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Résumé : La connaissance de l'anatomie des musclBexploration de [I'élasticité des différents muscle

paravertébraux lombaires et la compréhension de I@aravertébraux lombaires au repos et dans plusieurs

mode d’action représentent un enjeu majeur deise gn postures différentes.

charge des lombalgies. L'expérience chirurgicalentm® Les résultats des travaux anatomiques montrenatiode

que les muscles paravertébraux constituent userface tendon/muscle du multifudus et de lilidedis

volumineuse masse musculaire dépourvue de grosrisndextrémement bas et une petite surface de section
et engainée dans un fascia inextensible. En bionig@a, multifidus suggérant que muscles ne sont pas cepatd
la force maximale d’'un muscle est positivement&ée a générer I'extension dorsale de la colonne lors de
la surface de section des tendons et du corps whérn contraction musculaire. lls semblent plutdt stabili la
existe probablement, au niveau lombaire, une étuenacolonne vertébrale en lui assurant une certainilitég
discordance entre le volume musculaire, qui suggéee assurée par un volume musculaire conséquent cading
force élevé, et celui des tendons dont la résistanme loge inextensible. Au moyen de I'élastographimys

mécanique est trés limitée. Les modeles biomécariqunontrons que I'élasticité des muscles paravertébestila

classiques semblent inappropriées pour décrire ddem plus basse au repos, en décubitus et qu'elle past
d’action des muscles paravertébraux. Selon certainfluencée par la flexion ou I'extension passive lde
modéles biomécaniques dérivés de la théorie desgsou colonne, ni par I'étirement du fascia thoracolombai
'augmentation de la dureté ou élasticité au sein d’'élasticité augmente lors des positions : assihout,

du

compartiment paravertébral serait le mécanismecipah penchée en avant et en arriere. Le comportement

de la stabilisation de la colonne vertébrale. biomécanique de chaque muscle est différent sedsn

Ces travaux se sont articulés autour de deux graxels postures. Ces travaux confirment qu'il existe des

L'axe anatomique avait pour objectif de vérifiemodifications significatives de I'élasticité lore da mise
'hypothése de la discordance  morphologiquen charge de la colonne. Les lombalgies sont &=so@
tendon/muscle des principaux muscles paravertébrales modifications d’élasticité de la colonne et oesscles

lombaires. L'axe radiologique avait pour objectfrise paravertébraux observées lors de I'examen clinique,

en place de protocoles d’élastographie par résenafiélastographie pourrait permettre de les explatede les
magnétique et ultrasonore pour caractériser de fagon objective et non invasive.

Title : Anatomy and elastography of the paraspinal muscles

Keywords : anatomy, elastography, MRI, paraspinal muscleyg@aphy
Abstract : Knowledge about the anatomy and the modResults of the anatomical studies show that theoteio-
of action of the lumbar paraspinal muscles is majonuscle area ratios of the longissimis and the dktalis
importance for the management of low back paimere extremely small, as well as cross-sectionah af
Surgical experience shows that the paraspinal rsisdhe belly of the multifidus. That suggests thataspinal
constitute a voluminous muscle mass without largeuscles are not able to provide the dorsal extensighe
tendons and enclosed in an inextensible fascia. dpine during muscle contraction. Rather, they seem t
biomechanics, the maximum strength of a muscle sgabilize the spine by providing it with a certaigidity
positively correlated to the cross-sectional arfe@mmdons ensured by a substantial muscle volume containeghin

and the muscle belly. Therefore, there is a paradmextensible compartment. Through elastography, we

between the presumed high strength of the volunsindbave shown that the elasticity of the paraspinataias
muscle belly and the low strength of the tendonwas the lowest at rest, in decubitus. Elasticitys vt
Traditional biomechanical models seem inappropriate influenced by passive flexion or extension of tipéne,
describing the mode of action of the paraspinalaless nor by the stretching of the thoracolumbar fascial
According to the beam theory, increasing elastigiithin  Elasticity increased during sitting, standing, begd
the paraspinal compartment would allow the stadiiin forward and bending backward the compared tg
of the spine. decubitus. The biomechanical behaviour of the
The work has two broad objectives. The first oliject longissimus, the iliocostalis and multifidus diéer
was to assess the assumption that there is ansistemcy according to the postures. This work confirms tihetre
betwenn the cross-sectional area of the tendorofitiie are significant changes in elasticity during stagdi
belly of the main paraspinal muscles, i.e. the iimlis, postures. Low back pain is associated with stiines
the longissius and the iliocostalis. The seconceahje changes of the spine and of the paraspinal musicls
was to establish elastography protocols with magnehave been observed through clinical examinationthén
resonance imaging and ultrasonography for tHeture, elastography could allow exploring low bgekn.
exploration of the elasticity of the paraspinal oles at

rest and in several different postures.
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INTRODUCTION ET PROBLEMATIQUE

La bipédie est le propre de 'Homme. Au cours deHglogénése, pour rester érigée
de la fagon la plus économique qu’il soit, la colenvertébrale s’'est dotée de courbures
antéropostérieures et d’'un puisant manchon myoapotigue lui conférant équilibre et
stabilité. Les temps modernes ont vu I'avenemertedeniques visant a améliorer le confort
des individus, diminuer l'effort physique et... laoissance exponentielle des personnes
souffrant de lombalgie, communément appelée «lé dnasiécle ». Les biologistes de
I'évolution parlent de la lombalgie comme d’'une athé de I'inadéquation. Bien qu'il existe
de nombreuses causes de lombalgies — tumoralestifses, dégénératives, rhumatismales -
les lombalgies les plus fréquentes sont les lonmdmlgnon spécifiques, qualifiees
delombalgies sans relation retenue avec des |ésiaretoaiquest seraient dues a des

atteintes myofasciales ou tendineuses.

Au cours de notre expérience anatomique, orthopédif radiologique, nous avons été
surpris par I'anatomie singuliere des muscles patakiraux, volumineuse et puissante masse
musculaire capable de maintenir le tronc, intimenadétachée (avec un court bras de levier) a
la colonne vertébrale par de délicats, frélesagilies tendons, mais également tout le long de
la face profonde de leur aponévrose. En biologiggreatomie, la forme détermine la fonction.
L’anatomie descriptive devient donc source d’irdgation, pourquoi ? Pourquoi les muscles
paravetébraux sont-ils agencés de la sorte ? Paoiurgp présentent-ils pas de tendons
puissants en corrélation avec leur masse musc@aempte tenu de cette anatomie, les
muscles paravertébraux ne semblent pas capabléectier les taches qui leur sont
communément dévolues, a savoir I'extension dordaleachis et le maintien de la posture
réalisé par le raccourcissement musculaire et liegipon de forces adaptées aux tendons lors
de la contraction. Avec cette méme arriere-pensgelques biomécaniciens ont émis
'hypothése que les muscles paravertébraux, chéanime, agissaient vraisemblablement
comme des poutres composites dont la raideur s#gue stabilise le rachis. Ainsi, toute
modification des propriétés viscoélastiques du esyst myoaponévrotique paravertébral
engendrerait des troubles fonctionnels segmentairésrigine de lombalgies. A I'heure
actuelle, ces hypothéses sur le mode d'action desscles paravertébraux et la



physiopathologie des lombalgies relatives aux pévgs viscoélastiques des muscles dérivent
de calculs mathématiques et d’expérimentation$séégex vivo

Depuis quelques années, I'élastographie, nouveltbnique d’'imagerie médicale, permet
d’explorer, de fagon non invasive ét vivo les propriétés viscoélastiques des tissus mous.
Elle pourrait peut-étre nous permettre de mieuxépgnder le comportement biomécanique
de ces muscles lombaires qui sont si particulieez ¢Homme.

L’hypothese que nous faisons est que les musclesgrdébraux ont un mode d’action
complexe, dépassant le simple modele de corde.atdame singuliere des muscles
paravertébraux, dont le fait plus marquant estrel"@lumineux, pourtant presque dépourvus
de tendons et contenus dans un compartiment dstéot semble en étre la démonstration.
Comme l'ont suggéré les anatomistes et biomécarsicaix cours des dernieres décennies,
l'action des muscles paravertébraux, indissociatiée leur contenant avec lequel ils
constituent le compartiment musculaire paravertgbs@apparente a celle de poutres
composites. Les propriétés viscoélastiques intgqneg des muscles paravertébraux et plus
largement du compartiment musculaire paravertépaént un réle fondamental dans
I'équilibre de la colonne lombaire. L'imagerie méale « conventionnelle » est un des piliers
de la prise en charge du patient lombalgique maigammet pas d’appréhender les anomalies
biomécaniques des muscles paravertébraux. L’élagibge, technique d’imagerie
émergeante pourrait permettre de caractériser ehidex comprendre la biomécanique du
rachis et plus précisément, les propriétés visstiglaes des muscles paravertébraux et ainsi
appréhender la physiopathologie des pathologidsdiannes dont la plus fréquente est trés

largement représentée par la lombalgie chronique.
Le travail de thése s’est donc articulé autoude&lex grands axes :

- Un axe anatomique dont l'objectif principal étaie dérifier I'hypothéese de la
discordance morphologique tendon — muscle. Comptau tde la complexité
anatomique et des descriptions anatomiques vadéssmuscles paravertébraux, la
premiéere étape consistait en une étude anatomigwese des muscles paravertébraux

et du compartiment musculaire paravertébral.

10



- Un axe radiologique dont l'objectif était la misen eplace d'un protocole
d’élastographie et la détermination premiere deladicité des muscles

paravertébraux, a la fois en élastographie panedsme magnétique et ultrasonore.
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ETAT DE L'ART

1. La colonne vertébrale lombaire

La colonne vertébrale constitue le pilier centrakdrps. Elle constitue une tige de soutien
implantée sur le pelvis et maintenant le corpsasition érigée. Elle doit ainsi concilier deux
impératifs mécaniques contradictoires staiplesseafin de permettre Imouvementiu tronc
et de 'ensemble du corps ; etrigidité, pour assurer latabilité du tronc et la position érigée
(Kapandji 1971) La stabilité rachidienne dépend d’éléments ossdigamentaires et

musculaires intimement associés.

1.1. Eléments de la stabilité rachidienne

1.1.1. Squelette osseux

Le squelette osseux lombaire est formé par un empiht de cing vertébres articulées
en haut avec le segment thoracique et en bas taigne piece sacrée. Chaque vertebre,
constituée en avant du volumineux corps vertélranearriere de I'arc postérieur, est unie
aux vertebres sus et sous-jacentes par un trigtérsg articulaire : le disque intervertébral et
les deux articulations inter-apophysaires postégiCastaing P)Percue dans son ensemble,
la colonne vertébrale lombaire est assez mobilpeemet des mouvements de flexion/
extension, d’inclinaison latérale et de rotatiolie Eoutient le poids du tronc, de la téte et des
membres supérieurs et est donc est soumise a digaintes de compression tres élevées. De
L1 a L5, le volume et le poids du corps vertébra th vertébre augmentent,

proportionnellement aux efforts qu’elle doit suppor

1.1.2. Systéme ligamentaire

L’appareil ligamentaire intervertébral assure ihaitation des mouvements et fait de la
colonne vertébrale une unité fonctionnelle. Learignts interépineux sont attachés entre les
bords supérieur et inférieur de deux processuseapimdjacents. Ills sont renforcés par les
ligaments surépineux insérés au sommet des pracépiieux. Ce sont de puissants freins a

la flexion.
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Les ligaments jaunes, trés résistants et tresidgilast sont tendus entre les lames de deux

processus épineux adjacents.

Les ligaments inter-transversaires unissent lesgssus transverses et constituent un frein

aux mouvements d’inclinaison latérale.

Le ligament longitudinal postérieur, est une labgede fibreuse tendue de I'os occipital au
sacrum, attaché sur les disques et la face pastérnies corps vertébraux. Peu résistant, il est

un frein accessoire de la flexion.

Le ligament longitudinal antérieur représente untaBle fourreau ligamentaire engainant la
face antérieure des corps vertébraux et des dismes/ertébraux de I'os occipital au

sacrum. Il est treés résistant et constitue le fseur ligamentaire de I'extension.

Tous ces ligaments sont en continuité, renforcamgi d& complexe disco-corporéal et les
articulations inter-apophysaires postérieures. ystesne tendineux complexe transforme la

colonne vertébrale en un tube osseux et limitgessibilités de mouvements.

1.1.3. Systéeme myoaponévrotique

A I'étage lombaire, la colonne vertébrale est erdeude 9 muscles paravertébraux.
Les muscles de la colonne vertébrale sont monaéaties et polyarticulaires et présentent
des insertions complexés/inckler 1974) Dans le regne animal, les muscles paravertébraux
lombaires sont classiquement divisés selon leualikation par rapport aux processus
transverses : les muscles hypaxiaux sont situésamnt des processus transverses, les muscles

epaxiaux, en arriere, chacun engainé dans un fas@ponévrose inextensible.

Une coupe horizontale passant par L3 permet detiéjes muscles du tronc en trois

groupes musculaires :

- Les muscles de la paroi abdominale : les musclaeissdile 'abdomen et les muscles

larges de I'abdomen (muscle transversus, obliguiesrius, obliquus externus)

- Les muscles latéraux vertébraux (ou muscles hypakiale muscle quadratus

lumborum et le psoas.

- Les muscles postérieurs (ou epaxiaux).
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Les muscles postérieurs sont disposés en troiss mlanla profondeur a la superficie. Le
muscle latissimus dorsi constitue le plan supefficLe latissimus dorsi participe aux
mouvements d’adduction, de rotation interne eté&pulsion du bras. Il permet également
l'inclinaison latérale du tronc. A I'étage lombairkest représenté par sa large aponévrose qui

participe a la constitution du fascia thoracolomdai

Le plan musculaire moyen est représenté par le lmgscratus posterior inferior. Il s’inséere
sur les apophyses épineuses lombaires par un teftdinpartiellement fusionné avec celui
du latissimus dorsi. Il se termine par trois outtidigitations sur les trois ou quatre dernieres

coOtes. Il est abaisseur des cotes et joue un edfeubcle expirateur.

Les muscles profonds, souvent appelés muscleswsgisant directement appliqués contre le
rachis. lls partagent une loge commune et sontrwésepar les branches postérieures des
nerfs rachidiens. Leurs faisceaux musculaires sautant plus courts qu’ils sont
profondément situégKapandji 1971) La systématisation des muscles paravertébraux
profonds est basée sur la direction de leurs faisceA I'étage lombaire, ces muscles peuvent

étre classés selon 4 grougésnckler 1974)
- le groupe sacro-transversaire (muscle ilio-castdllongissimus dorsi)
- le groupe spino-transversaire (multifidus)

- le groupe inter-spinal. Situés de part et d’adizda ligne médiane et séparés par un
léger interstice cellulo-graisseux, les musclesri#@pineux unissent deux processus epineux

contigus.

- le groupe inter-transversaire. Chaque muscle-ind@sversaire se compose de trois
faisceaux : un faisceau inter-mammillaire, tendtreedeux tubercules mammillaires sus- et
sous-jacents, un faisceau mammilo-styoidien, teeline un tubercule mammilaire et le
tubercule accessoire de la vertebre sous-jacentm éhisceau inter-styloidien tendu entre

deux tubercules accessoires sus- et sous- jacents.
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Figure 1 : A. Anatomie des muscles sacro-transversairesiebtspnsversaires d’aprés H Gray ; le plan profond
(a gauche) a est constitué par le multifidus ;lda superficiel (a droite) est constitué par lescteurs spinaux.
B. Anatomie des muscles inter-transversaires et-spinald’aprés G. Winckler

1.2.Innervation sensitive
Deux systemes innervent la colonne vertébrale lanmbaogduk 2016, Yang, Liao et al.
2018)

- le systéme sympathique par l'intermédiaire du reaniu-vertébral et les rameaux

communicants.
- le systeme somatique par l'intermédiaire de ladnardorsale du nerf spinal.

Le nerf sinu-vertébral nait au niveau du tavertébral par une branche ascendante et
une branche descendante. Ses branches innervéatdaventrale de la dure-meére et le

ligament longitudinal dorsal. Elles innervent égadmt le disque intervertébral et plus
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précisément les couches superficielles de l'anrfibussus dans sa partie postérie(freoul,
Faure et al. 2003)La face ventrale de la dure-mére, le ligamengitoidinal dorsal et la partie
postérieure de l'annulus fibrosus présentent debreum nocicepteurs et mécanorécepteurs.
Le nerf sinus vertébral contient des axones d’'negiomatique, se dirigeant vers le ganglion

spinal, et des axones d’origine sympathiques posfigonnaires.

Le deuxieme systéme prend en charge les processoslaires, les structures musculo-
aponévrotiques postérieures et le revétement cutdnéervation sensitive, particulierement
riche au niveau des surfaces articulaires et doadakoracolombaire, emprunte la branche

postérieure du nerf spinal.

1.3. Equilibre rachidien

En position debout, la colonne lombaire est regidi dans le plan frontal. Dans le plan
sagittal, elle présente une courbure a convexitriaare, la lordose lombaire. Cette courbure
antéropostérieure, caractéristique de I'espece m@&napparait dés lors que le nourrisson
commence a se tenir assis. Les courbures sagitthlesquelette axial, en particulier la
lordose lombaire et I'orientation du sacrum, petergtun équilibre stable, économiqee
termes de sollicitations mécaniques et d'effortsscolaires nécessaires a son maintien
(Duval-Beaupere, Schmidt et al. 1992, Le Huec, &add al. 2011) L'équilibre - toutefois
précaire - du squelette osseux est renforcé pgsulssant manchon myoaponévrotique
paravertébral. Les courbures vertébrales, et notrhia lordose lombaire, jouent également
le rGle d’amortisseur.
La posture dans laquelle les efforts musculairas p@ maintenir sont les plus faibles se
définit comme laposition neutre La «zone neutre ou «équilibre élastique> définit une
région d’amplitude lombaire dans laquelle les aaintes élastiques appliquées aux éléments
passifs de la colonne vertébrale (ligaments, apmsés et muscles paravertébraux au repos)
sont les plus faiblegPanjabi 1992, Scannell and McGill 2008) C’est la zone de
laxité ou de flexibilité. Au-dela de la zone neutieezone élastique correspond a I'amplitude
de mouvement produite, c’est la zone de hauteirdgi€omme I'ont montré plusieurs études
sur I'activité neuromusculaire des muscles parabesiixdans la vie quotidiennééquilibre
« économique » ne recruterait que la tension destates passiveSauvannet 1983Mais
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ce role de frein passif apparait cependant insuffigour caractériser I'équilibre vertébral
puisque c’est la mise en tension ligamentaire ddlahche la boucle de contre-réaction
musculaire lorsque la posture est modifiée. L'dopal vertébral est donc intimement
dépendant du réle proprioceptif qui aboutit a latcaction des muscles paravertébraux,
muscles dont le fonctionnement est majoritairemémiolontaire et réflexe. Toute

modification de la zone neutre, et donc des profsiéviscoélastigues des muscles
paravertébraux, peut étre a l'origine d’'une inditgbide la colonne vertébrale qui parasite
alors I'émission des messages proprioceptifs etfirepderturbe ou retarde I'ajustement des

contractions des muscles paravertébraux.

MEUTRAL ZOME SIZE

]

Figure 2 : Schéma expliquant la zone
neutred’aprés Panjabi.

Ainsi I'équilibre de la colonne vertébrale est #tién» par les courbures sagittales du squelette
0sseux et « terminé » par le systeme myoaponéumtigi lui est intimement appliqué. Les
propriétés viscoélastiques des muscles paravewéhparticipent aux deux composantes

passive et active de la zone neutre.
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2. Les muscles paravertébraux

Nous ne détaillerons ici que les muscles que ndudiegons, a savoir les muscles
paravertébraux, le multifidus et I'erector sping;méme constitué par le longissimus dorsi

et l'iliocostalis.

2.1. Anatomie morphologique

2.1.1. Multifidus

Muscle médial et profond de la région lombaire, neiltifidus est un muscle
polyarticulaire, constitué de multiples faisceaayannants a partir du processus épineux de
chaque vertebre, superposés les uns par rapporaudres et arrangés a la fagon des tuiles
d’'un toit (Gray and Williams 1989 Au niveau lombaire, le multifidus apparait a
premiere vue comme une masse musculaire homoge® ] éude anatomique précise de sa
structure montre qu’il est constitué de plusieaisdeaux musculaires, parfois séparés par un
plan de clivage cellulo-graisseux, chacun préséntaa insertion proximale commune sur la
face postérieure de l'arc vertébral et une insertiaudale sur le tubercule mammillaire des
guatre vertebres sous-jacentes ou sur le sacrusndégcriptions anatomiques des insertions
proximales et caudales, du nombre de faisceaula gennation, de la présence de plan de
clivages cellulograisseux différent selon les argelinsi, Wincker G. décrit précisément
trois faisceaux : le long lamellaire, le court @pir et le long épineux franchissant
respectivement deux, trois et quatre espaces ermtétwaux pour de se terminer sur la lame et
le processus épineux des deuxiéme, troisieme déti€ua vertebres sous-jacentgginckler
1974) Le long épineux présente parfois deux ou troiertians. Selon Macintosh et
al. 1986, le nombre de faisceaux differe selonafjét lombaire (entre trois et cinQ)
(Macintosh, Valencia et al. 198d).précise que l'insertion proximale des troisstaaux les
plus superficiels s’effectue au moyen d’'un tendemmun sur le sommet du processus
épineux. Au travers de dissections chimiques, kommn et al (2008) ont montré les
interdigitations entre les fascicules musculaird'®rggine d’une architecture multipennée du

multifidus (Lonnemann, Paris et al. 2008)
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Figure 3: Disposition des faisceaux musculaires du multifid’aprés Macintosh et al, 19:

Figure 4: Anatomie du multifidusl’aprés G. Winckler
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2.1.2. Erector spinae

Muscle le plus volumineux de la région lombaireé&igure, I'erector spinae joue un réle
primordial dans la stabilité dynamique du rachigs€iqguement, ce muscle est décrit comme
une masse musculaire commune fixée a la régiondeaudvée par I'aponévrose des érecteurs
spinaux. Il est en réalité constitué de deux nasscllelongissimus dorsmédialement, et
I'iliocostalis, latéralement, eux méme issus de la réunion de plaxies :pars lumborumet
pars thoracj qui fusionnent dans la région de la charniéreblasacréeMacintosh and
Bogduk 1991figure 5).1l est recouvert, a sa face superficielle pardiagvrose des érecteurs

spinaux.

Le longissimus dorsi pars thoraci est constituéfaszicules attachés sur les processus
transverses et l'arc postérieur des huit ou neuhidees cotes. Le longissimus dorsi pars
lumborum s’insére sur le tubercule mamillaire ded. L5 et se termine en regard de I'épine

iliaque postéro supérieure et l'aileron sacreé.

¥ Partie
dorsale.

oo Epi- [{ - Port:
neux, _ Portion
E lombo-

dorsale.

g Partle
lombaire,

ilio-
lombaire,

Figure 5 : Anatomie de I'erector spinae (iliocostalis et l@sjmus) d’aprés G. Winckler 20



L’iliocostalis lumborum pars thoraci est constitpér plusieurs fascicules provenant de
'angle de la premiére a la douzieme coéte et smitemt par I'intermédiaire de I'aponévrose
des érecteurs spinaux sur la face postérieure déta iliaque, latéralement a I'épine iliaque
postéro supérieure. L’iliocostalis lumborum pargnhorum s’'insére sur les processus

transverses de L1 a L4 et se termine sur la diétpie.

2.1.3. Le fascia thoracolombaire et le compartiment muscualire paravertébral

Le fascia thoracolombaire est une structure conpasiulti-lamellaire complexe
provenant de la fusion des aponévroses entouramilscles paravertébraux, des muscles de
la paroi abdominale, du quadratus lumborum et dagis$gure 6). Plusieurs modeles ont été
proposeés pour décrire son anatomie. La descrifgigrius récente, et la plus communément
utilisée, définit le fascia thoracolombaire comnme gtructure composée de trois feuillets : un
feuillet antérieur situé en avant du quadratus lomim correspondant a une expansion du
fascia transversalis, un feuillet moyen située eantides muscles paravertébraux et un
feuillet postérieur situé en arriere des muscisyertébrauXWillard, Vieeming et al. 2012)

(figure 7).

Figure 6 : Anatomie du fascia
thoracolombairal’aprés H. Grey

21



Le feuillet postérieur du fascia thoracolombaiest une bande fibrillaire épaisse de forme
triangulaire, fortement adhérente aux processuseépi et ligaments interépineux
médialement, a la face postérieure du sacrum ¢ deéte iliaque. Le feuillet postérieur du
fascia thoracolombaire est une structure bi-larmrellaonstituée par une lame superficielle
(elle-méme divisée en 3 lames présentant une atientfibrillaire différentes) et une lame
profonde (Benetazzo, Bizzego et al. 2011la lame superficielle est majoritairement
représentée par I'aponévrose du latissimus d@spgduk and Macintosh 1984, Bogduk,
Johnson et al. 1998, Barker and Briggs 192%ponévrose du gluteus maximus et le tendon
du biceps femoris envoient des expansions apongues a la lame superficielle du feuillet
postérieur du fascia thoracolombaire. La lame grdé du fascia thoracolombaire est
constituée par la gaine retinaculaire paraspinadeaépinal reticular sheath, PRS). La gaine

retinaculaire paraspinale encapsule les muscles@débraux.

Le feuillet moyen du fascia thoracolombaiest situé entre le quadratus lumborum et les
muscles paravertébraux. Il est constitué par laiodudes aponévroses du transversus
abdominis et de l'obliquus interny8arker, Hapuarachchi et al. 2014)) s’attache sur le

sommet des processus transvet8esker, Urquhart et al. 2007).
Le feuillet moyen et le feuillet superficiel fusioent latéralement au niveau du raphé latéral.

Le fascia thoracolombaire partage ainsi de nomleseaennexions avec le membre supérieur
par l'intermédiaire du latissimus dorsi et les mesade la sangle abdominale. Le biceps
femori et le gluteus maximus présentent égalemearglgges attaches sur le fascia
thoracolombaire, mais probablement sans véritadbégaction mécanique (ce qui n’exclut pas
de possibles interconnexions par le biais de mééanpteurs). Il existe donc un continuum
anatomique entre les fascia et aponévroses du reesnpgérieur, de 'abdomen et du membre

inférieur (Vleeming, Pool-Goudzwaard et al. 1995)

Le fascia thoracolombaire est richement innervédl est le siege d’'un grand nombre de
mécanorécepteurs qui renseignent sur son étandmne Le fascia thoracolombaire présente
des propriétés contractiles intrinseques graca @résence de myofibroblates capables

d’entrainer une augmentation de sa rigiditéllard, Vleeming et al. 2012)
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Les muscles paravertébraux sont donc contenus wam®mpartiment ostéofibreux
inextensible constitué en avant par le procesamsverse, la lame et le processus épineux des
vertebres et des structures ligamentaires qui lessent, et en arriere par le fascia

thoracolombaire. Cet ensemble réalisedmpartiment musculaire paravertébral

Thotacolumbar
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Figure 7: Anatomie du fascia thoracolombaittapres Willard 2012

2.2. Anatomie fonctionnelle

Selon les caractéristiques anatomiques, biomécesigt physiologiques, les muscles
paravertébraux et plus globalement, les muscledrahc, peuvent étre classés en deux
groupes : les muscles stabilisateurs et les musutdslisateurgRichardson, Jull et al. 1992,
Norris 2001). Les muscles mobilisateurs sont généralement saoidsf fusiformes, a
contraction rapide, actifs dans les activités r&itas de la puissance, activés lors de niveaux
de résistance élevés (40% de la contraction maxivmiontaire). Les muscles stabilisateurs
sont eux, sollicités lors d’activités d’enduranioes de faibles niveaux de résistance (30-40%
de la contraction maximum volontaire) et sont enégal des muscles profonds et recouverts
d’'une aponévrose. L’erector spinae est ainsi c@éngidomme un muscle mobilisateur et le

multifidus, un muscle stabilisateur.
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Plusieurs modeéles ont été utilisés pour décrinmdele d’action des muscles paravertébraux
(Kalimo, Rantanen et al. 1989Nous décrirons ici les modéles qui ont été apgkgaux

muscles paravertébraux.

2.2.1. Le modele de biomécanique classique : « le modelesdcordes »

Le modele de biomécanique classique détermine tectitn d’'un muscle d’apres sa
configuration externe. Dans le cadre d’un muscieqgiye, simple et fusiforme, on distingue
deux tendons : un tendon d’origine, fixe, et urdtamde terminaison, mobile, qui se déplace
au cours d’'une contraction. Le tendon de termimais® rapproche du tendon d’origine au
moment du raccourcissement du muscle et déplaigeniant sur lequel il se fixe. Selon ce
modele, que nous avons appelé le «modele des scordia contraction des muscles
paravertébraux lombaires, dont les tendons d’ceigitattachent sur le bassin et les tendons
mobiles s’attachent & la face postérieure des meteet cotes sus-jacentes, réalisent une
extension dorsale de la colonne. D’apres Kapahdgtion des muscles postérieurs est donc
essentiellement I'extension du rachis lombdire . lIs entrainent I'exagération de la
lordose lombaire car ils constituent « des cordasiglles ou totales de I'arc formé par le
rachis lombaire xKapandji 1971) Ainsi, les muscles paravertébraux « tirent efmegerle
rachis tout en l'incurvant ». A partir de travauxodglisant les insertions des muscles
paravertébraux sur des radiographies du rachiskd®dcet al. ont estimé la contribution de
I'erector spinae et du multifidus a la productioa @0-86% et 20% respectivement du
moment extenseur en L4-Lmogduk, Macintosh et al. 1992lls ont également décrit une

force de cisaillement antérieure en L5 et postégien de L1 a L4 lors de la position debout.

La stabilisation vertébrale serait assurée paotaraction synergique des muscles spinaux
(extenseurs) et abdominaux (fléchisseurs) qui reefd la stabilité rachidienne. Le

mouvement est dd & une contraction prédominante gfoupe antagonist€astaing,)

Certaines singularités anatomiques des musclevgréghraux lombaires, telles qu’un
court bras de levier, 'absence de puissants tendobma fixation du corps charnu aux parois

fibreuses de la loge interrogent sur la pertinatecee modéle.
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Figure 8: Modeéle biomécanique des cordes. Les muscles @aéiwvaux réalisent I'extension dorsale de la
colonne vertébrald’aprés Castain.

i. Le modéle de « haubanage ou frettage »

La colonne vertébrale est souvent comparée a un deabateau a voile. La
représentation la plus approchante que nous caimiésest un dessin de Leonard de Vinci
qui représente les muscles du rachis sous formé&aitm (figure 9, 10). La colonne
(correspondant au mat du bateau) posé sur le b@sspparentant a la coque) s’éléeve jusqu’a
la téte et supporte la ceinture scapulaire. A tessétages, il existe des muscles et tendons
disposés a la maniére des haubans, c’est & daetrld méat au bassin. Un deuxieme systeme
de haubans est tendu de la ceinture scapulairelaarslonne vertébraléapandji 1971)
Malheureusement, I'analogie est abusive et rengbthese erronée. Les haubans constituent
un « gréement dormant » dont la tension est réggémaniére extrinséqu@iel 2001) A
linverse, la tension des muscles est réglée deiémarintrinséque, en réponse aux
sollicitations du milieu. Le mat, toujours rectilig, est construit d'une seule piece. La colonne
vertébrale est sectionnée tous les 4 ou 6 cen@siétonstruite avec des pieces articulées et
mobiles les unes sur les autres. Les haubans (glémassifs) qui renforcent le mat sont
placés au large, ce qui n'est pas le cas des mysatavertébraux qui adhérent au squelette
axial.

Le haubanage correspond a une définition physiguia dtabilité (propriété d'un systéme en

equilibre stable), tandis que les muscles du rachmondent a la définition mécanique
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(propriété d'un systeme de revenir a son régimbliéd@res en avoir été écarté par une

perturbation).

LES HAUBANS, MU SCULAIRES

Figure 9: Modéle de Haubanage
d'aprés L. De Vinci

(=]

| Figure 10: Modéele de frettage dérivant de
I'architecture navale

FRET TAGE SERRAGE

2.2.2. Modéele de serrage — raidisseur et modéle de poutcemposite

En 1965, Rabischong et Avril développent le moddks poutres composites
(Rabischong and Avril 1965)Les muscles entourant la colonne lombaire — lescies
hypaxiaux et epaxiaux- enfermés dans leur aponévireextensible réalisent une structure
gonflable(Farfan 1975, Farfan 1995)ors de leur contraction, ils modifient leur viola et
surtout leur coefficient d'élasticité (module deuvig) (Sauvannet 1983, Mabit 1996lJs
viennent se plaquer intimement tout autour de larce osseuse, la transforment en une
poutre composite os-muscle obéissant aux lois deiofi des poutres et entrainent la
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rigidification du segment. Toutefois, la théoriesdaoutres intégre un systeme monobloc,
alors que la colonne vertébrale est constituée ldgegurs segments, ce qui constitue une
limite de I'application du modele.

2.2.3. Systeme annexes
- Le caisson abdominal

En 1957, Bartelink constate que la contractioneselds muscles paravertébraux ne
permet pas de maintenir une charge importante mogrnhlorsqu’un individu se releve de la
position penchée en avaftitartelink 1957) Il constate que le port d'une charge lourde est
toujours associé a une augmentation de la preabidominale. En mesurant la pression intra-
abdominale a I'aide d’un ballon gonflable placéslBestomac, il démontre d’une part, le réle
fondamental de la mise sous pression du contenonabdl et d’autre part, celui de la
contraction synergique des muscles de la paroirabaie
Les muscles paravertébraux, dont la surface déreest d’environ 60 cm2 en L5, agissent
avec un bras de levier situé a 4-5 cm du centm®i@ion alors que les muscles abdominaux
ont une surface de section de 10 cm2 mais un ledsvier d’environ 25cm permettant de

contrebalancer le moment des muscles paravertélrauban 1995)

, T S —R —

-l
Figure 11: Modele du caisson abdomirdibpres
Hukins
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- Réle du fascia thoracolombaire

Le rble du fascia thoraco-lombaire apparait a 2eaix(Gracovetsky 2008)
Premiérement, il permet de restituer I'énergie lsdeclors son étirement et ainsi de réaliser
une extension dorsale passive de la colonne vat&lrogduk and Macintosh 1984)
deuxiemement il participe a la création d’'un cortipgnt pour les muscles paravertébraux
dont la contraction va modifier la pression eti¢adité du contenu de la loge paravertébrale.
La globulisation des muscles paravertébraux lorfede contraction et de la mise en charge
de la colonne vertébrale, la contraction et I'étiemt des muscles de la paroi abdominale
mettent en tension le fascia thoracolombaire domigidité augmentéGarfin, Tipton et al.
1981) La mise en tension du fascia s’oppose a I'expansmisculaire et
augmente la pression et la dureté des compartimemisculaires paravertébraux
(Gracovetsky 1989, Hukins, Aspden et al. 1990, @gatPearcy et al. 2010)

Par ailleurs, les propriétés contractiles intrins@xdu fascia thoracolombaire ainsi que la
contraction et I'étirement des muscles de la saagtiominale augmentent la dureté du fascia

thoracolombaire et amplifient ainsi les effets aunglu compartiment.

Le rble du fascia thoracolombaire est donc intimaid® au mode d’action des muscles

paravertébraux dont il va potentialiser les effets.
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2.3.Le complexe muscle tendon : paradoxe anatomique dewscles paravertébraux
et illustration du modéle viscoélastique des musdearavertébraux

Le muscle et le tendon agissent comme une uni@ifomelle et sont mécaniqguement
liés. Dans Quaderni Anatomica, Léonard de Vincritiées tendons comme « des instruments
mécaniques qui produisent autant de travail quidsticonfié ». L’expérience chirurgicale et
'étude radiologique suggerent que les muscles vpaebraux sont constitués d’une
importante  masse musculaire mais ne présentent desvolumineux tendon. En
biomécanique, la force d’'un muscle est généralergtitnée par le volume ou la surface de
section du corps charnu, le degré de pennatiotiloles musculaires, la longueur des fibres
musculaires. La taille du tendon et particulieretsansurface de section reflete également la
force musculaire exercée par le muscle au niveasodeinsertion sur la piece osseuse. Ce
constat souléve donc un paradoxe anatomique : poumes muscles si volumineux ne
présentent- ils pas reliés a des tendons adapi&sr dorce ? Le faible bras de levier des
muscles paravertébraux et I'absence d'épais (dopgissant tendon des muscles
paravertébraux laisse penser que les muscles piilaraix ne peuvent pas réaliser
I'extension dorsale du rachis selon le modeéle ddectelle qu’elle est proposée par certains
auteurs. Par ailleurs, certaines particularitéstaanigiues et histologiques telles que la
volumineuse masse musculaire, la compartimentat&s muscles paravertébraux, la forte
proportion de capillaires intramusculaires, laiggnser, comme l'ont suggéré certains
auteurs, que le mode d’action ne correspond dos@pa<« modele de corde » mais plutdt un
modele de « poutre-composite » dont les propriekdemécaniques et notamment

viscoélastiques régulent la stabilité et le mouvende la colonne lombaire.

3. La lombalgie

La lombalgie commune de I'adulest un enjeu de santé publique majeur puisqu’elle
constitue un motif frequent de consultation en rogde générale, de réalisation d’examen
complémentaire et notamment I'imagerie. Ainsi, dabalgie représente 20% des arréts de
travail et 30 % des arréts de travail de plus dmdis. Elle constitue également 7% des
maladies professionnelles reconnues. |l apparaiic doécessaire de comprendre la

physiopathologie de la lombalgie pour améliorepigavention et son traitement.
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3.1. Histoire naturelle de la lombalgie

Les innovations congues pour I'amélioration de eaionfort et nos commaodités ont
permis 'avénement de la lombalgie, considéréelgmbiologistes de I'évolution comme un
maladie de l'inadéquatiofiLieberman) L'inactivité physique que nous vivons au quotidie
la station assise prolongée, I'absence de sotimitgpermanente des muscles de notre dos
conduisent naturellement & une diminution de lasmade la force et de I'endurance des
muscles paravertébraux et donc a des déséquilibeegiui contribue a I'apparition de la
lombalgie. A l'autre bout de I'échelle, I'hyper 8oitation du dos, par exemple lors du port
guotidien de charge lourde, est a l'origine d'atéms musculaires et ostéo-articulaires
responsables de lombalgie. Il existe donc uneioelatn « U » entre le niveau d’activité
physique et les Iésions lombaires.
Malheureusement, I'étiopathogénie de la lombalgteneutifactorielle et s’étend au-dela des
anomalies organiques morphologiques et fonctioagathusculaires et osseuses auxquelles

s’ajoutent des facteurs sociaux et psychologiques.

3.2. Définition
Selon I'HAS, la lombalgie est définie pane douleur de la région lombaire évoluant
depuis plus de 3 mois. Cette douleur peut s’accgmgrad’une irradiation a la fesse, a la
créte iliaque, voire a la cuisse, et ne dépassxqaptionnellement le genou.
Selon son profil évolutif, la lombalgie est qualdi d'aigue(durée est inférieure a 4 a 6
semaines)chronique (durée est supérieure a 3 moigcurrente (répétition de plusieurs

épisodes de lombalgie aigue).
En 2016, I'HAS a proposé une nouvelle définitionaleombalgie chronique en différenciant:

- la lombalgie non dégénérativantérieurement dénommée lombalgie spécifique ou
lombalgie secondaire (dite symptomatique), liéena oause traumatique, tumorale,

infectieuse ou inflammatoire ;

- la lombalgie dégénérativelont l'origine peut associer une ou plusieurs dasses
suivantes : discogénique ou facettaire ou mixggnlientaire, musculaire, liée a un

trouble régional ou global de la statique rachiden
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- lalombalgie sans relation retenue avec des lésiomasemiques

3.3. Examen clinigue du patient lombalgique
Classiquement, la lombalgie est associée a unendiion de la « souplesse » de la
colonne vertébrale explorée lors de I'épreuve dsijtet plus précisément par le test de
Shober qui permet de mesurer spécifiguement lI'dog#i de la flexion de la colonne
vertébrale lombairefigure 14). Ces modifications biomécaniques globales ne sast p
spécifigues d’'une modification des propriétés miépsms des muscles de la colonne

vertébrale.

Figure 14: Mesure de l'indice de Shober et de la distandgtdol permettant de rechercher une raideur du
rachis lombaire

Une augmentation globale de la dureté des muscheavertébraux est classiquement
observée lors de la palpation manuelle chez lesmiatiombalgiques et lors de I'utilisation de
dynamometresHu, Lei et al. 2018) Plus spécifiquement, certains travaux ont mogire la
présence de points gachettes myofasciaux et cestaipsfonctions segmentaires pouvaient
étre mis en évidence lors de la palpation comme zte®es douloureuses et dures. Les
recherches expérimentales suggérent que ces natifis d’élasticité myo-aponévrotique
des muscles paravertébraux seraient dues a desesp@syer, Morris et al. 2004, Fryer
2004) Cette hyperactivité neuromusculaire des muscéavertébraux, focale ou globale,
serait un réflexe protecteur en réponse a unensteirticulaire ou ligamentaire ou une
augmentation réflexe de la raideur musculaire conumeséquence d'une inflammation

musculaire.  D’autres travaux ont également re#ouwne diminution de [I'activité
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neuromusculaire des muscles paravertébraux lorexdasements dynamiques, une réduction

de la force musculaire et une augmentation detilgatailité musculaire.

Dans une revue de la littérature, Seffinger et28D4 démontre que la majorité des tests
diagnostiques relatif a la palpation manuelle préss# une faible fiabilité quelles que soient
les qualifications et I'expérience de I'examinaté@effinger, Najm et al. 2004) Seule

'évaluation de I'amplitude de mouvement lombaiegmentaire (intra observateur) et la
palpation de points gachette des tissus mous pééhvaux (inter observateur) présentent une

fiabilité acceptable.

La prise en charge dépend de l'anamnese et denfexaclinigue du patient
lombalgique. Ce dernier repose principalement 'sdertification de symptémes dénommés
« drapeaux rouges » dont la présence laisse sespgaue lombalgie dégénérative ou non

dégénérativeé

DRAPEAUX ROUGES

Age d’apparition inférieur & 20 ans ou supérieGbans
Traumatisme important récent

Douleur de type non mécanique : douleur d’aggramgirogressive, présente au repos et en particulier
durant la nuit

Douleur thoracique

Antécédent de cancer

Usage prolongé de corticoides

Usage de drogue intraveineuse, immunodépression
Altération de I'état général

Perte de poids inexpliquée

Troubles neurologiques (déficit du contrble desirggibrs vésicaux ou anaux, atteinte motrice| des
membres inférieurs, troubles sensitifs du périnée)

Déformation structurale importante de la colonneél@ale

Fievre

Tableau 1: Liste des « drapeaux rouges » nécessitant desegéalne imagerie chez le patient lombalgique.

