I'analyse quantifiée du mouvement,
cette limitation, majeure en rotation externe d’épaule
ainsi que des compensations au niveau de 'ensemble
du membre supérieur ont été objectivées. La
performance du mouvement était bonne.

A partir des résultats obtenus différents objectifs et
cibles thérapeutiques sont discutés. La lutte contre le
déséquilibre musculaire rotateurs internes-externes
apparait comme une priorité.

Title : Morphological and biomechanical analysis of the shoulder and upper limb of children with obstetrical

brachial plexus palsy: impact on therapies

Keywords : biomechanics, shoulder, upper limb, obstetrical brachial plexus palsy, therapeutics

Abstract : Obstetric Brachial Plexus Palsy (OBPP) is
the paralysis of one or both upper limbs. It is most often
caused by excessive traction on cervical nerve roots
during a difficult birth. The children without incomplete
recovery will have long-term impairment, including loss
of active and passive mobility, loss of strength, bony
deformities, activity limitation and participation
restriction. The loss of shoulder function is the main
cause of morbidity in this population.

Glenohumeral muscles involvement is a key element
of the pathology of the shoulder. MRI allows evaluation
of the shoulder muscle involvement. Muscle volumes
in particular, well correlated with muscle strength, can
be modified by different segmentation techniques
whose metrological properties are unequal.

In children with OBPP, the use of a segmentation
technique on a large number of slices has shown a

variable atrophy of the gleno-humeral muscles
leading to three-dimensional muscular imbalances.
Correlations between muscle volumes and strength
were significant but lower than in children with typical
development.

Because of the bone deformity and muscle
involvement, the mobility of the glenohumeral joint is
limited. In a study using 3D motion analysis of the
movement, this limitation, which is large in external
shoulder rotation, as well as compensations on the
whole upper limb, were shown. The performance of
the movement was good.

From these results, different objectives and
therapeutic targets are discussed. Internal-external
rotator muscular imbalance correction appears as a
priority.
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