D’apres les recommandations de I'HAS 2016
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3.4.Imagerie du patient lombalgique
L'utilisation de lI'imagerie est un des points letug importants dans le bilan
étiologique du patient lombalgique puisqu’elle petnde distinguer ladombalgie non
dégénérativelalombalgie dégénérativet lalombalgie sans relation retenaeec des lésions
anatomiquegHAS 2016).

Le premier temps de I'exploration radiologique dédmbalgie aigue (avec drapeau rouge) et
de la lombalgie chronique est la réalisation daogrdphies de face et de profil du rachis
lombaire. A I'heure actuelle, c’est le seul exanten permet une étude en charge de la
colonne vertébrale et donc I'analyse de I'espatar somatique. Les radiographies permettent
egalement de rechercher des éléments en faveue danse tumorale : une lyse osseuse
vertébrale somatique ou pédiculaire, un tassemeriélwal malin ; en faveur d'une cause
traumatique, on recherchera un tassement vertabraldéminéralisation diffuse ; en faveur
d’'une cause infectieuse, on recherchera une lystesiérosions des plateaux vertébraux, un
pincement discal ; en faveur d’'une affection déggtng, on recherchera un pincement
discal, des ostéophytes, des géodes, une ostéomsatide sous chondrale ; enfin en faveur
d’'une cause inflammatoire, on mettra en évideree @osions, des syndesmophytes, une
ankylose. En dehors des causes traumatiques, imgraphie présente une sensibilité et une
spécificité largement inférieures a celles I'imageen coupe et notamment a I'lRM. La
radiographie ne permet pas I'étude des tissus niRarsailleurs, il existe un délai de plusieurs
semaines entre I'apparition des anomalies radidggaps et des symptomes cliniques ou

biologiques.

Selon I'examen clinique, un scanner ou une IRM skenac préconisé en complément de la
radiographie. Le scanner permet de préciser lesialies de composante minérale (calcique)
de l'os, a savoir : une lyse, une ostéocondensatina production osseuse ou calcique, il
permet également la définition des contours etahtenu lésionnel et I'étude des structures

canalaires. Le scanner permet également I'étudéssess mous paravertébraux.

L'IRM prend une place de choix dans I'étude desHalgies puisqu’elle permet de mettre en
évidence précocement les anomalies de la médullaggeuse et des tissus mous.
Classiquement, I'examen en IRM des lombalgies cotepone séquence sagittale T1

(séquence anatomique), une séquence sagittale [R-8Mme séquence coronale T2-STIR,

34



une séquence axiale T2. Les séquences T2-STIRrssrgensibles pour montrer I'infiltration
médullaire relative a l'inflammation, I'infiltratio cedémateuse ou le remplacement médullaire
par un tissu tumoral, cela avant méme [|'apparittianomalies radiographiques. Les
séquences T1 permettent de caractériser la compogeaisseuse de I'os. Selon hypothése
clinique (tumorale ou infectieuse), I'examen seymplété par une séquence T1 réalisée apres
injection d’'agent de contraste qui sensibilisera diétection de collection (abces) et

I'infiltration cedémateuse ou tissulaire de la mé&drg osseuse ou des tissus mous.

Dans le cadre des lombalgieans relation retenue avec des lésions anatomjgueM
« conventionnelle » met souvent en évidence uraplaie et/ ou une involution des muscle

paravertébraux, en particulier du multifidus, maes anomalies morphologiques ne sont pas

spécifiques et sont également retrouvées dansrd&pathologies lombairéBierry, Kremer
et al. 2008, Goubert, De Pauw et al. 20figure 15).

Figure 15: Coupe axiale TI
montrant une atrophie et une
involution graisseuse des muscles
paravertébraux

3.5. Traitement

D’apres les recommandations de I'HAS (version 2008)traitement de la lombalgie
commune aigue repose sur les traitements médic@aantva contréler la douleur sont
indiqués, tels que les antalgiques de palier levde palier 1l et les anti-inflammatoires non
stéroidiens. Le repos n'est pas indiqué et la pi@rsdes activités ordinaires est

recommandée. Les manipulations rachidiennes omttérét a court terme dans la lombalgie
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aigue. Parmi les techniques de manipulation, auctadait preuve de sa supériorité. Les

autres thérapeutiques n’ont pas fait la preuvededfficacite.

D’aprés les recommandations de I'HAS (2000), latétyie thérapeutique des lombalgies
chroniques comprend 1) la prise en charge de l&edo(antalgique de palier | ou Il) avec a
titre complémentaire : manipulations, infiltrationarticulaires, myorelaxant, massage,
acuponcture, balnéothérapie, 2) la restaurationladefonction (exercice physique), 3)

'accompagnement psychologique et 4) la réinsepiafiessionnelle.

3.6. Modification des propriétés viscoélastiques des males paravertébraux : cause
et conséquence des lombalgies sans relation reteraxec les lIésions anatomiques

Il apparait clairement que la lombalgiens relation retenue avec des lésions anatomiques
est associee a des modifications morphologiques biemécaniques des muscles
paravertébraux et des compartiments musculaires@débrauxBierry, Kremer et al. 2008)
La prise en charge du patient lombalgique appa@it insuffisante car I'examen clinique
évaluant les modifications de la dureté des mugudeavertébraux n’est pas reproductible ni
spécifique. De plus, les examens complémentairescpts habituellement ne permettent pas
d’apprécier des propriétés biomécaniques des numgudeavertébraux. Depuis plusieurs
années, une nouvelle modalité d’imagerie, I'élastplgie, permet d'imager et de quantifier
les propriétés biomécaniques des tissus biologiqDete technique, appliguée aux muscles
paravertébraux, pourrait permettre de quantifies aeomalies biomeécaniques intrinseques
aux muscles paravertébraux et constituer ainsi @mdrqueur pour certains types de

lombalgies.

4. La caractérisation mécanique des tissus

La palpation manuelle constitue un temps fondanheletédiexamen clinique en particulier
de I'examen musculo-squelettique. Elle permet deatér des modifications morphologiques
et biomécaniques des tissus, telle qu'une augnientati une diminution de la rigidité (ou
élasticité) d'un tissu. En biomécanique, I'élaséictorrespond a la capacité d'un tissu a

résister a une déformation lorsqu’il est soumisi@ contrainte (ou force ou stress).
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Malheureusement, I'appréciation manuelle des pébgsi biomécaniques des tissus présente
une part de subjectivité et est donc qualitativikee &st de fait peu sensible, peu spécifique et
peu reproductible, en particulier lors de I'exantkss muscles paravertébraux chez le patient
lombalgique(Fryer, Morris et al. 2004, Fryer 2004)

L’élastographie permet de remplacer la palpaticalitptive et vise a quantifier par I'imagerie
les propriétés viscoeélastiques des tissus et @uscplierement I'élasticitéMuthupillai and
Ehman 1996)L’élastographie quantifie I'élasticité en examihda réponse d’un tissu a une
sollicitation mécanique. Cette sollicitation, sonv@ppliquée depuis I'extérieur du corps,
entraine une déformation des tissus qui peut éwsurde par des meéthodes d’imagerie
meédicale comme I'échographie ou I'imagerie par més@e magnétique (IRM)sennisson,
Deffieux et al. 2013)La dureté des tissus, communément appelée @idastst décrite par le
module d’Young E, exprimé en kilo Pascal (kPa).

4.1. Propriétés biomécaniques des tissus

4.1.1. Propriétés biomécaniques des tissus biologiques

Un solide est un corps caractérisé par une forma etolume. Parmi les solides, on
distingue les solides indéformables et les sold#germables ou mous. Les tissus biologiques
ont un comportement mécanique s’apparentant a deinisolide mou aussi appelé solide de

Hooke, il est dit viscoélastique.

Une contrainte (stress ou excitation mécaniquegntaainer une déformation du solide. La
dureté est définie comme la capacité d’'un matériau astésia une contrainte. Lgidité
correspond au degré de déformation élastique dérraatsous cette contrainte.élasticité
est la capacité du matériau a reprendre sa foritialéna I'arrét de la contrainte. Bien que
chaque tissu réagisse differemment a une contramt®nction de ses constituants propres,

les tissus suivent les mémes lois face aux comésin

Dans le cas de figure le plus simple, matérielrigm, homogene, incompressible, purement
élastique et non actif, un solide a d’abord unewhéétion de type linéaire ou il y a un rapport
de proportionnalité entre la contrainte et la défation Ce comportement

mécanique est régi par la loi de Hooke :
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Module de Young (E) =S /e

ou E est la dureté, S, la contrainte externe respble d’'une déformation, e.

Elastic materials

Figure 16: Relation linéaire entre la contrainte
(stress) et la déformation (strain) des matériaux
purement élastiques

Stress

Strain

E est d’autant plus élevé que le tissu est dur.

Nous venons de décrire le cas d’'un milieu pureréasgtique. Ces théories suscitées sont
en reéalité une extréme simplification du comportetrtdomécanique d’un tissu biologique.
En effet, les tissus biologiques ne sont pas punenédastigues, mais sont également
caractérisés par leur viscosité. Dans un miliestigjae et visqueux, I'onde propagée est
atténuée. Les modules de cisaillement et de comipresont donc des modules complexes.
Ainsi I'élasticité, qui traduit la rigidité du matau et donc la capacité a conserver et restituer
de I'énergie, est associée a la partie réelle dduteode cisaillement ou de compression. La
viscosité, qui traduit la résistance du matériadagtc la capacité a dissiper de I'énergie, est

donc associée a la partie imaginaire du modulas#éllement.

4.1.2. Principe de I'élastographie
L’élastographie correspond au couplage d’'une staltion qui produit la contrainte a un
systeme de mesure des déformations engendréea pantrainte appliquée. Quelle que soit
la méthode utilisée, le concept de I'élastograpbmse sur un méme principe : accéder au
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module d’Young en analysant les mouvements desstiétudiés suite a I'application d’'une

contrainte ou une force extérieure qui va le pesur

La contrainte appliquée au tissu biologique penat é¢ deux types :

- Statique (ou quasi-statiquekonsiste a appliquer une compression sur le fissoe
fréequence de l'ordre du Hertz et a imager le t@gant et apres contrainte. Ainsi, la
déeformation survient tres lentement et est doneigstatique. Les effets de viscosité
ne sont pas présents et le matériel se comporteneam solide élastique pur.
Dynamique: en instaurant une vibration continue a basseu&ce. Les effets
transitoires ne sont pas présents et les ondespeétre considérées comme en état
stationnaire. La fréquence donnée non nulle néeesk prendre en compte la
viscosité et I'état stationnaire conduit a desesdfins qui nécessitent I'acquisition de
données 3D comme I'IRM ou I'échographie 3D.

L’'application d’'une contrainte meécanique est a ifjore de deux types dondes

mécaniques

Lesondes de cisaillementransversales. Elles provoquent un glissementdeshes

de tissus les unes par rapport aux autres et sacdép par des mouvements successifs
perpendiculaires & la vitesse de déplacement ddéd'oA basse fréquence, environ de
10Hz a 2000Hz, les ondes de cisaillement se praopagatement et leur vitesse

(=~~1 a 50 m/s) est reliee au module de cisaillement

Lesondes de compressioiongitudinale dans I'axe de la contrainte. Egesnpriment

le tissu de proche en proche et provoquent un démlant du milieu de direction
parallele a la vitesse de propagatibes ondes de compression se propagent trés
rapidement dans le corps huma=1500m/s) et les longueurs d’onde associées sont
généralement plus grandes que les tailles des esgaondés. Elles ne permettent pas

d’accéder aux propriétés mécaniques des tissus.
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Onde de cisaillement

Figure 17 : L'onde de compression (P) se propage par deatians de volume successives du milieu. Le
déplacement du milieu u est paralléle a la direcdie propagation avec une vitesse Mes ultrasons, utilisés

en échographie, sont des ondes de compressionnLess aussi une onde de compression dans la gdesne
fréquences audibles; b: l'onde de cisaillemen) & propage par des mouvements successifs
perpendiculaires a la direction de propagation avervitesse ¥ D’apresGennisson et al. 2013

Les différentes techniques d’élastographie par n@sce magnétigue et ultrasonore ne
mesurent pas directement la dureté mais la vigsg@gopagation des ondes de cisaillement v

qui est directement reliée au module de cisailldrfieou G) selon I'’équation suivante :

Module de cisaillementu = pv?

ou p correspond a la densité du milieu (supposée cotstat égale a 1000 kgim

Le module de cisaillement est lui-méme relié au module élastique E dansake dun

matériel incompressible et purement élastique d&dgnation :
E =3u

Sachant que la vitesse de déplacement d’'une omgimesite avec le niveau de dureté du
milieu, I'analyse de la vitesse de propagation dedes au sein des tissus permettra de
guantifier les propriétés mécaniques d’'un tissuogigue. E est d’autant plus élevé que le

tissu est dur.

Plusieurs techniques basées sur les ultrasonsiRi lont été développées pour
évaluer la réponse mécanique des tissus a uneatudsatr Les méthodes de mesure en
élastographie varient sur plusieurs points : (I)dture de la contrainte (interne/externe) ; les

caractéristiques temporelles de la contraintei@gtat/dynamique) et la modalité d’imagerie
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(élastographie par résonance magnétique et SWHyréaela, quelle que soit la méthode
utilisée, toutes les approches d’élastographieldppées partagent les trois mémes étapes :

- La premiere étapeexcitation est la génération et I'application d’'une conttaifou
stress) au tissu sous la forme d’'une onde mécardque la source est interne ou
externe.

- La deuxieme étapeagquisition consiste a enregistrer le champ du déplacement
tissulaire généré lors du passage de l'onde.

La troisieme étapgofst-traitemerjtconsiste a revenir aux propriétés biomécaniquessgu
par inversion de I'équation d’onde et ainsi accéalermodule élastique de Young, E, en
kiloPascal. Cette derniére étape génere une capbigr des propriétés biomécaniques du

tissu image.

4.1.3. Propriétés biomécaniques du tissu musculaire

A cause d’une architecture fasciculaire, certaigsus répondent a la contrainte
meécanique selon la direction de sollicitation, camnmmuscle, I'os ou le cerveau. Le muscle
est constitué d'une série d’éléments macroscopiuenicroscopiques (fascicules, fibres
musculaires, myofibrilles, fibres de collagéne,rdib élastiques) disposés parallelement,
généralement orientés selon la direction princigiienuscle ) Cette architecture
confére au muscle des propriéta@sisotropesce qui rend la modélisation des propriétés
mécaniques associées plus complexe. L'anisotro@sigde la propriété d'un tissu a étre
dépendant de la direction de I'espace. Il en résgite I'élasticité du muscle differe selon
'axe de la mesure de I'élastographie (2D). Aitaidureté sera d’autant plus élevée qu’elle
est mesurée dans le sens des fibres, et d’autastfalble qu'on se rapproche du plan

perpendiculaire aux fibres.

Le tissu musculaire est également un tesstif dont les propriétés viscoélastiques sont

modifiées selon I'état de contraction ou d’étiremen
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Figure 18: Structure du muscle

4.2.Elastographie par résonance magnétique (ERM) : étade I'art

4.2.1. Principe physique

L'élastographie par résonance magnétique est umbnitpe d'élastographie
dynamique qui utilise les ondes mécaniques pountfiea le module de cisaillement des
tissus. L’élastographie par résonance magnétiggie® proposeée en 1995 par I'équipe du Dr
Richard Ehman pour suivre les déplacement d’une aedcisaillement induite dans un tissu
et ainsi remonter aux propriétés biomécaniques islu ta partir de I'équation d’onde
(Muthupillai, Lomas et al. 1995).’élastographie par résonance magnétique peutré&itiesée
sur les machines de 1.5T a 3T équipées dun ssipal’excitation et des séquences
d’acquisition spécifiques. A partir d'une acqusitien contraste de phase, I'élastographie
permet le déduire I'élasticité d’'un tissu par lasome de la vitesse de propagation des ondes
en son sein. Afin de remonter aux propriétés bi@nigges des tissus, Muthupillai et ses

collaborateurs appliguent une technique d’'inversies distributions d’amplitude et de phase
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de l'onde de cisaillement dans le milieu afin deutrer la distribution du module de
cisaillement. La technique consiste a calculerteggleur d’'onde de cisaillement en chaque
point du milieu. Le module de cisaillement est abten exprimant la vitesse en fonction de
la frequence d’excitation et de la longueur d’onde.

Les données acquises permettent ensuite de déesrden cartes d’élasticité de cisaillement
des tissus ou les couleurs chaudes représenteréigiesms présentant une élasticité élevée et

les couleurs froides une élasticité faible.

4.2.2. Excitation des tissus, acquisition et reconstructiodes données

L’élastographie par résonance magnétique congisBeétapes :

- Excitation : De nombreux dispositifs d’excitatiorisgtent pour la production d’ondes
classés en 3 catégories: les transducteurs peetoques, les transducteurs
électromagnétiques et les générateurs d’ondes fpafganeumatiques)Ringleb,
Bensamoun et al. 20Q7Ces derniers — que nous avons utilisés - sontples
répandus. L’excitateur mécanique est composé de pidies : urtransducteur actif
placé en dehors du tunnel de I'IRM qui crée I'exttin mécanique guidée jusqu’a un
générateur d’onde passif exterifdispositif externe) qui génere I'onde mécanique
dans le tissu Le générateur passif est placé dans le tunnel ahinsc IRM,
appligué contre la surface de la peau, en projectle l'organe a étudier. Les
transducteurs actifs distants communément utibsés les haut-parleurs qui, a cause
de leur propre aimant permanent, ne peuvent paspécés prés de I'aimant. Les
ondes de pression acoustique sont donc soit guidgelrectement utilisées soit
transmises a un générateur passif de type tamb@urun tube pneumatique.
L’avantage de ce type de générateur est que laegassive est compatible avec le
scanner IRM. L'application de cette onde sinus@&@daintinue sur 'organe étudié est
a l'origine d'un déplacement périodique a la frémpeefi des éléments constituant
'organe. Dans la plupart des cas, le dispositteme produit une fréquence simple,
entre 50 et 500Hz, au sein d’une région d’intdratfrequence dépend de I'organe a
étudier et est choisie par l'opérateur. Il est égant possible d’appliquer une
excitation mécanique multifréquence constituée dmuxdou trois fréquences

harmoniques afin d’étudier le comportement rhéagjogidu tissu. Le signal électrique
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de ces dispositifs externe est généré par un géné@de fonction lui-méme déclenché
par et synchronisé avec la séquence IRM. La wtels propagation des ondes
transversales dans le tissu dépend en grande parfiarameétre d’élasticité du tissu

appelé module de cisaillement.

Haut-parleur

K
3
Figure 19 : Représentation schématique de la
connexion a tuyau souple transmettant les
ondes au relai passif au contact de la peau du
patient.

ube pneumnatique B
Genérateur passif
fouvement

Capture du déplacement de I'onde : La mesure dlad&mpent du tissu généré par la

vibration du générateur passif est basée sur ugeesée en contraste de phase
(Tardieu, Poirier-Quinot et al. 2013 'application de deux gradients de champ
magneétique intenses, de durée et d’amplitude igees mais de signes opposés,
appelé gradient bipolaire ou bien gradient d’engeddu mouvement (GEM), va
sensibiliser la séquence d’'IRM au mouvement desssihie GEM est donc ajouté aux
gradients classiques de sélection de coupe, dgyesdke lecture et de phase lors de la
séquence d’acquisition. Afin de synchroniser lausége et I'excitation mécanique, la
stimulation mécanique est appliquée en continu eintute la durée de la séquence.
Les déplacements de l'onde, ainsi encodés sur ksepldu signal IRM, sont
reconstruits a partir des données de l'espace deidfo Ces données ont été
enregistrées en plusieurs points sur la périod®dde mécanique (en général 4 ou 8
points) Du signal complexe acquis par IRM, deux séries #Bageront extraites :
limage anatomique ou «image de magnitude » dwmel étudié et l'image de

« phase », reflétant le déplacement des ondestérléur du muscle.
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De nombreuses séquences peuvent étre modifieedreetrahdues sensibles au
mouvement en y ajoutant des gradients d’encodagena@vement, et donc étre
utilisée pour I'élastographie par résonance magunéti Ces séquences présentent
chacune leurs propres avantages et inconvéniemtsséquence en écho de spin
supprime les inhomogénéités de champ rencontréssdks séquences en écho de
gradient et permet ainsi d'éviter des distorsioamsdles cartes de déplacement
acquises ; mais le temps d’acquisition est long.skquence en écho de gradient
permet de réduire le temps d’acquisition d’'un factd et obtenir ainsi une durée
d’acquisition plus acceptable lors d’études suretsujsains et a terme sur sujets

malades.

Le champ de déplacement de l'onde peut étre acguislD, 2D ou 3D. Une
acquisition mesure une composante du mouvements tardirection du GEM
(Ringleb, Bensamoun et al. 200En routine clinique, les constructeurs proposeeet
acquisition 2D. Les acquisitions 2D présententdi@age majeur d’étre rapides et
donc facilement implémentées en routine cliniquélastographie 2D est suffisante
pour l'analyse des tissus isotropes comme le faieleosein pour lequel elle est
développée, mais elle ne permet pas de caractédaectement les tissus anisotropes
tels que le muscle ou le cerveau dont I'élastiditfere selon la direction de la mesure
de la vitesse de propagation de I'onde. Dans leecdd la recherche, les acquisitions
3D sont plus souvent réalisées. L’ensemble du velest alors acquis trois fois en
modifiant a chaque fois I'axe d’'application du GEN&ns trois plans orthogonaux)

pour acquérir les trois composantes du champ deckpent

L’'image obtenue contenant les informations surrtgpagation de I'onde est appelée

par les constructeurs « image de I'onde » (wavgéha
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Figure 20 : Chronogramme de la séquence d’élastographie dép@dopar Mayo Clinic en 1995, basée sur
une séquence d’écho de gradient. L'excitation miécanest synchronisée avec les gradients d’encodiage
mouvement (GEM) appliqués le long d'un des troissad’encodage (rectangle griEyapres la these de
Marion Tardieu.

- Post-traitement : A partir de limage de l'onde, wigorithme mathématique

d’'inversion permet de remonter aux parametres nggas du milieu. De nombreux
modeles rhéologiques permettent de modéliser lzoglasticité des matériaux ue,
Tardieu et al. 2017)Par exemple, le modele de Maxwell est adaptéiguide
viscoélastique. Le modeéle de Kelvin-Voigt est undéle élémentaire de solide
viscoélastique. Il existe également d’autres madtgés que le modéle de Zener et le
modele de Burgers. A partir des images de phasggnales,il existe donc plusieurs
méthodes de reconstructions permettant d’obteng dennées quantitatives sur
I'élasticité et la viscosité des tiss@sovargue, Nordsletten et al. 201&elon le
modele rhéologique choisi, il est possible d’acgquémodule de cisaillement selon la
formule simplifiee, mais également de caractérisermodule de cisaillement
complexe, c’est-a-dire le module dynamique, Gdyésgntant I'élasticité et par le

module de perte, Gl, représentant la viscosite.

L’ensemble des modeles rhéologiques et des teabsidinversion peuvent conduire
a des valeurs de paramétres viscoélastiques ffésedies. Toutefois, ces techniques

ont été appliquées cliniguement et, dans des donsditcontrdlées, produisent des
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modules quantitativement éprouvés de I'élasticés tissus (entre un tissu normal et
pathologique par exemple). Malgré les simplificatidaites, I'excitation mécanique
associée a ces techniques est choisie de mani&rejde les déplacements créés dans
le tissu satisfassent au mieux ces hypothésesawgdinal, justifient les techniques

d’inversion utilisées.

La vitesse de propagation de I'onde et le moduleisigllement peuvent étre ensuite

evalués au sein d’une région d’intérét.

4.2.3. Applications et recherche clinique

L'IRM du foie fait partie intégrante de la prise aharge paraclinique des
hépatopathies chroniques pour le dépistage demi$ocales et I'appréciation de la fibrose
hépatique, ainsi que pour la caractérisation desiles et masses hépatiques. La réalisation
de [I'élastographie par résonance magnétique dast naturellement largement répandue en
routine clinigue pour les patients atteints d’hépathie chronique puisqu’elle permet
d’appréhender et de grader, de fagcon non invasiVibilose hépatiqué/enkatesh, Yin et al.
2013) Certaines études ont réveélées que I'élastogra@riegsonance magnétique
était plus pertinente que I'élastographie ultraseret la diffusion pour grader les cirrhoses
(Hu, Liu et al. 2017)L’élastographie par résonance magnétique hépatgt généralement
réalisée a une frequence de 60 Hz. L’élasticité tdeseurs hépatiques apparait comme un
facteur discriminant de malignite, les tumeurs gras étant significativement plus dures que

les tumeurs bénignes avec une valeur seuil de 5 kPa
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Figure 21: Elastographie du foie chez un patient sein (a,btcdhez une patient cirrhotique (d, e, f) . a et c
correspondent aux images de magnitude (image aiie)j] b et e correspondent aux images d'onds ; le
images c et f correspondent a la cartographie stiél&.D’aprés Marriapan et al. 201 0

La caractérisation des lésions mammaires constitige application grandissante de
I'élastographie par résonance magnétique. La patpatanuelle est un temps fondamental de
'examen clinique de la femme puisqu’elle va petmeeie dépistage de nodules et la
caractérisation premiere de lésions mammaires.tumeurs malignes du sein sont reconnues
pour étre plus dures que les tumeurs bénignesehetnent, I''lRM est un examen de seconde
intention car elle présente une tres bonne seitéihikis une faible spécificité car elle détecte
de trés nombreuses lésions bénignes. Elle est mpsée0 dans la prise en charge de la
pathologie mammaire, chez les patientes avec untiseié avec doute sur une récidive, lors
de métastase ganglionnaire axillaire isolée et @anagnammaire normale, dans le cadre de la
surveillance de femme a haut risque enfin chepadtientes sous chimiothérapie adjuvante. |l
a eété montré que I'élastographie par résonance étigge, associée a I'lRM conventionnelle,
augmentait considérablement la spécificité diaggost(Bohte, Nelissen et al. 2018)La
fréquence utilisée est de I'ordre de 100(Mznkatesh, Yin et al. 2013).

L’application a d’autres organes, tels que le poome cerveau, le rein ou le testicule est

toujours du domaine de la recher¢héorrell, Zhang et al. 2017, Kolipaka, Wassenaaalet
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2018) L’élastographie par résonance magnétique estbtapie remonter aux propriétés

biomécaniques du parenchyme cérébral et de casmrtéx malignité d’une tumeur.

A I'heure actuelle, seuls quelques appareils déstau suivi des patients sont équipés
d’'un module d’élastographie, ce module étant adppidr le foie. L’avantage majeur de
I'élastographie par résonance magnétique est somdgrhamp de vue et son acces aux tissus
profonds. Elle permet par ailleurs une analyse 8®putopriétés viscoélastiques des tissus.
Bien que I'élastographie par résonance magnétiquengite de reconstituer des cartes de
viscoélasticité en 3D, elle posséde deux inconvisimajeurs : le temps d’acquisition et la

position allongée et immobile nécessaire des slgetsles expériencés vivo.

Notons que les valeurs d’élasticité rapportées suihiencées par le type de générateur
d’onde utilisé(Chakouch, Charleux et al. 201%a fréquence de I'onde générégenakouch,
Pouletaut et al. 2015)le modele rhéologique utiliséDebernard 2013)et le type
d’acquisition : 1D, 2D ou 3DBensamoun, Glaser Kj Fau - Ringleb et al. 2008)

4.2.4. Elastographie par résonance magnétique du muscle

Compte tenu de I'anisotropie du muscle et de I'nbsale module d’élastographie par
résonance magnétique disponible pour une étudeiB@sIRM cliniques, I'élastographie par
résonance magnétique du muscle releve actuelledweabhamp de la recherche. Par ailleurs,
les modules d’élastographie par résonance magreéélgioorés pour la recherche permettant
une analyse 3D des propriétés biomécaniques desstisécessitent une étape de post-
traitement des données laborieuse, non concevableratique clinique. Malgré cela, les
études d’élastographie par résonance magnétigliséesasur le muscle ont montré que cette
technique pouvait avoir des applications dans delmeux domaines et notamment dans le
champ des pathologies musculaires. Actuellemel®RM’ « conventionnelle » constitue de
gold standard de I'imagerie musculaire. Sa réatiedtit partie du suivi des myopathies, du
suivi des tumeurs des parties molles et peut @dmeciser les atteintes lors des pathologies
musculaires traumatiques. Implémenter une séquetiédastographie par résonance

magnétique a la fin de I'examen serait donc un garss I'étude d’une pathologie musculaire.

Dans le muscle, les fréquences appliquées oscéleine 90 et 150 Hz. Les propriétés
viscoélastiques des muscles sont affectées pavditign de I'articulation et la sollicitation
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musculaire (contraction, étirement), le positioneatndans le tube des articulations sur

lesquelles s’insere le muscle ainsi que la posiiogéenérateur d’'onde.

La plupart des algorithmes d’inversion supposené dg tissu est linéairement
élastigue, homogéne et isotrope. Le muscle étantisgn anisotrope et inhomogeéene, ces
algorithmes ne peuvent pas é&repriori appliqués. Toutefois, suivant I'hypothése que les
ondes de cisaillement se propagent le long desdfibirusculaires, I'élasticité peut étre étudiée
dans un modéle orthorhombique du muscle, le longlans le plan des fibres musculaires.
L’élasticité est plus importante quand elle est unés dans le plan des fibres musculaires
(Basford, Jenkyn et al. 2002, Heers, Jenkyn e2@03, Uffmann, Maderwald et al. 2004)
Une étude a montré que la technique d’élastogrgmnieesonance magnétique 1D a montré
des résultats équivalents a ceux de I'élastograpaierésonance magnétique 2D avec une
diminution du temps d’acquisition par un factels @ensamoun, Glaser Kj Fau - Ringleb et
al. 2008).

Plusieurs muscles ont été explorés avec succesélpatographie par résonance
magneétique. Chez des sujets jeunes, le modulesdédl@ment était compris entre 3.7 kPa et
7.5 kPa dans les muscles du compartiment ant&lels cuisséBensamoun, Ringleb et al.
2006),entre 2.7 kPa et 5.6 kPa dans les muscles dupariment postérieur de la cuisse
(Chakouch, Pouletaut et al. 2013.8 kPa dans la jamb@ebernard, Robert L Fau -
Charleux et al. 201129.3 kPa dans le biceps bradhiiapazoglou, Rump et al. 200&j 3.3
kPa dans le pso@Shakouch, Charleux et al. 2014).

La répétabilité de I'élastographie par résonancgnétique a été étudiée dans le
biceps brachii et le gastrocnemius lateralis susiplrs jourgUffmann, Maderwald et al.
2004, Ringleb, Bensamoun et al. 200W)a été montré qu’il existait un coefficient de
variation de 15.7%, ce méme coefficient est retéodans les études en EMG, ce qui suggere
la répétabilité de I'élastographie par résonancgnégque (Uffmann, Maderwald et al.
2004).

L’élastographie par résonance magnétique permequadatifier la relation linéaire
positive entre I'étirement ou la contraction muso@ et I'élasticité(Dresner, Rose et al.

2001, Basford, Jenkyn et al. 2002, Bensamoun, Bingt al. 2006, Bensamoun, Ringleb et
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al. 2007, Debernard, Robert et al. 2011, ChakoGtiarleux et al. 2015Dans le champ des
pathologies musculaires, une diminution de I'étatstia été observée dans les myopathies
secondaires a I'hyperthyroidiBensamoun, Ringleb et al. 20G&t)'’hypogonadisméBrauck,
Galban et al. 2007)les syndromes d’apnée du sommgilown, Cheng et al. 2015)
augmentée dans les zones gachettes, chez lestpaienantécédents de poliomyélite et de
traumatisme médullair€Basford, Jenkyn et al. 2008} lors de I'immobilisation musculaire
(Muraki, Domire et al. 2010)

4.3. Elastographie ultra sonore dynamique : état de I'ar
L’élastographie ultrasonore par ondes de cisaillgnze été développée a partir de
1995 par I'équipe de Mathias Fink au laboratoirel€net Acousqtiue de 'ESPCI pour suivre
les déplacements d'une onde de cisaillement inddées un tissu et ainsi revenir aux
propriétés biomécaniques du tissu a partir de ¢isn de I'équation de propagation des
ondes. Plusieurs techniques existent et nous nelafperons ici que la technique que nous

avons utilisée, la plus aboutie.

4.3.1. Principe physique

Les techniques d’élastographie dynamique ont I'taga trés important de permettre
une imagerie quantitative et de meilleure résofutipue les méthodes statiques. Elles
nécessitent cependant un matériel permettant lérgéon des ondes de cisaillement (vibreur
ou pression de radiation ultrasonore) et un disipake détection des ondes de cisaillement

plus sensibles a des petites déformations (échbgratirarapide).

Plusieurs impulsions ultrasonores focalisées soféigges a des profondeurs
différentes créant ainsi une onde de cisaillemetgrne qui se propage perpendiculairement
au plan de la sond&ercoff, Tanter et al. 2004, Gennisson, Deffietixak 2013) En
mesurant la vitesse de propagation de I'onde datisdu, la dureté du tissu peut étre estimée

guantitativement par inversion de I'équation d’onde

Dans notre travail, nous avons utilisé la technidééastographie ultrasonore développée par
Supersonic Imagine (Aixplorer®) qui permet de seian temps réel le déplacement de
'onde de cisaillement par imagerie ultrarap{@rvazyan, Rudenko et al. 1998¢g couple

excitation - imagerie est intégré dans un seul amapt : la barrette échographique sur la
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sonde. Les ultrasons, émis par la sonde, sonti$ésakuccessivement a des profondeurs
croissantes pour créer des poussées par pressioad@gion appelées «pulses » (push)
(Gennisson, Deffieux et al. 201Mes interférences constructives des ondes dédl@msant
forment un cone de Mach supersonique (dans lequetdsse de la source est supérieure a
celle de I'onde générée) et un front d’'onde plasieceeé. L'échographe passe ensuite en
mode d’imagerie ultrarapide pour suivre I'onde dmillement qui se propage dans le milieu
(figure 22).

Contrairement a I'élastographie par résonance niagres le praticien ne choisit pas

la fréquence de I'onde appliquée au tissu imagé.

1) Cone de Mach supersonique 2) Imagerie ultrarapide

Sonde
Echographique e—

*Pushs”
succassifs
Onde plane
ultrasonore
Onde de cisalllernent L

Figure 22: Technique d’imagerie utilisée par Supersonicdime.D’aprés Gennisson J-L 2010

L’'acquisition du champ de cisaillement peut étaisg&e en une seule fois en moins de 30ms.
La technique est donc trés peu sensible aux mouwsnae patient et peut étre affichée en
temps réel, comme pour I'image échographique cdiommelle. Les cartes de module
d’Young sont ensuite reconstruites par calcul dop de vol de I'onde de cisaillement entre

deux points de I'image.
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Dans le cadre de I'Aixplorer, deux cartographiedfehent sur I'écran de I'échographe : au-
dessus, le mode B, qui permet de repérer précigéhnetissu dont I'élasticité doit étre
mesurée, et en dessous, I'élastogramme en sumigllsur le mode B au sein d’'une région
d’intérét rectangulaire appelée Q-Box.

La vitesse de propagation de I'onde et/ou le modi¥®ung peuvent étre mesurés par le

clinicien au sein d’'une région d’intérét circuladizectement sur I'échographe.

4.3.2. Applications cliniques et recherche

Le faible col(t et la disponibilité de I'échographamt fait que I'élastographie
ultrasonore s’est largement imposée en routindqclen dans I'exploration de nombreuses
pathologies telles que les nodules thyroidiens, tleseurs du sein et les hépatopathies
chroniques(Athanasiou, Tardivon et al. 2010, Hu, Liu et a012, Zhang, Fowler et al.
2019) ;

L’échographie hépatique constitue le premier teeymoratoire du diagnostic et du
suivi de pathologies du foie. Dans le champ deshagbagies hépatiques chroniques,
limplémentation de la SWE dans la prise en chaagiologique des patients a eu des
conséguences importantes. La pratique de la SW&maip I'estimation du degré de fibrose
hépatique de acon non invasive et a ainsi rédgitifstativement le nombre de biopsies
hépatiques réalisées pour grader la fibrose hématiggbim and Asrani 2019)Plus
réecemment, il a été démontré que la SWE permattéitaluer la sévérité de la stéatose
hépatique, de I'hypertension portalsnsen, Bogs et al. 201€f) que la SWE avait une trés
bonne sensibilité et spécificité pour la difféeramdies lésions bénignes des lésions malignes
dans le foigJiao, Dong et al. 2017)

Dans le cadre de la pathologie mammaire, de normbseétudes ont montré que la SWE était
un outil permettant la distinction des Iésions gradis et bénignes - les nodules malins étant
plus durs avec une sensibilité entre 0.86-0.96 et une spééifile 0.84-0.92Xue, Yao et al.
2017).La prise en considération de la valeur d’élastigiBximale au sein de la tumeur et non
pas la valeur moyenne augmenterait la sensibiétéadechniquéBalleyguier, Canale et al.
2013).L'élastographieutilisée en complément du mode B, augmente le®padnces du Bi-

Rads dans lequel elle va bient6t étre intégreée.
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Dans le cadre des pathologies thyroidiennes, t@daaphie représente également un outil
pertinent dans I'évaluation de la malignité desutesl Bien que son apport n’ait pas modifié
les recommandations concernant la prise en chaegenddules en échographie mode B,
plusieurs sociétés savantes ont reconnu que lesriafions apportées par I'élastographie,
complémentaires de I'étude en mode B présentaitehbénéfice clinique, notamment dans
le cadre des nodules indéterminées en échographén @natomopathologighao and Xu
2018) L’'élastographie, réalisée au décours de I'échuigea en mode B, permet de
d’améliorer la valeur prédictive positive et laewat prédictive négative de malignité obtenue
par I'étude échographique en mode B. Une tument Bodureté est supérieure a 65kPa ou
dont le ratio de rigidité est supérieur a 3,7 pgpport au tissu avoisinant est hautement

suspecte.

D’autres applications de I'élastographie sont earsa’exploration dans le rein, le testicule,
la prostate, le pancréas ou la caractérisationédemns des tissus mo(@isocher, Criton et al.
2017, Singh, Panta et al. 2017, Zaro, Dina etGl82Ji, Ruan et al. 2019)

Les avantages de la technique sont multiples. remient, de plus en plus
d’échographes sont dotées d'un module d’élastoggagtar sa disponibilité et son co(t,
I'échographie est bien souvent le premier tempdoeafpire de nombreuses pathologies.
Deuxiemement, I'élastographie ultra-sonore pernmmet acquisition dynamique et en temps
réel et peut étre appliquée a un muscle dans phsspositions. Les inconvénients de la SWE
sont qu’elle ne permet, a I'heure actuelle, qu'aequisition bidimensionnelle et elle reste
limitées a I'étude des régions superficielles. &beurs, les valeurs d’élasticité mesurées sont
dépendantes de la pression appliquée sur le musalésZhang et al. 2012Ja profondeur
d’acquisition(Ewertsen, Carlsen et al. 2016, Shin, Kim et all&0la machine et la sonde

utilisée(Shin, Kim et al. 2016)

4.3.3. Elastographie ultrasonore appliguée au muscléAnnexe 1)

Depuis quelques années, de nombreux échographéip§PGE Healthcare, Siemens
Healthineers, Ultrasonix, Supersonic Imagine) dsgmb d’'un module d’élastographie ayant
lagrément de la Food and Drug Administration pdi¢tude du systeme musculo-

squelettique. En pratique clinique, elle n'est pasore beaucoup utilisée. Plusieurs raisons
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peuvent expliquer cela, mais la raison la plus guée a I'’heure actuelle est celle du caractere

opérateur dépendant de la techni¢fDevis, Baumer et al. 201.9)

L’analyse bidimensionnelle de I'élasticité du muesctissu anisotrope, fait que la
dureté du tissu differe selon l'orientation de tande par rapport au grand axe des fibres
musculaires. L’élasticité musculaire est donc mmeaté lorsque la mesure est effectuée dans
le sens des fibres musculaire et minimale dansne perpendiculaire. Il est donc nécessaire
de bien connaitre I'anatomie générale du musckmetarchitecture (orientation générale des
fibres et du muscle, pennation, nombre de chefiehttions) afin de réaliser des mesures

reproductibles.

Malgré la sensibilité de la SWE a l'anisotropie muscle, de nombreuses études ont
montré que, lorsque I'élastographie était réalsgen un protocole tres précis (mesure dans
un plan strict par rapport aux fibres, a un endvoécis du muscle), les reproductibilités intra-
observateur et inter-observateur des mesures tig#i@staient bonnes a excellen{@€rado
Cortez, Hermitte et al. 20150 'élasticité du muscle, qui dépend de sa strechiologique
(degré de vascularisation, cellularité, densitésgese, densité des fibres de collagenes),
reflete I'hnétérogénéité biologique au sein du meisélinsi, I'élasticité sera d’autant plus
élevée que l'on se rapprochera de la jonction nmghieuse et des aponévroses. La
reproductibilité dépend de I'état de contractioe,l'dtirement musculaire, de sa constitution
externe (nombre de ventre, nombre de chef, pem)ate |'orientation de la sonde par
rapport aux fibres musculaire. Il a été démontré laureproductibilité de I'élastographie était
meilleure dans les muscles présentant une araligegtsimple » (fusiforme ou cylindrique),

superficiels, au repos avec une mesure dans urpplatiéle aux fibres musculaires.

De nombreux muscles ont été étudiés en élastograpbutefois, la plupart des études
ont été conduites sur des muscles superficiels pgteradiculaires, en particulier le
gastronemius, le quadriceps et le biceps bracloiusNavons réalisé une revue de la littérature
gui a montré que le module de cisaillement mesaré din muscle au repos, oscillait entre
3.1kPa dans le biceps brachii et 42.8kPa dans $seter.

Dans le domaine de la recherche, I'élastographieasdnore du tissu musculo-
squelettique tend a devenir un outil de plus ers pitilisé en biomécanique musculaire, en

rééducation fonctionnelle et en médedineljanovic, Gimber et al. 2017, Bachasson, Dubois
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et al. 2018) Dans le champ de la biomécanique, la SWE s'imposeme un outil pertinent
capable d’estimem vivo, en temps réel, I'activité neuromusculaire, I'migeé de la force
musculaire ou I'étirement, parametres corrélés tpesnent et linéairement a I'élasticité
musculaire(Nordez and Hug 2010, Ates, Hug et al. 2015, Hug;Ker et al. 2015]figure
23).

Figure 23 Elastographie du biceps brachii dans plusieuassétA : image en mode B; B: repos; C:
étirement ; D : contraction

Dans le champ de la rééducation physique, plusiétuges ont montré que certaines
thérapeutiques manuelles telles que les massagefa aryothérapie entrainaient des
modifications significatives d’élasticité des mwesclHug, Ouellette et al. 2014, Point,
Guilhem et al. 2017)

Dans le champ des pathologies musculaires, unendtion de I'élasticité a été observée dans
certaines pathologies telles que le syndrome fepatetiaire (Botanlioglu, Kantarci et al.
2013), certaines myopathies congénital€sarpenter, Lau et al. 2019)’autres pathologies
musculaires sont associées a une augmentatiorldsticité musculaire : les tendinopathies
(Rosskopf, Ehrmann et al. 2016, Zhang, Ng et all62@u la myopathie de Duchenne
(Lacourpaille, Hug et al. 2015Récemment, I'équipe de Alfuraih et al. (2019) a mdbmue
les myopathies inflammatoires étaient marquéesipardiminution de I'élasticité du muscle,
laquelle était corrélée a la faiblesse musculéiTedéme musculaire visible en hypersignal T2

et I'atrophie musculaire visible sur la séquencéAlfuraih, O'Connor et al. 2019).

4.4.Pertinence de I'élastographie des muscles paravebaux
Les propriétés viscoélastiques intrinseques desclemisparavertébraux semblent
constituer un élément essentiel de la stabilitéadsolonne vertébrale. La quantification des
propriétés biomécaniques des muscles paravertébvaud’élastographie apparait donc

pertinente d’'une part pour améliorer la comprérmnsilu mode d’action des muscles
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paravertébraux, d’autre part pour appréhender yaippathologie des lombalgies. Les études
réalisées sur les muscles superficiels et appeladtiesi ont permis de valider I'élastographie
dans la quantification les propriétés viscoélagtigdes muscles sains et pathologiques. Au
début de ce travail de thése, aucune étude comterf@astographie des muscles
paravertébraux n'a été publiée. Dans le cadre desles paravertébraux, I'élastographie par
résonance magnétique et ultrasonore sont compléiresnt L'élastographie ultrasonore
permet une approche dynamique du muscle. Elle perd@ccéder aux propriétés
biomécaniques des muscles paravertébraux sur uoeneovertébrale en charge et dans de
nombreuses postures. L’élastographie par résomaageétique permet d'imager les muscles
profonds du tronc, souvent difficilement accessible échographie et de quantifier les
propriétés visco-élastigues du multifidus et du gssomuscles difficilement accessibles
notamment chez les sujets corpulents. L'élastogeaphr résonance magnétique peut étre
couplée aux séquences « conventionnelles » T2 dbit la réalisation fait partie de la prise

en charge des patients souffrant de lombalgiesnhajues.
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METHODOLOGIE GENERALE

Ce chapitre présente la méthodologie générale quétéa appliquée pour les études

anatomiques et les études en élastographie paraiés® magnétique et ultrasonore.

1. Etudes anatomiques

1.1. Sujets anatomiques
Les dissections ont été effectuées a I'Ecole deu@iie (APHP) sur 14 cadavres frais
(9 femmes, 5 hommes, age moyen : 73+ 8 ans), ndrawmes. Les sujets étaient indemnes
de toute chirurgie du rachis. Un sujet présentaié coliose. Les 4 premiers sujets
anatomiques ont permis d’explorer et de comprendreconstitution du compartiment
paravertébral et ainsi de définir la méthodolo§ieur les études anatomiques, 10 sujets ont
éte etudiés (6 femmes, 4 hommes, age moyen : D7ahq).

Chaque dissection durait en moyenne 5 heures.

1.2. Analyse des données

Nous avons relevé les insertions et les terminaishnmultifidus, de l'iliocostalis et
du longissimus. Nous avons mesuré avec un micren{&iverline, United Kingdom) la
longueur, largeur et épaisseur maximale du corpsnchdu longissimus et de l'iliocostalis
ainsi que de chaque fascicule du multifidus entteet. S1, a droite et a gauche. Nous avons
mesuré la longueur, la largeur et I'épaisseur mabdendes tendons du multifidus, du
longissimus et de liliocostalis. Nous avons étuldigpennation des muscles et l'orientation
des fibres par rapport a la ligne médiane a I'aide rapporteur. Au total, nous avons relevé
les données morphométriques de 360 fascicules hairesuet 1276 tendons.

Nous avons étudié les insertions et la structuie fdecias et aponévroses (fascia
thoracolombaire, aponévrose des érecteurs spiapoxgvrose intermusculaire et aponévrose
du multifidus). Nous avons mesuré leur épaissewr, largeur et leur longueur et caractériseé
I'orientation des fibres de collagene par rappdd Agne médiane avec un rapporteur. Nous
avons relevé la distance par rapport a la ligneianédainsi que la taille du passage des nerfs

cluniaux au travers du fascia thoracolombaire.
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Pour traiter ces données, des statistiques desespont été utilisées. Comme quelques
variables n’étaient pas normalement distribuéesysnavons utilisé des tests non-
paramétriques. Un test de Wilcoxon a été réalisg perhercher des différences significatives
relatives au sexe et a au cbté. Le seuil de p <étab considéré comme statistiquement

signifiant.

2. Etudes en élastographie par résonance magnétique

2.1. Matériel
Nous avons travaillé sur deux imageurs, cliniguaeeherche, pour développer plusieurs

aspects de I'élastographie musculaire.

2.1.1. IRM de recherche

Sur le site du SHFJ, I'élastographie a été réalméreun imageur Achieva 1.5T
(Philips Healthcare, Les Pays-Bas). L'amplificatpassif était celui développé par la Mayo
Clinic d’élastographie (Resoundant ®, Mayo CliniouRdation, Rochester, Minesota). Le
scanner de recherche a permis de réaliser une dtidimensionnelle des propriétés
viscoélastiques du muscle. De plus, sur cette IRMr&ce a des logiciels de post traitement
sophistiqués, il est possible de caractériser g@éoent I'ensemble des propriétés
viscoélastiques des tissus tels que le module daillement complexe G*, le module
d’élasticité G’ (ou @), le module de viscosité G” (ouiXzla longueur d’ondé... Il est par
ailleurs possible d’adapter plusieurs types deeuils. Un des inconvénients est que les
amplificateurs passifs utilisés ne sont pas degoditfs médicaux et rendent donc difficile
'obtention d’'un CPP pour protocole de rechercheiglie. Pour recueillir le signal, une

antenne cardiaque 32 canaux fut utilisée.

2.1.2. IRM clinique

Sur le site de Bicétre, ces travaux ont été coaduitr une IRM 1.5 T (Magnetom
Aera, Siemens, Munich, Germany) avec un moduleadtégraphie (Resoundant ®, Mayo
Clinic Foundation, Rochester, Minesota) Ce module d’élastographie consiste en
un générateur d'onde (amplificateur actif) dispesalehors de la salle IRM, relié par un tube

flexible & un amplificateur passif, se présentamime un tambour rigid@lisque de 19 cm de
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diametre, 1.5 cm d’épaisseube module d’élastographie proposé par 'imageenfens est

normalement utilisé pour le foie en routine clirdiqu.e module d’élastographie permet
d’obtenir le module de cisaillement (seul parambétoeécanique quantifiable) au travers du
modele rhéologique le plus simple. Pour recueldirsignal, une antenne abdomen était

utilisée.

Figure 24: Module d’élastographie Resoundant ®

2.2.Séquence d’élastographie

2.2.1. IRM de recherche

Sur l'imageur Philips, une séquence d’écho de s@nsibilisée au mouvement selon
les trois directions, a été implémentée avec chadgwyue = 320x264x14 ninTemps
d’écho/temps de répétition = 35/350 ms, Epaissedadande passante =362 Hz/pixel et un
voxel isotrope de 2 mm pour un temps d’acquisitienl5 min. Trois gradients directionnels
étaient appliqués : selon la direction M corresonch la direction y de I'imageur soit la
direction antéropostérieure, la direction P comesiant a la direction x de I'imageur, ou la
direction droite-gauche, et la direction S corregfamnt a la direction z de I'imageur.

60



2.2.2. IRM clinique

La séquence dont nous disposons est normalemeténmaptée pour I'élastographie
du foie qui est un tissu qui peut étre considérérne mécaniquement isotrope. Nous devions
donc adapter ses parametres pour les muscles palmeex qui sont une structure
anisotrope. Cette tache a été compliquée car debmomx parametres de I'élastographie

étaient « bridés » par le constructeur.

Sur I'imageur Siemens, une séquence d’écho dearadensibilisée au mouvement selon
une direction a été implémentée avec les paramatreants : Champs de Vue = 320x220x14
mn? ; Temps d'écho/temps de répétition : 35/350msgiggeur de la bande passante = 300
Hz/pixel, 15 coupes et un voxel isotropique de 2u®m pour une acquisition totale de 5
minutes. Comme le champ de déplacement est medansele sens de la phase, nous avons
choisi d’étudier les muscles paravertébraux dapia@s de coupes : coronal oblique, paralléle
au fascia thoracolombaire pour étre dans le planfibees musculaires et ainsi diminuer le
biais d’anisotropiéBensamoun, Glaser Kj Fau - Ringleb et al. 2(&t&xial, perpendiculaire

au premier.

2.3.Choix de la fréquence — amplitude de I'onde.

Afin de déterminer la fréguence optimale pour Bétgraphie des muscles
paravertébraux, nous avons réalisé plusieurs adtiqnis d’élastographie avec une fréquence
croissante, chez trois sujets, sur l'imageur cilieigNous avons ensuite étudié sur les
différentes cartographies proposées par le logiSighgovia ® (Syngo.via ® ; Siemens

Healthineers, Munich, Germany) :
- L’intensité du signal et la longueur d’'onde susémuence des ondes
- La présence d’'un repliement sur la séquence deephas
- Lazone de confiance a 95%

Selon ces criteres, nous avons retenu que la finéquade 100 Hz et une amplitude de 40%

étaient des parameétres optimaux pour la I'élaspigeapar résonance magnétique. Cette

fréquence est concordante avec celle souventéadilmour I'élastographie musculaire. Par
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ailleurs, il a été montré gu’il devait figurer ulmagueur d’onde au moins dans la surface du

tissu a imager.

2.4. Reconstruction et post-traitement

2.4.1. IRM de recherche

Apres I'import des données brutes concernant I'etiipn de la console d’acquisition
CERN, Geneva, Switzerland) fournie par Raph Sinkugen, Bilston et al. 2008, Nelissen,
Sinkus et al. 2019)Pour réaliser le post traitement, il est nécessde renseigner au
logiciel ROOT différentes données sur la séquealseque les directions des gradients x, y et
z et la fréquence de vibration, ce qui nécesasitagt dizaine de minutes de post traitement. Le
logiciel fournit ensuitd’ensemble des propriétés viscoélastiques desstids que le module
de cisaillement complexe G*, le module d’élasticBé(ou Gd), le module de viscosité G”

(ou Gi), la longueur d’ondk, dans un plan ou en trois dimensions.

2.4.2. IRM clinique

Le module d’élastographie de 'IRM clinique utilis modele élémentaire du solide
Hookéen, caractérisé uniquement par un comporteétastiqgue. La reconstruction et le post
traitement sont réalisés automatiqguement a la éif’atquisition par le logiciel Syngo.via
(Siemens, Heathinners, Germany). Immédiatementsafaequisition, le logiciel de post-
traitement fournit, sur la console d'acquisition, &cartes » relatives aux propriétés
biomécaniques du muscle ainsi qu'aux données edbsuticquises par I'IRM: Iimage de
phase, 'image de magnitude, I'image de I'onde d®pagation, la carte d’élasticité sous la
forme d’'un « élastogramme », et la carte de « aoo@ ». Sur I'élastogramme, les couleurs
froides représentent les régions avec une faildstiéité (molles) et les couleurs chaudes

représentent les régions avec une élasticité élghges).

Apres validation de I'acquisition sur les séquendesphase et de propagation de l'onde,
I'élasticité était mesurée dans une région d'int&ROI) définie manuellement sur
I'élastogramme a partir d’'une ROI dessinée suradecde magnitude (meilleure précision
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anatomique). La valeur guantitative mesurée danRQd est le module de cisaillement

(moyenne et écart type), en kiloPascal.

2.5. Positionnement du sujet dans le tube
La surface « cutanée » de I'amplificateur passhgplane, elle ne s’appliquait pas
correctement dans la région lombaire, a cause derdase lombaire. En conséquence, les
ondes produites ne parvenaient pas aux musclegepgaiaraux. Nous avons réalisé un petit

coussin de gel posé entre 'amplificateur passif gteau afin d’assurer un bon couplage entre

les deux(figure 25).
ﬂ Abdominal strap

d
3
Passive driver :

Flexible tube connected
to the active driver

Figure 25 : Positionnement de I'amplificateur passif. A. mé&eplace d’'un coussin de gel sur la peau ; B :
application de I'amplificateur passif sur le comsde gel ; C : maintient ferme de I'amplificateut'ade
d’'une ceinture élastique

Nous nous sommes interrogés sur le positionnemansujet dans le tube. Afin que

'amplificateur passif et le tube flexible auquklest relié ne soient pas source d’inconfort
pour le patient, nous pensions initialement quddeubitus ventral était la position la plus
adaptée pour réaliser la séquence d’élastograpbie.premiéres acquisitions ont donc été
réalisées ainsi. L'élastographie est une séquasttgtde au mouvement respiratoire, elle doit
étre réalisée en apnée. Les premiers volontaireséamigné de la difficulté de maintenir

'apnée pendant le temps de la séquence. Afin aranchir de 'apnée, nous avons donc

choisi d’'installer les patients en décubitus dgragkc un coussin sous la téte et la ceinture
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scapulaire, un coussin sous les genoux afin dendienila lordose lombaire et d’augmenter la
surface de contact de I'amplificateur avec la pgaure 26).Des petits coussins en mousse
étaient appliqués entre le tube flexible et la patu que le patient ne souffre pas au niveau

de ces zones d’'appui.

Figure 26 : positionnement du sujet dans le tube

2.6.Protocole expérimental
Aprés 5 minutes de repos en décubitus dorsal, ji# était positionné en décubitus

dorsal dans le tube. Il devait réaliser un étirene¢nine contraction des muscles.

2.7.Analyse des données
Les données recueillies ont été analysées avec ogicidl BiostaTGV
(https://biostatgv.sentiweb)frLa normalité des données était testée avecstedte Shapiro—

Wilk puis analysée avec la méthode des histogramrBeton la normalité, des tests
paramétriques ou non paramétriques étaient utiliBés statistiques descriptives étaient
effectuées dans un premier temps.
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Pour étudier la relation entre I'élasticité et tzsfure et les différences inter-musculaires, une

analyse de variance (ANOVA) était effectuee. Lalsdisignificativité était de p<0.05.

Afin de caractériser la proportion de la variatabglasticité lors des différentes postures, le
pourcentage de changement entre le repos et les qudstures était calculé selon la formule

suivante : pourcentage de changement = (repos+pyétepos) x 100.

3. Etude en élastographie ultrasonore

3.1.Sujets
L’élasticité des muscles paravertébraux a été mesehez 37 sujets sains (21
hommes, 16 femmes ; adge moyen 246 ans; BMI moyen = 23) indemnes de toute
pathologie lombaire. Les sujets étaient recrutéslesuwsite de I'hopital Bicétre, parmi le

personnel médical et paramédical.

3.2. Matériel
L’élastographie ultrasonore a été réalisée surchiographe (Aixplorer, SuperSonic Imagine)

et une sonde courh@
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Figure 27 : Echographe Aixplorer (SuperSonic
Imagine)

3.3. Protocole expérimental

Aprés 5 minutes de repos en décubitus ventral)jit sealisait une série de positions
et postures.

La mesure d’élasticité était réalisée manuellendamis le plan des fibres musculaires défini
sur le mode B. Nous avons essayé initialement aléseg les mesures en fixant la sonde sur
un fixateur externe mais comme la sonde était Ssogement placée a droite et a gauche,
ainsi qu’'a différents étages lombaires et dansufites positions, cette méthode était trés
longue. Nous voulions mettre en place des protscaeroductibles en routine clinique, et
nous avons choisi de privilégier des protocoles phwrts, avec un positionnement manuel de
la sonde. Le plan des fibres musculaires étaitndéfbmme le plan dans lequel les fibres
musculaires (hypoéchogene) entourées d’'un fin egdim (hyperéchogéne) étaient
visualisées dans leur plus grande longueur. Sefoétudes, le module d’Young ou la vitesse
de propagation de I'onde était mesurée au seinedégion d’intérét circulaire (en général
1cm) placée sur I'élastogramme, directement sehb@raphe. Pour chaque muscle, a droite
et a gauche, la mesure d'élasticité était répéti@es3afin de caractériser la répétabilité. Pour

'analyse statistique, la moyenne des trois mesgéiias utilisée.
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3.4.Analyse des données

Les données recueillies ont été analysée aveqieidb Statal4 software (StataCorp LP,
College Station, TX, USA). La normalité des donnétst testée avec le test de Shapiro—
Wilk puis analysée avec la méthode des histogramrBeton la normalité, des tests
paramétrigues ou non paramétriqgues étaient utilibes statistiques descriptives étaient
effectuées dans un premier temps. Dans chaque, daudeproductibilité était évaluée a
travers du coefficient de corrélation intraclagsecorrélation était considérée comme pauvre
pour un ICC< 0.40, faible pour un ICC compris eft40 et 0.59, bonne entre 0.60 et 0.74 et
excellente entre 0.75 et 1.00.
La relation entre I'élasticité et la posture, dé&ences inter-musculaires et les différences
intra-musculaire, une analyse de variance (ANOMWAjt&ffectuée. Le seuil de significativité
était de p<0.05.

Afin de caractériser la proportion de la variatabglasticité lors des différentes postures, le
pourcentage de changement entre le repos et less qudstures était calculé selon la formule

suivante : pourcentage de changement = (repos+pd#ftepos) x 100.

67



PRINCIPAUX RESULTATS

1. Etude anatomique des muscles paravertébraux

1.1. Caractérisation de I'anatomie de la loge paravertétale

Organization of the fascia and aponeurosis in thenibar paraspinal compartment.

Creze M., Soubeyrand M., Nyangoh Timoh K., Gagey O.
Travail publié, Surgical and Radiologic Anatomy 2801

Compte tenu de la complexité anatomique du commarti musculaire paraspinal et
des discordances entre les descriptions anatomicprernant le fascia thoracolombaire et
linsertion des muscles paravertébraux, il nousaaupessentiel d’élaborer notre propre
représentation des muscles paravertébraux, duaftsmiacolombaire et plus globalement du
compartiment musculaire paraspinal. Par aillewmés peu d'auteurs s’étaient intéressés a

'anatomie de I'aponévrose des érecteurs spinaux.

L'objectif de ce premier travail était donc d’étadila constitution du compartiment
paravertébral, et principalement la structure, iteertions et les zones de glissement des

aponévroses et fascia.

Cette étude a été réalisée au travers de disseadm®ri0 cadavres non embaumés (6
femmes, 4 hommes, moyenne d’age : 77 + 10 andicble de Chirurgie du Fer a Moulin
(APHP). Les corps étaient positionnés en décubiéudral, les bras le long du corps. Aprés
une longue incision réalisée sur la ligne médidaegyeau et le tissu graisseux sous cutané
étaient réclinés latéralement, permettant ainskpbeer le feuillet superficiel du fascia
thoracolombaire. Aprés I'étude du fascia thoracdiaire, ce dernier a été incise, puis récliné
latéralement afin d’étudier 'aponévrose des érgstespinaux sous-jacente et le feuillet
moyen du fascia thoracolombaire sous la masse naiscdes muscles paravertébraux. Pour
chaque fascia et aponévrose, nous avons étudigskedions ainsi que leur rapport avec les

tissus environnants (zones de glissement, adhérstmaetures vasculaires) Nous
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avons mesuré I'angle de pennation qui existaiteeligrector spinae et son aponévrose. Nous

avons mesuré I'épaisseur, la largeur et la hawtesifascias et des aponévroses.

Figure 28: Anatomie du fascia thoracolombaire. A, D : Cqiteotographie montre le feuillet superficiel du
fascia thoracolombaire correspondant a I'aponévibsesertion du latissimus dorsi. B : Insertion thuillet
moyen du fascia thoracolombaire sur les procesmarsverses (fleches). C: Cette photographie raontr
I'organisation complexe des fibres de collagénaigeau de la charniére lombosacrée. D : Cette gihaphie
montre les insertions du gluteus maximus sur ldlésuperficiel du fascia thoracolombaire. E spage des
nerfs cluniaux au travers du fascia thoracolombéiéées de fléches). LtD : Latissimus dorsi. THascia
throacolombaire. ES : erector spinae. GM : glutesuis. ESA : aponévrose des érecteurs spinauteugiu
maximus. La ligne pointillée blanche représentiglae médiane. La ligne pointillée noire représdateelief de

la créte iliaque. )
Au travers de cette étude, nous avons montré qpernévrose des érecteurs spinaux

et le fascia thoracolombaire circonscrivaient tr@sus compartiments (et zones de
glissement) au sein du compartiment paravertéhjaéntre le fascia thoracolombaire et les
muscles paravertébraux, ii) entre les érecteurmasgi et le multifidus, et iii) entre

l'iliocostalis et le longissimus. L'organisationsisous compartiments différait selon I'étage.
En L1, les nerfs cluniaux percaient le feuillet fgoeur du fascia thoracolombaire en regard
de la ligne médiane. Le longissimus et lliocostattaient séparés par un espace cellulo-
graisseux. En L2, la constitution de la loge éts@gmblable. En L3, lI'aponévrose
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intermusculaire provenant de I'aponévrose des @uestspinaux constituait une séparation
anatomique entre le multifidus et le longissimuss lnerfs cluniaux perforaient le feuillet
postérieur du fascia thoracolombaire a distanck digne médiane. En L4, le longissimus et
l'iliocostalis fusionnaient. A hauteur de la cham@ lombosacrée, le corps charnu de I'erector

spinae disparaissait alors que le volume musculinaultifidus augmentait.

Le feuillet postérieur du fascia thoracolombaira@téttaché sur la ligne médiane entre
T7 et S1, sur les ailes iliaques et la face dordalsacrum. En haut, il se prolongeait par le
latissimus dorsi, en dehors par muscle transvase&n bas par I'aponévrose du gluteus
maximus. L'orientation des fibres de collagéne deuilfet postérieur du fascia

thoracolombaire était semblable aux descriptionéraaures.

L’aponévrose des érecteurs spinaux était la labméldire la plus épaisse (épaisseur moyenne
= 1.85 mm), constituée de fibres de collagéne tF@nlongitudinalement. L’erecteur spinae
était fortement attaché a son aponévrose avec gle ale pennation moyen de€ 8pour
l'iliocostalis and 14 pour le longissimus. Contrairement a la descnipfaite par d’autres
auteurs, nous avons constaté que seules queldpes $uperficielles du multifidus localisées

a proximité de la ligne médiane et dans la régammée étaient attachées sur I'aponévrose des
érecteurs spinaux. Une aponévrose intermuscul@veloppée jusqu’'a 2 cm de profondeur
séparait le longissimus et l'iliocostalis en dessde L2. Les corps charnus étaient adhérents a
'aponévrose des érecteurs spinaux et aux parai®oipartiment ce qui limite leur possibilité

de raccourcissement.

Cette étude nous a permis de bien comprendre [@ogiion des muscles et des
aponévroses au sein du compartiment musculairevgr¢hrall. Ainsi, nous avons pu

élaborer des repéeres anatomiques pour la réalisaéid'élastographie.
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1.2. Etude du systeme muscle-tendon des muscles parawtaux

The paradoxical anatomy of the lumbar epaxial muesttendon system: its

functional significance
Creze M, Soubeyrand M, Gagey O
Travail publie, Plos One 2019

Nos expériences chirurgicale et radiologique noos apnduits a penser que les
tendons des muscles paravertébraux sont parmidsdips de I'organisme. Nous avons fait
'hypothése que la taille des tendons des musdeavprtébraux n’était pas « adaptée » a
celle du corps charnu des muscles. L'objectif deaeail était de démontrer I'inadéquation et

I'incohérence entre la taille du muscle et cellaehdon.

Les loges paravertébrales de 10 sujets hon-embaoméxé disséquées a I'Ecole de
Chirurgie. Dans un premier temps, nous avons pééleviongissimus et liliocostalis et
mesuré la largeur, I'épaisseur et la longueur dederps charnu et de chacun de leur tendon

)} Nous avons ensuite prélevé le multifidus (de LE2) et mesuré la largeur,
I'épaisseur et la longueur de chaque fascicule olase et de chaque tendon. Pour illustrer
linadéquation du systeme tendon-muscle, nous agongparé ces données a celle du muscle
extensor communis digitorum du méme sujet car i€sentait des caractéristiques
anatomiques comparables a savoir un trajet poigudaire et la présence de longs et fins
tendons. Dans un deuxieme temps, nous avons datgséarnle muscle extensor communis
digitorum selon la méme méthodologie. Ces mesuras ont permis de calculer le ratio de la
surface de section du tendon sur celle du corpshghet le ratio du volume du tendon sur
celle du corps charnu. Le ratio surface de sedafiwriendon/muscle illustre la capacité du

tendon a transmettre et a résister a la forceujumpose le muscle.
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Muscle belly (mean (standard deviation))

Tendon (men (standard deviation))

Length | Thickness| Width ACSA Volume Length Thickness | Width tCSA | Ratio Volume | Ratio
(cm) (cm) (cn?) (mm) (mm) (mm) (mm? | CSA (mn?) volume
(cm) (cnd) )
Longissimus | 34.58 2.78 3.747 10.42 360.21 Spinal 28.65 0.65 4.14 2.69 1/387 77.07 1/4674
(5.60) | (0.61) (0.94) (3.16) (33.55) (3.92) 0.22) (0.70) | (0.89) (32.32)
Rib 36.00 0.32 4.49 1.43 1/739 51.72 1/6965
(4.78) (0.11) (1.36) | (0.76) (32.38)
lliocostalis 20.86 2.53 3.62 9.16 191.08 Spinal 19.23 0.82 7.01 5.74 1/156 110.53 | 1/1729
(4.15) | (0.70) (1.22) | (0.85) (19.82) (4.08) (0.13) (2.21) | (2.23) (35.73)
Rib 44.14 0.59 4.04 2.38 1/385 105.21 | 1/1816
(12.47) | (0.13) (1.04) | (0.70) (38.87)
Multifidus 5.29 0.52 0.47 0.24 1.29 Spinous 20.73 0.86 6.14 5.28 1/5 109.46 1/12
0.77) | (0.16) (0.09) | (0.09) (0.43) process (5.60) (0.19) 1.79) | (2.37) (47.62)
Tansverse | 34.80 0.85 5.83 4.96 1/5 172.45 1/7
process (4.04) (0.12) (2.37) (1.98) (78.00)
Extensor 14.71 0.82 1.23 1.01 14.84 Distal 184.57 1.27 9.04 1148 | 1/9 2119.01 | 17
digitorum (0.81) phalanx (0.12) (1.70) (2.51)
communis (4.04) | (0.21) (0.25) (4.34) (15.23) (110)

Les données anthropométriques sont résumeéesealansau 2

Figure 29: Tendons de l'iliocostalis attachés sur I'arc pastur des cbtes (A) et dongissimus sur les

vertebres (B)
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La surface de section du tendon du longissimus/iliecostalis et du mutifidus était
largement inférieure a celle de I'extensor commuliggti, muscle dont la force estimée est
d’environ 20 Newtons. Nous avons observé un raicsarface tendon/muscle de I'erector
spinae extrémement bas (allant de 1/156 pour ledotes spinaux de l'iliocostalis a 1/739
pour les tendons costaux du longissimus), suggénamices tendons ne sont pas capables de
transmettre/supporter la force importante du musale contraire, le ratio de la surface
tendon/muscle du multifidus laissait penser questelon était capable de supporter la force
appliguée par le muscle mais la petite surfaceedtiosy du corps charnu témoigne d’'une
faible puissance musculaire. Ker et Bennet (1988hwntré que le ratio de la surface tendon

/muscle optimal était d’environ 1/34 pour les meesiyKer 1988)

Les résultats de notre étude suggerent fortementegmodele biomécanique traditionnel
de corde n’'est pas adapté aux muscles paraverietMatre hypothése est que la contraction
des muscles paravertébraux n’agit pas pour tinelesuendons mais plutét pour augmenter la
dureté et la pression dans le compartiment museulaihoracolombaire. La
compartimentalisation de cette volumineuse massscutaire, enchassée dans une gaine
inextensible, jouerait le role d’un amplificatdwydraulique qui augmente la pression et la
dureté au sein du compartiment paraspinal. Commait déja proposé P. Rabishong, les
muscles paravertébraux et plus globalement le campnt paravertébral constituent un
systeme de poutre composite qui stabilise le ramhise raidissant. Les corps musculaires de
l'lliocostal et du longissimus sont quasi adhéremixg parois du compartiment ce qui limite
leur capacité de raccourcissement et expliqgue sja’iéxercent pas sur les tendons la force
gue leur section suggéere. Les muscles se raidiss&umt place » et les tendons servent juste a

stabiliser la partie haute des muscles.
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2. Implémentation de I'élastographie par résonance ngnétique

2.1.Comparaison des approches 1D et 3D en élastograpluar résonance
magnétique

Approches 1D et 3D en élastographie par réesonan@gnétique des muscles

paravertébraux lombaires

Maud Crézé, Jin Long Yue, Felicia Julea, Tanguydeau, Claire Pellot-Barakat, Olivier

Gagey, Marie-France Bellin et Xavier Maitre

Poster présenté au congres de la SFRMBM, 2017

Compte tenu de l'anisotropie des tissus musculatedu caractere tridimensionnel
des champs de déplacement, I'élastographie 3D e%mp priori comme référence. Les
appareils clinigues sont cependant pour la pludatés de modules d'élastographie qui
reposent sur l'acquisition et I'analyse d’'une sedks trois composantes du champ de
déplacement. Nous comparons ici les modules diélgste cisaillement obtenus par ERM

1D et 3D sur les muscles paravertébraux afin digrda pertinence en routine clinique.

Une IRM lombaire centrée sur les muscles paravextgba été réalisée chez un méme sujet
sur 'imageur Achieva 1.5 T (Philips Healthcarey®8as) au SHFJ et I'imageur Magnetom
Aera 1.5T (Siemens Healthcare, Allemagne) a Bic&tr dans deux eétats musculaires
différents : repos et étirement (flexion des jambesles cuisses). Une onde de pression a
100 Hz était guidée jusqu’a un générateur passsgRndant, Etats-Unis), placé sous le dos
du sujet en décubitus dorsal, pour induire un dégpteent harmonique des muscles. Les cartes
de modules d’élasticité de cisaillement (G’) org ggconstruites apres inversion de I'équation
d’'onde pour les données Philips et directementassaonsole pour les données Siemens. Les
valeurs moyennes et écarts-types du module ddlemant ont été calculés dans six régions
d’intérét délimitées sur les images de magnitutkeiscles multifidus (M), erector spinae (ES)

et paravertébraux (PV) droite et gauche.
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Lafigure 30présente les cartes d’élasticité avec les imagesabnitude associées.

Figure 30 : Elastographie 1D (haut) et élastographie 3D )(b&® : Image de magnitude (u.a.) .

B,E : module de cisaillement au repos (kPa). Griedule de cisaillement en étirement (kPa)

Le Tableau 3synthétise les résultats obtenus dans les deexdahss de muscles.

<G'>+AG’ Droite Gauche
(kPa) M ES PV M ES PV
Repos 3D | 1.8#0.44 2.080.70 1.980.69 2.030.43 2.291.05 2.180.91

1D | 1.29+0.54 | 1.280.44 | 1.240.51 | 1.260.55 | 1.650.43 1.450.54

Etirement | 3D | 2.53:t0.91 | 2.2%0.89 | 2.280.93 | 2.8@1.30 | 3.031.15 2.36¢1.21
1D | 1.6%0.53 | 1.880.50 | 1.850.52 | 2.391.55 | 1.820.52 1.9%0.95

Tableau 3 : Valeurs moyennes et écarts-types du module diéilgsG’ (kPa) dans les muscles
multifidus (M), erector spinae (ES) et paravertélréPV) droite et gauche obtenus en ERM 1D
et 3D

Pour les deux imageurs, le module de cisaillemshtplis important au cours de
I'effort qu’au repos. Pour le sujet, de facon répgetie module de cisaillement est également
plus important a gauche qu’a droite quelle queladsbllicitation musculaire. Enfin, de fagon
systématique, le module de cisaillement est soaktéwen 1D par rapport a celui obtenu en
3D. Le biais est de I'ordre de 30-40%.
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Ces resultats démontrent la sensibilité de I'é@siohie 1D et 3D a la tension
musculaire (droite et gauche, au repos et étiréoelignent le biais entre les mesures
réalisées en 1D et 3D. L’acquisition des champsdéj#acement (1D ou 3D) et les modéles
rhéologiques empruntés (élastique et viscoélastigupliquent ces difféerences. Le caractére
systématique du biais est garanti ici par le chunique de la direction d’encodage du champ
de déplacement, le long des fibres musculairecipates, sur I'ensemble des mesures. Nous
pouvons en effet nous attendre a obtenir d’auteeuvs d’élasticité en fonction de leur
orientation relative. Dans ce cadre limité seuleimiéilastographie 1D est un outil pertinent

de cartographie de I'élasticité des muscles patéverux

2.2.Etude préliminaire de I'élasticité des muscles pangertébraux

Magnetic resonance elastography of the lumbar bankiscles: A preliminary study
Creze M, Soubeyrand M, Yue Jin Yong, Gagey O, Maxy Bellin MF

Travail publié, Clinical Anatomy 2018

Cette étude portait sur I'évaluation des valeuéadticité de I'erector spinae (longissimus
et iliocostalis) et du multifidus au repos, lorsldtirement passif et la contraction musculaire

sur un imageur clinique (Siemens).

Une élastographie par résonance magnétigue deslasysaravertébraux a été realisée
chez 7 volontaires sains (4 femmes - 3 hommes émeen : 25.6 6 ans) dans plusieurs
conditions musculaires : au repos, lors de I'éteampassif des muscles paravertébraux
(réalisée par la flexion des hanches) et la cotitracles muscles paravertébraux (réalisée par

un gainage de I'abdomeff)
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Body coil

Figure 31 : Protocole expérimental de I'élastographie parmasoe magnétique. A : repos. B : étirement. C :

contraction

L’élasticité était ensuite calculée au sein de awgid’intérét tracées manuellement en

suivant le contour des muscles.

L’élasticité du multifidus était significativemeptus basse que cette de I'erector spinae

(tableau 4)
Droit (moyenne = SD) Gauche (moyenne + SD)
Multifidus Erector spinae Muscles Multifidus Erector spinae Muscles
paravertébraux| paravertébraux|
Repos
1.25+0.06 1.48+0.22 1.55+0.20 1.25+0.113 1.50+0.18 .6040.14
Etirement
1.55+0.17**| 1.72+0.10** 1.68+0.29*| 1.50£0.14*| 1.88+0.17** 1.67+0.29
(+24%) (+16%) (+8%) (+20%) (+25%) (+4%)
Contraction
1.75+0.58**f | 1.88+0.50**f | 2.03+0.78**t | 2.03+£0.71*f | 2.18+0.50**F | 2.0+0.70**t
(+40%) (+27%) (+31%) (+62%) (+45%) (+25%)

Tableau 4: Module de cisaillement (en kPa) et déviation staddSD) chez 7 sujets dans 3 états musculaires :
repos, étirement et contraction. Différence sigative par rapport au repos p<0.01(**), p <0.05 @ifférence
significative par rapport a I'étirement: p <0.03( P <0.05(t)

L’élasticité des muscles paravertébraux augmesigitificativement lors de I'étirement

passif et lors de la contraction musculaireure 32)
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Figure 32 Elastographie par résonance magnétique des rnsysatavertébraux. A: image anatomique en coupe
axiale (localizer). La ligne rouge montre le plam ebupe utilisé pour effectuer I'élastographie legr muscles
paravertébraux et représente la coupe sur lagaedté défini la ROI. B: image anatomique (magnijwaec les
ROI; C: Champs de déplacement; D, E, F: carte sti€i&¢ de cisaillement. D: au repos, E: en étinetnE: en
contraction (kPa). M = multifidus; ES = erectorrsm; PS = muscle paravertébral; R= right; L= gaubtibum;
S=sacrum; P=psoas; Q= quadratus lumborum; 22 vertébre lombaire; L33*™ vertébre lombaire; L4=4¢
vertébre lombaire; L5=5°vertébre lombaire

3. Implémentation de I'élastographie ultrasonore

3.1. Faisabilité de I'élastographie et évaluation d&abécité des muscles
paravertébraux

Feasibility assessment of shear wave elastograplyy lumbar back muscles: A
Radioanatomic Study.

Creze M, Nyangoh Timoh K, Gagey O, Rocher L, Béllir, Soubeyrand M

Travail publie, Clinical Anatomy 2017
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Au début de ce travail, aucune étude n’avait éddis&e sur I'élastographie des
muscles paravertébraux. Le but de cette premiardeéén élastographie ultrasonore était
d’évaluer la faisabilité de I'élastographie desigranuscles paravertébraux principaux
(multifidus, iliocostalis et longissimus). Cettaiéé s’est divisée en deux temps. Compte tenu
de la complexité de 'anatomie des muscles paréeatix, nous avons déterminé, dans un
premier temps, l'architecture des muscles paravexti afin d’optimiser la position de la
sonde lors de la mesure d'élastographie. Dans wxi@®we temps, nous avons mesuré

I'élasticité des muscles paravertébraux au repos.

Chez 7 cadavres frais, nous avons mesuré l'anglpethnation de I'erector spinae
avec l'aponévrose des érecteurs spinaux et l'adgte faisceaux musculaire avec la ligne
médiane. Nous avons ensuite prélevé ces musclesosis étudié en mode B. Chez 16
volontaires sains, nous avons mesuré I'élasticié naultifidus, du longissimus et de

I'lliocostalis.

L’étude anatomique au travers des dissections aréaque l'orientation des fibres
musculaires par rapport a la ligne médiane étaitlde 3° pour le longissimus et G03° pour
l'iliocostalis. Les fascicules musculaires du nfidtis étaient arrangés en 3 ou 4 couches
unies entre elles par des digitations musculaifeshaque étage lombaire, les fibres du

multifidus avaient une orientation de 9 a 22 °qaguport a la ligne médiane.

L’étude en mode B, la direction des fibres de Béwe spinae était bien visualisée, dans un
plan quasi-parallele a la ligne médiane. Pour ldtifilus, il n'était pas possible de se
visualiser toutes les fibres musculaires dans umen@lan compte tenu de son caractére

multiceps.

In vivo, le module de cisaillement moyen était de 6.9HPa, de 4.9+1.4 kPa pour
l'lliocostalis et de 5.4+1.6 kPa.
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3.2.R0le de la position des bras sur I'élasticité desumscles paravertébraux

Influence of posterior thoracolumbar fascia stretofy on lumbar back muscle stiffness: a

supersonic shear wave elastography approach

Blain M, Dinova D, Bellin MF, Rocher L, Gagey O, 8®yrand M, Creze M
Travail publié, Clinical Anatomy 2018

Lors de notre premiére étude anatomique, nous avomsré que le feuillet postérieur
du fascia thoracolombaire constituait I'aponévrd'sesertion du latissimus dorsi et qu'il était
en relation avec I'aponévrose du gluteus maximuss Btudes biomécaniqueg vivoont
montré que la mise en tension fascia thoracolorahadr I'étirement des muscles de la sangle
abdominale, du latissimus dorsi et du gluteus magidétait a I'origine d’'une augmentation de

pression et de dureté du compartiment musculanaspanal.

L’objectif de cette étude était de déterminer liiehce de la mise en tension du fascia
thoracolombaire via I'étirement passif du latissgrdorsi et du gluteus maximus dans deux
positions différentes, en décubitus ventral et @sitpn assise.

Chez 15 volontaires sains, nous avons mesuréti@tasdu multidifus et de I'erector

spinae dans 5 positions

- posture 1: en deécubitus ventral et position assé®s mise en tension du fascia

thoracolombaire, bras le long du corps.

- posture 2 : en décubitus ventral avec étiremerfasicia thoracolombaire. L’étirement

du fascia thoracolombaire était réalisé par I'altidnc— rotation interne du bras.

- posture 3 : en position assise sans mise en tedsidascia thoracolombaire, bras le

long du corps.
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- posture 4 : en position assise avec éetirement stia@ahoracolombaire. L'étirement du

fascia thoracolombaire était réalisé par I'abductiarotation interne du bras

- posture 5: en position assise avec étirement dteyd maximus. L'étirement du

gluteus maximus par la flexion de la hanche horaodde.

Procubitus

Sited positions

Figure 33 : Schéma des différentes postures de l'étude. Aulldiés ventral ; B : décubitus ventral et
étirement du fascia thoracolombaire via I'étiremdutlatissimus dorsi ; C : assis ; D : assis etgtent du
fascia thoracolombaire via I'étirement du latissgmlorsi ; E : assis et étirement du fascia thooanbhire via

I'étirement du latissimus dorsi et du glutéus maxsm

Quelle que soit la posture, la répétabilité étarire a excellente (ICC moyen compris
entre 0.65 et 0.95). Au travers de cette étuddéiséeaavec Maxime Blain, alors interne dans
le service de radiologie de Bicétre, nous avons ahdr@ que I'étirement maximal du
latissimus dorsi n’entrainait pas de modificatidgngficative de I'élasticité des muscles
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paravertébrauxiableau 5) L'étirement du gluteus maximus, en position a&ssiétait a

l'origine d’'une augmentation significative de I'étité des muscles paravertébraixure

34).
Erecteurs spinaux Multifidus
Droit Gauche Droit Gauche
Posture 1 26.3t13.4 24.%12.9 11.234 13.18.
Posture 2 22.5:11.1 23.6:9.7 10.3t4.0 16.149.7
(-14%) (-4%) (-8%) (+23%)
Posture 3 64.5:31.3 58.4t31.6 35.2t16.4 34.9+18.0
(+145%) (+136%) (+214%) (166%)
Posture 4 55.1+34.2 59.9+37.7 35.1+17.5 34.0t17.8
(+109%) (+142%) (+213%) (+159%)
Posture 5 69.726.1 69.7430.4 55.8t25.5 46.9:16.6
(+176%) (+192%) (+398%) (+280%)

Tableau 5: Module d'Young (moyenne écart type) des muscles erecteurs spinaux etfidustidans les 5

postures. Entre parenthéses : variation de I'éig&tpar rapport a la valeur de repos (posture 1)

Pa) 2 |

100
L

| -

Erector spinae

Multifidus
kPa) = |
g |
=
u
B Fosture 1 [ Posturs 2
i Posture 2 | Posture 4

| Posture 5

Figure 34: Boxplot représentant [|'élasticité du
multfidus et des érecteurs spinaux dans les 5 msstu
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Cette étude a également permis de montrer une aighom significative de

I'élasticité du multifidus et de I'erector spinaed de la position assise.

En pratique clinique, lors de la palpation manyellélastographie et en rééducation
fonctionnelle, cela signifie que la position desasiors de la mesure de I'élasticité des

muscles n’influe pas sur la mesure d’élasticité.

3.3.Role de la posture sur I'élasticité des muscles parertébraux

Posture-related stiffness changes of the lumbar @spinal muscles: a supersonic shear

wave elastography approach

Creze M, Bedretdinova D, Rocher L; Gagey O, Maftr&oubeyrand M, Bellin MF,

Travail publié, Journal of Anatomy 2019

L'objectif était de i) de déterminer la reprodudiib de I'élastographie dans plusieurs
positions et postures, ii) de déterminer l'influerde la posture sur I'élasticité du multifidus,

de l'iliocostalis et du longissimus.

Cette étude a été conduite chez 16 jeunes aduNesis avons réalisé une
élastographie du multifidus, de liliocostalis ai longissimus a hauteur de L3 et du
multifidus, a hauteur de S1. La mesure de la \étegspropagation de I'onde de cisaillement
était réalisée dans le plan des fibres musculawesein d’'une région d’intérét circulaire de 1

cm de diameétre.
L’'élasticité musculaire a été mesurée au cours sks&ions

- session 1 : postures passives
* décubitus ventral (repos)
* décubitus ventral, flexion ventrale a 30°

* décubitus ventral, extension dorsale a 30°
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- session 2 : postures actives
* décubitus ventral (repos)
* debout

* debout, penché en avant a 30°

* debout, penché en arriére a 30°

Figure 35 : Postures de I'étude. a. décubitus ventral. bxidle passive. C : extension passive. d : debout.
e : extension active. f : flexion active

Dans un premier temps, nous avons deécrit avec siwécies reperes anatomiques

echographiques pour la mesure d’élastographie.

La reproductibilité était bonne a excellente saarislle longissimus en position penchée en

avant ou la mesure était parfois impossible (9qerss)
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Muscle Posture Left side Right side
ICC 95% ClI p-value| ICC 95% ClI p-value
average average
Multifidus Repos 0.76 0.45 091 <10° 0.94 0.86 0.98 <10°®
Y Flexion passive 0.90 0.76 0.96 <10° 0.94 0.86 0.97 <10°
Extension passive 0.95 0.90 0.98 <10° 0.97 0.93 0.99 <10°
Repos 0.81 0.54 093 <10° 0.71 0.29 0.90 <10%
Debout 090 0.76 0.96 <10° 0.90 0.77 0.97 <10°
Flexion active 0.20 -1.04 0.73 0.30 0.46 -0.33 0.81 0.09
Extension active 0.85 0.64 0.95 <10° 0.91 0.79 0.97 <10°
Multifidus Repos 0.53 -0.12 0.83 0.04 0.86 0.67 0.95 <10°®
3 Flexion passive 0.93 0.85 0.97 <108 0.83 0.61 0.93 <10°
Extension passive 091 0.79 0.97 <108 0.84 0.65 0.94 <10°
Repos 0.92 0.81 0.97 <10° 0.84 0.63 0.94 <10°
Debout 0.93 0.83 0.97 <10° 0.89 0.75 0.96 <10°
Flexion active 0.87 0.69 0.96 <10° 0.74 0.31 0.91 <10%
Extension active -0.06 -1.52 0.64 0.52 0.80 0.48 0.94 <10%
Longissimus | Repos 091 0.79 0.97 <10° 0.76 0.43 0.91 <103
Flexion passive 0.71 0.33 0.89 <10° 0.93 0.83 0.97 <10°
Extension passive 0.91 0.78 0.97 <10° 0.86 0.67 0.95 <10°
Repos 0.92 0.80 0.97 <10° 0.84 0.63 0.94 <108
Debout 0.92 0.82 0.97 <10° 0.89 0.67 0.95 <108
Flexion active 0.89 0.65 0.98 <10° 0.76 0.28 0.94 0.01
Extension active 0.56 -0.09 0.86 0.04 0.88 0.70 0.96 <108
lliocostalis Repos 0.80 0.54 0.93 <10° 0.86 0.68 0.95 <108
Flexion passive 0.79 051 092 <108 0.73 0.37 0.90 <10%
Extension passive 0.11 -1.22 0.67 0.39 0.84 0.63 0.94 <10°®
Repos 0.71 0.35 0.89 <10° 0.85 0.66 0.95 <10%
Debout 0.83 061 094 <108 0.92 0.80 0.97 <10%
Flexion active 0.79 050 093 <10° 0.61 -0.01 0.87 0.03
Extension active 0.48 -0.15 0.81 0.06 0.83 0.59 0.94 <10%

Tableau 6 : Intervalle de corrélation intraclasse (ICC) damsultifidus, I'iliocostalis et le longissimus dans
toutes les postures.

Ce défaut de reproductibilité s’explique probablamgar le fait que longissimus, a la fois
étiré et contracté lors de la position penché ptédeune élasticité trop importante pour étre
mesurée par l'appareil. Comme constaté en élagtbgrapar résonance magnétique,
I'élasticité était significativement plus élevéendale longissimus que le multifidus et

l'iliocostalis dans toute la posture exceptée darmosition penchée en avant.
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PASSIVE FLEXION e

354

>4.5ms

Figure 36: élastogramme du multifidus en S1 dans les diffé&® postures. A : au repos. B : en flexion
passive. C : en extension passive. D : debougrEflexion active. F : en extension active.

Nous avons montré une augmentation significativé&iasticité entre les positions passives
et les positions activesableau 6) L’élasticité augmentait significativement enkaeposition

debout et debout penchée en avant.

Multifidus S1 | Multifidus L3 | Longissimus | Iliocostalis
Session 1
Repos 2.24 (0.45) 2.21 (0.40) 2.48 (0.55) 2.06 (0.34)
Flexion passive 2.61(0.49) 2.41 (0.46) 2.53(0.52) 2.27 (0.38)
+17% +9% +2% +10%
Extension passive 2.50 (0.70) 2.09 (0.52) 2.39 (0.55) 2.17 (0.29)
+12% -5% -4% +5%
Session 2
Repos 2.15 (0.26) 1.99 (0.34) 2.22 (0.34) 2.00 (0.25)
Debout 4.17 (1.08) 3.01 (0.77) 3.32(1.03) 2.67 (0.71)
+94% +51% +50% +33%
Penché en avant 5.19 (0.43) 5.58 (0.91) 5.36 (0.91) 5.57 (0.92)
+141% +180% +141% 179%
Penché en arriere 2.46 (0.59) 2.21(0.71) 2.25(0.33) 2.09 (0.33)
+14% +11% +1% +5%
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DISCUSSION GENERALE

Depuis plusieurs années, I'étude des tissus tenxliagté négligée par les anatomistes
et biomécaniciens qui ont favorisé les étudesessystéme musculaire. Le muscle était ainsi
considéré comme l'unique tissu permettant a I’hondueréaliser des mouvements, de se
déplacer et d’agir sur son environnement. La strectlu corps charnu, sa masse, la longueur
et l'orientation de ses fibres musculaires, lale@aile sa surface de section, déterminent la
force maximale et la puissance du muscle. Or,iBaat’'un muscle ou d’un corps charnu sur
une piéce osseuse ne peut se faire qu'au travers t#ndon, dont les caractéristiques
structurelles doivent faire écho a I'action du mes€e couple muscle-tendon constitue en
fait une unité fonctionnelle appelée complexe mlgstendineux ou unité musculo-
tendineuse. Jusqu’a lors, trés peu d’articles aét gubliés concernant des données
morphométriqgues des muscles paravertébraux. Dangtleles précédentes, la surface de
section du longissimus et de [l'iliocostalis étaifenviron 20cm, ce qui correspond aux
résultats que nous avons obteriidslimo, Rantanen et al. 1989Cette surface équivaut a
d’autres muscles définis comme puissants tels qugubdriceps, le latissimus dorsi ou le
triceps brachiiRuggiero, Cless et al. 201@our réaliser I'extension dorsale de la colonne
vertébrale, il est admis que les muscles paravat&bdoivent produire une force estimée
entre 100 et 200 KNBogduk 1980, Jorgensen 1997M\otre étude comparative a révélé que
les tendons effecteurs de I'erector spinae étaikerst petits que ceux de I'extenseur commun
des doigts, muscle dont la force maximum est estitn@0 N et dont les tendons comptent
parmi les plus fins de I'organisnieee, Chen et al. 2008l semble donc que les tendons de
I'erector spinae ne peuvent pas transmettre lese$oimportantes que leur impose le corps
charnu. Pour illustrer cela, nous avons calculk&ti® tendon/muscle. Le ratio tendon/muscle
de I'erector spinae était extrémement petit, et kaégement inférieur au ratio optimal estimé
a 1/34 chez les mammiferéger 1988, Cutts, Alexander et al. 199Q0ela suggére que
I'erector spinae ne peut pas agir tel un mobilisatke la colonne vertébrale, c’est a dire, qu'il
ne peut pas créer de mouvement articulaire sigtific ce qu’avaient suggéré certains
auteurs - et doit étre considéré comme un statglisade la colonne vertébralgichardson,
Jull et al. 1992, Norris 2001)

Cela révele un paradoxe anatomique : il existe gm@de disproportion entre la puissance

potentielle de I'erector spinae et le calibre tlmsdons effecteurs. Nous avons également
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montré que le corps charnu de chaque fascicule diiifiolus, présentait une surface de
section inférieure au centimétre carré. Bien gésgmtant un ratio tendon/muscle optimal, les
fascicules du multifidus, chacun présentant unmiteison différente et donc une action
différente, ne peuvent produire une force conséguen 'image de celle nécessaire pour
mobiliser la moitié du poids du corps. L'ensembdeces résultats suggere fortement que les
forces postérieures développées par les musclasgrtdbraux ne peuvent étre érectrices du
rachis selon le modele biomécanique de cordeséletes éléctromyographiques, en mettant
en eévidence la minime contraction musculaire dessafes paravertébraux lors de la
mobilisation active du rachis, corroborent cettgdtiiese(Donisch and Basmajian 1972,
Peach, Sutarno et al. 1998, Kramer, Volker et@042

Au travers des dissections, nous avons égalementtrénoque les muscles
paravertébraux étaient contenus dans un compattimextensible, lui-méme constitué de
plusieurs sous compartiments réalisant une compantalisation des muscles
paravertébraux. Notre hypotheése est donc que lesclesuparavertébraux pourraient agir
selon deux modeles biomécaniques : le modele hlyguau et le modele de poutres

composites.

En 1981, Gracowetski et coll. suggere que la cotimpantalisation des muscles
paravertébraux est responsable d'un «effet d'diogleur hydraulique »Gracovetsky,
Farfan et al. 1981)l est vrai que de nombreux mécanismes sont ptibtes d’augmenter la
pression au sein du compartiment paravertébraudrgentation du volume du contenu du
compartiment paravertébral lors de la contracti@s anuscles paravertébraux, par le
raccourcissement des fibres musculaires assoG@gmentation de la perfusion musculaire,
contribue a augmenter la pression intrinseque. r@emémontré dans la loge postérieure de
la jambe, la mise en position debout pourrait augerela pression hydrostatique des
capillaires contenus dans les muscles paravertébrawrs du passage du décubitus a la
station assise, ainsi que du décubitus au pragyba pression intramusculaire du multifidus
et de I'erector spinae augmernt&yf 1987, Konno, Kikuchi et al. 1994)La mise en tension
du contenant du compartiment paravertébral, redatd contractilité intrinséque du FTL, la
mise en tension du FTL via la contraction et l&tient des muscles de la sangle abdominale,
peuvent également augmenter la pression dans Igpartiment paravertébral. Il a été
démontré que la mise en tension du fascia thoradmare lors de I'inspiration profonde et de
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I'étirement des muscles de la sangle abdominalenantg également la pression dans le
compartiment paravertébrabtyf 1987, Vieeming, Schuenke et al. 201es modeles
biomécaniques mathématiques réalisés a partir deééds d'imagerie en coupe et d’études
cadaveriques ont montré que le fascia thoracolamlg@nérait un stress axial qui limitait
'expansion des LPM pendant la contracti@racovetsky, Farfan et al. 1977, Garfin, Tipton
et al. 1981, Gracovetsky 1989, Hukins, Aspden .et290, Gracovetsky 2008)Nous avons
montré que les MPV s’organisaient en sous-compartig) ce qui augmente également
probablement la mise en pression du compartimeravpeébral. Ce modéle hydraulique
pourrait s’apparenter a I’hydrosquelette égalenappelé squelette hydrostatique ou squelette
hydrauligue des animaux primitifs — pieuvre, varg&duse - dont la structure constitue un
compartiment fermé, plus ou moins souple et repgaliuniiquide interstitiel (g€néralement un
liquide gélatineux) ou un muscle. Selon cette agialavec I'hydrosquelette, le compartiment
musculaire paravertébral constituerait un hydrastasculaire constitué de fibres musculaires

obliques et longitudinale&Vinters and Crago 2000)

Le modéle de poutre composite a été développé .pRalischong en 196&Rabischong and
Avril 1965). Les muscles paravertébraux, plaqués contre lelettyl axial, créent une poutre
composite, c’est a dire une association de deunmai, unis solidement et partageant des
contraintes. La poutre ainsi créée obéit a la ikédes poutres, la poutre désignant un objet
dont la longueur est grande par rapport a sa sectia poutre composite réalisée par le
couple muscles paravertébraux — squelette axiahgted’augmenter la section globale de la
poutre, de diminuer la valeur totale des contrairiede rigidifier 'ensemble de la colonne
vertébralg Sauvannet 1983, Mabit 1996).

Notre premiere étude a permis de caractériseritiEsahts fascias et aponévroses du
compartiment musculaire paravertébral. Nous avamstaté, comme l'avaient déja décrits
certains anatomistes que, via des connectionsesiastia thoracolombaire, les aponévroses
des muscles de la cuisse, des muscles de I'épaude béras, des muscles de la sangle
abdominale et de la colonne vertébrale, réalisaigmtcontinuum anatomique dont le
dénominateur commun était le fascia thoracolombdeemi ces aponévroses, nous avons
observé que I'aponévrose des érecteurs spinaulk ed@mémement épaisse, ce qui n‘avait

jamais éteé releveé jusqu’a présent.
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Ces travaux anatomiques ont permis de vérifieypidthése initiale qui consistait a
dire que les muscles paravertébraux avaient detdéindons et que leur mode d’action ne
correspondait pas au modéle biomécanique classigsieordes. Toutefois, notre étude n'a
été conduite que sur un petit nombre de sujetsmsowlonc a une grande variabilité
interindividuelle. Les sujets anatomiques étaiartglleurs agés, et leur masse musculaire, -
plus que celle des tendons- ne refléte bien évidempas celle des sujets jeunes. Toutefois,
le ratio tendon/muscle de I'erector spinae serabablement encore plus petit chez des sujets
jeunes, sans sarcopeénie ni amyotrophie relativesgdthologies musculaire ou a l'inactivite.
Nous avons illustré la singularité anatomique dmglexe tendino-musculaire des muscles
paravertébraux en utilisant une comparaison avemuscle qui présentait des similitudes
avec les muscles paravertébraux (multiples, lorggs,fins tendons, polyarticulaires,
extenseur) et dont la force était connue. Il egleft que ces muscles présentent également
des différences telles que l'absence de compantatisation, I'absence de sollicitation
chronique. Nous avons utilisé la surface de secd@matomique » pour estimer la force
maximale des muscles, sans réellement la mesuexiste d’autres méthodes, plus précises,
pour estimer la force, notamment la surface da@eetphysiologique » qui prend en compte
le degré de pennation. Compte tenu de la structurktipennée et multiceps des muscles
paravertébraux, nous n'avons pas utilisé cettentgqak. Par ailleurs, le calcul du ratio

tendon-muscle suffisait a démontrer I'hypothestaila.

Selon ce pré requis anatomique — les muscles pathvaux stabilisent la colonne
vertébrale en lui assurant une certaine rigidis€aglastigue - nous nous sommes intéressés a
I'élastographie des muscles paravertébraux. Noossadonc étudié, I'élasticité des muscles

paravertébraux en élastographie ultrasonore eéganance magnétique.

Au début de [I'étude, aucune publication en é€lasiplge ultrasonore et en
élastographie par résonance magnétique ne fa&faience aux muscles paravertébraux. En
échographie, nous avons donc mis en place un mletatélastographie dont nous avons
étudié la reproductibilité. Comme le muscle est tigsu anisotrope et que la mesure
d’élastographie doit étre realisée dans le sendiloles, le premier temps était de caractériser

I'orientation des fibres musculaires du multifidudy longissimus et de l'iliocostalis par
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rapport a la ligne médiane et par rapport au pkatiaphonévrose des érecteurs spinaux pour
définir le positionnement optimal de la sonde quit étre alignée parallélement a la direction
des fibres musculaire. Nous avons montré que bessimusculaires étaient orientées presque
parallelement a la ligne médiane. Comme l'avaibrEpMactintosh et Bogduck les fibres du
multifidus suivaient une orientation différente pathaque fascicule musculaire, avec une
orientation allant de 0° a 20° par rapport a ladignédiangMacintosh and Bogduk 1986,
Macintosh, Valencia et al. 1986).Nous avons ensuite étudié la reproductibilité lale
technique pour chaque muscle et dans plusieursiggosiet postures. Dans nos études, la
reproductibilité de I'élastographie était bonne xceflente dans les positions passives en
décubitus ventral, dans la position debout ainsi lquposition assise mais mauvaise a faible
dans les positions de flexion active (debout peratévant) et d’extension active (debout
penché en arriere). Au cours de la these, plusi&uides sur les muscles paravertébraux ont
été publiées, nous permettant ainsi de confrontedes valider nos résultats. Ainsi,
Koppenhaver et al ont retrouvé une bonne reprddlitdi de I'élastographie dans le
multifidus et I'erector spinae au repos, avec uméleoration de la reproductibilité lors de la
contraction musculairéKoppenhaver, Kniss et al. 2018omme Koppenhaver et al, nous
avons retrouvé une faible reproductibilité intessen, notamment dans le longissimus ou
nous avons observeé des variations significativel®@tiesticité. Cela témoigne de I'importante
variabilité intra individuelle des propriétés vigtastiques des muscles paravertébraux. Le
muscle est un tissu plastique, dont la structurelobique est sous [linfluence du
meétabolisme global de I'organisme. L'état d’hydtiata, la glycémie, I'activité physique sont

susceptibles d’influencer I'élasticité des muscles.

La technique validée, nous nous sommes ensuitesses aux valeurs d’élasticité obtenues,
aux différences intra- et intermusclaires. Lest&dées du multifidus, de l'liocostalis et du
longissius étaient significativement différenteseltpi que soit la position ; l'iliocostalis
constituait le muscle le plus « mou » et le longiss, le plus « dur ». Les valeurs de module
de cisaillement du multifidus que nous avons oldsnétaient semblables a celle rapportées
dans la littératuréMoreau, Vergari et al. 2016, Masaki, Aoyama et28l17, Koppenhaver,
Kniss et al. 2018) En revanche, tous les travaux sur I'élastograptés muscles
paravertébraux ont étudié I'erector spinae commemuscle unique sans distinguer le

longissimus de l'iliocostalis. Nous avons montrée diiliocostalis et le longissimus, bien
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gu'appartenant au méme groupe musculaire, présehtaine élasticité significativement
différente. Il existe également des différence abétité intra-musculaire au sein du

multifidus selon I'étagéMoreau, Vergari et al. 2016)

En élastographie par résonance magnétique, learsader module de cisaillement obtenues
étaient inférieures a celles obtenues en élastbgrapltrasonore. Plusieurs facteurs
meéthodologiques expliquent cette différence. D’dbdiien que les étapes de la technique
explorent les mémes parametres, la méthode utieée le faire est différente & chaque
étape. Citons pour exemple, 'onde de cisaillentegti appliquée avec une fréquence et une
amplitude différente — I'élasticité dépend de kginence et de 'amplitude de I'onde — ainsi
gu’'au travers d’un outil différent (la sonde pol@chographie et 'amplificateur passif pour
'IRM), le temps de l'acquisition (inférieur a laesonde pour I'échographie, de l'ordre de
plusieurs minutes pour I''lRM), enfin I'équation wiiersion de l'onde differe selon les
constructeurgShin, Kim et al. 2016)Ainsi, en élastographie ultrasonore, I'élastictésein
d’'un méme muscle peut varier d'un facteur 2 voiree®n les étude&Creze, Nordez et al.
2018) En élastographie par résonance magnétique, laaipent de I'onde de cisaillement
était étudié selon le plan coronal, signifiant dédasticité était mesurée au sein de fibres
situées dans un méme plan au centre du muscleala digtance entre la superficie et la
profondeur, sur toute la longueur du muscle. Emstétgaphie ultrasonore, la mesure était
réalisée dans le plan sagittal, c’est a dire quadaure concernait 'ensemble des fibres sur
toute I'épaisseur du muscle et était segmentaieédagticité n'est pas homogene au sein du
muscle et présente des différences parfois sigiifies dans le plan longitudinal, a mesure
gu’'on se rapproche de la jonction myo-tendineusas raurtout dans le plan transversal du
muscle(Lacourpaille, Hug et al. 2012, Carpenter, LauleR@15, Eby, Cloud et al. 201%n
élastographie par résonance magnétique et ultressorzotaille et la localisation de la région
d’intérét constituent donc aussi un parameétre dapdbnfluencer la valeur d’élasticité
mesuregKoo and Hug 2015, Ewertsen, Carlsen et al. 20EQ)IRM, la surface de mesure
était de plusieurs centimetres alors en qu’échdugaplle était d’environ de 1 cm2. La
dispersion des valeurs des paramétres mécaniqtexsuels par les différentes techniques, les
erreurs induites par les simplifications faites mpd& traitement des données, telles que
l'isotropie ou 'homogénéité des tissus soulevenptobleme de la reproductibilité et de la

place de I'élastographie musculaire en routineiguie. Néanmoins, I'ensemble des études
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montrent que, réalisée sous certaines conditiomsest (taille et position du ROI, sonde,
préset, état musculaire...) I'élastographie est mypctible sur un méme scanner. De plus, le
muscle est un tissu extrémement plastique du penvue biologique. Une solution pour
comparer les études entre elle pourrait étre @setildes ratios d’élasticité avec des tissus

relativement « stable » d’un point de vue bioméga@j tels que la graisse ou le rein.

L’élasticité des muscles paravertébraux dépendaitadposture. Au repos, en décubitus
ventral, I'élasticité était la plus faible et n’égtpas significativement modifiée lors de la
flexion passive modérée (30°) ni lors de I'extenspassive modérée (30°) de la colonne. En
revanche, le passage a la position érigée de el vertébrale, que ce soit lors de la
position assise ou debout, était responsable cugenentation significative de I'élasticité au
sein des trois muscles. Dans ses travaux en étaptug par compression, Chan et al avait
déja montré 'augmentation significative du moddi¥oung lors du passage de la position
couché a debouiChan, Fung et al. 201.2L’"augmentation de I'élasticité lors des postures
mettant en charge la colonne vertébrale peut &pkgeiée par un effet cumulatif de plusieurs
changements biomécaniques, tels que 'augmentdgda pression intra-musculaire relative
a la contraction, la pression hydrostatique, aidraentation de la perfusion, relative a un
effet « compressif » du fascia thoracolombaireatied a la contraction musculaire et
I'étirement musculaire. L’élasticité musculaire estrélée positivement et linéairement a la
force musculaire, a l'activité neuromusculaire dteéirement musculairéHug et al., 2015;
Nordez and Hug, 2010Chez les patients sains, les muscles paravewélmaEsentent une
faible - mais présente - activité neuromusculairsceptible donc d’augmenter I'élasticité
musculaire(Donisch and Basmajian 1972, Peach, Sutarno @98B) Les positions assise et
penchée en avant sont a l'origine d’'un étiremerst mescles paravertébraux. Comme nous
'avons décrit dans la partie anatomique, le fass@acolombaire, exerce une force axiale
limitant I'expansion des muscles paravertébraug bt leur contraction, augmentant ainsi la
dureté des muscles au sein du compartiment paééwaltGatton, Pearcy et al. 2010).
L’intensité des modifications d’élasticité relativeux différentes postures était
différente selon les muscles suggérant des difé@®e comportement biomécaniques pour
chaque muscle paravertébral. Quelle que soit laupmde longissimus était le muscle le plus

dur, permettant d’assurer une rigidité permanentensemble du compartiment musculaire
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paravertébral. Le multifidus, muscle segmentainéimement appliqué contre le squelette
osseux, présentait une élasticité faible au repaés mdtait le muscle dont I'élasticité
augmentait le plus lors du passage de la posittuth® a la position debout et lors de la
position penché en avant. Il assure ainsi la ssgpléle 'ensemble mais constitue le premier
rempart de rigidité du couple os-muscle.

Récemment, Masaki et al. ont montré que le modeleishillement du multifidus était
significativement plus élevé chez les patients fsanf de lombalgie chronique que chez les
sujets sains en décubitus dorsal, mais que I'élastide I'érecteur spinae n'était pas
significativement modifiééMasaki, Aoyama et al. 201.7De facon intéressante, il montre
€également que, dans cette population de sujetsdigmoes adultes (> 60ans) et actifs,
aucune autre anomalie morphologique n’est obsernyggs de diminution de la masse
musculaire ni de modification de I'alignement dectdonne vertébrale. L'élasticité tissulaire
pourrait donc constituer un biomarqueur de la Idgiba

La limite premiére de ces travaux en eélastograpliiasonore et par résonance
magnétique concerne le nombre restreint de sujetsiqus avons étudié. Deuxiémement, les
mesures d’élastographie, en particulier dans letifiduls, ont été obtenues dans un tissu
constitué par la superposition de fascicules ptéserune orientation difféerentéCreze,
Nyangoh Timoh et al. 201.7Les fibres musculaires du multifidus présententingle allant
jusqu’a 20° par rapport a la direction de la meggaodt la direction de la sond&Ylacintosh,
Bogduk et al. 1987, Macintosh and Bogduk 1991gn résulte que la mesure obtenue
constitue une moyenne approximative des modulegkté anisotrope. Dans nos études en
élastographie ultrasonore, nous avons utilisé uoredes convexe, car elle s’appliquait
correctement sur la lordose lombaire et permettantager les muscles profonds. Cette sonde
est généralement utilisée pour les organes abdomiean’offre pas de réglage musculaire,
ce qui pourrait réduire la saturation de rigiditésurée dans le longissimus contracté. Afin de
privilégier le positionnement de la sonde sur layenous n‘avons pas mesuré l'activité
neuromusculaire des muscles paravertébraux enlgarde I'étude en élastographie. Nous
avons suggéré gue l'activité neuromusculaire pdusgpliqguer en partie les modifications
d’élasticité relatives a certaines postures, iMemdrait de vérifier dans quelle proportion elle
influence I'élasticitéDonisch and Basmajian 1972, Peach, Sutarno é988) L’ensemble

des positions et postures a été réalisé avec gesnetres « faits maison », placés sur des
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reperes anatomiques repérés manuellement parpatiosl, de facon a ce que le protocole
soit applicable en pratique clinique, lors d’unexsdtation. Toutefois, nous avons constaté
gue le maintien d’'une posture était parfois difficet sujet a des adaptations posturales
permanentes responsables d’épisodes de contractiassulaires furtifs, révélés par une
augmentation soudaine et courte de I'élasticité amlage. Nous avons étudié un type de
position assisse, un type de position debout, mhaisiste de multiples fagons de maintenir
ces postures : debout hanchée, droite, recourbégauraient avoir une influence sur

I'élasticité des muscles paravertébraux.

95



CONCLUSION ET PERSPECTIVES

Au travers des études anatomiques nous avons nurdrées muscles paravertébraux
avaient un mode d’action singulier et que le mod#temécanique traditionnel, que nous
avons appelé le modele de corde, ne s’appliquaitcpmmunément a tous les muscles de
'organisme, et notamment aux muscles complexesnoortiavait déja montré Gagey a
propos du deltoidéGagey and Hue 2000l y a quelques dizaines d’année, Farfan a montré
que le fascia thoracolombaire de 'Homme était lespépais de tous les primates. Les
perspectives seraient d’étudier les rapports dacaidu couple tendon-muscle chez d’autres
mammiféres bipédes et quadrupédes pour vérifier @udrait anatomique est propre a
'Homme et a la bipédie humaine. Au travers deuli& anatomique, il est ressorti que
'aponévrose des érecteurs spinaux, constituaisemablablement I'aponévrose musculaire la
plus épaisse du systéeme musculosqueletique cheamhhe. Ce tissu, négligé par les
anatomistes, les cliniciens et les biomécaniciemjte d’étre étudié pour comprendre son

réle et son mode d’action.

Nous avons mis en place une méthode permettant esurer le module de
cisaillement des muscles paravertébraux en élagibgr par résonance magnétique sur un
scanner « clinique ». Nous sommes conscients quenésures d’élasticité réalisées par le
module d’élastographie 2D destiné a une utilisaionle foie sont réduites a sa plus simple
expression et ne reflete pas la complexité du tisgaculaire. Toutefois, nous avons montré
gue cette technique était capable de mettre enerdetd les différences d’élasticité
intermusculaire et les variations d’élasticité efation avec la contraction et I'étirement
musculaire tout comme en [|'élastogaphie ultrasantiee étude de reproductibilité en
elastographie par résonance magnétiqgue a étéee@alisles résultats préliminaires sont en

cours d’'analyse statistique.

Dans ce travaill de thése, nous avons élaboré uriogmle reproductible
d’élastographie ultrasonore des muscles paravemd&bt 'élastographie permet de quantifier
rapidement |'élasticité des muscles paravertébraais n'est pas encore performante chez les

sujets présentant un morphotype bréviligne ainsidans le longissimus dans les postures ou
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il est tres sollicite par exemple lors de la positipenchée en avant. Des améliorations

techniques sont a attendre des constructeurs ppuglzender ces tissus.

Actuellement, les échographes disposent de modidésstographie 2D qui ne permettre pas
d’appréhender I'élasticité 3D du muscle. Jean-Q@ennisson a présenté un projet d’ANR
pour développer I'élastographie ultrasonore tridisiennelle dans lequel nous étudierons les

muscles paravertébraux.

Nous avons observé des variations significativeléthesticité entre deux sessions différentes.
Par ailleurs, nous savons que le disque intervexttéloit ses propriétés viscoélastiqgues se
modifier au cours de la journée. Nous nous somnux dnterrogés sur I'évolution de

I'élasticité musculaire au cours de la journée. haede est en cours sur I'évolution de
I'élasticité de différents muscles (biceps bracbastrocnémius, longissimus, multifidus) a

trois moments distincts de la journée chez 15 sujet

Une étude de confrontation histologie — élastogeapbt en cours, dans laquelle nous allons
comparer I'élasticité du muscle a sa structuredgjiojue. Différents muscles (biceps brachii,
astrocnémius, longissimus, multifidus) sont préteeéez des cadavres frais a I'Ecole de
Chirurgie (décés <10 jours), trois mesures d'é#stisont réalisées. Un fragment de tissu est
ensuite prélevé en lieu et place de I'endroit otnksure d’élastographie a été effectuée, et
soumis a différentes techniques dimmuno-histochindfin de quantifier le typage

musculaire, l'infiltration graisseuse, la fibrogdacapillarité.

Au-dela de la force et de I'endurance, le volume rdascles paravertébraux apparait,
en soit, comme un élément essentiel au bon fonwiment des muscles paravertébraux et
plus globalement du compartiment paravertébral. e vblume musculaire des muscles
paravertébraux doit étre suffisamment conséquemt paemplir » le compartiment afin d'y
maintenir une certaine pression et une certainetéuet ainsi de stabiliser la colonne
vertébrale. En imagerie, une atrophie et une iniaiugraisseuse des muscles paravertébraux
sont communément retrouvées chez les patients Igmbas (Hides, Stokes et al. 1994,
Fryer, Morris et al. 2004 Plusieurs études ont montré que I'amélioratiamepie des patients
lombalgiques s’accompagnait généralement d'uneawuestion de la surface de section des
muscles paravertébraux (et donc du volurfiejcamilla, Babb et al. 2006, Rutkowska-
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Kucharska, Wysocka et al. 201 Da rééducation physique du patient lombalgiqui¢ dianc
favoriser les exercices physiques permettant d’angen le volume musculaire et de la
vascularisation veineuse par un travail prolongétansité modérée. La restauration d'un
volume musculaire optimal doit cibler a la foisnultifidus et I'erector spinae, et non pas
seulement le multifidus comme le suggérent certairisurs, puisque la surface occupée par
I'erector spinae dans le compartiment paravertébsal bien plus importante de celle du
multifidus au-dessus de L4. Dans cette optiquerdsegpvation de l'intégrité musculaire, les
abords larges «classiqueswmvert, médian, qui expose la musculature et leséhts ostéo-
ligamentairesou les chirurgiens privilégiaient une vision éteadles structures anatomique
cible du traitement, au détriment du respect descies et donc des éléments anatomiques,
ont progressivement laissé place a des approchssnpinimalistes, transmusculaires voir

intermusculaires, centimétriques : les approchesmailes invasive§-an, Hu et al. 2010)

Nous avons mis en place un protocole de recheotimque sur les patients
lombalgiques dans lequel I'objectif principal est domparer I'élasticité (mesurée en
élastographie par résonance magnétique et utrasodes muscles paravertébraux entre des
sujets lombalgiques et des sujets sains. Les disjes¢condaires seront d’'une part de
déterminer tous les parametres qui pourraient eniter ['élasticité des muscles
paravertébraux tels que linvolution graisseuséashyotrophie mesurée sur des séquences
conventionnelles et I'équilibre sagittal mesuré slas radiographies. D’autre part, nous
réalisons une comparaison de I'élasticité des maguhravertébraux entre les différents types
de lombalgies (dégénératives, non dégénérativesret modification anatomique retenue).
Nous souhaiterions savoir si I'élasticité muscageut étre un biomarqueur des lombalgies

chroniques.

Nous avons rappelé dans le premier chapitre qstalzlité de la colonne vertébrale
était assurée par un systeme musculaire compleamhen jeu non seulement les muscles
paravertébraux epaxiaux, mais également les musglpaxiaux, les muscles de la paroi
abdominale, la pression abdomingh®dges, Eriksson et al. 2005)ll est évident que I'étude
de I'élasticité des muscles paravertébraux doé &placée dans ce systeme musculaire et
doit donc étre couplée a I'étude conjointe desesustructures du systeme. Ces travaux feront

partie de projets futurs.
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Abstract

Imaging plays an important role in the diagnosis and therapeutic response evaluation of muscular discases. However. one
important limitation is its incapacity to assess the in vivo biomechanical properties of the muscles. The emerging shear wave
sonoclastography technique offers a quantifiable spatial representation of the viscoelastic characteristics of skeletal muscle.
Elastography is a non-invasive tool used to analyze the physiologic and biomechanical properties of muscles in healthy and
pathologic conditions. However. radiologists need to familiarize themselves with the muscular biomechanical concepts and
technical challenges of shear wave elastography. This review introduces the basic principles of muscle shear wave elastography.,
analyzes the factors that can influence measurements and provides an overview of'its potential clinical applications in the field of

muscular diseases.

Keywords Elastic modulus - Elasticity imaging techniques - Review - Skeletal muscle

Introduction

Imaging allows clinicians to assess the qualitative, morpho-
logic and metabolic status of skeletal muscle by showing ede-
ma, cross-sectional areas, masses and fat infiltration [1, 2].
Despite the contributions of conventional imaging. it remains
limited for the diagnosis of muscular diseases, one important
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limitation being its incapacity to assess the in vivo contractile
properties of the muscles. This is conceming, given that the
function of the muscles relies precisely on their capacity to
contract, which in turn modifies their tissular elasticity.
Recently, ultrasound elastography has provided a quantifi-
able spatial representation of “elasticity” (or “hardness™ or
“stifiness™) in the form of an elastogram [3-6]. The basic
principle of elastography is (1) to create a shear or compres-
sion wave through a stress. (2) to map the distortion induced
by the wave in the tissue using sonography and (3) to trace the
wave back to the mechanical properties of the tissue by using
inversion algorithms [7]. The two most frequently used
clastography techniques are strain (or compressive)
elastography and shear wave elastography (SWE). In strain
clastography, stress is applied by repeated manual compres-
sion of the transducer. The amount of lesion deformation rel-
ative to the surrounding normal tissue is measured and
displayed in an elastogram. Unfortunately. with this tech-
nique, data acquisition and interpretation are largely operator
dependent, especially in muscle, which has complex biome-
chanical properties. SWE uses an acoustic radiation force im-
pulse, which does not require specific experience of the  ex-
aminer. SWE is less operator-dependent than strain
clastography and represents a reproducible tool for quantify-
ing stiffness. Elastography has gained an important role in the
diagnostics, staging and follow-up of numerous diseases and
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is now part of routine examination for soft tissues imaging,
such as breast [8] or thyroid [9] imaging, or evaluation of
fibrosis in liver pathology [10].

SWE of skeletal muscle has also attracted broad research
interest. Elasticity is a critical determinant of muscle perfor-
mance and force; hence, its assessment in vivo can help to
improve the understanding of muscle functions [11].
Numerous studies have been conducted that use SWE for
different muscles in healthy and diseased muscle as well as
in different muscular states, the findings of which are hetero-
geneous but informative [12-16]. This review introduces the
basic principles of muscle shear wave elastography and mus-
cle biomechanics and presents the main results obtained in
healthy and pathologic muscle. Ultimately, we speculate on
the limitations, clinical applications and potential future appli-
cations of SWE to skeletal muscle.

Basic principle of SWE

In clinical practice, the stiffness of a tissue is subjectively
assessed by manual palpation. In biomechanics. stiffness is
defined by the proportional relationship between the stress
(the external force or compression) and strain (deformation)
applied to it. SWE is based on Hooke's law, which estab-
lishes—only in isotropic and purely elastic media—a relation-
ship among strain, stress and elasticity: s =E-d. where E, the
elastic or Young's modulus, is measured in kPa; s is the stress
or external force; d is the strain or deformation. The apphied
strain is generally responsible for two kinds of waves: the
shear and compression waves, which are used to quantify
stiffness with SWE and strain elastography, respectively.
SWE encompasses a group of techniques that act differently
to create shear waves by using either an ultrasound push beam
or external mechanical vibration [7, 16-18]. Transmission of a
longitudinal pulse leads to tissue displacement. which is de-
tected by pulse echo ultrasound. As a first step, SWE tech-
niques measure the shear wave velocity [swv, also named
shear wave speed (sws) or v in m's '] in the tissue. Vis pro-
portional to the shear modulus (also named p or G in kPa)
using the formula: =3 p.v* (where p is the tissue density,
equal to 1000 kg.m? in the human body). £ and yi are related
by the formula: E =3-p. Finally, SWE does not directly mea-
sure the E, but measures v, which in turn is used to estimate j
and then E. Hard tissues have a higher £, p and v than soft
ones. In most studies, the shear modulus 1s the biomechanical
parameter used to characterize stiffness.

Stiffness is displayed on a B-mode scan with an overlaid
clastogram in color. Warm colors correspond to hard tissues.
cold colors to soft ones. The stiffness value is then measured
within a region of interest (ROT) on the elastogram.

Regarding the constructor, stifiness is expressed by the
shear wave speed in m's™', Young's modulus or shear modu-
lus. Authors most commenly used the shear modulus obtained

&) Springer

(1) from the Young's modulus divided by 3 or (2) from SWV
with the formula 1 = 3p+7. Note that, regarding the rheologic
fit model used. p was from 980 to 1100 kg/m*.

Technical considerations

A comparative study between SWE and traditional material
testing techniques has shown proportional changes of the shear
modulus and Young’s modulus. respectively. with increasing
tensile load and validated stiffness measurement using SWE
[19]. Although SWE provides reliable stiffness measurements
under proper conditions and using the same method, several
technical parameters are known to influence the measurements
and need to be taken in account [18, 20-22].

All commercially available SWE systems are based on
the prerequisite that soft tissues are purely elastic, incom-
pressible and isotropic. First, the major technical parameter
that influences stiffness measurement is the anisotropic
physical properties of the skeletal muscle. The tissular or-
ganization of skeletal muscle, which comprises a parallel
arrangement of myofibrils. muscular fibers, collagen and
elastic fibers. and fascicles, confers anisotropic, in particu-
lar orthotropic properties (which are a subset of anisotropic
properties that differ along the three orthogonal axes) to the
skeletal muscle. These orthotropic physical properties are
responsible for the fact that shear waves travel faster along
the direction of the fibers than they do when perpendicular
to them [19, 21] (Fig, 1). This has a number of conse-
quences. First, stiffness measurements are sensitive to the
angle between the probe axis and the orientation of the mus-
cular fibers. Shear modulus measurements using SWE are
correlated with Young’s modulus only if the probe is orient-
ed parallel to the muscle fibers. Another consequence is the
difficulty assessing meaningful results in muscles with
complex anatomy. Multipennate, conic, triangular or fusi-
form anatomy, which yields “multi- orientation™ fibers, in-
troduces a technical difficulty in visualizing the orientation
of fibers. This technical difficulty requires careful consider-
ation of the muscle anatomy before using SWE. Finally, the
stiffness value depends on the position of the probe in rela-
tion to the muscle fiber direction: therefore, SWE is partly
operator dependent especially in complex and large mus-
cles. However, intra- and inter-observer reliabilities remain
good to excellent if performed by a skilled senior and if the
angle between the probe axis and the orientation of the mus-
cular fibers is inferior to 20° [21, 22].

The second parameter concerns the viscoelastic properties
of skeletal muscles. Rheologic fit models (formulas) used to
measure stiffness from shear wave propagation assume that
muscle is purely elastic, which it is not [7, 14]. Muscle be-
haves as a combination of viscous and elastic properties,
which together correspond to the “complex shear modulus™
(G). The complex shear modulus (G) is composed of storage
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Fig. 1 Stiffness differences
between the longitudinal (a) and

Young's Modulus:
Mean Z19KPa——

transversal (b} planes to the Min  19,5kPa
muscle fibers in the biceps brachii Max  25,4kPa
(37-year-old male volunteer).
Stiffness increases by a factor of
four between the longitudinal and Mean

the transversal planes, Mean, Min__2,6m/fs
minimun (min ) and maximum Max  2,9m/s
(max) values of both Young's e
modulus and shear wave velocity
are measured within a circular A
ROl of 10 mm diameter

2,7m/s

Young's Modulus:_

Mean 5,7kPa
Min 4,2kPa
~Max—7rikPa

Shear wave velocity:

Mean 1,4mfs
™R 1.2m/s
Max"_1,5m/s-

B

shear modulus (u elastic SM or G) and loss shear modulus (or
n or viscous shear modulus or G"). Also. the viscoelastic
properties are non-linear, i.e., stiffness changes are relative
to the characteristics of the applied stress such as the frequen-
cy of the shear wave. Moreover. given the contractile and
stretching properties of muscle, muscle viscoelasticity is ac-
tive [23].

Thurd, skeletal muscle is a deformable tissue; thus, SWE is
sensitive to transducer pressure. Indeed, muscle is anisotropic
(orthotropic), non-linearly viscoelastic, compressive/
deformable and active tissue. Because the rheologic fit model
used in SWE ignores the viscous and anisotropic properties of
the muscle (which is valid for isotropic tissues such as the liver
or the thyroid gland), constructors state that the most appro-
priate stiffness unit for muscle should be the shear wave ve-
locity. A generous amount of coupling gel needs to be applied
onto the surface of the skin so the probe does not compress the
muscles.

Absolutely, SWE is less robust in deeper muscles as the
propagation of the shear waves, and hence the outcomes, de-
pends on the surrounding tissues. Greater acquisition depth,
thick superficial fat layers and greater BMI are responsible for
an aftenuation effect that disturbs shear wave collection and
creates artifacts as “holes™ or areas of very high/low stiffness
in the clastogram [24-27]. Interferences due to reflections
(fascia, bone) might also induce changes in wave pattems
and corrupt reconstruction (Fig. 2). A consequence of this is
that the stiffness value might depend on the ROI size and
position.

Stiffness values also depend on the transducers and ma-
chines from the different vendors [24]. presets, acoustic
methods and calculation formulas used [28, 29].

Shear wave velocity!

Functional assessment of muscle

SWE clearly emphasizes stiffness changes related to muscle
contraction, stretching, manual therapy procedures and mus-
cle manipulation (Fig. 3). Muscle response to a load creates an
active and a passive force, which are both responsible for
increased stiffness [18, 30, 31].

Rest

Muscle stifiness in resting condition is where the muscle has
the lowest stiffness value. The resting condition is obtained in
case of absence of load and torque and confirmed by the
absence of neuromuscular activity on the electromyogram.
More specifically, muscular stifiness reaches the lowest value
when the muscle is at rest in slack length (defined as the length
beyond which the muscle begins to develop passive elastic
force) [32, 23], Because of the attenuation effect in deep mus-
cles, most studies have been conducted on appendicular and
superficial muscles, in particular the gastrocnemius, quadri-
ceps and biceps brachii. Significant stiffness differences are
observed between various muscles [34, 35]. In humans, re-
ported shear modulus values at rest range between 3.1 kPa in
the biceps brachii and 42.8 kPa in the masseter in vivo
(Table 1).

Muscle contraction

SWE detects subtle stiffness variations since the beginning of
contraction [31, 101]. The magnitude of the biomechanical
changes with contraction is positively and linearly correlated
with the muscle force and myoelectrical activity level [28, 31,
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Fig. 2 Examples of artifacts (37-
year-old male volunteer). a
Artifacts related to bones within
the brachialis (arowheads). B,
brachialis: /, humerus. b and ¢
Attenuation effect (*) of the fascia
(arrows) (crural fascia. b;
thoracolumbar fascia. ¢). TA.
tibialis anterior; ES, erector spinae

65, 82, 83, 91, 102]. The yield curve of increased stiffness
during contraction differs between muscles and depends on
the intensity of the force [i.e., the vector quantity, which is a
straight-line push or pull, usually expressed in pounds (Ibs) or
Newtons (N)] and torque [i.e., the corresponding angular var-
iable to force is a torque (or moment of force)] as well as on

fascicle length [14, 28, 47-50, 53, 61, 71, 80, 82, 86, 103,
104].

Unfortunately, the increase in stiffness with higher contrac-
tion levels cannot always be measured as shear waves in more
rigid tissues and may propagate too fast for some ultrasound
systems to be properly tracked [31]. Above a certain stiffness

Fig. 3 Examples of elasticity images of a biceps brachii elasticity map
obtained with SWE (35-year-old male volunteer). a B-mode ultrasound
image used to find the longitudinal axis of muscle fibers. b Elastogram at
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rest. ¢ Elastogram during stretching. d Elastogram during contraction.
Warm colors correspond to hard tissues and cold ones correspond to soft

tissues
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Table 1 {continued)

Author year Study design  Muscle Population Stiffiress value and Functional Biomechanical
number (M/F) unit in relaxed muscle assessment parameter
Age (longitudinal axis) of muscle studied
BF, Gr, RF, 25.54+2.8 years G 6.0 & 1. TkPA
Sar. SM, ST, RF: 4.1 +0.6 kPa
VL, VM. GM. Sar 53+ 1.1 kPa
GL, Sol SM: 5.3=1.5 kPa ST:
42=1.0kPa
VL: 5.5+ 1.0 kPa
VM: 39406 kPa
GM: 45 £09kPa
GL: 4,7+0.7 kPa
Sol: 6.6+ 1.4 kPa
Eby 2015 [58] Cohort BB 47/86 4.9=13 kPa Stretching SM
4.3 years
Eby 2016 [59] Caohort BB 2/256 years NC Stretching SM
Contrmls
Eriksson Crommen Cohort GM 12/6 28 (6.4 years 11.0£3.1 kPa SM
2014 [60]
Erwertsen 2016 [34] Cohon BB, Q, 5/5 BE: 148 + 1.3 kPa SWV
G 325y G 94+ 1.9 kPa
167 + 1.3 kPa
Genisson 2010 [14] Cohort BA 5NC BA: 5902 kPa Contraction GG'GT
Stretching SwWv
Guilhem 2016 [61] Cohort GM 9/8 279+ 99kPa Contraction SM
25,04 3.7 vears
Hirata 2016 [62] Cohort GM, GL, Sol B4 NC Swretching SM
20.4 4 2.9 vears
Hirata 2015 [63] Cohort GM. GL Sol 54 NC Swetching SM
211 £2 years
Hirayama 2015 [27] Cohort TrA 100 21+ 0.6mis SWV
24 = 4 years
Hug 2013 [33] Cohort GM 9/0 S04 12kPa Stretching SM
22,64 1.8 vears
Hug 2014 [64] Cohort RF e 37+£1kPa Contraction SM
34 =6 years Stretching
Deffieux 2008 [65] Cohort EB 4 NC NC Contraction SWV
Ichihashi 2016 [66) Cohort ST, SM, 3040 NC SM
BF 227+ 2.2 years
Ttoigawa 2014 [67] Cohort SSp 3 NC37 years 3274 127 kPa-> SM
40+ 12.4kPa
Koo 2014 [26] Cohort TA 911 5.8+ L9kPa Stretching SM
8.7+ 8.8 years
Koo 2015 [32) Cohort TA 16 NC TA: 25.5 kPa Stretching SM
GL GL: 24.2 kPa
Kot 2012 [29] Cohort RF 14/6 127+ 3.4 kPa SM
26,4 4 3.5 years
Lacourpailie 2014 [68] Cohort BB 11/5 BB:39=12kPa Contraction SM
BA 23.6+3.2 years BA: 7.2+12 kPa Stretching
Lacourpaille 2012 [69] Cohort GM. TA, VL, 25/5 GM: 3+0.6 kPa SM
RF, TB, BR. 25+7 TA: 45405 kPa
APO, ADM VL: 3.3 4 0.4 kPa
RF: 3.2 4 0.4 kPa
TB: 3.1 £0.2 kPa
BB: 3.1 =04 kPa
BR:35=04 kPa
AP(O: 3.8=0.7kPa
ADM: 45 + 0.6 kPa
Lacourpaille 2013 [70] Cohort BB 120 NC Stretching SM
21.8 4 2.3 vears Contraction
Lapole 2014 [71] Cohort BB s NC Contraction SM
38 =10 years
Leong 2016 [72) Cohort T 17/0 10.2= 1.8 kPa Contraction SM
21.7+3.5 Athletes Swretching
Controls
Le Sant 2015 73] Cohort ST, BF, 18 NC NC Stretching SM
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Table 1 {continued)

Author year Study design  Muscle Population Stiffiress value and Functional Biomechanical
number (M/F) unitinrelaxed muscle  assessment parameter
Age (longitudinal axis) of muscle studied
SM 23.542.3 years
Levinson 1995 [15] Cohort Q 100 4+035 m's Contraction SWV
YM
MacDonald 2015 [25) Cohort OEA 16/14 OEA: 6.9+2.1kPa Contraction SM
OIA 20=3 vears OIA: 3.5+ 09 kPa
TrA TA 4.0+ 08 kPa
RA RA: 54 + 1K kPa
Maisetti 2012 [74] Cohort GM 70 NC Stretching SM
27+6
Miyamoto 2015 [22 Cohort EB 114 NC Swretching SM
GM 22+ 1.1 years
Miyamoto 2015 [75] Caohort BF, ST, 5M 120 NC Stretching SM
22 +3 years
Moreau 2016 [76] Cohort Mu 64 L4:68£12kPa Stretching SM
25.5 4 2.2 years L2: 85+ 1.0 kPa
Nakamura 2014 [77] Cohort GM 17/0 §+2 kPa Stretching SM
23.5£2.6 years
Nakamura 2016 [35] Cohort SM 15/0 ST:25.5+4.6 kPa Stretching SM
BF 222424 years SM:44£11.5 kPa
ST BF: 313+ 15.6 kPa
Nakamura 2016 [78] Cohort GM 1040 8.1+0.6kPa Stretching SM
23.3 £ 1.1 years
Nordez 2010 [31] Cohort BB 51 11.3 3.8 kPa Contraction SM
32.3£8.9 vears
Poumot 2016 [79] Cohort BB 6/5 17.5=5.1 kPa Contraction SM
38 £ 9 years
Raiter: 2016 [80] Cohort LG 70 NC Contraction SM
28 =5 years Stretching
Rosskopft 2016 [81] Cohort S8 11711 305 ms Controls SWV
53.8 = 15.3 years
Sasaki 2014 [82] Cohort TA 217 NC Contraction SM
28,4+ 3.9 years
Shinoham Cohort TA, GM, Sol 1/046 vears TA: 406+ | kPa Contraction YM
2010 [83] GM: 165+ 1 kPa
8:14.5+x20kPa
Souron 2016 [84] Cohort TA 21725 NC Contraction SM
19 =2 years
Tanigushi 2015 [85] Cahort GM 55 GM: 9.2+2 kPa Stretching SM
GL 21.8 4 1.2 vears GL: 74415 kPa
Tran 2016 [86] Cohort RA 11 NC RA: 5.2 kPa Contraction SM
OEA, OlA, TrA 40-62 years OE: 22 kPa Valsalva
OF 10.3 kPa
TrA: 8.1 kPa
Umegaki 2015 [87] Cohort ST 23/0 BF: 20.1£7.9 kPa Stretching SM
BF 23,04 2.1 years ST: 13,944 4 kPa
Umegaki 2015 [88] Caohort ST 2000 ST: 123435k SM
SM 23,44 2.3 vears SM: 180+ 7.1 kPa
BF BF:23.1 £89kPa
Umehara 2015 [89] Cohort TFL 20M 246=8kPa Stretching SM
23.3 £ 1.6 years
Yoshida 2016 [90] Cohort GM 2 4.5+ 1.6 mis SWV
31.7 years
Yoshitake 2014 [91] Cohort BB 10 NC 5.1+ 0.06kPa Contraction SM
20.9 4 1 years
Zhang 2016 [92] Cohort VL 330NC VL:3.6=05kPa SM
RF Controls RF: 390 £ 0.9 kPa
Athlete
Eby 2013 [19] Armimals BA 4 Swines NC Stretching SM
¥M
Koo 2013 [93] Animals TA 32 Chickens TA: 253422 kPa Stretching SM
GL GL: 258 +5.9kPa
Lv 2012 [94] Animals Legs 28 Rabbits 10,524 kPa YM
Animals NC 14 Bovines 78 kPa M
) Springer
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Table 1 (continued)

Author year Study design  Muscle Population Stiffiress value and Functional Biomechanical
number (M/F) unit in relaxed muscle assessment parameter
Age (longitudinal axis) of muscle studied
Sapin-de-Brosses
2010 [95]
Haua 2015 [96] Cadavers SSp 30NC NC Stretching SM
50-92 years
Hamua 2016 [97] Cadavers D 8 NC 391119 Stretching SM
72-90 years -> ?’4191 kPa
Joy 2015 [98] Cadavers G 33 3 YM
Ma 81,74 132 years M: lS 3 kPa
Yoshitake 2016 [99] Cadavers GM n 22 kPa SM
B9.3+£7.5 vears
Brandenbourg 2014 [16] Review
Hoyt 2008 [100] Review
Hug 2015 [ 18] Review
Klauser 2014 [12] Review

ADM, abductor digiti minini; APO, adductor pn]hcn nhhqulla BA, hmcps brachii; BF, biceps fcmﬂm BR, brachiomdialis; D, deltoid; D240, dorsal
interosseous; £, female; FOP flexor digitorum profondus: G, ga mius; (A, gast n . GL, gastrocnemius lateralis; Gr, gracilis; fo,
iliocostalis: Lg, Longissimus: Lv§, levator scapulae: M. male: Ma.a multifidus: Ma, masseter: OFA, obliquus externus abdominis: @IA, obliquus intemus
abdomimis; PL, peroneus longus; 0, quadriceps; RA, rectus abdominis; RF, rectus femori; Sar, sartonius; ScA, scalenus anterior; SCM,
sternocleidomastoid: SM. semimeml Sol, Soleus; SoF. soft palate: SpC, Splenius capitis: 8Sp, suprasp . T, wapezius:
TA, tibialis anterior; T8, triceps brachii; TFL, tensor fascia latae: TrA, transverse abdominis; VI, vastus intermedius: VL, vastus lateralis: VM., vastus

ST, semitendi

mediahis

threshold. which depends on performances of the equipment
(maximal value v: 16 mvs or G=266 kPa or E =800 kPa), the
measurement quality deteriorates and SWE cannot properly mea-
sure tissue stifiness. The elasticity is thereafter underestimated
[31]. With the first equipment, muscle contraction was analyzed
only up to 30% of the maximal voluntary contraction. Stiffness
values could be measured for almost maximal contraction with
more recent ultrasound systems [18].

During contraction, a heterogeneous pattern of stiffness
appears within the muscular tissue probably reflecting the
non-synchronization of motor units [82].

Afteran intense eccentric contraction. stiffness continues to

increase for several days [68, 79] as a consequence of series of

events leading to muscle damage [102].

Stretching

Elastography provides an individual index of passive muscle
force by investigating stiflness during stretching/lengthening
and torque (here, a torsion or twisting moment). Stretching
was responsible for a linear increase in muscle stiffness, the
magnitude of which depended on the type of muscle, joint
stiffness and positioning [11, 26, 32, 42, 51, 54, 63, 64,
73-77, 87, 89,93, 99, 105, 106].

Manual therapy procedures and muscle manipulation

Static stretching [36, 37, 66, 77, 85, 88], massage [60] and
deloading tape [64] induce acute and transient decreased

&) Springer

stiffness in the underlying muscle region. Cryotherapy in-
creases stiffness in the underlying muscle region [107].

Note that muscle torque, stretching and contraction affect
the reliability of stiffness measurement [ 14, 20, 29, 48, 52].

Individual, spatial and temporal stiffness variability
Inter-individual variability

Regardless of muscle activity, large inter-individual and inter-
sample stiffness differences exist that reflect a large inter-
individual variability. Regarding the inter-individual stiffness,
the mean shear modulus usually varies by a factor of two or
even three between individuals [25, 36]. Regarding the inter-
sample stiffness differences, the mean shear modulus values
of a same muscle may increase by a factor of three to five
between studies. In an attempt to understand the origins of
such inter-individual variability, some works studied the influ-
ence ol gender, age, physical activity and training or anatom-
ical characteristics of muscles on stiffness. However, no obvi-
ous stiffness dimorphism emerges that was related to sexual.
aging or physical activity. Most investigators did not observed
gender differences [39, 46. 84] and the rare significant results
that were reported were contradictory and dependent on the
joint position and age [6, 39, 58]. With aging also, no repro-
ductive and controversy age-related stiflness changes have
been observed [6, 39, 58]. For example, aging has been asso-
ciated with increased stiffness in the biceps brachii [58],
whereas the opposite was observed in the legs [39]. Stiffness
in childhood has not been studied with SWE. Magnetic
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resonance elastography reported significantly higher stiffness
in adults than in children in thigh muscles [108]. Similar
trends should be expected with SWE. Concemning the influ-
ence of physical activity and training, a study reported no
significant muscle stiffness change afier a 6-weck resistance
training program, whereas muscle thickness changes were
significant [41]. No reproducible and significant relationship
was described between stiffness and anatomical characteris-
tics such as cross-sectional area or muscle thickness [32, 38,
109]. Similarly, most studies did not find a side-to-side stiff-
ness difference [92].

As shown in a previous paragraph, numerous methodologic
differences such as the measurement unit used and rheologic fit
modeling, probe position, variation in body and joint position,
and set-up and difficulty in achieving a fully relaxed state
(slack length) affect the reliability of measurement, making it
difficult to precisely compare findings, and might be responsi-
ble for these differences [20, 29, 48, 52].

Spatial and temporal variability

Within a given muscle, stiffness is not uniform and displays
regional differences regardless of the muscular status.
Investigators reported diffuse heterogeneities—especially
during contraction [31, 97]—as well as stffness differences
along the longitudinal axis of muscles [52, 56, 58, 69, 106].
Heterogeneity in the transversal axis ofmuscle have also been
observed but showed some inconsistencies: both higher [52]
and lower [34] stiffness was found in the deep part of the
muscle than in the superficial. Spatial variability probably
reflects the underlying histologic differences observed with a
similar distribution pattern [110]. As described above. muscle
geometry also influences stiffness, in particular through the
technical difficulty induced by such complex anatomy.

Interestingly, SWEs have shown that a superficial to deep
stiffness pattern might also result from a compressive effect of
surrounding tissue (fascia, muscle, skin) on the superficial pant
of the muscle. By comparing muscular stiffness with the skin
and after removal of the skin and fascia in human cadavers,
some authors showed that the skin and fascia contributed to
increasing muscular stiffness in legs [26, 99]. Conversely, in
the shoulder, the skin, fat and fascia did not influence rotator
culf muscle stiffness [96].

Most of the inter-day experiments demonstrated good tem-
poral reliability of shear modulus measurements [106].
However, studies on thin, deep or large muscles [ound fair
to poor reliability of the shear modulus measurements with
significant inter-days differences [25, 86]. In these muscles,
poor temporal reliability constitutes a limitation of the SWE
technique induced by an attenuation effect and complex mus-
cle anatomy, but might also reflect daily changes related to
load and muscle fatigue, in particular in trunk muscles.

SWE of pathologies of the skeletal muscle

Pathologic and dysfunctional muscles have abnormal me-
chanical properties. and SWE highlights therapeutic effects
in muscular discases (Table 2).

Increased stiffness has been observed in congenital myop-
athies such as Duchenne muscular dystrophy [112, 117] and
cerebral palsy [113]. Decreased stiffness has been reported in
congenital myopathies such as GNE [52] and cuff
tendinopathy [72, 81, 97]. The magnitude and dynamics of
stiffness changes are linked to the severity of the disorder and
the efficiency of the treatment. SWE revealed abnormal stiff-
ness in “idiopathic™ muscular pain syndrome with no other
radiologic features [40] or pain syndrome related to delayed
onset muscle soreness (DOMS) caused by unaccustomed ec-
centric contraction [68, 79].

SWE is interesting for the evaluation of the biomechanical
outcomes of various musculoskeletal surgical repair tech-
niques in the shoulder [97, 115, 116]. The effectiveness of
the rehabilitation technique could also be quantified using
SWE [25, 114].

Structure- and function-related muscle stiffness
changes

As observed with manual palpation, SWE reveals stiffness
changes related to muscle activity, load and torque. Stiffness
is hinearly related to both active and passive muscle forces
induced by actomyosin cross bridges. hyperemia and changes
in the extracellular matrix during contraction [118, 119] and
induced by changes in the extracellular matrix and myofila-
ment elasticity during stretching [11]. Interestingly, SWE also
objectively highlights the muscular relaxation induced by
manual procedures.

Within muscle stiffness variability, inter-individual stiff-
ness variability and stiffness changes in diseased muscles raise
questions related to the nature of the relationship between
muscle histology and stiffness. Within a muscle, the spatial
arrangements of fascicles. number and type of fibers, 1soforms
of actin-myosin, amount of fat, architecture of the capillary
supply network and connective tissue vary depending on the
use and function of the muscle [110, 120, 121]. The spatial
histologic pattern often matches with the stiffness variations
observed between and within muscles: both stiffness and his-
tology vary between the depth and surface of the muscle as
well as between the proximal and distal parts of the muscle.
Thus, many investigators have suggested that inter-muscular
differences should correlate with the muscle histology, in par-
ticular with fiber type. Following the same reasoning, we can
guess that pathologic muscles, which present pronounced bi-
ologic changes such as inflammation, denervation and edema,
can be differentiated from normal muscle using SWE analysis.
Despite this seeming biologic-stiffness relationship, stifiness
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Table 1 Study charactenstics using SWE in healthy individuals
Author year Study design  Muscle Population Stiffiress value and Functional Biomechanical
number (M/F) unitinrelaxed muscle  assessment  parameter
Age (longitudinal axis) of muscle studied
Akagi 2013 [36] Cohort GM, GL 2000 GM: 27.64 73 kPa Stretching SM
25.0+ 3.4 years GL: 335 + 63 kPa
(Transverse axis only)
Akagi 2014 [37] Cohort GM. GL 190 GM: 27.0+ 59kPa YM
23.7 £ 2.3 years GL: 32.0 £ 6.3 kPa
(Transverse axis only)
Akagi 2015 [38] Cohort B 18/ NC Contraction SM
22,44 2.6 years
Akapi 2015 [39] Cohort RF, G. Sol 4238 RF: 3.4 £ 0.7 kPa SM
22.78 vears GL: 3.1 = 1.1 kPa
SOL: 3.6 =0.9kPa
Akagi 2015 [40] Caohort T, SpC, 12/12 T: 5.86 = 1.6 kPa SM
Lv§ 21 = | years SpC: 510+ 1.1 kPa
LvS: 458 + 1.3 kPa
Akagi 2016 [41] Cohort B 230 6.54 23 kPa SM
22,1+ 1.1 yeary
Akiyama 2016 [42] Cohort GM. GL, Sol, 200 GM: 2403 m/s Stretching SWV
PL. TA 19.4 + 2.9 vears GL:24=03m's
Control Sol: 2.6 £ 0.3 mfs
Athlete PL: 2.7+ 02 mvs
TA: 32+ 04 mi
Andonian 2016 [43] Cohort VM 4604 VM: 3+ 05 kPa Contraction SWV
vl 43=9.1 vears RF:38 +0.5 kPa SM
RF Athlete VL:3.9=05kPa
Andrade 2015 [44] Cohort GM 90 NC Stretching SM
25+ 3 years
Arda 2001 [6] Cohort GM 2889 GM: 114+ 40 kPa YM
Ma 37.7+9.1 years Ma: 104 +3.7 kPa
Arji 2016 [45] Cohort Ma 219 428+5.6 kPa YM
31.5 years
Ates 2015 [28] Cohort ADM 10/0 NC Contraction SM
27.8 + 5.9 years
Botanlioglu 2013 [46] Cohort VL 111 VL: 162 + 3.7 kPa Contraction YM
VM 28 = 4 years VM: 148+ 53kPa
Bouillard 2011 [47] Cuohort ADM 70 NC Contraction SM
First DIO 25=2.7 years
Cantrols
Bouillard 2012 [48] Cohort BB, BA, T3 NC Contraction SM
BR, TB 24.9 4+ 3.6 years
Bouillard 2012 [49] Cohort ADM, VL, 18/4 NC Contraction SM
VM. RF 23.1 422 years
Bouillard 2014 [50] Cohort VL. VM, RF 151 VL: 6.7 kPa Contraction SM
24.6 + 2.6 years VM: 5.5 kPa
RF: 3.4 kPa
Brandenbourg 2015 [51] Cohort Gl B/12 8.6+ 3kPa Stretching SM
2-12 years
Carpenter 2015 [52] Cohort RF 23 RF:3.7+ 14 mis Controls SWy
VL 27-33 years VL: 45+1.5 ms
G G 43+ 16 mis
Chemak 2013 [33] Cohort GM 10 NC 2.1 0.3 m's Contraction SWV
Stretching
Chino 2016 [54] Cohort GM 26126 NC Stretching SM
24,44 59 years
Chino 2015 [55] Cohort GM 13/12 31 kPa Swretching YM
22 =43 years
Cortez 2015 [21] Cohort TA 9 1.9-2.8 ms Swv
GM 19-61 years
Creze 2017 [56) Cohort Mu 7/923 years M:34+ 16kPa SM
Lg Lg:69£27 kPa
le le: 49+ 14 kPa
Du 2016 [57] Cohort EB 1813 244+5.1 kPa YM
46,7+ 3.2 years Control
Dubois 2015 [20] Cohort 10 NC BF: 5.6+ 1.4kPa Stretching SM
) Springer
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Table 2 Study charactenstics using SWE in muscle diseases

Author year Study design  Muscl Popul Pathology Stiffness Biomechanical
{paticnis) (patients vs. controls) parameter
Number
Age
Akagi 2015 [40] Cohort T. SpC. 13 M Subjective symptom No difference SM
Lv§ 21 £ 1 years of neck and shoulder
stiffness
Akivama 2016 [42] Cohort GMGL, Sel,, 24M Medial tibial stress Increase SwWv
PL, TA 219+ 6.4 years syndrome
Botanlioglu 2013 [46) Cohort VL. VM IIF Patellofermoral pain Decrease (VM) YM
30.8 8.2 years syndrome
Brandenbourg 2016 [111]  Cohort GL 12 (6F-TM) Cerebral palsy Increase SM
5= 1 years
Carpenter 2015 [52] Cohort RF. GL, 8 (4Ff1!\ﬂ GNE-related myopathy Decrease SWV
GM, LV 27-33 years
Du 2016 [57] Cohort BB 46(27 M-19F) Parkinson disease Increase YM
47.9=2.8 vears
Eby 2016 [59] Caohort BB 9(7 M-2F) Chronic stroke Increase with torque SM
38.3 years and passive extension
on contralateral limb
of patient
Lacourpaille 2014 [68] Cohort BB 16 (11 M-5F) Delayed onset muscular  Increase 5M
BA 23.6+32 yaars S0rensss
Lacoupaille 2015 [112] Cohort GM, TA. VL,  14(NC) Duchenne muscular Increase SM
BE. TB. 13.3=5.9 vears dystrophy
ADM
Lee 2016 [113] Cohort GM, TA R (AF-5M) Cerebral palsy Increase SWV
044 3.7 vears
Leong 20016 [72] Cohort T 26M Tendinopathy Increase SM
23.6=3.3 vears
Volleyball
plavers
Rosskopf 2016 [51] Caohort SSp 4422F-22M) Tendinopathy Decrease SWV
20-60 years
Yamauchs 2016 [114] Caohort ISP nBnM Evaluation of physical Decrease SM
™ 21441 2 years therapy (muscle
D Buaseball stretching) in
plavers shoulder tightness
Zhang 2016 [92] Cohort VL M Tendinopathy Increase (VL)Y SM
RF 28+42
Violfevhall/
Buskethall
plavers
Hata 2015 [96] Cadavers SSp 30 (NC) Tendinous tear Smaller vanation of SM
stiffness with
adduction
Hatta 2016 [115] Cadavers SSp BINC) Evaluntion of surgical NC SM
repair
Hatta 2016 [116] Cadavers SSp 12 (NC) Evaluation of surgical Increase after surgical SM
repair repair
Hatta 2016 [97] Cadavers D B (NC) Biomechanical effect Increase with SM
of reverse shoulder elongation
arthroplasty
Ly 2012 [94] Animals Hind leg 28 Rabhits Crush Increase M
ADM, abductor digiti minimi; BB, biceps brachii; BA, brachialis; D, deltoid; GM, gastroc i dialis: GL, gastroc ius | lis; Gr, gracilis: [Sp,

infraspmatus; LvS, levator scapulac; PL, peroncus longus; O, quadniceps: RF, rectus femon: Sar, sartonus; Sof, Soleus; Sof, soft palate: SpC, Splenius
capitis; SS§p, supraspinatus: T, trapezius: TA. tibialis anterior; TB, triceps brachii: TM, teres minor: Tg, tongue: VI, vastus intermedius: VL, vastus lateralis:

VM, vastus medialis

failed to be a significant quantitative marker of histologic
changes due to aging, gender or physical activity [122, 123].
Fiber-type composition and muscle performance are known to
be different between men and women [ 124]. Decreases of the
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number and the size of the fibers, fat degeneration and
corrupted connective tissue occur with aging. In response to
changes in neuromuscular activity or mechanical loading,
muscle has great adaptive potential called muscle plasticity.
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Thus. considering physical activity leading to angiogenesis
and muscular fiber changes, and inactivity leading to
sarcopenia and fat infiltration, we could expect that muscle
plasticity would induce stiffness changes. However, SWE
did not reveal the quantitative stiffness changes expected in
relation to the specific muscle histology of samples extracted
from females or males, athletes, juniors or seniors [30, 125].

Lastly, skeletal muscle significantly participates in multiple
bodily functions and the general metabolism. To date, the bio-
mechanical behaviors of skeletal muscle in response to general
metabolism stimuli, such as corticosteroids, and hormonal
levels have not been studied. Such plasticity related to various
metabolic and mechanical demands might partly explain the
large inter- and intra-individual variability. Individual factors
that influence stiffness have not been identified yet.

Feasibility in clinical routine

Actually, SWE of skeletal muscle remains in the field of re-
search, and no guideline on the use of SWE in medical prac-
tice exists yet. Moreover, most of US scanners are not
equipped with systems that allow realizing SWE. Given the
influence of the many technical factors on stiffness measure-
ments cited above, knowledge of the anatomy of the studied
muscle, the basic muscular biomechanical concepts and the
limits of the SWE method (in particular the role of anisotropy)
is needed before using SWE on skeletal muscle,

SWE has potential in both research and clinical settings. In
the field of biomechanics, SWE of muscle can be used
estimate muscle force during contraction, stretching and
torque [18]. In sports, muscle elasticity is a critical determi-
nant of muscle performance. Stiffness analysis of muscle
could prevent injury and improve training and muscle perfor-
mance. Increased muscle stiffness limits joint range of motion,
whereas decreased muscle stiffness is known to predispose to
joint partial dislocation [126]. In the field of physical therapy
and haptics, SWE may have a promising future in the detec-
tion and evaluation of muscular regions that are tender and
abnormal to palpation. Even if the majority of palpatory tests
demonstrate poor or fair reliability, muscle stiffness changes
measured by manual palpation are claimed to be important
clinical features of the diagnostics of joint dysfunction. In
medical practice. ultrasonography of muscle is mainly used
in muscle-tendon pain syndrome and trauma as well as in the
first examination of soft tissue masses. Real-time SWE could
be easily implemented at the end of ultrasonic examination.
SWE could be helpful in diagnosing muscle injuries and com-
partment syndrome, evaluating muscle-tendon pain syn-
drome, evaluating a patient for surgery and judging the effec-
tiveness of rehabilitation. SWE has the potential to increase
the understanding of several muscular pain syndromes classi-
fied as “idiopathic” when other imaging results are normal.

How should we analyze SWE in practice and research?
First, the value of muscle stiffness could be a diagnostic and
prognostic tool since significant quantitative changes have
been observed in muscle diseases and with muscle solicitation
as contraction and stretching. In addition to quantitative data.
qualitative analyses of stiffness, i.c., the regional distribution
of stiffness within the elastogram, could be an interesting fea-
ture to characterize biomechanical changes of muscle, espe-
cially in extreme age or during muscle load while the
elastogram shows a heterogeneous stiffness pattem.

Limitations and future perspectives
Although SWE has potential in both research and clinical set-

tings, several challenges need to be faced. First, the technical
challenges need to be understood. More effective algorithms

should be developed to identify the anisotropic properties of

muscles. For each technique, the “gold standard conditions™
(muscle and joint positioning, material setup, acoustic wave
frequency, theologic fit) need to be clarified to harmonize mea-

surements, The probe should be aligned along the direction of

muscle fibers as confimmed in B-mode [21, 22]. Better temporal
and spatial resolutions of the shear wave should be improved to
allow a tri-dimensional and dynamic analysis of stiffness. For
complex and large muscles, the stiffness should be measured in
the direction of muscle shortening. Second, larger cohorts are
needed to properly determine the accuracy of SWE for the char-
acterization of muscular diseases. Third, the relationships among
muscle histology, plasticity and stiffness need to be explored.
Investigations of the relationship between muscle structure and
stiffness as well the relationship between muscle function and
stiffness are challenging and require a multidisciplinary ap-
proach including biology, biomechanics, biophysics and clinical
experience. Finally, the role of the tissular environment (subcu-
tancous, bone, fascia) on muscle stiffness needs to be clarified,
The tissular environment around the muscle seems to influence
stiffness in two ways: (1) by creating artifacts or attenuation
eflects that corrupt stiffness measurernents or (2) by increasing
tension and pressure in the muscular compartment to ensure
sufficient muscular force [26, 91, 97]. In the first instance, arti-
fact and attenuation effects are limitations of the SWE method,
and it appears necessary (o define the conditions in which such
effects oceur to avoid over- or underestimated stiffness values.
In the second instance, SWE could allow understanding the
mechanics of fascia m vivo and their role in force generation.

Conclusion
Shear wave imaging 1s a promising non-invasive tool for an-
alyzing the biomechanical properties of’ muscles in healthy

and pathologic conditions, and its scope should be broadened
in the near future,
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Abstract

Purpose The thoracolumbar fascia (TLF) and the erector spinae aponeurosis (ESA) play significant roles in the biomechanics
of the spine and could be a source of low back pain. Attachment, collagen fiber direction. size and biomechanical properties
of the TLF have been well documented. However. questions remain about the attachment of the TLF and ESA in relation to
adjoining tissues in the lumbosacral region. Moreover, quantitative data in relation to the ESA have rarely been examined.
The aim of this study was to further investigate the anatomical features of the TLF and ESA and to determine the attachments
and sliding areas of the paraspinal compartment through dissection,

Materials and methods In 10 fresh cadavers (6 females. 4 males, mean age: 77 £ 10 years). we determined (1) the gross
anatomy of the ESA and the TLF (attachments and sliding areas) and (2) the structure of the ESA and the TLF (thickness,
width, orientation of collagen fibers). The pennation angle between the axis of the ES muscle fibers and the axis of the col-
lagen fibers of the ESA were also measured,

Results The TLF is an irregular dense connective tissue with a mean thickness of 0.95 mm. The distance between the spinous
processes line and the site where the neurovascular bundles pierced the TLF, depending on the vertebral level, ranged from
29 mm at L1 to 75 mm at L3. The ESA constituted a band of regular longitudinally oriented connective fibers (mean thick-
ness: 1.85 mm). Muscles fibers of the ES were strongly diagonally attached to the ESA (mean pennation angle 87 for the
iliocostalis and 147 for the longissimus). To a lesser extent, the superficial multifidi were attached to the ESA at the lumbar
level close to the midline and at the sacral level.

Conclusion The ESA. attwice the thickness of the pTLF. was the thickest dense connective tissue of the paraspinal compart-
ment. The ESA and the TLF circumseribed subcompartments and sliding areas between the TFL and the lumbar paraspinal
muscles, between the ES and the multifidus, and between the longissimus and the iliocostalis.

Keywords Anatomy - Back muscles - Dissection - Thoracolumbar fascia - Longissimus - Multifidus - Paraspinal muscles

Introduction

Low back pain (LBP) has a high prevalence and is indeed
considered the “pain of the century™ [26]. Various causes of
specific LBP include hernia nuclei pulposi, infection, arthri-
tis, fracture, and tumors. LBP is also attributed to the lum-
bar paraspinal muscles (LPM) and the spinal fascial sheaths
Radiology Department, Bicétre Hospital, APHP, 78 avenue (also called idiopathic or nonspecific LBP). which remains
du Général Leclerc, 94270 Le Kremlin-Bicetre, France one of the most common etiologies [12. 551,
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layer of the TLF (pTLF) and the middle layer of the TLF
(mTLF). The pTLF is composed of a superficial lamina,
dominated by the aponeurosis of the latissimus dorsi and a
deeper layer as the tendon of the serratus posterior inferiorly.
The mTLF separates the epaxial from the hypaxial muscles
and comprises the fascia of the quadratus lumborum [48,
56]. At the lateral raphe, the mTLF and the pTLF merge lat-
erally to the erector spinae (ES) and connect laterally to the
common tendon of the transversus abdominis and obliquus
internus abdominis, Inside the pTLF and mTLF, the paraspi-
nal reticular sheath (PRS) encapsulates the LPM, which is
mainly represented by the multifidus and the ES [48]. The
TLF creates a low-stretch osteofascial compartment for the
LPM and forms a functional unit [39].The paraspinal com-
partment generates spinal extension and allows an individual
to stand and to lift objects [23, 57].

The erector spinae aponeurosis (ESA) is a huge aponeuro-
sis that extends from the thoracic region to the sacrum. The
ESA covers the ES and constitutes their caudal attachment
on the pelvis. By resisting flexion movements of the spine
and controlling lateral flexion and rotation, the TLF and the
ESA stabilize the lumbosacral region [32].

Some anatomical features of the TLF have been well
documented, allowing assessment of the biomechanical
properties of the TLF [5, 6, 40, 53, 54]. For instance, the
thickness of the TLF is approximately 0.52-0.55 mm [3].
Collagen fiber trajectories have been described as varying
from horizontal superiorly to approximately 20°—40° sloping
craniolateral-candomedial [2, 4(). 54, 56]. The connections
of the TLF to the limb and abdominal wall muscles have
also been examined by a number of authors [3, 5, 6, 10,
54]. Conflicting findings have been reported from studies on
the width of the TLF, with values ranging from 2.6 to 9 cm
for the mTLF [3, 4, 52]. Despite these previous anatomical
studies, however, the descriptions of the aponeurotic and fas-
cial planes and the sliding areas of the paraspinal compart-
ment are incomplete. The passageway of the neurovascular
bundles, including the lumbar dorsal rami—responsible for
LBP—through the TLF, has been insufficiently studied. In
addition, the literature is lacking regarding the anatomical
features of the ESA, including fiber directions and thickness
[9, 11, 14, 15, 39, 41]. The nature of the attachments of the
ESA to the LPM is debated.

The TLF and ESA might be a source of LBP through
direct mechanisms secondary to microinjuries or irritation of
nerve pain receptors, as well as through indirect mechanisms
such as when changes occur within the paraspinal compart-
ment and disturb the structural and functional relationships
between the fascia. aponeurosis. and LPM. This disturbance
might affect the sliding system between different layers,
the capacity of the loading transmission of the fascia and
aponeurosis, or the pressurization of the compartment, caus-
ing LBP [44]. Defining the relationships and the attachments
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of the fascia might allow a better understanding of their
function and of the etiology and pathogenesis of nonspecific
LBP. Moreover, knowledge of the anatomy of the TLF and
ESA is needed in diagnosis and treatment, as well as in plan-
ning spinal surgery and rehabilitation protocols. The aims of
this study were to further investigate the anatomical features
of the TLF and ESA (size and orientation of the collagen
fibers) and to determinate the attachments and sliding areas
of the paraspinal compartment through dissection.

Materials and methods
Dissection

Right and left sides of the cadavers of 10 elderly people
(fresh specimens) were used for this study (6 females,
4 males, mean age 77+ 10 years). None of the cadavers
revealed any evidence of gross pathology, previous surgical
procedure, or traumatic damage to the back.

Dissections were performed at the Ecole de Chirurgie
(Assistance Publique des Hopitaux de Paris). The cadavers
were placed in the prone position. The upper limbs were
placed along the body with a wedge under the shoulders to
approximate the conventional resting position of the scapula.

A linear large skin incision was made from the spinous
process of C7 to the posterior face of the sacrum body, and
the skin was widely retracted laterally. After the skin and the
superficial fascia were removed, the paraspinal compartment
was exposed, covered by the pTLF. The paraspinal compart-
ment was opened through the incision of the pTLF made
along the spinous process line (SPL. which corresponds to
the spinous processes, supraspinous ligaments, and inters-
pinous ligaments), Dissection progressed to the ESA after
also cutting the pTLE. For each fascia and aponeurosis, we
studied the attachments on the lumbar spine and the pelvis,
the relationship with surrounding muscles (attachment and
pennation angle), and the presence or absence and localiza-
tion of reinforced areas (i.e., an area where collagen fib-
ers are more numerous than elsewhere). The gaps (i.e.. the
passageway ol neurovascular bundles through the TLF)
were also studied. The ES were then removed to study the
aponeurotic sheath of the multifidus (which here we call the
aponeurosis fascia of the multifidus). Finally, the multifidus
was also removed to analyze the mTLE

Measurements

The thickness of the ESA, mTLF, and pTLF were deter-
mined with a micrometer (Manomano, Silverline). The
maximal width of the ESA and TLF were measured using a
flexible plastic ruler. The angle between the axis of the colla-
gen fibers of the ESA and the axis of the SPL was measured
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with a protractor, as was the angle between the axis of the
collagen fibers of the pTLP and the axis of the SPL. The
pennation angle between the axis of the ES muscle fibers and
the axis of collagen fibers of the ESA was also measured,

The sites where the neurovascular bundles pierce the
pTLF were determined. The distance between the medial
part of the perforation and the SPL. as well as the width and
length of each gap, were measured with a flexible plastic
ruler.

Statistical analysis

Since some variables were not normally distributed, we used
nonparametric tests. A Wilcoxon matched-paired signed-
rank test was performed to detect differences between the
left and right sides for thickness and width, and the results
from both sides were pooled. Sex differences were tested
using the Mann-Whitney test. p values of <{.05 were con-
sidered statistically significant. Descriptive data are pre-
sented as the mean + standard deviation.

Results
Statistical analysis

The width of the mTLF, pTLF, and ESA and the thickness
of the pTLF and ESA did not significantly differ between the
right and left sides. The mTLF was significantly thicker on
the left side than on the right side (p= 0.009). We observed
a significant difference between men and women for the
widths of the mTLF (p=0.044) and pTLF (p=0.009). There
was no significant age-related difference for the width or
thickness of the mTLF. pTLF, or ESA.

Thoracolumbar fascia (Fig. 1)

The mean width of the pTLF was 114.4 +£9.3 mm and the
mean thickness was 0.96 +0.15 mm. The mean width of the
mTLF was 106.6 +11.39 mm and the mean thickness was
0.41 + 0.05 mm (Table 1). Neurovascular bundles pierced
the pTLF at L1, L2, L3, and L4. Large individual variability
was observed in the gap size within the pTLE. as well as in
the distance between the gap and the SPL (Table 2).

The pTLF appeared to be irregularly dense and dia-
mond-shaped connective tissue covering the LPM [rom
the lumbosacral to the thoracic region. The pTFL was
strongly attached to the SPL from T7 to 81 medially. Cau-
dally. the pTLF was strongly connected to the ESA, which
was attached to the posterior part of the sacrum and to the
medial quarter of the iliac crest and blended laterally with
the attachments of the gluteus maximus, The pTLF was lat-
erally connected to the common tendon of the transversus

abdominis and inner obligue muscles at the level of the lat-
cral raphe. Cranially, the pTLF extended into the belly of
the latissimus dorsi, which constitutes its aponeurosis. The
pTLF composed of collagen bundles that ran in different
directions. In the superficial plane of the pTLE, collagen
fibers were globally positioned downward with a mean angle
of 697+ 77 with the SPL. The mean angle between the gen-
eral direction of the collagen fibers of the deep layer of the
pTLF with the SPL was upward from 60° = 3° at the sacral
level to 44° +5° at the T11 level. Collagen fibers (oriented
90° relative to the SPL) were more numerous at L3, leading
to a reinforced area in the superficial pTLF. Under L5, the
connective fibers of the pTLF were minimally attached to the
SPL and we observed decussating collagen fibers. The ven-
tral wall of the pTLF comprised the PRS. from which it was
separated by loose connective tissues. The PRS appeared as
a thin, pearly white, regular tissue composed of thin collagen
fibers oriented horizontally to the SPL. As long as the pTLF
remained intact, the mass of the LPM bellies was bulky and
stiff. As soon as the TLF was opened, the muscle bellies
became loose. suggesting pressure applied by the TLF. The
mTLF was attached to the transverse processes of L1-L4 or
L5 through an aponeurotic expansion, The posterior wall of
the mTLF comprised the PRS.

Erector spinae aponeurosis (Fig. 2)

The mean width of the ESA was 99.50 4 13.57 mm and the
mean thickness 1.85 4+ 0.40 mm. Along the lumbar region,
no connection was observed between the TLF and the ESA
except at the SPL. The PRS was separated from the ESA by
a thin fatty plane. The posterior inferior serratus, which cov-
ered the thoracic part of the ESA, appeared to be more like a
poory defined musculo-fatty structure than like a structured
muscle with tendons and muscle belly.

The ESA looked like a large flat band of regular connec-
tive tissue comprising longitudinally oriented collagen fib-
ers, extending from the sacral and medial quarter of the iliac
crest caudally to the level of T5, T6. or T7 cranially. The
ESA was attached to the SPL under T5. Above L3 and medi-
ally, the ESA was longitudinally “fenestrated”, composed of
several collagen fibers bundles covered by a few transverse
collagen fibers. whereas it was continuous below L3.

The ESA had different anatomical relationships with
the longissimus, the iliocostalis, and the multifidus.
Along the lumbar and sacral regions, close to the SPL
medially. some muscle fibers of superficial fascicles of
the multifidus were attached directly (without pennation)
to the ESA. Between L3 or L4 1o T5. T6, or T7. the ESA
was extensively and strongly attached to the entire outer
surface of the longissimus belly. Muscle fibers of the lon-
gissimus were diagonally attached to the inner surface of
the ESA (pennation angle: 14° +3°). In one subject. the
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Fig. 1 a Posterior view of the thoracolumbar fascia (TLF) show-
ing the common insertion with the latissimus dorsi (LtD). b Expan-
sion of the TLF on the ransverse processes of L2, L3, and L4 (white
arrows). ¢ Decussating collagen fibers of the TLF at L4, d Posterior
view of the TLF showing the common insertion with the transverse

ESA attachment to the longissimus belly was weak and a
thin fat layer separated them. Laterally, from L2-L3. the
ESA covered the outer aspect of the iliocostalis. whose
fleshy fibers were strongly diagonally attached to the ESA
(pennation angle: 8% 4 27), It was not possible to sepa-
rate the ESA from the underlying ES. Under L4-L5. the
muscle belly of the ES progressively disappeared: thus.
the ESA constituted the common tendon of the ES. At
the lumbosacral level, the ESA covered the multifidus
belly, which became dominant over the sacrum. Only
scattered collagen fibers and myoaponeurotic expansions
attached the multifidus to the ESA to create a cleavage
plane between them. Under §2-583. the muscle fibers of
the multifidus were attached to the ESA. Macroscopically,
the ESA did not have any reinforced areas.
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abdominis (TA) and the gluteus maximus (GM). e Inner part of the
TLF perforated by the neurovascular bundles. Arrowheads show the
neurovascular bundles: black dashed lines show the iliac crest: whie
dashed line shows the spinous process line. ES erector spinae, £SA
erector spine aponeurosis, fe iliocostalis, T trapezius

Other aponeuroses (Fig. 3)

Above the fusion of the erector spinae (L2), the bellies of
erector spinae (longissimus and iliocostalis ) were separated
by the intermuscular aponeurosis (IMA) and by a flat-filled
space containing the posterior rami of the spinal nerves. The
IMA arose from the ESA and extended from the surface to
a depth of 21 mm. The IMA looked like a thin pearly white
connective tissue (hardly measurable).

Each lascicle of the multifidus (i.e.. the group of muscles
originating from a spinous process) was covered by a thin
pearly white aponeurosis corresponding to a fascial expan-
sion of the cranial attachment on the spinous process. Con-
nectives fibers were all oriented longitudinally along the
muscle belly. The thickness of the multifidus aponeurosis
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Table 1 Thickness and width of

the pTFL, mTLF, and ESA Subject pFTL mFTL ESA
Thickness Width Thickness Width Thickness Width

|

R 0.72 112 0.35 94 169 101

L 0.73 115 037 94 171 102
2

R .82 125 042 121 1.87 76

T: 0.88 125 0.45 120 1.86 T4
3

R 0.94 116 0.31 106 1499 495

L 0.95 113 0.32 110 1.98 95
4

R 1.02 130 0.43 125 1.90 121

£ 103 127 0.45 121 2.10 123
5

R 0.95 118 .45 113 2.m 114

T; 1.00 123 (.46 17 1.96 115
6

R 0.90 102 0.34 94 1.75 84

L 0.92 101 .37 96 0.80 83
K

R 127 109 .49 110 222 102

1. 1.20 110 1.49 110 2:22 1080
8

R 100 98 141 87 35 92

L 1.20 99 0,42 88 2 89
9

R 110 114 0.45 107 213 103

Is 1.00 114 46 102 2,11 103
10

R 0.78 118 0.36 109 1.12 118

L 0.79 119 .37 108 1.17 106
Mean 096 11440 .41 106.60 185 99.50
SD 0.15 9.31 .05 11.39 040 13.57

Results are given in millimeters
R right, L Teft

decreased along the rostro-caudal axis of cach fascicle and
was too thin to be measured with the material used. Con-
nective fibers of the multifidus aponeurosis were oriented
parallel to the longitudinal axis of the fascicle.

Discussion

This study highlighted the relationship between the TLF.
ESA, and LPM. The organization of lumbar connective
tissues and subcompartments differed depending on the
spinal level. At L1, the neurovascular bundles pierced
the pTLF close to the SPL. A fat-filled space containing
the neurovascular bundles separated the longissimus and

the iliocostalis. The ESA was longitudinally fenestrated,
shared a common attachment with the pTLF on the SPL.
and mainly covered the longissimus. At L2, the major
change was the larger distance from the SPL. At L3, the
IMA arose from the ESA, which entirely covered the ES.
The neurovascular bundles perforating the TLF were dis-
tant from the SPL. At L4, the longissimus and iliocostalis
bellies fused. At the lumbosacral joint level, the longis-
simus and iliocostalis bellies disappeared, replaced by the
multifidus. The multifidus was covered by the ESA, from
which it was separated by a cleavage plane. At the sacral
level, the multifidi muscles had numerous and tight mus-
cular connections to the ESA.
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Table 2 Size and location of

the weak arcas of the pTLF Subject L1 L2 3 4
comnaining the neurovascular n Width Length D Width Length D Width Length D Width Length
bundle for each lumbar level
(L1-L4) !
R 34 5 3 58 4 1 87 12 3 95 10 F::
Y 33 4 3 62 2 87 11 3 93 8 2
2
R 56 8 4 73 5 1 57 Z 1 34 ) 3
I 47 7 4 69 4 1 45 3 i 35 3 3
3
R 17 3 13 25 15 8 45 19 ] 36 25 2
L 17 4 12 26 16 7 52 20 5 33 21
4
R 23 3 2 62 4 2 80 4 2 89 3 1
L 24 3 2 59 3 I 78 3 2 93 3 2
5
R 27 16 6 72 15 3 90 1 3 82 i} 2
L 32 12 4 60 I8 9 83 10 2 81 7
6
R a5 7 2 62 15 4 79 ) 0 4 2
L 34 8 3 61 14 5 i 7 3 64 3 k]
7
R 23 12 5 42 7 7 63 g 4 50 f 5
L 20 13 6 39 9 4] 69 1] 3 51 & 5
8
R 35 9 2 42 8 2 77 9 4 Lt} 9 3
L 33 0 2 45 8 4 82 9 5 63 10 2
9
R 19 14 2 43 11 3 87 13 2 45 10 1
L 19 17 2 42 9 3 87 1] 2 46 7} 2
10
R 25 3 3 59 2 1 92 4 1 78 3 i
L 26 3 3 56 3 i 85 3 2 &0 3 1
Mean 2895 805 4.5 5285 B8O 3.65 75.20 BBO 295 6420 750 240
SD 1003 465 313 1398 509 262 14.88 499 167 2165 594 114

Results are given in millimeters

I distance between the medial part of the weakness zone and the spinous process line. R right, L lefi

Comparison with previous anatomical depictions

Consistent with earlier descriptions, the mean thickness of
the mTLF was approximately 0.4 mm [5]. The mTLF was
significantly thicker on the left side than on the right side.
In contrast, Barker et al. [5] found a significant rightward
asymmelry. They hypothesized that the difference could
be associated with hand dominance. Given the contrasting
results, we hypothesize that small sample sizes with large
individual variability in thickness could account for the dif-
ferences in mean thickness between studies. In our study.
the mean thickness of the pTLF was almost twice as thick as
that reported in carlier descriptions. Inconsistent with earlier
reports, the thickness of the pTLF in our study was greater
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than that of the mPTF [3, 5. 8]. The thickness measurements
may have been affected by the fatty tissue that remained
after dissection [5]. Methods for human body preservation
(embalming or not. time during which cadavers are supine)
might have led to a flattening or thickening of the pTLE. The
mean widths of the mTLF and the pTLF were in the range
of those of previous descriptions (approximately 10 cm)
[52]. In a study by Barker et al. [4]. the widths of the mTLF
and the pTLF were lower. Different methods of measuring
the width, as well as the use of cadavers with smaller body
builds, may have led to contrasting results,

The pTFL was an irregular dense connective tissue. The
present observations about the attachments of the TLF to
the spinous and transverse processes and to the pelvis, as
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Fig.2 a Posterior view of the erector spinac aponeurosis (ESA),
ttached to the 1 dorsi (LgD) and the iliocostalis (Ich. b
Inner part of the ESA showing the atachment and pennation of the
ESA with the longissimus dorsi. ¢ Fusion of the ESA with the thora-

well as the collagen fiber orientation (between 307 to 40°
to horizontal) of the pTLF, are in accordance with previ-
ous descriptions [3, 10]. The TLF comprised a collagen
fiber network that originated from the aponeuroses of the
common transversus and the inner oblique muscles, and of
the latissimus dorsi [3. 53, 56]. In the lumbosacral region,
the TLF tightly fused with the ESA to become a dense
thoracolumbar composite [56].

The ESA had the appearance of a large flat tendon, but
above L3. the ESA was segmented longitudinally and made
of several fascicles. These fascicles have been described
as the attachments of the spinalis thoraci muscle, the mus-
cle belly of which becomes quasi-atrophic after childhood
[57]. The thickness of the ESA was approximately 2 mm.
making it the thickest connective tissue of the paraspinal
compartment.

columbar fascia (TLF) at the sacral level. d Poor connective attach-
ments between the ESA and the multifidus (M). e Absence of con-
nective attachments between the ESA and the M. Black dashed lines
show the iliac crest; white dashed line shows the spinous process line

The ESA had distinet connections with the ES and with
the multifidus. In accordance with previous work, we found
tight myoaponeurotic connections between the inner part of
the ESA and the outer part of the ES [11, 15]. Muscle fibers
and fascicles of the ES were attached obliquely to the ESA,
running the length of the ES bellies like a pennate muscle. In
contrast, Macintosh and Bogduk (1991) and Bogduk (1980)
described the ESA as overlying the ES but with few direct
attachments [9, 39, 56]. We hypothesized that the lack of
attachment that we also observed in one specimen probably
resulted from fatty degeneration or sequelae of a failure at
the myotendinous or myoaponeurolic junction that artifi-
cially created a fatty cleavage plane between the ESA and
muscle fibers of the ES.

The connections between the multfidus and the ESA
were cntirely different. The fiber arrangement of the
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Fig. 3 a Intermuscular aponeurosis arising from the erector spinge aponeurosis (ESA) (white arrows). b, ¢ Show the pearly white aponeurosis of
the multifidus (M), LgD longissimus dorsi, /o iliocostalis. White dashed line shows the spinous process line

multifidus fascicles was overall fusiform. Multifidus fasci-
cles were attached to the ESA in a direct line from its origin.
i.c.. the medial part of the ES (or spinous process) either to
the insertion, i.e.. the inner surface of the ESA at S3-54, or
to the mammillary process, sacrum, or iliac crest, Just next
to the direct origin/insertion of the multifidus on the ESA,
superficial multifidus fibers ran parallel to the ESA with
tight connections to collagen fibers, as the epimysial fascia
did. At the lumbosacral joint level, laterally, the ESA was
easily separable from the multifidus, being connected to it
only by myoaponeurosis expansions, and the multifidus was
free to slide [51]. According to the description of surgical
nerve decompression, some of the most superficial multifidi
often lack any bony insertion at all and will insert onto the
undersurface of the ESA [42]. Thus, depending on the spinal
level. the ESA constituted both an aponeurotic fascia and an
epimysial fascia of the multifidus.

Two other aponeuroses partitioned the paraspinal com-
partment: the IMA and the epimysial fascia of the multifi-
dus. The IMA of the ES divided the longissimus and the
iliocostalis just before the fusion of their muscle bellies at
L3 and corresponded to a sagittal expansion of the ESA. In
the literature, descriptions of the lumbar IMA vary, prob-
ably because of differences in methodological approaches
for IMA analysis (sample, cross-sectional analysis, dissec-
tion technique) and wide individual variability. According
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to Bogduk [9], Macintosh and Bogduk [39], and Daggfeldt
etal [15]. the lumbar IMA extended from the ilium to the
lower half of the lumbar region. Ventrally, the lumbar IMA
almost reached the lumbar transverse processes. According
to Bustami [11] and Jonsson [30], the lumbar IMA is a lat-
eral part of the ESA caudal to L2.

Functional implications of compartmentalization

The ESA and the TLF circumscribed subcompartments
within the paraspinal compartment and sliding areas:
between the TFL and the LPM. between the ES and the
multifidus. and between the longissimus and the iliocostalis.
Compartmentalization of the LPM could have two major
functions: (1) to increase pressure and stiffness within the
LPM and (2) to create sliding areas necessary for movement
[18. 25, 46]. Basically, given the location of the attachments
of the LPM, they could generate an extension moment of
the spine. Previous work showed that the LPM alone was
not able to generate sufficient force to act as a prime mover
of spinal extension [7]. Moreover. the lumbar spine alone
has a low range of mobility, and thus the trunk extension
arises mainly through pelvis extension [17]. Stabilization of
spinal motions results from a complex force system involv-
ing the co-activation of hypaxial and epaxial musculature,
abdominal pressure, and paraspinal pressure, all unified by
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a network of interconnected fascia and aponeuroses [25].
Compartmentalization is responsible for a “hydraulic ampli-
fier effect” that increases pressure within the compartment
and thus increases stiffness of the spine [21, 24, 53], Imag-
ing, in vivo studies, and experimental cadaveric studies
showed that the TFL created axial stress that limits the radial
expansion of the LPM during contraction [23, 27]. As a con-
sequence, paraspinal compartments act as two bone—-muscle
composite beams, which stiffen to stabilize the lumbosacral
spine [38. 46]. During standing postures. muscle undergoes
an increase of perfusion and blood volume due to muscle
contraction and orthostatic pressure, leading to an increase
in muscle volume and radius [53]. As the LPM contract,
the TLF are tensed in all directions, thereby compressing
the sheath against the LPM and creating a hydraulic effect
that helps to hold the spine erect [13, 49]. Note that the
LPM belly contains a rich capillary network compared with
peripheral muscles, which suggests a great capacity for an
increase in the volume of the LPM [31]. Moreover, the TLF
has particularly rich autonomic innervation and vasculariza-
tion and contains myofibroblasts. which give it contractile
properties [56]. Reinforced areas of the pTLF suggest that
the radial expansion of the LPM is largest at L3, i.e., the
apex of lordosis.

Compartmentalization of the LPM by the fascia and
aponeurosis also creates intermuscular spaces that sepa-
rate the LPM from each other. Intermuscular spaces are
composed of loose connective tissue and fat and generally
constitute a passageway of vessels and nerves [16]. We
observed three distinet intermuscular spaces: (1) between
the longissimus and the iliocostalis above L3, (2} between
the multifidus and the ES above L4, and (3) between the
ESA and the multifidus at the lumbosacral joint level. Such
intermuscular spaces established sliding areas, which allow
large three-dimensional spinal and pelvic motions and assure
the functional autonomy of each compartment [21, 44].

Functional implications of the fascia
and aponeurosis

Various functional roles have been hypothesized for the fas-
cia and aponeurosis. They participate in spinal stability by
channeling and creating forces and by storing energy [1].
The ESA is functionally similar to a wide and flat tendon
whose role is to transmit the force created in the muscle to
the bone [33]. Because of their fibroelastic structure, ten-
dons show great resistance to mechanical loads (positively
correlated with tendon thickness) and a great capacity for
energy storage (positively correlated with tendon length).
The ESA is probably one of the thickest, largest, and long-
est tendons of the body, which testifies to its strong resist-
ance to traction and its high capacity lor energy storage. The
ESA might provide a recoil mechanism responsible for an

extension moment of the spine and the pelvis [1]. The mul-
tilayered organization of the TLF suggests a more complex
mechanical behavior than that of tendons [44], The three-
dimensional disposition of the collagen fibers confers aniso-
tropic properties in relation to tissue stiffness |4, 53]. Load-
ing tests demonstrated that the erural fascia and the fascia
lata were stiffer along the longitudinal axis of collagen fibers
than along their transverse axis [28, 50]. Previous authors
hypothesized that less stiffness in the transverse direction
may be associated with the capability ol deep fascia to adapt
to muscular volume variation during contraction [19. 28, 44,
50]. The higher stiffness in a longitudinal direction permits
the fascia to transmit part of the muscle contraction force
and provides strong resistance to traction similar to that of
tendons. We could expect similar viscoelastic behavior for
the pTLF [45, 51]. The fascial continuity among the limbs
and trunk muscles allows aponeuroses and fascia to transmit
forces at a distance and allows coordination of movement
among limb segments [4, 6. 40, 54].

The ESA also increases LPM force by serving as the
insertion of the ES and, to a lesser extent. of the multifidus.
Muscle fibers of the longissimus were diagonally attached to
the inner surface of the ESA with a mean pennation angle of
14° + 3% Such muscle fiber architecture refers to unipennate
muscle and is an important determinant of ES function. Pen-
nate structures of the ES allow higher force production but
a smaller range of motion than non-pennate muscles do [22,
27]. In contrast to that of the ES, the type of attachment of
the superficial multifidi on the ESA (direct attachment) does
not confer particular force to the multifidus, except under
52-53 where the multifidus was attached to the ESA.

During trunk motions, tension in fascia and aponeuroses
might stimulate the mechanoreceptors contained in them.
The fascia and aponeuroses contain numerous receptor cells,
which provide sensory information about the position and
the motions of the trunk in space. In this way, the fascia and
aponeuroses are involved in postural adaptations and par-
ticipate in the unconscious neuronal control of equilibrium.

Clinical and surgical relevance

Recently, the TLF has been the subject of attention as a
potential factor that contributes to nonspecific LBP [31,
55]. Structural changes in the TLF might alter its biome-
chanical properties. Damage of the loose component, known
as fascial densification, might affect the sliding system
between different layers, and damage of the fibrous compo-
nent, known as fascial fibrosis, might affect loading trans-
mission capacity [44]. Shear strain in subjects with LBP
has been reported to be lower than that in healthy subjects
[37]. Morphometrical and morphological changes have been
observed in relation to LBP, including shorter length and
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shorter thickness of the TLF [47] or a bulging appearance
or thickening of the TLF [29].

Pressure changes within the paraspinal compartment
may lead to muscle ischemia and have been associated with
LBP. Some authors showed a positive relationship between
increased intramuscular pressure and LBP [35, 36]. Acute
and chronic compartment syndromes haves been cited as
rare causes of exercise-induced LBP [43]. In contrast, we
speculate that atrophy and fatty involution within the par-
aspinal compartment may lead to a decrease in paraspinal
pressure. We hypothesize that the cleavage plane between
the ES and the ESA observed in one specimen occurred as
sequelae to failure at the myoaponeurotic junction, which is
known to be a common site of failure because of high stress
in the leg and thigh. in particular strain injuries induced
by muscle contraction [20, 34]. Strain injury of the ES
myoaponeurolic junction has never been reported in the lit-
erature. As sectional imaging such as magnetic resonance
imaging (MRI) or echography is usually not indicated in
acute LBP, strain injuries of the ES could remain undetected.

An understanding of the anatomy of the TLF and ESA
may have important implications for the assessment and
management of LBP. Exercise that strengthens muscles
attached to the pTLF may facilitate its strengthening. Barker
and Briggs [3] proposed that adaptive strengthening would
be expected to oceur with moderate exercises that use the
contralateral limbs and with stabilization exercises.

Knowledge about the anatomy of sliding areas and the
TMF and ESA attachments are of great interest in the man-
agement of spinal surgery. The intermuscular spaces provide
natural cleavage planes for the paramedian muscle-splitting
approach to the lumbar spine. Recently, a description from
dissections and MRI scans indicated that the intermuscu-
lar spaces within the paraspinal muscles vary at different
intervertebral disc levels [16]. Variations regarding neuro-
vascular bundles and intermuscular space locations imply
that the various levels of the lumbar spine require differ-
ent operative approaches and skin incisions to minimize
the extent of the incisions and to preserve neurovascular
bundles. Preoperative imaging of patients could facilitate
selection of the muscle-splitting approach to the lumbar
spine. One study showed that the decussating fibers of the
TLF existed almost exclusively at L5 (to a lesser extent at
L4). The identification of decussating fibers of the TLF can
help predict the L5 level during surgical exploration of the
lower lumbar region [2].

Limitations
The findings regarding the thickness and width of the TLF
and ESA in the current study may differ from those expected

in a younger population because ol changes associated with
aging, including osteoarthritis and muscle atrophy. The

@ Springer

thickness of aponeuroses in older adults is known to be
lower than that in young healthy subjects [5]. The duration
of storage and the position of the bodies following death
may also have affected absolute values of TLF and ESA
thickness. We did not correlate our findings with cofactors
that might influence measurements such as body length and
weight or spinal alignment.

Conclusion

This study described the anatomy of the ESA and TLF. The
ESA (2 mm) was twice as thick as the pTLF (1 mm). The
ESA. which is a band of regular connective fibers. is func-
tionally similar to a wide and flat tendon. Because of its
fibroelastic structure, the ESA may show greal resistance
to mechanical loads and a great capacity for energy stor-
age. Muscle fibers of the ES were diagonally attached to
the inner surface of the ESA. Such muscle fiber architecture
refers to unipennate muscle and might allow higher force
production than non-pennate muscles do. In contrast to that
of the ES, the type of attachment of the superficial multifidi
on the ESA (direct attachment) does not confer particular
force to the multifidus. The multilayered organization of the
TLF suggests a more complex mechanical behavior than that
of the ESA. According to previous authors, the TLF might
transmit part of the muscle contraction force and provide
strong resistance to waction. We first described anatomical
features of the gap through which the neurovascular bundles
passed. The distance between the SPL and the neurovascular
bundles depended on the vertebral level. from 29 mm at L1
to 75 mm at L3. Knowledge of the anatomy of these struc-
tures is required for an understanding of the biomechanics of
the spine and the pathogenesis of spinal disorders and LBP.
Moreover, such information is needed to plan the rehabilita-
tion protocol and spinal surgery.
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Abstract

Anatomy of the muscle-tendon system is an important component to musculoskeletal mod-
els. In particular, the cross-sectional area of belly (mCSA) and tendon (tCSA) provides infor-
mation about the maximum force that a muscle may exert. The ratio of mCSA to tCSA
(rCSA) demonstrates how muscle force is related to the ability to resisttransmit the force to
bone. Previous anatomical studies of the lumbar paraspinal muscles (LPM) showed that
their bellies have large mCSA suggesting that they are powerful muscles. Surprisingly, sur-
gical experience shows that the tendons of the LPM are among the thinnest tendons of the
body. We therefore hypothesized that traditional biomechanics of the LPM and the rCSA do
not correspond for LPM. In 10 fresh-frozen old cadavers, we measured the mCSA, tCSA
and rCSA of the LPM (multifidus and the erector spinae, i.e. the longissimus and the iliocos-
talis); then, we compared these data with those of one of the weakest muscles in the body,
i.e. the extensor digitorum communis (EDC) chosen because it shares some common ana-
tomical features with the LPM, in particular with the erector spinae. For instance, the EDC
has a polyarticular course and presents long and thin effector tendons. Among the LPM, the
longissimus has the greatest mean ACSA with 10.42 cm?® compared with 9.16 cm? for the
iliocostalis and 0.24 em? for the multifidus. Mean ACSA of the EDC was almost ten times
smaller than those of eractor spinae. Regarding the mean tCSA, the EDC was the largest
one with 11.48 mm? compared with 2.69 mm? and 1.43 mm? for the longissimus, 5.74 mm?
and 2.38 mm®for the iliocostalis and 5.28 mm? and 4.96 mm? for the multifidus. Mean rCSAs
of the erector spinae were extremely small, ranged from 1/156 for the spinal attachment of
the iliocostalis to 1/739 for the rib attachment of the longissimus that suggests that tendons
are an unsuitable size to transmit the force to bone. Mean rCSA of the multifidus and the
EDC were in the same range with rCSA = 1/5 and rCSA = 1/9 respectively. The rCSA of the
multifidus was substantial, but its ACSA (1em?) corresponds to low-power muscles. This
paradoxical anatomy compels us to consider the biomechanics of the LPM in a different way
from that of the classical “chord-like model”, i.e. the muscle belly creates a force that is
applied to a bone piece through a tendon. The LPM have large contractile mass in a semi-
rigid compartment inside which the pressure may increase. This result strengthens the
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hypothesis that high pressure and intrinsic stiffness of the LPM create two stiff bodies,
closely attached to the spine thus ensuring its stabilization.

Introduction

Stabilization of the spine requires numerous and powerful mechanisms involving a huge myo-
fascial complex and an aponeurotic girdle surrounding the spine [1, 2].

The main lumbar paraspinal muscles (LPM) are arranged into three muscular columns (lat-
eral, the iliocostalis; intermediate, the longissimus and medial, the multifidus) enclosed in a
semi-rigid cylinder formed by i) the thoracolumbar fascia (TLF), ii) the anterior wall build
from the transverses process and the ligaments and iii) the medial wall build from the spinous
processes and the ligaments. This cylinder is known as the paraspinal muscular compartment
(PMC) [3-10]. The erector spinae, i.e. the longissimus and the iliocostalis, run the length of
the spine from the sacral to the thoracic region and is attached to each thoracic and lombar
vertebra and on the dorsal aspect of the inferior ribs [10, 11]. The multifidus consists of a num-
ber of fleshy and tendinous fascicles, which are inserted on the spinous process of each verte-
bra and distally attached to the three or four vertebras below [7, 12]. The exact function of the
LPM remains unclear because of their high number of bundles, the varying obliquity of the
fibres, their polyarticular course and their short lever arm.

According to the current “chord-like model” (CLM), a muscle belly creates a force that is
applied to a bone piece through a tendon. LPM have one "fixed proximal” attachment on the
dorsal part of the pelvis and pull on “the free mobile distal” attachments on the spine and the
ribs through tendons that we shall call the effector tendons that provide dorsal extension of the
spine [11, 12]. Many biomechanical models have been proposed, but presently none compre-
hensively describes the stabilization of the lumbar spine [4, 5, 13, 14]. Nevertheless, a better
understanding of this function is an important issue because of the high prevalence of low
back pain and its social consequences [15, 16]. Cross-sectional imaging investigations demon-
strated that low back pain (LBP} might be associated with structural changes of the LPM
including decrease in cross-sectional area (CSA) and increase in fat content [17]. It is now well
recognized that tolerance of low back pain depends a great deal on the CSA of the LPM.

To measure the maximal force of a muscle directly is difficult in living subjects, since many
muscles are working simultaneously. Anatomical study of a muscle provides only indications
regarding its maximal force. Many parameters are used to calculate the strength of muscles,
such as the length of the muscle fibres, the mass, the CSA and the pennation angle of muscle
bellies [18-20]. For the tendons, the mass, the length and the CSA (tCSA) are measured. How-
ever, the rather complex anatomy -i.e. the LPM are multiceps, multipenate and polyarticular—
of LPM makes this classical approach extremely difficult.

Obviously, a powerful muscle should be connected to a thick tendon, since the latter has to
transmit huge forces [21]. Given their large volume, LPM must be considered as powerful
muscles |22, 23]. For this reason, effector tendons, on which the force is applied, should be
adapted to such power and have a large C5A. The maximum stresses a tendon could support,
can be estimated by considering the relative CSA of each tendon and of the muscle belly
(rCSA) [19]. However, surgical experience suggests that there is an absence of thick tendons
connected to LPM.

We therefore hypothesized that the tCSA of LPM does not correspond to the forces applied
by the related muscle. To investigate this, we measured length, thickness and width of the mus-
cle bellies and effector tendons of the LPM and calculated the ratio of mCSA to tCSA (rCSA)
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to demonstrate how muscle force was related to the ability to resist/transmit the force to bone.
To illustrate our findings, we also compared these anatomical measurements in the muscle
belly and tendons of the LPM with those of the extensor digitorum communis (EDC), chosen
because the EDC shares some common anatomical features with the LPM: 1) it has a polyarti-
cular course, ii) it has long and thin effector tendons with a tCSA that could be similar to that
of the LPM according to the study of Ruggiero et al., iii) it has an optimal rCSA, and iiii) it pro-
vide an extension movement [20].

Materials and methods
Gross anatomy

Ten fresh-frozen adult human cadavers (6 females, 4 males, mean age: 77 + 10 years) were dis-
sected. None of the cadavers revealed any evidence of previous surgical procedures, spine
deformation or traumatic lesions of the lumbar region.

Procedures and measurements related to the cadavers were approved by local ethic commi-
tee. The committee waived the need for informed consent. The body donor was not froma
vulnerable population and the donor or next of kin provided written informed consent that
was freely given.

Dissections were performed at Ecole de Chirurgie (Assistance Publique des Hopitaux de
Paris).

Lumbar paraspinal muscles. The specimens were positioned in the prone position, with
the arm placed along the body. A large skin incision from C7 to 83 was performed. After
removal the skin and the subcutaneous fat, the TLF was totally exposed |11, 24]. After resec-
tion of the TLF and the spinalis, the longissimus and the iliocostalis were first examined indi-
vidually, then severed and removed in order to study the multifidus, For each muscle, we
studied the disposition and attachments of bundles and tendons on the right and left sides.
Altogether, morphometrical data of 360 fleshy fascicles and 1276 tendinous fascicles were
recorded.

Extensor digitorum communis. After finishing the data collection on the LPM, the
cadavers were turned. The skin and the subcutaneous fat of the forearm were removed bilater-
ally. The extensor carpi radialis longus and the extensor carpi ulnaris were retracted to expose
the EDC. We studied the disposition and attachments of tendons bilaterally, and then the EDC
was removed. Morphometrical data of 20 bellies and 75 tendinous fascicles were recorded.

Measurement

Length, thickness and width were measured at their largest point for muscle bellies and at their
origin for effector tendons using a micrometer (Silverline, United Kingdom).

For each muscle belly and each tendon, the anatomical cross-sectional area (tCSA for ten-
dons, ACSA for muscle bellies) was defined using the following formula: CSA = width x thick-
ness. Volume (belly and tendon) was defined using the following formula: Volume = length x
thickness x width. The rCSA was calculated as follow: ACSAMCSA [19-21].

Statistics

Descriptive statistics were used for the measured variables. Since some variables were not nor-
mally distributed, we used nonparametric tests. A Wilcoxon matched-paired signed-rank test
was performed to detect sex difference and differences between the left and right sides for
length, thickness and width of muscle bellies and tendons, and the results from both sides
were pooled. P-values of <0.01 were considered statistically significant.
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Results
Description of the LPM

TLF and erector spinae aponeurosis (ESA) (Fig 1). The TLF was an irregular, thick and
diamond-shaped dense connective tissue covering the LPM from the lumbosacral region to
the spinous process of T7. The TLF was strongly attached to the spinous processes of 17 down
to 51 medially, to the transverse processes of L1 to L5 laterally, and caudally, to the posterior
part of the sacrum and to the iliac crest. The TLF was in continuity with the aponeuroses of
the abdominal wall muscles and limb muscles. Both the TLF and the vertebra delimit an inex-

tensible circumferential belt around the LPM that may promote an increase of stiffness and
pressure during LPM contraction.

Fig 1. A. Posterior view of the thoracolumbar (ascia ( TLF) showing the ¢ insertion with the latissimus dorsi
(LD}. B. Posterior view of the erector spinae aponeurosis (ESA), attached to the longissimus dorsi (Lg) and the
ilincostalis (Ic). Inf: inferior; L: left; R: right; Sup: superior.

hitpsyidot.org' 10,1371 foumnal pone.0214812.9001
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Situated beneath the TLE, the ESA resembled thick and regular dense connective tissue,
extending from the posterior aspect of the sacrum (S3) and the iliac crest up to the thoracic
region (T5). ESA and TLF attached at the same location on the sacrum, ilium and spinous pro-
cesses. The ESA attached to the erector spinae along a large proportion of its length. Under
L4-L5, the muscle belly of the ES progressively disappeared; thus, the ESA constituted the com-
mon tendon of the ES. At the lumbosacral level, the ESA covered the multifidus, which became
dominant over the sacrum.

Erector spinae (Fig 2A). The iliocostalis had four sites of attachments: on the spine, on
the ribs, on the ESA and on the iliac crest. Spinal tendons were attached on the mammillary
processes of L1 to L4. They ran almost horizontally from the medial part of the muscle belly.
Rib attachments (N = 6) were on the angle of the ribs (R5 to R12), lateral to the attachments of
the longissimus. They were all thin, but their width and length differed according the level of
the rib attachment. Attachment on the seventh, eighth and ninth ribs were larger and shorter
than those located above.

Fig 2. A Posterior view of the longissimus dorsi (Lg). Arrows show the rib tendons of the iliocostalis (Ic). B. Posterior view of the multifidus (M); arrows show
the spinal tendons of the longissimus. C. Posterior view of the extensor digitorum communis (EDC); stars show the digital attachments of the EDC. The
longissimus had four sites of attachments: on the sping, on the rib, on the ESA and on the iliac crest. Spinal tendons (N = 7 to 8) were attached on the
mammillary processes of the lumbar and thoracic vertebrae {T3-T4 to L5). They ran cranially and laterally from the inner part of the muscle belly. Rib
attachments (N = 6 or 7) were located on the non-articular part of the tubercle of the ribs (R4 to R12}), and were thin, long and almost transparent.

https:dororg 0,137 pumal pone.0214812.0002
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Note that, it was difficult to separate the belly of the spinalis from the belly of the longissi-
mus. When the spinalis was distinguishable from the longissimus, it consists of a long and thin
band of fibrous connective tissue with only few muscle fibers.

Multifidus (Fig 2B). The cranial attachment was located on the spinous processes and
caudal attachments on the mammillary processes of the three to four vertebras below, the
sacrum and on the ESA. There was no tendon at the level of the sacrum, but there were apo-
neuroses as well as muscle fibres.

Description of the extensor digitorum communis

The EDC arose from the lateral epicondyle of the humerus, from the intermuscular septa
between it and the adjacent muscles, and from the antebrachial fascia: The EDC divided

into four tendons at the middle of the forearm (Fig 2C). Then, the tendons diverged,

passed on the back of wrist and the hand, and ended in the middle and distal phalanges of the
fingers.

Comparison of the two types of muscles

We did not found any significant side-related difference in the length (p = 0.21 for the longissi-
mus, p = 0.43 for the lliocostalis, p = 0.07 for the multifidus, p = 0.60 for the EDC), width

(p = 0.42 for the longissimus, p = 0.05 for the iliocostalis, p = 0.09 for the multifidus, p = 0.32
for the EDC), or thickness (p = 0.23 for the longissimus, p = 0.83 for the iliocostalis, p = 0.47
for the multifidus, p = 0.72 for the EDC) of the muscle belly as well as in the length (p = 0.34
for the longissimus, p = 0.04 for the iliocostalis, p = 0.87 for the multifidus, p = 0.07 for the
EDC), width (p = 0.51 for the longissimus, p = 0.17 for the iliocostalis, p = 0.76 for the multifi-
dus, p = 0.18 for the EDC), or thickness (p = 0.02 for the longissimus, p = 0.63 for the iliocosta-
lis, p = 0.67 for the multifidus, p = 0.05 for the EDC) of the tendon. We did not found any
significant sex-related difference in the length (p = 0.02 for the longissimus, p = 0.19 for the
iliocostalis, p = 0.27 for the multifidus, p = 0.61 for the EDC), width (p = 0.23 for the longissi-
mus, p = 0.28 for the iliocostalis, p = 0.47 for the multifidus, p = 0.54 for the EDC), or thickness
(p = 0.09 for the longissimus, p = 0.92 for the iliocostalis, p = 0.16 for the multifidus, p = 0.04
for the EDC) of the muscle belly as well as in the length (p = 0.34 for the longissimus, p = (.09
for the iliocostalis, p = 0.03 for the multifidus, p = 0.34 for the EDC), width (p = (.88 for the
longissimus, p = (124 for the iliocostalis, p = (.55 for the multifidus, p = 0.38 for the EDC), or
thickness (p = (.92 for the longissimus, p = 0.72 for the iliocostalis, p = 0.42 for the multifidus,
p = 0.02 for the EDC) of the tendon. Morphometric measurements and rCSA are summarized
in Table 1.

Length, thickness and width of the muscle belly of longissimus, iliocostalis, multifidus and
extensor digitorum communis and length, thickness and width of the tendons of longissimus,
iliocostalis, multifidus and extensor digitorum communis.

Among the LPM, the longissimus has the greatest mean ACSA with 10.42 cm” compared
with 9.16 cm? for the iliocostalis and 0.24 cm? for the multifidus. The ACSA of the EDC was
1.01 cm?,

Regarding the mean tCSA, the EDC was the largest one with 11.48 mm? compared with
2.69 mm” and 1.43 mm® for the longissimus, 5.74 and 2.38 for the iliocostalis and 5.28 and
4.96 for the multifidus.

Mean rCSAs of the ES were extremely small, ranged from 1/156 for the spinal attachment
of the iliocostalis to 1/739 for the rib attachment of the longissimus. Mean rCSA of the multifi-
dus and the EDC were in the same range with rCSA = 1/5 and rCSA = 1/9 respectively.
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Table 1. Cadavers anthropometric measures.

Muscle belly {mean (standard deviation))

Length  Thickness

({em) | {cm)

Longissimus 34.58 2.7840.61)
L (5:60)

Tiocostalis 20.86 2.53{0.70)
[(415)

Multifidus . 519 . (.52 {0.16)
L (077}

Extensor 14.71 0.82

digitorum (4.04) | (0.21)

communis

hitpe:fidolorg/ 10,1371/ journal pone 0214812 4001

_ Tendon (mean (standard deviation)}

Width |ACSA |Volume Length  Thickness |Width tCSA  Ratio  Volume  Ratio
(em)  (em®)  ((em’) | (mm) | {mm) [{mm) (mm’} CSA (mm')  volume
3747 1L42 360,21 Spinal 28.65 0.65{0.22 4.14 2.69 1/387 707 114674
091 |(3as) (355 | (3.92) | [0 sy | (32.32)
il 3600 (132 (0.11) 449 1.43 1/739 5172 116965
| | | | e | |{1.36) | (©78) | | Gaay) |
3.62 .18 191.08 Spi.nal 19.23 0.82{0.13) 701 5.74 17156 11053 171729
(122) (085 |(1982) | 0 |408) | @210 [(223) (35730 |
Rib 44.14 0.59(0.13) 404 238 1/385 o521 | Li18l6
| | | | (1247) | [(Lo4)  [(070) | | (3887) |
0.47 24 1.29 Spinous 20.73 0.86(0.19) 6.14 5.28 /5 10946 1/12
(0.09) |(0.09) |{0.43) | process (5.600 | 79 [(237) | (762 |
Tansverse 34.80 083(0.12) 5483 496 15 17245 7
| | | | process [ | (2.37) | (198) | (78.00)
1.23 101 14.84 Distal 184.57 1.27{0.12) | 904 11.48 179 211901 17
(081) (025 (434)  phalanx | (1523) (s |(251) (110}

Discussion

In this anatomical study, we compared the powerful LPM with one of the weakest muscles in
the body, Le. the EDC, and demonstrated that the tCSA of the LPM were smaller than those of
the EDC. We also found that the rCSA of the ES was extremely small.

There are very few published works about morphometic data of the LPM. Previous studies
have measured the mACSA of the LPM at approximately 20 cam? [9, 22). This value corre-
sponds to the mACSA of powerful muscles like the quadriceps, the latissimus dorsi or the tri-
ceps brachii. The LPM should produce a dorsal extension of the spine, with an exerted force of
between 100 and 200 KN [20, 25-27].

Our study reveals that the effector tendons of the ES have a lower tCSA than EDC, which
has among the thinnest tendons of the limbs and whose maximum force is estimated at 20N
[20, 21, 28, 29]. The maximum stress that a tendon can support can be estimated by consider-
ing the rCSA [19]. In mammals, the optimal rCSA is estimated to be 1/34 for upper and lower
limb muscles. The very small rCSA we found for ES suggests that the effector tendons are an
unsuitable size to resist/transmit the force to bone. Contrariwise, the rCSA of the multifidus
was high and could be able to support a high force applied on it, but its mACSA was less than
Lem?, which corresponds to low-power muscles like the extensor pollicis brevis [20, 29].

In a standing person, the lumbar spine sustains a heavy load; this has been estimated as
being many hundreds of pounds. When bending forwards and picking up a heavy weight, the
load may reach thousands of pounds [30]. Thin tendons, in particular tendons of the erector
spinae, cannot transmit the required forces. Hence, the erector spinae cannot act as maobilisors
of the spine, i.e. create significant joint movement, as suggested by previous authors and
should be considered as stabilisor of the spine just like the multifidus [31, 32]. Moreover, so
thin muscles such as the multifidus cannot provide adapted forces [33]. Even taking into
account the limits of our study, the comparison between LPM and EDC is so strong that it
should be taken into consideration.

Therefore, a paradox arises: there is a great discrepancy between the potential power of the
LPM bellies and the size of their effector tendons. Through their effector tendons, the LPM
cannot pull the thorax as well as the vertebrae strongly enough to provide direct spine exten-
sion from the full bending position. Consequently, the CLM is not able to accurately explain
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stabilization and mobilization of the spine. This suggests a more complex muscular strategy is
required.

This study has limitations. Most studies dealing with ACSA and tCSA have been carried
out in limbs, in which most muscles work according to the CLM. Thus, exact comparison with
the LPM is not possible. The cadavers studied here were old. The comparison with a young
specimen is obviously inapplicable due to the degenerative muscle and tendon changes that
occur during aging. However, degenerative changes in the muscles are probably more pro-
nounced than those of the tendons, thus the rCSA would be lower in younger adults. Our
work does not evaluate the muscle force produced by the LPM. The complex anatomy of LPM
makes it difficult to determine the physiological CSA (PCSA), which includes pennation angle,
and indeed the force. We therefore used an indirect and simple method: comparing, in the
same specimen, the LPM with a muscle whose effector tendons have the same tCSA as those of
the LPM, which would allow a semi-quantitative comparison. Several methods exist to approx-
imate muscle force [18]. Therefore, it is difficult to compare accurately the present results to
those of studies that used different methods. It should be noted that the range of ACSA values
remains the same regardless of the methods used [20, 34]. Taking into account the pennation
angle, the PCSA would be superior to the ACSA, therefore the bias, i.e. that the ACSA likely
overestimated the force of the LPM, in our study actually strengthens our results. Comparison
between the LPM and the EDC is also a limitation since the EDC acts as a prime mover for fin-
ger extension while the LPM act as a fixator for the spine. Moreover, LPM are made of multiple
layers of fleshy fascicles while the EDC had a single fusiform belly. But, surgical experience and
previous anatomical studies showed that EDC has among the smallest tendons in the human
body [20].

The paradoxical anatomy of the LPM raises two questions: why do the LPM have such vol-
ume when it appears that they cannot pull strongly on their tendons, and how can we explain
the function of the muscles? LPM function needs to be discussed in terms of both spinal stabi-
lization and spinal motions. Various hypotheses have been proposed to explain the remarkable
myofascial stabilizing system of the spine; our findings provide anatomical arguments in
favour of them [13, 35].

Stabilization of the lumbar spine, during walking for instance, requires isometric contrac-
tion of LPM. We hypothesize that the contraction of LPM does not act to pull on effector ten-
dons but mainly to increase the stiffness of the PMC in order to provide spine stabilization.
Biomechanical concepts related to the hydraulic and viscoelastic properties of the PMC have
been proposed to describe the mode of action of the LPM. During standing postures, muscle
contraction leads to an increase in muscle radius [3, 36-41]. When the LPM bulge, compart-
mentalization of the LPM by the TLF is responsible for a hydrauflic amplifier effect that
increases pressure within the PMC and thus increases stiffness of the spine [36, 42, 43]. Asa
consequence, the PMC acts as a posterolateral bone-muscle composite beam, which stiffens to
stabilize the lumbosacral spine [13, 35].

In addition, the length of the LPM tendons and the huge dense connective tissue, i.e., the
TLEF and the ESA-which are among the thickest fascia in the body, allows storage of elastic
strain energy |14, 19, 44, 45]. Ventilation, intra-abdominal pressure and co-activation of the
psoas and abdominal wall muscles all provide stability during both standing posture and gait
[2, 20, 46]. The ventral flexion of the trunk arises mainly though hip flexion; the lumbar spine
alone has a low range of mobility. From full flexion of the trunk until the standing position,
the main working muscles are the hip extensors, especially the gluteus maximus [47]. During
this movement, energy storage from tendons, TLF and ESA might provide a recoil mechanism
responsible for extension moments of the spine and the pelvis.
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Beside strength and endurance, substantial ACSA appears essential to the properly func-
tioning of the LPM, and more largely to the properly functioning of the PMC. LPM volume
should be sufficient i) to fill up the PMC, ii) to provide enough pressure and stiffness within
the PMC, iii) hence. to stabilize the spine. LBP is associated with LPM dysfunction [48]. It has
been reported that LPM dysfunction lead to stiffness changes found by palpation, intramuscu-
lar pressure changes and changes in muscles size [49, 50]. Previous studies demonstrated that
the core exercise-induced ACSA increase was responsible for decrease of the LBP [51-53].
Results of our study suggest it could be beneficial to look at rehabilitation techniques that
favour the ACSA increase of both the multifidus and the erector spinae {(and not only the mul-
tifidus, as promoted by some authors) in order to achieve an optimal stiffness of the PMC.
Also, spinal surgical procedures should preserve the postoperative ACSA of the LPM [52, 53].
Hence, surgeons propose now minimally invasive procedure either anterior or oblique lumbar
inter body fusion to spare the LPM [54].

Anatomy therefore provides strong arguments to change the functional paradigm of LPM.
In other words, their function should be considered in a different way from the CLM. We have
previously established that to understand the function of the deltoid muscle. the pressure
applied by the muscle to the underlying upper end of the humerus should be taken in account
[55]. The paradigm of a muscle pulling on its tendon is far from being sufficient to account for
spinal stabilization and dorsal extension; it needs to be complemented by other properties
such as 3D shape, volume variation, muscle perfusion and stiffness that together create
mechanical interaction at the level of the bone-muscle interface, LPM are integrated to the
cantilever spine system and should not be considered as external agents acting on the spine.
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des muscles paravertébraux lombaires
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But de I'étude

Les lombalgies chroniques et troubles de la statigue lombaires constituent la premiére cause de handicap.
Alors que les causes ostéo-articulaires sont aisément caractérisables en imagerie et en clinique, les
étiologies musculaires, peu connues et incomprises, restent souvent négligées!. L'élastographie par
résonance magnetigue (ERM) permet de caractériser les propriélés mécaniques des tissus musculaires
sains et pathologiques in vivo?. Cette technique pourrait permettre de compléter la physiologie et la
physiopathologie des muscles paravertébraux et ainsi d'affiner le diagnostic clinique. Compte tenu de
I'anisotropie des tissus musculaires et du caractére tridimensionnel des champs de déplacement,
I'élastographie 3D s'impose a priori comme référence. Les appareils cliniques sont cependant pour la plupart
dotés de modules d'élastographie qui reposent sur lacquisition et l'analyse d'une seule des trois
composantes du champ de déplacement. Nous comparons ici les modules d'élasticité de cisaillement
obtenus par ERM 1D et 3D sur les muscles paravertébraux afin d’evaluer la pertinence en routine clinique.

Matériel et méthodes
Une IRM lombaire centrée sur les muscles paravertébraux a été réalisée chez un méme sujet sur un
imageur Achieva 1.5 T (Philips Healthcare, Les Pays-Bas) et un imageur Magnetom Aera 1.5 T (Siemens
Healthcare, Allemagne) et dans deux états musculaires différents : repos et étirement (flexion des jambes et
des cuisses). Une onde de pression a 100 Hz était guidée jusqu'a un générateur passif (Resondant, Etats-
Unis), place sous le dos du sujet en decubitus dorsal, pour induire un deplacement harmonique des muscles.
Sur l'imageur Philips, une séquence d’'écho de spin, sensibilisée au mouvement selon les trois directions, a
été implémentée avec FOV=(320x264x14) mm?3, TE/TR=35/350 ms, BW=362 Hz/pixel et un voxel isotrope
de 2mm (Taq=15min). Sur limageur Siemens, une séquence d'écho de gradient, sensibilisée au
mouvement selon une direction, a été implémentée avec FOV=(320x320%14) mm?3, TE/TR=25/50 ms,
BW=300 Hz/pixel et un voxel isotrope de 2,5mm (Taq=5 min). Les cartes de modules d'élasticité de
cisaillement (G') ont été reconstruites aprés inversion de |'équation d'onde?® pour les données Philips et
directement sur la console pour les données Siemens. Les valeurs moyennes et écarts-types (<G'>+AG')
ont été calculés dans six regions d'intérét délimitées sur les images de magnitude : muscles multifidus (M),
erector spinae (ES) et paravertébraux (PV)
droite et gauche.

Résultats

La Figure 1 présente les cartes de G' avec les
images de magnitude associées. Le Tableau 1
synthetise les resultats obtenus dans les deux
ensembles de muscles. Pour les deux
imageurs, G' est plus important au cours de
l'effort qu'au repos. Pour le sujet, de fagon
repetée, G' est également plus important a
gauche qu'a droite quelque soit la sollicitation -
musculaire. Enfin, de facon systématique, G' [ B I
est sous-évaluée en 1D par rappoﬂ a G’ obtenu Figure 1: ERM 10 (hautj et ERM 3D (bas) | (A,D) et Image de magnitude (ua.) {BE) & au

tepos (kPa) (C.F) G’ en élirement (kPaj
en 3D. Le biais est de l'ordre de | <astac (kpa) i Drote 5 i “"_‘“"" -
30-40%. Repas 30 | 187:044 | 200/070 | 198:060

0 11.29:0.54 | 1281044 | 1241051 _165:043 | 1.45:054
Discussion : Etirement D 225089 | 22801003 | 2 3084115 | 2 ;
Ces résuliats démontrent Ia D[ 1.69:053 | 1884050 | 1851052 | 2391165 | 18240.52_ | 1.91:0.95

sensibilité de I'ERM 1D et 3D &  spinae (ES) et paravenébraus (PV) drode et gauche obienus en ERM 10 81 30

la tension musculaire (droite et gauche, au repos et etiré) et soulignent le biais entre les mesures réalisées
en 1D et 3D. L'acquisition des champs de déplacement (1D ou 3D) et les modéles rhéologiques empruntés
(élastique et viscoélastique) expliquent ces différences. Le caractére systématique du biais est garanti ici par
le choix unique de la direction d'encodage du champ de déplacement, le long des fibres musculaires
principales, sur 'ensemble des mesures. Nous pouvons en effet nous attendre a obtenir d'autres valeurs
d'élasticité en fonction de leur orientation relative. Dans ce cadre limité seulement, TERM 1D est un outil
pertinent de cartographie de I'élasticité des muscles paravertébraux.

Références : 'Bierry et al. Skeletal Radiology 37 : 957-77(2008). ? Bensamoun et ai J. Magn. Reson Imaging 23:242-7(2006)
“Sinkus et al MRM, 23:159-165 (2005)

Tableau 1: Valeurs moyennes et écarts-types du module d'élasticité G7 (kPa) dans les muscles multifidus (M), erector
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Back pain is associated with increased lumbar paraspinal muscle (LPM) stiffness
identified by manual palpation and strain elastography. Recently, magnetic reso-
nance elastography (MRE) has allowed the stiffness of muscle to be characterized
noninvasively in vivo, providing quantitative 3D stiffness maps (elastograms).
The aim of this study was to characterize the stiffness (shear modulus, SM) of the
LPM (multifidus and erector spinae) using MRE. MRE of the lumbar region was
performed on seven adults in supine position. MRE was acquired in three muscu-
lar states: relaxed with outstretched legs, stretched with passive pelvis flexion,
and contracted with outstretched legs and tightened trunk muscles. The mean
SM was measured within a region of interest manually defined in the multifidus,
erector spinae, and the entire paraspinal compartment. The intermuscular differ-
ence and the effects of stretching and contraction were assessed by ANOVA and
t-tests, At rest, the mean SM of the paraspinal compartment was 1.6 = 0.2 kPa. It
increased significantly with stretching to 1.65 + 0.3 kPa, and with contraction to
2.0 = 0.7 kPa. Irrespective of muscular state, the erector spinae was significantly
stiffer than the multifidus. The multifidus underwent proportionally higher stiff-
ness changes from rest to contraction and stretching. MRE can be used to mea-
sure the stiffness of the LPM in different muscular states. We hypothesize that,
irrespective of posture, the erector spinae behaves as semi-rigid beam, and
ensures permanent stiffness of the spine. The multifidus behaves as an adaptable
muscle that provides segmental flexibility to the spine and tunes the spine stiff-
ness. Clin, Anat. 31:514-520, 2018, & 2008 Wiley Pesindicals, Ine,

Key words: elastic modulus; elasticity imaging techniques; low back pain;
magnetic resonance imaging; paraspinal muscles; skeletal muscie

INTRODUCTION

Lumbar paraspinal muscles (LPM) are polyarticular, *Correspondence to: Maud Creze, Radiology Department, Bicetre
multiceps and multipennate muscles ensheathed in Hospital, Service de Radiologie, CHU de Bicetre, 78 avenue du
inextensible fascia, which taken together constitute the g_ene?! ""C'gm‘ 94270 L'f Kfr emlin-Bicetre, APHF, France.
paraspinal compartment (Bustami, 1986; Macintosh MRl hadg Creemap P
et al., 1986, Macintosh et al., 1987, Williams and Gray, Received 23 January 2018; Revised 7 February 2018; Accepted
1989; Macintosh et al., 1993; Dagafeldt et al,, 2000; 13 February 2018
Willard et al., 2012; Winckler, 1974). The function of the  published online in Wiley Online Library (wileyonlinelibrary.com).
LPM remains unclear owing to the complexity of their DOI: 10.1002/ca.23065
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anatomy, their polyarticular course, and their low lever
arm. Biomechanical hypotheses related to the visco-
elastic properties of muscle tissue have been proposed
to explain the mode of action of the LPM, Specifically,
the LPM could be involved in increasing spinal stiffness
(Rabischong and Avril, 1965; Kalimo et al, 1989,
Panjabi etal., 1992).

The viscoelastic properties of the LPM are very impor-
tant because increased stiffness leads to a decreased
range of motion of spine while a decrease perturbs spine
stability (Fryer et al.,, 2004; Wong et al., 2016). Better
understanding of the function of the LPM is required in
view of the prevalence and socioeconomic impact of low
back pain (LBF) (Deyo and Weinstein, 2001; Hoy et al.,
2010; Ivanova et al, 2011). Among the numerous
causes of LBP, musculoligamentous or idiopathic pain
remains the commonest etiology (Amirdelfan et al.,
2014). LBP is commonly associated with increased trunk
stiffness detected by guick release methods and motion
track systems and by increased LPM stiffness identified
by manual palpation and strain elastography (Chan
etal., 2012; Freddolini et al., 2014).

Magnetic resonance elastography (MRE) has been
used to characterize the viscoelastic properties of
muscles in vivo, in particular stiffness, providing quanti-
tative 3D maps of the shear elastic modulus (SM, in
kiloPascal) (Muthupillai et al., 1995). The basic principle
of MRE is (1) to generate a shear wave in the tissue
through noninvasive vibrations, (2) to record the
displacement field induced in the tissue on the phase-
contrast sequence, referred to as the shear wave veloc-
ity, and (3) to trace this to biomechanical properties
using inversion algorithms based on equations of
maotion (Sinkus et al., 2005). The simplest rheclogical
fit models follow Hooke's law, which models tissues as
isotropic, incompressible, and purely elastic. According
to Hooke's law, the SM can be calculated from the shear
wave velocity (v) by the formula: SM = p3v° (where p is
the tissue density, equal to 1,000 kg mm ?). Elasticity
(E) and SM are related by the formula: £ = 3SM. MRE
reveals stiffness changes related to diseased and dys-
functional muscles (Basford et al., 2002).

To date, no study has analyzed the stiffness of the
LPM in vivo using MRE. MRE could help to elucidate the
biomechanics of the LPM and of the spine in general, as
well as the pathophysiclogy of LBP. Therefore, we aimed
in this preliminary study first to analyze the feasibility of
two-dimensional MRE with a clinical device in LPM, and
second to characterize the elasticity of the two main
LPM (multifidus and erector spinae) in three muscie
states: relaxed, stretched, and contracted.

MATERIALS AND METHODS
Subjects

Seven volunteers (four females, three males; age:
25.6+6 years; weight: 65+ 12 kg) participated in
this study. The procedures performed accorded with
the ethical standards of the institutional research
committee and with the 1964 Helsinki Declaration
and its later amendments or comparable ethical
standards.
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Experimental Setup (Fig. 1)

The volunteers lay supine in a 1.5 T dlinical unit
(Siemens, Munich, Germany) with MRE capability
(Resoundant, Mayo Clinic Foundation, Rochester, Min-
nesota). Subjects were asked to assume the given
positions and were instructed so they felt comfortable.
Acoustic external vibrations (waves) were remotely
generated at 100 Hz by an active driver (vibration
source located outside the magnet room), and guided
via a flexible tube to a drum-like passive driver to
induce shear waves in the muscles. The pneumatic
passive driver (18 cm diameter, 1.5 cm thick flat, and
disc shaped) was positioned under the center of the
lumbar region and secured with an elastic belt. It was
centered at the level of the 2nd and 3rd lumbar verte-
brae (L2-L3) using a palpatory landmark (L4 =iliac
crest). A custom-made gel pad (1 cm thick) was inter-
posed between the skin and the driver to optimize
mechanical coupling between them.

First, MRE data were acquired with the subjects
lying supine in the magnet bore with arms and legs
straight. Second, the subjects had to bend both knees
on a semi-rigid triangular positioning cushion to
stretch the LPM by creating a shift of the sacrum
where the LPM are attached. Third, they had to con-
tract trunk muscles as core exercises (like a "plank”).
Breath-holding was not necessary.

MRE Acquisitions

A gradient-echo sequence, which included a motion-
encoding gradient synchronized with the mechanical
excitation at 100 Hz, was applied to record on the MR
phase image the displacement field produced by the
continuous shear waves induced in the muscles.
This sequence was implemented with: a body coil, Field
of view=(320.224-14) mm?®, Echo Time/Repetition
Time = 35/350 ms, Bandwidth= 300 Hz/pixel, 15
slices, and an isotropic voxel of 2,5 mm for a total acqui-
sition time of 5 min. Shear wave displacement was
acquired along the direction of the longitudinal axis of
the erector spinae in an oblique coronal plane.

Data Analysis

For each MRE acquisition, five serial images were
obtained: the "magnitude” or anatomical image, the
"phase” image on which the wave displacement was
calculated, the “wave” image showing the shear
waves, the "stiffness” image (elastogram), and the
“confidence” image with grayed area rated poor. The
high signal intensity of the wave image in the L2-L3
region confirmed the correct position of the driver
The MR slice passing through the middle of the muscle
bellies of the multifidus and the erector spinae was
chosen for stiffness measurement (Fig. 2). Six regions
of interest (ROIs) (multifidus muscle, erector spinae
muscle, and paraspinal muscles from L2 to LS bilater-
ally) were manually segmented following the inner
edges of the muscles on the anatomical image using
the MRI constructor software (Syngo.via®, Siemens
Helthineers, Munich, Germany); then ROIs were
superimposed on the stiffness image by copy/paste.
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Passive driver

A LA B

Flexible tube connected
to the active driver

Abdominal strap

Fig.1. A, B, C: MRE setup placed inside the scanner. Shear waves were generated
at 100 Hz through a pneumatic driver positioned in the lumbar back regicn on to a gel
pad and maintained by an abdominal strap. D, E, F. Position of the subject within the
MRI. D! while at rest, E: while stretching, F: while contracting. [Color figure can be
viewed at wileyonlinelibrary.com]

Global paraspinal muscle analysis allowed the paraspi-
nal compartment to be considered as a whole, inciud-
ing the intermuscular space within the paraspinal
muscles, which contains fat, fascia, vessels, and
nerves. Care was taken to distance the bone (verte-
bra) and the thoracolumbar fascia, which could reflect
the wave and corrupt wave reconstruction. Within
each ROI, the Syngo.via®software automatically cal-
culated mean, standard deviation, and minimum and
maximum values of the SM.

Statistical Analysis

BiostaTGV (marne.u707.jussieu. fr/biostatgv) was
used for statistical analyzes. Significant differences
between right and left sides and between multifidus
and erector spinae were determined using a paired t
test. Differences were considered statistically signifi-
cant at an alpha level of P<0.05.

One-way analysis of variance (ANOVA; Stiffness x
Rest/stretching/contraction) was used to determine

the effects of stretching and contraction on muscle
stiffness. A paired t test was used as a post hoc test.

In addition, the rates of change in shear elastic mod-
ulus between rest and stretching/contraction were
defined using the following formula: rate of change =
(rest value - stretching (or contraction) value)/(rest
value) x 100.

Descriptive data were expressed as means*
standard deviations.

RESULTS

There were no significant stiffness differences
between left and right muscles.

At rest, stiffness was higher in the paraspinal com-
partment than in each muscle separately (Fig. 2). We
found significant stiffness differences between the
multifidus and the erector spinae at rest (P« 0.05)
and during stretching (P<0.01) but not during
contraction.
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Fig. 2. MRE of the paraspinal muscles. A: axial ana-
tomical image (localizer). The red line is used to mark the
baseline orientation of the imaging plane within the mus-
cle and alsc corresponds to the slice where the ROIs were
defined. The contact with the driver causes the flattened
area (arrows). B: Anatomical image with ROIs; C: Wave
image, D, E, F: Shear modulus map (elastogram) D:
while at rest, E: while stretching; F: while contracting (in

The stiffness pattern was homogeneous at rest and
became heterogeneous with stretching and contraction.
Within a muscle, the extreme stiffness values (minima
and maxima, not reported here) varied by a factor of two
to three at rest and with stretching and by a factor of five
to seven with contraction. As reported in Table 1, the
mean values of SM were significantly higher with stretch-
ing and contraction than the resting values, The mean
change rate for the six ROIs was 16.2 = 8.3% between
rest and stretching positions and 38.3 + 13.9% between
rest and contraction. The dispersion of individual values
around the mean was greater with stretching and
moreover with contraction, in particular for the overall
paraspinal muscle ROL

DISCUSSION
MRE showed significant intermuscular stiffness dif-

ferences in the LPM, and significantly increased stiff-
ness with stretching and contraction.

kPa), Warm colors correspond to hard tissues and cold
colors to soft tissues. M = multifidus; ES = erector spinae;
PS = paraspinal muscle, R= right; L= left; I=ilium;
S=sacrum; P=pseas; Q= gquadratus lumborum; L2=
2nd lumbar vertebra; L3 = 3rd lumbar vertebra; L4 = 4th
lumbar vertebra; Sth lumbar vertebra. [Color figure can
be viewed at wileyonlinelibrary.com]

We found significant intermuscular differences at
rest and with stretching. In LPM, only shear wave
sonoelastography (SWE) and strain sonoelastography
have been used to date. The mean SM of the multifidus
was 8.5 kPa and 5.4 kPa using SWE (Creze et al., 2017).
Using strain elastography, Chan et al. (2012) found a
mean Young's modulus of 36.4 kPa (comresponding to
SM=12 kPa). In the erector spinae, the SM was
6.9 = 2.7 kPa for the longissimus and 4.9 = 1.4 kPa for
the iliocostalis using SWE (Creze et al., 2017). In previ-
ous MRE studies on appendicular muscles in healthy
young adults, the mean SM ranged between 3.7 kPa
and 7.5 kPa in the anterior compartment of the thigh
(Bensamoun et al., 2006), between 2.7 kPa and 5.6 kPa
in the posterior compartment (Chakouch et al., 2016),
3.8kPain the legs (Debernard et al., 2011), 29.3kPain
the biceps brachii (Papazoglou et al., 2006), and 3.3
kPa in the psoas (Chakouch et al., 2014). Biological,
anatomical and methodological factors could explain
these intermuscular differences in stiffness. Although
no study has examined the relationship between
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TABLE 1. Mean Shear Modulus (in kPa) and Standard Deviation (SD) over the Seven Subjects in the
Multifidus (M), Erector Spinae (ES), and Paraspinal (PS) Muscles in Three Positions: Rest, Stretching,

and Contraction

Right {(mean =5SD)

Left (mean + SD)

M ES PS M ES PS

Rest 1,25+ 0.06 1.48+0.22 1.55 +0.20 1.25-0.13 1.50+0.18 1,60 +0.14

Stretching  1.55+0.17%*  1.72+0.10%*  1.68=0.29*  1.50+0.14** 1.88%0.17** 1,67 +0.29
(+24%) (+16%) (+8%) (+20%) (+25%) (+4%)

Contraction 1.75=0.58%*% 1.88+0.50*%*+ 2.03+0.78%*t 202x0.71*%%F 2,18 +0.50%*+ 2.0+0.70**t

(+40%) (+27%)

(+31%)

(+62%) (+45%) (+25%)

Rate of change (%) to rest, Changes significantly different from rest: P < 0.01 (**), P < 0.05 (*); significantly different

from stretching: P< 0.01 (¥), P<0.05(T).

muscle histology and stiffness, intermuscular stiffness
differences could reflect the biological variability among
muscles, which depends on numerous factors including
the type and rate of muscular fibers, the amount of fatty
degeneration, the architecture of the capillary supply
network and the extracellular matrix scaffold. Inter-
muscular stiffness differences could also be explained
by anatomical differences such as the cross-sectional
area of the muscle belly, the type of muscular fiber
attachment ( pennation) or the organization of muscular
fascicles (multiceps) (Dresner et al., 2001). Also, the
specific anatomical relationships between the superfi-
cial part of the LPM and the surrounding fascia and
aponeurosis probably lead to increased stiffness in the
erector spinae {Gatton et al., 2010). The outer aspect of
the erector spinae is attached to the erector spinae apo-
neurosis and constitutes a myoaponeurotic junction.
This junction is an atypical region made of sarcolemmal
invaginations interspersed with bundles of collagen
fibers appearing as finger-like processes. Previous
authors have shown that stiffness is greater this region
within a few centimeters of the myoaponeurotic junc-
tion (Yoshitake et al,, 2014; Knudsen et al,, 2015; Le
Sant et al.,, 2017). Moreover, it has been proposed that
the thoracolumbar fascia acts as a retinaculum covering
the LPM and pressing it down gently, in particular the
outer aspect of the erector spinae {Bogduk and
Macintosh, 1984). The extrinsic compression of the
fascia, here the thoracolumbar fascia, could explain the
increased stiffness in the erector spinae as shown in the
legs, where skin and fascia contributed to increased
muscular stiffness (Koo et al,, 2014; Yoshitake et al,,
2014). Finally, the methods used to assess stiffness
have been clearly shown to influence stiffness measure-
ments and partly to explain interstudies differences,
including the shear wave frequency and amplitude, the
type of driver, the reconstruction method, and the rheo-
logical model (Chakouch etal., 2016). All previous stud-
ies have been conducted on small samples, usually
fewer than 10 subjects; small sample size and large
individual variability are probably also responsible for
differences among studies and intermuscular stiffness
measurements.

LPM stiffness increased significantly during stretch-
ing and contraction, and this must be related to under-
lying biological events such as the elastic properties
of actomyosin cross-bridges, hyperemia and edema,
and changes in the scaffold of the extracellular matrix

(Sarelius et al,, 2000; Roberts, 2016). Previous studies
using SWE and MRE reported positive linear relation-
ships between muscle stiffness and both active and
passive muscle forces (Nordez and Hug, 2010; Hug
et al,, 2015). Global analysis of LPM stiffness showed
lower stiffness changes with stretching and contraction
than in the multifidus and erector spinae, and greater
interindividual variability. The inclusion of fatty
intermuscular spaces within the ROI could account for
smoothed stiffness values and smaller stiffness
changes. This observation underines the influence of
ROI size as well as the meaning of the spatial distribu-
tion of muscle stiffness. Within-muscle stiffness hetero-
geneity has been described along the longitudinal and
transverse axes of muscles, and this could be related to
the underlying biological structure (Debernard et al,,
2011). According to previous studies, stiffness became
more heterogeneous with contraction (Basford et al.,
2002). Since the accuracy of spatial resclution of MRE is
not known, and given the within-muscle stiffness het-
erogeneity, global stiffness analysis of a muscle seems
more meaningful.

These observations highlighted the different biome-
chanical behaviors of the erector spinae and the multifi-
dus. Irrespective of muscular state, the erector spinae
was stiffer than the multifidus. We hypothesize that
regardless of posture, the long, superficial, and polyar-
ticular erector spinae behaves as two semi-rigid beams
and ensures permanent stiffness of the spine. The erec-
tor spinae aponeurosis and the thoracolumbar fascia
could confer permanent high stiffness on the erector spi-
nae. The deep multisegmental multifidus, less stiff than
the erector spinae, exhibited proportionally greater stiff-
ness changes from rest to contraction and stretching.
This suggests that the multifidus is an adaptable muscle
that provides segmental flexibility to the spine but allows
spine stiffness to be tuned, ensuring vertebral joint
stabilization.

LBP is associated with functional disturbances and
structural changes in the LPM that produce altered seg-
mental tissue texture and tenderness (Fryer et al,
2004). Previous studies using MRE reported significant
stiffnress changes in diseased and dysfunctional
muscles, the magnitude and dynamics of changes being
linked to the severity of the disorder and the efficacy of
treatment (Basford et al.,, 2002; Brauck et al., 2007;
Ringleb et al., 2007; Muraki et al,, 2010; Chen et al.,
2016). Since stiffness changes can be related to LBP,
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MRE could also demonstrate and quantify stiffness
changes in the LPM. While MRI is sensitive for diagnos-
ing osseous, joint or tendon injuries in the spine, LPM
injury can still not be assessed. MRI demonstrates mus-
cle atrophy and fatty/edema replacement, but the
meaning of these radiological features remains misun-
derstood and therefore neglected (Bierry et al.,, 2008).
In medical practice, MRE could be added to conven-
tional MRI examination to explore the veracity of
tenderness observed with palpation and the effect of
medical treatment and manipulation on LPM stiffness.

Some methodological limitations arose in this study.
First, because of the variety of different methods used
to perform MRE, which could account for interstudy
stiffness differences and for the difficulty in comparing
muscle stiffness results, it is important to discuss the
specific method that we used. The muscie tissue has
anisotropic properties because of its fibrillar and fascic-
ular organization. In consequence, the shear wave dis-
placement is faster along the axis parallel to the
direction of the fibers than along the perpendicular axis.
As only two-dimensional analysis of the displacement
field was performed here, we chose to analyze the
shear wave in the oblique coronal plane, which was
parallel to the longitudinal axis of the muscle, to limit
the anisotropy bias (Bensamoun et al., 2008). LPM
are "multiceps” and "multipennate” muscles (Winckler,
1574). Thus, their complex architecture is extremely
anisotropic, so two-dimensional analysis could not fully
characterize the muscle fibers that did not lie in the cho-
sen plane. Moreover, the rheclogical methods used to
compute stiffness assume that the tissue is linearly and
purely elastic, which it is not. The viscous and elastic
behaviors of muscle are non-linear, and both behaviors
characterize the complex SM. Therefore, the single
mechanical parameter of elasticity derived in this study
cannot describe the complex tri-dimensional viscoelastic
behavior of the LPM fully. Nevertheless, it provides an
objective indicator of their elasticity and their changes
with stretching and contraction. Three-dimensional MRE
and adapted rheological methods would allow the propa-
gating shear wave to be analyzed more consistently, but
it requires longer acquisition times, and postprocessing
remains difficult to implement in clinical routine.

Second, our study was limited by the relatively
small number of subjects. Reproducibility and elastic-
ity variations should be investigated in a larger num-
ber of healthy volunteers. There was no information
about the spinal alignment and physical activity of the
enrolled subjects. More needs to be understood about
variations in specialized samples of healthy individuals
to identify what factors—such as sex, age, physical
activity, lordosis—could influence stiffness.

Third, we did not control the neuromuscular activity
of the LPM using electromyograms, and some volun-
teers perceived muscle contraction as unsuccessful.
This was probably because use of the trunk muscles is
often unconscious, controlled by vestibular pathways.
Veoluntary contraction of the LPM would be more feasi-
ble in a prone position, but this is uncomfortable and
MRE would be more affected by breathing motion arti-
facts. In any case, LPM contraction within the MRI
tube seems unsuitable and poorly reproducible.
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Fourth, although we attempted to optimize the
setup by using anatomical landmarks and a gel pad,
there could have been variability in strapping the pas-
sive driver to the subjects. We chose not to control
joint angles strictly and to position the patient supine
to establish a protocol that would be compatible with
clinical routine.

Finally, one important limitation of MRE is that it
allows stiffness to be assessed only in the lying position.

CONCLUSION

This study represents the early stage of LPM stiff-
ness analysis. It assessed the usefulness of MRE for
characterizing the stiffness of the LPM at rest and with
stretching. MRE highlighted the different biomechani-
cal behaviors of the erector spinae and the multifidus.
The erector spinae behaves as a semi-rigid beam and
ensures pemmanent stiffness of the spine. The multifi-
dus behaves as an adaptable muscle that provides
segmental flexibility to the spine and tunes the spine
stiffness.
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ABSTRACT

Introduction: Low back pain is often associated with tensional changes in the paraspinal
muscles detected by palpatory procedures. Shear wave elastography (SWE), recently
introduced, allows the stiffness of muscles to be assessed non-invasively. The aim of our
work was o study the feasibility of using SWE on the three main lumbar back muscles
(multifidus. longissimus and iliocostalis) in vivo after analyzing their muscular architecture ex
VivO.
Materials and methods: We determined the orientation of fibers in the multifidus,
_ longissimus and iliocotalis muscles in seven fresh cadavers using gross anatomy and B-Mode
uitras‘cmnd imaging. We then quantified the stiffness of these three muscles at the L3 level ex
vivo and in 16 healthy young adults.
Results: Little pennation was observed in the longissimus and iliocostalis, in which the
direction of fibers was almost parallel to the line of spinous processes. The multifidus
appeared as a multiceps and multipennate muscle. Given the random layering of millimetric
fascicles, tendons and fatty spaces, the multifidus had multiple fiber orientations. Muscular
fascicles and fibers were oriented from 99 to 22° to the line of spinous processes. The shear
moduli related to stiffness were 6.9%2.7 kPa for the longissimus, 4.9%1.4 kPa for the

iliocestalis and 5.4%1.6 kPa for the multifidus.

Conclusion: SWE is a feasible method for quantifying the stiffness of the lumbar back

muscles.
KEY WORDS

Anatomy; Elastic modulus; Elasticity imaging techniques; Dissection; Paraspinal muscles
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INTRODUCTION

Chronic low back pain (LBP) is one of the most common and costly medical
problems, especially in the middle-aged and elderly (Hoy et al., 2010). Pain arises from the
intervertebral discs, zygapophyseal joints and ligaments or paraspinal muscles (Deyo and
Weinstein, 2001 ). Musculoskeletal disturbances associated with LBP, such as muscle fiber
changes, impaired blood flow, decreased activity and muscle atrophy, induce changes in
tissue texture and muscle biomechanics (Fryer, 2004). Clinically, LBP is often associated
with tensional changes in the paraspinal muscles detected by manual palpation and confirmed
by strain elastography (Chan et al., 2012). However, soft tissue paraspinal palpatory

procedures have low reliability (Seffinger et al., 2004).

A new non-invasive imaging method called shear wave elastography (SWE) allows the
biomechanical properties of muscular tissue to be assessed (Gennisson et al., 2013; Klauser et
ali, 2014; Levinson et al., 1995). SWE provides 4 quantifiable spatial representation of
‘stiffness in the form of an elastogram. The basic principle of SWE is (1) to create a shear
wave using an ultrasound push beam, (2) to map the longitudinal wave propagation in the
tissue using ultrasonography (US), and (3) to trace the wave back to the mechanical properties
of the tissue using inversion algorithms (Arda et al., 2011). SWE can demonstrate changes in
muscles stiffness related to stretching, contraction, manual therapy procedures. and muscle
ma'lﬁpulation. and in many muscular diseases (Hug et al., 2015; Lacourpaille et al., 2015;
~Nerdez and Hug. 2010). It is reliable and reproducible but also strongly influenced by
technical parameters such as the angulation between the ultrasonographic probe and the
muscle fiber and by the anatomical characteristics of muscles such as pennation, fascia or
cross-sectional area (Dorado Cortez et al., 2015; Lacourpaille et al., 2012). Thus, skeletal
muscle applications using SWE require knowledge of muscle anatomy so that the probe is

placed parallel to the muscle fiber orientation. Regarding the importance of biomechanical
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changes in the paraspinal muscles related to LBP, SWE seems a promising tool for

quantifying stiffness in those muscles.

The aim of this study was to investigate the potential of SWE imaging for quantifying the
stiffness of the three main paraspinal muscles: the multifidus, longissimus and iliocostalis.
‘Our investigation comprised two steps, Taking into account the complexity of the anatomy of
the paraspinal muscles, we first determined their fascicular anatomy in cadavers in order to
‘optimize the ultrasound probe positions for SWE imaging. We then investigated the

feasibility of quantifying the stiffness of the normal back muscles in vivo at rest using SWE.
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MATERIALS AND METHODS

The study protocol was approved by the local ethics committee (EA) and consistent with the
Declaration of Helsinki.

Written consent was obtained from all volunteers before inclusion in the study,

The seientific committee of the Paris School of Surgery ensured that the anatomical subjects
were obtained by body donations made during their lifetimes, with written informed consent

from those donors on file.

Im vitro experiments
Specimens

. Seven fresh adults cadavers (time after death <10 days; mean age: 79 years; four females)
were examined anatomically. All subjects were Caucasians. The bodies had been donated
to the Paris School of Surgery (Assistance Publique des Hopitaux de Paris, APHP). None of
the cadavers revealed evidence of previous surgical procedures, spine deformation or

traumatic lesions of the lumbar region.
Experimental protocol
Mu&cles were collected 5-10 days after death. The temperature of the muscles was 6-12°C.

In four cadavers, the right lumbar muscles were removed en bloc separately after the
subcataneous soft tissues and the thoracolumbar fascia (TLF) had been removed. The muscles

were analyzed using B-mode ultrasound and elastography at the L3 level.

The other three cadavers (right sides) were dissected and observed grossly to establish their

pennation and the orientation of their fibers with respect to the line of spinous processes.
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Gross anatomy

The cadavers were positioned in prone position. The upper limbs were placed along the body.
A large linear skin incision was made from the spinous process of T5 to the sacral hiatus, and
then the skin was widely retracted laterally. After the thick underlying fatty layer had been
dissected, the superficial plane of the paraspinal compartment was exposed, covered by the
‘aponeurosis of the erector spinae (ESA) and sheathed in the TLF. After resection of the
serratus posterior inferior and the TLF, the longissimus, iliocostalis and multifidus were
individualized, then severed and retracted laterally. In each muscle we studied the disposition

of the fibers, and we measured the pennation of each in the lumbar region using a protractor.

In vivo experiment

Participants

Sixteen healthy right-handed volunteers participated in this study (mean age: 23 years: nine
females: BMI <25}. The participants were informed of the purpose of the study and the
methods used. They were either sedentary or physically active and had no history of back
pain. None of the cadavers revealed any evidence of previous surgical procedures, spine

deformation or traumatic lesions in the lumbar region.

Experimental protocol

Afterfive minutes of rest in prone position, muscle stiffness was measured at the L3 level in
the right multifidus. longissimus and iliocostalis using ultrasound mode B and elastography.
The L3 level was identified as the vertebra just above the bi-iliac line and confirmed with B-

mode;
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Stiffness measurements
Instrumentation

The muscle shear modulus (SM} was measured using an AixPlorer ultrasonic scanner (version
6.1.1. SuperSonic Imagine, Aix en Provence. France). All ultrasound examinations were
performed by the same operator (MC) with 10 years' experience in radiology.

For the ex vivo experiment. the scanner was used in the muscle preset coupled with a linear

probe (15-4Hz).

Eor the ex vive experiment. we first tried to measure stiffness in lumbar back muscles using
the linear probes (15-4 Hz and 10-2 Hz), but stiffness was not recorded in the deep parts of
the muscles owing to the cumulative attenuation effect of the skin (which is particularly thick
-in the back), fat, TLF and ESA. We then used a convex probe (SuperCurved 6-1, SuperSonic
Imagine, Aix-en-Provence, France) preset in the general mode, which can search deeper
layers.than the linear probe. The “penetration” mode was selected to deepen the penetration of

the shear waves.

A generous amount of coupling gel was applied to the muscle surface or ESA in the
specimens and to the skin surface of the participants to minimize the influence of transducer
‘pressure on the measurements. During acquisition of stiffness measurements, the transducer

was kept motionless until the elastography map stabilized, which took 5-15 seconds.

For each target level the probe orientation was aligned - if possible - with the direction of the

muscle fibers as confirmed using mode B.
Data analysis

The software (Q-BoxTM) installed in the ultrasound system was used to measure the mean

shear modulus across circular regions of interest (ROI). For each pixel of the ROI, Young's
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modulus (YM) was deduced from YM = 3p\«’2 (where p, density, is assumed to be constant
(1000 kg m’®) in human soft tissues; v, shear wave velocity). The device yields the YM by
applying the constant 3. assuming that soft tissues are isotropic, unlike skeletal muscle (Royer
etal, 2011; Tani guchi et al., 2015). Hence. we derived the shear modulus by dividing the YM
obtained by 3. The ROI (10 mm diameter) were positioned in the center of the muscle. Care
was taken to avoid including the ESA and TLF, fat. vessel, or muscle located too close to the
vertebra within this circular region because this could affect the accuracy of the elasticity

measurement.

Differences between the ex vive and in vive results were assessed using a Student t-test,

RESULTS
Gross anatomy

On first inspection, the TLF appeared as a large triangular fibrous sheet covering the
lumbar back muscles (Fig.1). It was thick and had no weak point except at the passage of the
vascular pedicle laterally for each spinal level.
The TLF was separated from the deeper plane by a thin layer. The deeper plane was
‘constituted by the ESA, which covered the longissimus medially and the iliocostalis laterally
along a large proportion of their length (Fig.1). The ESA was continuous and composed of

longitudinal fibers along which the muscle fibers were attached obliquely. Under L4-L5, the

ESA was the tendon common to both the iliocostalis and longissimus muscles.

The longissimus and iliocostalis — also named erector spinae - had voluminous bellies, where
the muscular fibers were oriented longitudinally, almost parallel to the line of spinous
processes. The mean pennations (* standard deviation) with the inner part of the ESA were 8°

(£ 3) and 4° (£ 1) for the longissimus and the iliocostalis respectively (Figs.2. 3). Near the
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paraspinal groove, the inner parts of the erector spinae were also attached to the mammillary
processes with thin fascicles, where the mean pennations (+ standard deviation) were 21°

(£3°).and 60° ( 6) for the longissimus and iliocostalis muscles respectively.

Above L4, the multifidus was found in the deep part of the erector spinae, from which it was
“separated by a fat-filled space and by the thin aponeurosis of the multifidus (Fig.4). Below
4, the multifidus was superficial, covered only by the ESA, with few smooth attachments on
it but nio fatty space. On first inspection, the multifidus represented a homogenous muscular
mass with a triangular shape. It comprised many millimetric tendinous and fleshy fascicles
originating from the spinous processes to the mammillary processes located 1-3 spinal levels
above. The muscular organization was unclear and the multifidus appeared as a multiceps and
mullipcnnalc muscle. Multifidus fascicles were arranged in three or four layers from super-
ficial to deep with few or no cleavage planes between them. Some interdigitations attached
fascicles between them. For each lumbar level, the muscular fascicles and fibers were

oriented from 97 to 227 to the line of spinous processes.

Mode-B analysis
The orientation of the fibers of the superficial and largest part of the erector spinae
was easily identified with B-mode ultrasound in both the ex vive and in vivo experiments
(F] 2s.1-3). As in the anatomical description, most of the muscle fibers ran almost parallel to
the midline with little pennation with the ESA. In depth, fascicles attached to the mammillary

‘processes were not identified.

For the multifidus, it was not possible to identify the proper orientation of the fibers for ex
wivo and in vivo experiments because of the thinness of the fascicles and their arrangement

(Figs.1, 4). In vivo, the multifidus (especially the inner and medial part of the muscle) in the
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upper lumbar spine was thin, deep and covered by a succession of tissues (from deep to
superficial: fat, longissimus, ESA. fat, TLF, fat, subcutaneous tissues and skin). In the in vive
experiment, the orientation of the probe could not be perpendicular to the skin because the
-muscle slid sideways to the spinous processes and we needed to tilt the probe toward the
vertebra. For both experiments, the architecture of the multifidus was not recognizable in the
lumbo-sacral part. As seen by gross anatomy, the architecture of the multifidus was complex,
with randomly alternating hyperechogenic tendon and aponeurosis, hypoechogenic muscle
tissue, and hyperechogenic fat. Whatever the rotation of the probe at an angle between 0° and
25° to the line of spinous processes, only few muscular fibers were identified in their entirety,

others not appearing in the same plane as the probe.

The analysis of muscle fiber directions by both gross anatomy and ultrasonography allows the
anatomy and the organization of the lumbar back muscles to be established accurately as a

radio-anatomical model for SWE.

Stiffness analysis

SWE allowed an elastogram to be obtained and the stiffness of the three muscles
measured (Figs.1-4). For both experiments, the outer part of the longissimus covered by the
ESA ‘was stiffer than the rest of the muscle part. In the ex vivo experiment and in vive in the
Jongissimus, the elastogram was completed in the Q-Box and stiffness could be measured
throughout the muscle. The intramuscular stiffness pattern was homogeneous. In the deep part
of the iliocostalis and in the multifidus in vivo the elastograms were incomplete, with “holes”

and artifacts,

In vive, the mean SM were 6.912.7 kPa for the longissimus. 4.9t1.4 kPa for the

ilincostalis and 5.4+1.6 kPa for the multifidus. Ex vive, the mean SM were 7.7+3.1 kPa (in
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vive +11%) for the longissimus, 6.9+ 1.5 kPa (in vive +40%) for the iliocostalis and 5.1+1.7
kPa (in vivo + 6%) for the multifidus. There were no significant difference between the ex

vive and in vivo measurements of the three muscles.

DISCUSSION

In the present study, we demonstrate that gross anatomy analysis combined with
ultrasonography allows the limits of paraspinal muscle SWE to be defined and ultimately

musele stiffness in the lumbar region to be measured.

To the best of our knowledge, the present paper is the first to publish stiffness data for
the three main paraspinal muscles using SWE (MEDLINE 1966-Avril 2017: English
language: search terms: [hocostalis, Longissimus, Multifidus, Elastography, Shear wave
clastography. Stiffness). Few studies have explored the stiffness of paraspinal muscles.
Moreau et al. (2016) found a SM of 8.6 kPa (shear modulus) at level L2-L3 and 6.9 kPa at
level L4-L5 in the multifidus at rest in prone position using SWE, and Chan et al. (2012)
found a YM of 36 kPa, which corresponds to SM=12kPa, using strain elastography. By
extension to other trunk muscles, mean stiffness using SWE ranged from 3.5kPa for the
internal oblique to 22kPa for the external oblique (Hirayama et al., 2015; Tran et al., 2016).
Such variability could result from significant inter-individual and inter-muscular stiffness
differences. In the literature concerning SWE, large inter-individual variations in mean
stiffness are described but no significant factor has been proved responsible for them (such as
SEX, age physical activity or muscle biology) (Akagi et al., 2016; Arda et al., 2011; Chino and

Takahashi, 2016; Eby et al., 2015).

Stiffness measurement using SWE is highly dependent on the angle between the probe

(i.e. the direction of propagation of the shear wave} and the muscular fiber, owing to the

10
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anisotropy of muscle tissue (Koo and Hug, 2015; Mivamoto et al., 2015). Stiffness values are
_g_ri:ailcr in the direction parallel to the muscle fibers than perpendicular to them. As described
in previous studies, paraspinal muscles are poly-articular, deep and multipennate (Kalimo et
ali; 1989; Winckler. 1974). Gross anatomy analysis was useful for finding details of the probe
orientation on the three muscles and establishing the limits of the method for these complex
museles (Hatta et al., 2016). There was little pennation in the longissimus and the iliocostalis.
The fiber orientation was easily identified and was almost parallel to the line of spinous
processes and to the skin. Concerning the multifidus, there were multiple fiber orientations
given the random layering of millimetric fascicles, tendons and fatty spaces. Such geometrical
complexity and tissue heterogeneily meant that the probe was rotated relative to some
fascicles. We observed that the fascicle angle with the line of spinous processes was less than
25° Although the probe angle relative to the fascicle has a significant effect on the shear
modulus in human muscles, the difference is negligible if the probe angle is no more than 20°,
SWE remains a valid tool for determining the mechanical properties of pennate muscles along
the fascicle direction under those conditions (Miyamoto et al., 2015). Deep location and
surrounding tissues can influence stiffness in two ways; first by applying an external force,
.and second by disturbing the stiffness measurement by attenuation or artifacts, especially
above L4 (Yoshitake et al., 2016). ROl size and ROI position, particularly in relation to
underlying bone, influence stiffness measurements and could be important in the depth of the

spinal groove (Ates et al., 2015; Ewertsen et al., 2016; Sasaki et al., 2014).

We observed greater mean stiffness ex vivo than in vive, especially in the iliocostalis
(+40% ), though there was no significant difference between the two experiments. In a similar
study comparing SWE in vivo and ex vive in the supraspinatus, ltoigawa et al. (2015)
observed greater stiffness in cadavers than in healthy participants. The stiffness difference

could be explained by several differences within samples. Young, healthy and active persons

11
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constituted the in vive sample. The ex vivo sample comprised old persons whose muscles
suffered from fatty degeneration, atrophy and post-mortem changes. Knowing the high
incidence of LBP, arthrosis and inactivity with aging, we cannot exclude the possibility that
the.cadavers also suffered from one or more of these spine diseases. Previous studies on
appendicular muscles failed to highlight reproducible and significant stiffness changes with
ag_ing-_and the relationship between stiffness and fat infiltration remains unclear (Rosskopf et
al., 2016). In the supraspinatus, stiffness decreased with increasing fat content (Goutallier
stage 0-I11) and increased in the final stage of fatty infiliration (Goutallier stage IV)
~(Rosskopf et al., 2016). Temperature is known to influence stiffness ex vivo significantly
(Sapin-de Brosses et al,, 2010). The lack of significant difference between ex vive and in vivo
stiffness could be explained by the small sample sizes or high inter-individual stiffness

differences.

In clinical work, qualitative manual palpation is widely used to assess paraspinal
muscle stiffness (Fryer. 2004). The relationship between decreased paraspinal muscle activity,
decreased strength, changes in muscle fiber composition or atrophy and LBP could be
responsible for the palpable paraspinal muscle changes detected manually (Fryer. 2004).
However, most spinal palpatory diagnostic procedures are unreliable (Seffinger et al., 2004).
Morezecently, one study using strain elastography showed that patients with chronic LBP
have multifidus muscles with less elasticity than younger control subjects without LBP (Chan
et al,;2012), Since strain elatography is related to manual compression it is operator
dependent. SWE is a promising objective tool for analyzing stiffness changes induced by LBP
‘because of its reproducibility. Animal studies combining a traditional materials testing
machme and SWE ultrasound measurement have validated the SWE technique throughout the

functional range of motion of skeletal muscle (Eby et al., 2013),

There are some limitations to the present study. First, we acknowledge that the small

12
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sample size limits our interpretation of muscle elasticity. However, no previous study has
:mal'yzcd the performance of SWE in measuring the stiffness of lumbar back muscles. Second.
the rheological fit model used to characterize stiffness with SWE assumes the muscle to be
isotropic and purely elastic. but it is not. More accurate rheological fit and tri-dimensional
‘analysis of the wave propagation could allow the anisotropic and viscoelastic properties of the
musele to be respected, especially in muscles with complex anatomy such as the paraspinal

‘muscles. Future investigations with larger cohorts will aim at confirming the value of SWE.

CONCLUSION:

The combination of gross anatomy analysis and ultrasonography allows the anatomy
and.the organization of the lumbar back muscles to be established accurately as a radio-
anaipmical model for SWE. Using this radio-anatomical model, SWE assesses muscle
stiffness in the lumbar back muscles and highlights their biomechanical properties responsible
f‘or‘-'g'ai't. In the future, SWE could be a useful objective tool for analyzing biomechanical

changes related to LBP.

13
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ABSTRACT
Introduction: The lumbar paraspinal compartment (PMC) is a stabilizing system of the spine
whose efficiency depends on its elastic properties, which may be quantifiable by supersonic

shear wave elastography (SWE). The thoracolumbar fascia (TLF) encapsulates the lumbar

cle

® H paraspinal muscles (LPM) and creates a paraspinal muscle compartment (PMC). Tensioning
of the TLF via the stretching of the latissimus dorsi is supposed to increase stiffness within
the PMC. The aims of this study were 1) to test the reliability of SWE in the multifidus and
the erector spinae (ES) in prone and sited position; 2) to investigate the role of the tensioning
of the pTLF, via stretching of the latissimus dorsi (LD), on LPM stiffness. Materials and
Methods: Stiffness of ES and multifidus was measured using SWE at L3-L4 in procubitus
and seated position in 15 participants. Stretching of LD was performed with arm elevation.

Parametric paired tests, multiple analyses of variance, and intra-class correlation were used

ted Art

for statistical analysis. Result: Reliability estimates were fair to excellent. Reliability was

%

reater in ES than the multifidus, greater in seated position than during rest. Stiffhess was
greater in the ES than in multifidus, and in seated position than at rest, Tensioning of the TLF
via LD stretching did not generate significant LPM stiffness changes. Conclusion: SWE is a
reliable tool for assessing stiffness in the LPM. Reliability of SWE protocols is improved
during seated position. Tensioning of the TLF via LD stretching did not influence LPM

stiffness.

Acce

KEY WORDS :
Shear wave elastography; shear modulus; paraspinal muscles; posture; latissimus dorsi;

lumbosacral region;thoracolumbar fascia
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INTRODUCTION

The paraspinal muscular compartment (PMC) is a stabilizing system of the spine
whose efficiency depends on its elastic properties; its failure cause spinal instability and low
back pain (Macintosh and Bogduk, 1991; Macintosh et al., 1987; Panjabi, 1992; Rabischong
and Avril, 1965; Willard et al., 2012). The PMC constitutes a low-stretch osteofascial
compartment that contains lumbar paraspinal muscles (LPM) unsheathed by the
thoracolumbar fascia (TLF) (Schuenke et al., 2012; Winckler, 1974).

The TLF exerts a compressive force that limits radial expansion of LPM leading to an
increased stiffness of the PMC (Gatton et al., 2010; Gracovetsky, 1989; Kalimo et al., 1989;
Rabischong and Avril, 1965; Vleeming et al., 2014). The posterior layer of the TLF (pTLF) is
mainly composed by the aponeurosis of the latissimus dorsi (LD) (Macintosh and Bogduk,
1991; Macintosh et al., 1987; Schuenke et al., 2012; Willard et al., 2012). Previous works
showed that contraction and stretching of LI was capable of applying tension to the TLF and
increasing the stiffness of the PMC (Barker et al., 2004; Barker et al., 2006; Bogduk et al.,
1998; Gracovetsky, 1989; Hukins et al., 1990; McGill and Norman, 1988; Tesh et al., 1987;
leeming et al., 1995). For instance, findings about the tensioning of the TLF deduced from
various mathematical strategy simulations or integrating data from in virro cadaveric and
cross-sectional imaging do not accurately reflect the physiologic conditions of human spine,
that make it difficult to explain the interplay between the TLE, the PMC stiffness and LD
{Gracovetsky, 2008; Vleeming et al., 1995).

Recently, supersonic shear wave elastography (SWE) has allowed noninvasively
quantifying material properties of tissue under several assumptions (Creze et al., 2017a; Eby
et al,, 2013). SWE outcomes are depicted in an elastogram and can be used as a surrogate for

tissue stiffness (Gennisson et al., 2013). SWE can describe stiffness changes related to the
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active and passive muscle forces as well as stiffness changes related to muscle damages,
diseases, manual therapy procedures and manipulation (Hug et al., 2015). Studies using SWE
on human cadavers revealed that fascia might contribute to increase surrounding muscle
stiffness through an external compression (Hatta et al., 2015; Koo et al., 2014; Yoshitake et
al., 2016).

Because of the difficulty to achieve the complex anatomy of the LPM, which are
polyarticular, multiceps and multipennate muscles, only few studies have been conducted on
the LPM stiffness (Bogduk et al., 1992; Creze et al., 2017b; Kelly et al., 2018; Macintosh and
Bogduk, 1986, 1991; Winckler, 1974). Stiffness value of the LPM and reproducibility of
SWE in the LPM depend on various factors including stretching, torque, contraction,
compression of the TLF and posture (Koppenhaver et al., 2018; Moreau et al., 2016). Thus,
the conditions for reproducible SWE protocols in the LPM that would be compatible with
clinical routine are not defined vet. The effect of muscle-induced tension of the TLF via
stretching of the LD on LPM stiffhess has not been studied.

The aims of this preliminary study were 1) to determine the reliability SWE in the two
main LPM, i.e. in the multifidus and the erector spinae (ES) in two positions compatible with

linical routine examination: in procubitus and in seated position; 2) to investigate the effects

of'tension applied to the pTLF via LD stretching on the LPM stiffhess.

MATERIAL AND METHODS
Volunteers

Fifteen healthy, right-handed volunteers were recruited (six females and nine males;
mean age 24+4 years, BMI: 21.142 2). None of the subjects had a history of LBP and no

relevant personal medical/surgical history. The local ethic committee approved the study and
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written informed consent was obtained from the volunteers. The study was carried according

to the latest form of the Declaration of Helsinski).

Experimental protocol

Muscle stiffness was determined at the fourth lumbar vertebrae level (L4). The
spinous process of L4 was localized at the level of the iliac crest by manual palpation. The
transducer was oriented longitudinally centered at L3-L4 level, at 2 em from the midline
bilaterally. The probe orientation was aligned with the direction of muscle fibers confirmed
on B-mode. These locations were marked on the skin by waterproof felt-tip pen.
Before the beginning of the experimental protocol, the subject laid in prone position for 5
minutes, to ensure the stiffness of muscles was measured at resting state.
All participants performed in a given order 5 postures including various trunk and arm
positions. Arms and hips elevation had the goal to realize a passive longitudinal stretching of
the pTLF (respectively cranial stretching and caudal stretching). For all postures, subjects

were instructed to maintain the same torso position during the whole acquisition (Figure 1).

rocubitus:
- Posture 1, Rest: Subjects were positioned prone on a folding table with arms in
neutral anatomical position.
- Posture 2: Subjects were positioned prone on a folding table with passive full arms
elevation (i.e., at the broadest extension of the LD): elbows were positioned over the
head with both hands on the back of the neck, in order to pull the pTLF by stretching

the LD.

Seated position:

This article is protected by copyright. All rights reserved.

179



- Posture 3: Relaxed lumbo-pelvic upright sitting with arms in neutral anatomical
position (O'Sullivan et al., 2006). The subjects had to bend both knee flexed 90°.
The feet of the participant lied flat on the ground. Trunk was in aligned position
and the angle between upper body and lower body was 90°. Seated position led to
caudal tensioning of the pTLF via stretching of the gluteus maximus (GM).

- Posture 4: Seated position with passive arms elevation (cranial stretching of the
LD and pTLF as described in posture 2).

- Posture 5: Seated position with passive caudal stretching of TLF through thigh
elevation, The subjects had to bend both hips while keeping their feet onto a stool

(30 cm high) so to pull the GM and the TLF.

Assessment of muscle Young’s modulus (E)

d Article

The Young’s modulus was measured using an AixPlorer ultrasonic scanner (version
o 6.1.1, SuperSonic Imagine, Aix en Provence, France) by a single examiner. Because we
H intended to measure deep muscles, we used a convex probe with a “general” pre-set and “high
enetration” mode.
q) Two circular regions of interest (ROI, 7-12 mm diameter) were placed onto the LPM and E
was measured in kPa. The reason for selecting the nonconstant diameter was to ensure the

largest area but exclude the ESA and the aponeurosis of the multifidus from the analysis for

CC

each subject as these can affect measurements outcomes. On the same section, a deep ROl
was manually positioned in the multifidus between the epimysial fascia of the multifidus and
the cortical bone of the mamillary process and a superficial ROI in the ES between the erector
spinae aponeurosis (ESA) and the epimysial fascia of the multifidus.

The software (Q-BoxTM) installed in the ultrasound system was used to measure the mean E

within the ROL.

This article is protected by copyright. All rights reserved.

180



ted Article

P

Acce

Reliability of measurements

For each posture described above and for each side, the measurements of the Young’s
modulus were conducted three times in order to assess the reliability. The probe was
repositioned from the beginning of each measurement. Reliability between three repeated
measures was examined by using the intra-class correlation (ICC, 95% confidence intervals).
Interpretation of ICC was as follows: less than 0.40, poor, between 0.40 and 0.59, fair;

between 0.60 and 0.74, good and between 0.75 and 1.00, excellent.

Statistical analysis
Statistical analyses were performed in Stata (StataCorp LP, College Station, TX).
The mean value of the three measurements was used for further analysis. The
normality of the data was tested using a Shapiro-Wilk’s test and analyzed with histogram.
Since variables were normally distributed, parametric tests were used. Sex differences were
analyzed using a t- test. A paired t-test was performed to compare £ between left and right
muscles. Left and right results were pooled for further analysis.
One-way analysis of variance tests were used to determine inter-muscular differences
for each posture (ANOVA: Stiffness x muscle) and to determine the effect of the posture on
muscle stiffness (ANOVA_ stiffness x posture). When the ANOVA was significant, post-hoc
Tukey testing was performed. Statistical significance was set at p < 0.05. Unless otherwise
specified, all data are presented as the mean + standard deviation. Box-plots illustrate stiffness

differences between muscles and stiffness differences in relation to posture.

The percentage of change of E between rest and the other postures were defined using

the following formulas: rate of change = (Rest— posture)/(Rest) x100.
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RESULTS

Average ICC showed good to excellent correlation. Individual ICC was good to
excellent except at rest in multifidus and in posture 2 in ES where ICC were fair (Table 1).
Overall, ICC was lower in multifidus than in ES.

Stiffness did not significantly differ between right and left sides except in posture 4 in
multifidus (p=0.02) (Figure 2)(Table 2). Comparisons t-test revealed that ES exhibited
significant greater £ than multifidus in all posture (p<0.01).

In ES, stiffness was significantly greater in all seated positions than in decubitus
(Table 2). Stretching of the TLF through arm and tight elevation did not significantly
influence stiffness of LPM. In multifidus, stiffness was significantly greater in all seated
position than in decubitus. Stretching of the TLF through tight elevation significantly

increased stiffness.

DISCUSSION

The main findings of this study were that (1) SWE is a reliable tool in the assessment
fthe stiffness of the LPM in prone and seated position; (2) Significant stiftness differences
existed between multifidus and ES; (3) Stiffness vary with respect to the posture; (4) LD

stretching was not significantly associated with stiffness changes.

Reliability

According to prior studies, overall results reveal good to excellent reliability of SWE
within the LPM in most postures (MacDonald et al., 2015; Moreau et al., 2016). Contrary to
study by Koppenhover et al. (2018), we found greater reliability in the ES than in the

multifidus. Our findings are probably explained by the deep position of the multifidus -closed
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to the bone and covered by various connectives tissues (from superficial to deep: pTLF, ESA
and longissimus), known to be responsible for an attenuation effect and a distortion of
measurements values (Ewertsen et al., 2016; MacDonald et al., 2015). Conflicting results with
prior studies likely has to do with the organization of LPM bellies and aponeurosis within the
PMC that varies according to the spinal level. Prior works studied the same muscles in other
locations, under L4, where the multifidus is covered only by the ESA, or in the lateral part of
the ES, where the ESA is thinner or absent.

In accordance with prior studies, reliability improved when the averaging several
measurements compared to a single measurement, in particular, in the multifidus
(Koppenhaver et al., 2018; Moreau et al., 2016). The complex anatomy of the LPM explains
this result.

Reliability was more reliable in seated position than at rest, in particular in the multifidus.

Inter- and intramuscular differences

Regarding the multifidus stiffness value, our findings are lower than those of previous
studies using SWE and strain elastography (Chan et al., 2012; Creze et al., 2017b; Dieterich et
al., 2017; Koppenhaver et al., 2018; Moreau et al., 2016). Earlier reports found greater
stiffness in ES resting than in our study (Kelly et al., 2018; Koppenhaver et al., 2018). Given
the intramuscular stiffness variability, the difference of anatomical landmarks chosen for
probe position and stiffness analysis may have resulted in conflicting findings (Creze et al.,
2017b). Differences in methodological approaches such as probe, scanner preset, ROl size,
ROI position and body position (through muscle stretching or torque) to assess stiffness have
been identified as factors influencing stiffness measurements (Ewertsen et al., 2016).

In accordance with prior findings, ES exhibited significant greater stiffness than

multifidus in all postures (Creze et al., 2018; Creze et al., 2017b). Multifidus exhibited
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proportionally greater stiffness changes from procubitus to seated position. Various
morphofunctional issues explain the intermuscular stiffness differences including histology of
muscle, cross-sectional area and thickness of muscle belly, muscle shape and pennation
(Bouillard et al., 2012; Eby et al., 2013). Also, methodological aspects might partly affect
stiffness values. The multifidus has high complex anatomy made of surimposed muscle
fascicles with an orientation from 6 to 22° to the vertical (Macintosh and Bogduk, 1986). As a
consequence, the probe position cannot be oriented in the axis of all the muscle fibers leading
to an underestimation of E in multifidus (Tran et al., 2016). Conversely, the extrinsic
compression of the ES by the TLF might cause an overestimation of £ in ES,

We did not observe significant differences between left and right sides, except in
seated position with stretching of the pTLF. Side difference that appears only in seated
position with arm elevation might result from a postural adaption of the trunk causing a slight

lateral bending and rotation of the trunk to stabilize the spine.

Influence of posture

Stiffness significantly increased in seated position from 140% in ES to 190% in
ultifidus. Previous studies showed that stiffness in the PMC was found to increase
considerably in seated position compared to all back positions due to variation in intra-
compartmental pressure, LPM contraction, intra-abdominal pressurization and orthostatic
pressure (Donisch and Basmajian, 1972; Songcharoen et al., 1994). In a study using SWE,
Moreau et al. (2016) found significant increased stiffhess between procubitus and seated
position(Moreau et al., 2016). By using strain elastography, Chan et al. (2012) showed that £
of the multifidus increased almost linearly from the prone to the upright position and
continued to increase in forward positions, implying that the stiffness of the multifidus

increased with increased postural demand, from natural extension to forced extension of the
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muscle(Chan et al., 2012). Increased LPM stiffness in seated position is related to the passive
and active muscle forces induced respectively by LPM stretching and contraction (Hug et al.,
2015; Nordez and Hug, 2010; O'Sullivan et al., 2006).

Tension of the TLF thought stretching of the GM increased stiffness only in the multifidus.
The observed result may not have been due to the TLF action but to direct pull on multifidus

tendons and muscles.

Influence of pTLF tensioning

Previous works showed that muscles of the anterior abdominal wall, LD, and GM
were all capable of applying tension to the TLF and affecting segmental stiffness of the spine
(Barker et al., 2004; Bogduk et al., 1998; Garfin et al., 1981; Vleeming et al., 1995; Vleeming
et al., 2014). Specifically, LD and GM transmitted tension to the contralateral pTLF
(Vleeming et al., 1995). Also, EMG studies revealed muscle synergic action between the LD,

GM and LPM (McGill and Norman, 1988; Siu et al., 2016). We found that tensioning of the

ted Article

TLF induced by LD stretching did not significantly affect LPM stifthess in either seated or

P

rone position. That means that, in physiological conditions, the maximal stretching of GM
and LD at rest or in upright posture is not sufficient to influence stiffness within the PMC.
This result is consistent with previous findings that observed that TLF tension was associated
with small changes in load, displacement, and spine stiffness, which could be considered

negligible in comparison with the load-bearing capacity of the spine (Barker et al., 2004;

Acce

Bogduk et al., 1998). However, segmental models of spinal stability recognize that large
muscle forces are rarely required to ensure sufficient stability. We studied stiffness changes at
an unique segmental level (L3-1L4), which receives tension from both GM and LD. Previous

authors showed that limb motions transmit tensile force to different segment according to the

10
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location on their attachment on the TLF (Barker et al., 2004). Given the anatomical variations
at each segmental level (orientation of collagen fiber in the pTLF, muscle bellies size,
intermuscular spaces) and the stiffness differences between parts of a muscle, we could expect

different muscle-fascia behaviors at other lumbar levels (Le Sant et al., 2017).

C

M Limitations and futures directions

Some methodological limitations arose in this study. First, our study is limited by a

C

® H relatively small number of participants. Second, we acknowledged that the experimental set
up was not fully controlled. Arm posture was not rigidly controlled. In seated position,
postural feedback was not provided in order to reduce LPM contraction generated by the
subject to adjust posture. We chose not to strictly control joint angles and to position the
patient supine in order to establish a protocol that would be compatible with clinical routine.
EMG did not control the neuromuscular activity of the LPM and of muscles involved in
shoulder and thigh movement (Lee et al., 2017; Siu et al., 2016). Investigating the LPM

activity during other sitting positions should be carried out in the future. We studied the

ted Art

impact of a longitudinal traction of TLF on stiffness of LPM induced by limb motion without

P

aking into account the physiological transversal traction of TLF induced by breathing
motions, intra-abdominal pressure and abdominal wall muscles stretching and contraction.
We used the Young’s modulus, E, which is calculated as an approximation of real tissues
density(Eby et al., 2013). However, the aim of our study was to quantitatively evaluate the
reliability of SWE as well as the effect of posture and TLF on stiffuess rather than to assess

the stiffness value,

Acce

LBP is commonly associated with increased LPM stiffness assessed with palpation
(Chan et al,, 2012; Fryer, 2004; Langevin et al., 2011; Van Daele et al., 2010). However,

manual palpation is qualitative and operator dependent, hence they remain poorly reliable.

11
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Occupations that involve prolonged seated position have a high incidence of LBP and is
known to be an aggravating factor for LBP. Despite previous researches, there still appears to
be little agreement in the litterature on optimal seated posture(O'Sullivan et al., 2006). In the
future, SWE could become a reliable clinical device in the study of ergonomics and

biomechanics of the spine as well as in the diagnosis of LBP or gait trouble.

CONCLUSION

This study brings preliminary data to better understand biomechanical changes
induced by tensioning of the TLF on the LPM stiffness. Reliability was greater in the ES than
the multifidus, in seated position than during rest. The current study indicates that tensioning
of the pTLF did not significantly affect stiffness of LPM. To better understand LBP, it is
essential to develop a detailed understanding of the influence of the TLF on PMC

biomechanics to insure postural stability.

Accepte

12
This article is protected by copyright. All rights reserved.

187



Accepted Article

REFERENCES

Barker PJ, Briggs CA, Bogeski G. 2004. Tensile transmission across the lumbar fasciae in unembalmed

cadavers: effects of tension to various muscular attachments. Spine 29:129-138.

Barker PJ, Guggenheimer KT, Grkovic |, Briggs CA, Jones DC, Thomas CD, Hodges PW. 2006. Effects of

tensioning the lumbar fasciae on segmental stiffness during flexion and extension: Young Investigator

Award winner. Spine 31:397-405.

Bogduk N, Johnson G, Spalding D. 1998. The morphology and biomechanics of latissimus dorsi. Clin

Biomech 13:377-385,

Bogduk N, Macintosh JE, Pearcy MJ. 1992. A universal model of the lumbar back muscles in the

upright position, Spine 17:897-913.

Bouillard K, Nordez A, Hodges PW, Cornu C, Hug F. 2012. Evidence of changes in load sharing during

isometric elbow flexion with ramped torque. J Biomech 45:1424-1429.

Chan ST, Fung PK, Ng NY, Ngan TL, Chong MY, Tang CN, He JF, Zheng YP. 2012. Dynamic changes of

elasticity, cross-sectional area, and fat infiltration of multifidus at different postures in men with
hronic low back pain. Spine J 12:381-388.

Creze M, Marc 5, Long Yue J, Gagey O, Maitre X, Marie-France B, 2018. Magnetic resonance

elastography of the lumbar back muscles: A preliminary study. Clin Anat.

Creze M, Nordez A, Soubeyrand M, Rocher L, Maitre X, Bellin MF. 2017a. Shear wave

sonoelastography of skeletal muscle: basic principles, biomechanical concepts, clinical applications,

and future perspectives. Skeletal Radiol.

Creze M, Nyangoh Timoh K, Gagey O, Rocher L, Bellin MF, Soubeyrand M. 2017b. Feasibility

assessment of shear wave elastography to lumbar back muscles: A radioanatomic study. Clin Anat.

13
This article is protected by copyright. All rights reserved.

188



Accepted Article

Dieterich AV, Andrade R/, Le Sant G, Falla D, Petzke F, Hug F, Nordez A. 2017. Shear wave

elastography reveals different degrees of passive and active stiffness of the neck extensor muscles.

EurJ Appl Physiol 117:171-178.

Donisch EW, Basmajian JV. 1972, Electromyography of deep back muscles in man. Am J Anat 133:25-

36.

Eby SF, Song P, Chen 5, Chen Q, Greenleaf JF, An KN. 2013. Validation of shear wave elastography in

skeletal muscle. ) Biomech 46:2381-2387.

Ewertsen C, Carlsen JF, Christiansen IR, Jensen JA, Nielsen MB. 2016. Evaluation of healthy muscle

tissue by strain and shear wave elastography - Dependency on depth and ROI position in relation to

underlying bone. Ultrasonics 71:127-133.

Fryer GM, T.; Gibbons, P. 2004. Paraspinal Muscles and Intervertebral Dysfunction: Part Two. ) Man

Phys Ther 27.

Garfin SR, Tipton CM, Mubarak SJ, Woo SL, Hargens AR, Akeson WH. 1981, Role of fascia in

maintenance of muscle tension and pressure. | Appl Physiol Respir Environ Exerc Physiol 51:317-320.

Gatton ML, Pearcy MJ, Pettet GJ, Evans JH. 2010. A three-dimensional mathematical model of the

thoracolumbar fascia and an estimate of its biomechanical effect. J Biomech 43:2792-2797.
ennisson JL, Deffieux T, Fink M, Tanter M. 2013. Ultrasound elastography: principles and

techniques. Diagn Interv Imaging 94:487-495.

Gracovetsky S. 1989. Potential of lumbodorsal fascia forces to generate back extension moments

during squat lifts. | Biomed Eng 11:172-175.

Gracovetsky S. 2008. Is the lumbodorsal fascia necessary? J Bodyw Mov Ther 12:194-197.

Hatta T, Giambini H, Uehara K, Okamoto S, Chen S, Sperling JW, Itoi E, An KN. 2015. Quantitative

assessment of rotator cuff muscle elasticity: Reliability and feasibility of shear wave elastography. J

Biomech 48:3853-3858.

Hug F, Tucker K, Gennisson JL, Tanter M, Nordez A. 2015. Elastography for Muscle Biomechanics:

Toward the Estimation of Individual Muscle Force. Exerc Sport Sci Rev 43:125-133.

14
This article is protected by copyright. All rights reserved.

189



Accepted Article

Hukins DW, Aspden RM, Hickey DS. 1990. Thorecolumlbar fascia can increase the efficiency of the

erector spinae muscles. Clin Biomech 5:30-34.

Kalimo H, Rantanen J, Viljanen T, Einola 5. 1989. Lumbar muscles: structure and function. Ann Med

21:353-359.

Kelly JP, Koppenhaver SL, Michener LA, Proulx L, Bisagni F, Cleland JA. 2018. Characterization of

tissue stiffness of the infraspinatus, erector spinae, and gastrocnemius muscle using ultrasound shear

wave elastography and superficial mechanical deformation. J Electromyogr Kinesiol 8:73-80.

Koo TK, Guo JY, Cohen JH, Parker KI. 2014. Quantifying the passive stretching response of human

tibialis anterior muscle using shear wave elastography. C Biomech 29:33-39.

Koppenhaver S, Kniss J, Lilley D, Oates M, Fernandez-de-Las-Penas C, Maher R, Croy T, Shinohara M.

2018. Reliability of ultrasound shear-wave elastography in assessing low back musculature elasticity

in asymptomatic individuals. J Electromyogr Kinesiol 39:49-57.

Langevin HM, Fox JR, Koptiuch C, Badger GJ, Greenan-Naumann AC, Bouffard NA, Konofagou EE, Lee

WN, Triano JJ, Henry SM. 2011. Reduced thoracolumbar fascia shear strain in human chronic low

back pain. BMC Musculoskelet Disord 12:203.

Le Sant G, Nordez A, Andrade R, Hug F, Freitas S, Gross R. 2017. Stiffness mapping of lower leg
uscles during passive dorsiflexion. J Anat 230:639-650.

Lee D, Yu S, Song S, Lee SH, An S, Cho HY, Cho KH, Lee G. 2017. Comparison of trunk

electromyographic muscle activity depends on sitting postures. Work 56:491-495.

MacDonald D, Wan A, McPhee M, Tucker K, Hug F. 2015. Reliability of Abdominal Muscle Stiffness

Measured Using Elastography during Trunk Rehabilitation Exercises. Ultrasound Medicine Biol.

Macintosh JE, Bogduk N. 1986. The biomechanics of the lumbar multifidus. Clinical biomechanics

1:205-213.

Macintosh JE, Bogduk N. 1991. The attachments of the lumbar erector spinae. Spine 16:783-792.

Macintosh JE, Bogduk N, Gracovetsky S. 1987. The biomechanics of the thoracolumbar fascia. Clin

Biomech 2:78-83.

15
This article is protected by copyright. All rights reserved.

190



McGill SM, Norman RW. 1988. Potential of lumbodorsal fascia forces to generate back extension
moments during squat lifts. ] Biomed Eng 10:312-318.

Moreau B, Vergari C, Gad H, Sandoz B, Skalli W, Laporte S. 2016. Non-invasive assessment of human
multifidus muscle stiffness using ultrasound shear wave elastography: A feasibility study. Proceedings
of the Institution of Mechanical Engineers Part H, Journal of engineering in medicine 230:809-814.
Nordez A, Hug F. 2010. Muscle shear elastic modulus measured using supersonic shear imaging is
highly related to muscle activity level. ] Appl Physiol 108:1389-1394.

O'Sullivan PB, Dankaerts W, Burnett AF, Farrell GT, lefford E, Naylor CS, O'Sullivan KJ. 2006. Effect of
different upright sitting postures on spinal-pelvic curvature and trunk muscle activation in a pain-free
population, Spine 31:E707-712.

Panjabi MM. 1992. The stabilizing system of the spine. Part Il. Neutral zone and instability
hypothesis. J Spinal Disord 5:390-396.

Rabischong P, Avril J. 1965, [Biomechanical role of the bone-muscle composite beams]. Rev Chir
Orthop Reparatrice Appar Mot 51:437-458.

Schuenke MD, Vleeming A, Van Hoof T, Willard FH. 2012. A description of the lumbar interfascial
triangle and its relation with the lateral raphe: anatomical constituents of load transfer through the
ateral margin of the thoracolumbar fascia. ] Anat 221:568-576.

Siu A, Schinkel-lvy A, Drake JD. 2016. Arm position influences the activation patterns of trunk muscles
during trunk range-of-motion movements. Hum Mov Sci 49:267-276.

Songcharoen P, Chotigavanich C, Thanapipatsiri S. 1994. Lumbar paraspinal compartment pressure in
back muscle exercise. J Spinal Disord 7:49-53.

Tesh KM, Dunn JS, Evans JH. 1987. The abdominal muscles and vertebral stability. Spine 12:501-508.

Accepted Article

Tran D, Podwojewski F, Beillas P, Ottenio M, Voirin D, Turguier F, Mitton D. 2016. Abdominal wall
muscle elasticity and abdomen local stiffness on healthy volunteers during various physiological

activities. ] Mech Behav Biomed Mater 60:451-459.

16
This article is protected by copyright. All rights reserved.

191



d Article

Van Daele U, Hagman F, Truijen S, Vorlat P, Van Gheluwe B, Vaes P. 2010. Decrease in postural sway
and trunk stiffness during cognitive dual-task in nonspecific chronic low back pain patients,
performance compared to healthy control subjects. Spine 35:583-589.

Vleeming A, Pool-Goudzwaard AL, Stoeckart R, van Wingerden JP, Snijders CJ. 1995. The posterior
layer of the thoracolumbar fascia. Its function in load transfer from spine to legs. Spine 20:753-758.
Vleeming A, Schuenke MD, Danneels L, Willard FH. 2014. The functional coupling of the deep
abdominal and paraspinal muscles: the effects of simulated paraspinal muscle contraction on force
transfer to the middle and posterior layer of the thoracolumbar fascia. ] Anat 225:447-462,

Willard FH, Vleeming A, Schuenke MD, Danneels L, Schleip R. 2012. The thoracolumbar fascia:
anatomy, function and clinical considerations. J Anat 221:507-536.

Winckler G. 1974. Manuel d'anatomie topographique et fonctionnelle.

Yoshitake ¥, Miyamoto N, Taniguchi K, Katayose M, Kanehisa H. 2016. The Skin Acts to Maintain

Muscle Shear Modulus. Ultrasound Med Biol 42:674-682,

pte

CCC

CONFLICT OF INTEREST: The authors have no conflict of interest to declare.

ACKNOWLEDGMENTS: We thank the grant of the Société Frangaise de Radiologie —

College des Enseignants en Radiologie de France (SFR-CERF).

FIGURE LEGENDS

17
This article is protected by copyright. All rights reserved.

192



Fig. 1. lllustration of the five postures. A: posture 1; B: posture 2; C: posture 3; D: posture 4,

E: posture 5.

Fig. 2. A, B: Elastogram (A) of the left multifidus at L4 and the erector spinae with B-mode

imaging (B). Stiffness was greater (warm colors) in the erector spinae (ES) than in the

1cle

pted Art

Posture

Acce

Erector

Spinae

Posture 1 -L
Posture 1 -R
Posture 2 - L
Posture 2 -R
Posture 3 -L

ICC
individual

0.723
0.817
0.386
0.856
0.827

95% Cl

0468
0617
0.060
0.689
0.649

0.890
0.931
0.700
0.945
0.932

p-value

<10°
<10?
0.010
<10?
<10?

intervals; ICC: intra-class correlation coefficient; L: left; R: right

IcC
average

0.887
0.930
0.653
0.947
0.935

Boxplot showing the impact of posture on ES stiffness (C) and multifidus (D).

95% Cl

0.725
0.829
0.161
0.869
0.847

This article is protected by copyright. All rights reserved.

multifidus (M)(cold colors). L4 = 4™ lumbar vertebrae; L5 = 5" lumbar vertebra. C, D:

Table 1: Reliability of shear wave velocity measurements. 95% CI: 95% confidence

0.961
0.976
0.875
0.981
0.976

p-value

<10*
<10?
0.010
<10”
<10*
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Posture 3 -R 0.788 0.579 0.915 <10 0.918 0.805 0.970 <10
Posture 4 - L 0.862 0.696 0.949 <10 0.949 0.873 0.983 <10*
Posture 4 -R 0.785 0.556 0.921 <10 0.916 0.790 0972 <10°
Posture 5 - L 0.773 0.537 0.916 <10? 0.911 0777 0.970 <10*
Posture5 -R 0.668 0.392 0.864 <10 0.858 0.659  0.950 <10*

Multifidus
Posture1-L 0.497 0.166 0.777 0.002 0.748 0374 0.913 0.002
o Posture 1 -R 0.424 0.075 0.745 0.009 0.689 0.195 0.898 0.009
ﬁ Posture 2 - L 0.567 0.262 0.808 <10? 0.797 0.515 0.926 <10”
Posture 2 -R 0.659 0.386 0.854 <107 0.853 0.654 0.946 <10?
‘ )Posture 3-L 0.766 0.547 0.905 <10? 0.907 0.784 0.966 <10”
Posture3 -R 0.610 0314 0,830 <107 0.824 0.579 0936 <10?
e ﬁ Posture 4 - L 0.745 0.497 0.900 <10? 0.897 0.748 0.964 <10”
4—) Posture 4 - R 0.663 0380  0.862 <10? 0.855  0.648 0.949 <10*
Posture 5 - L 0.691 0.423 0.875 <10? 0.870 0.687 0.954 <10*
H Posture 5-R 0.752 0517 0.899 <10 0.901 0.763 0.964 <10?

pted A

Table 2. Mean Young’s modulus + standard deviation in kPaand percentage change from rest

for the five postures.

Acce

ES Multifidus
Right Left Right Left
Posture 1 26.3+13.4 | 24.7+£129 11.2+3.4 13.1£8.
Posture 2 22.5+11.1 23.6+9.7 10.3+4.0 16.1+9.7
(-14%) {-4%) (-8%) (+23%)
Posture 3 64.5+31.3 58.4+31.6 35.2+16.4 34.9+18.0
(+145%) (+136%) (+214%) (166%)
Posture 4 55.1+34.2 59.9+37.7 | 35.1+17.5 34.0+17.8
(+109%) (+142%) | (+213%) (+159%)
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Posture 5 55.8+25.5

(+398%)

69.7426.1 69.7+30.4
(+176%) (+192%)

46.9+16.6
(+280)

Procubitus

Erector spinae

-

Multifidus
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ABSTRACT

The paraspinal compartment acts as a bone-muscle composite beam of the spine. The elastic
properties of the paraspinal muscles play a critical role in spine stabilization. These properties
depend on the subjects’ posture and they may be drastically altered by low back pain.
Supersonic shear wave elastography can be used to provide quantitative stiffhess maps
(elastograms), which characterize the elastic properties of the probed tissue. The aim of this
study was to challenge shear wave elastography sensitivity to postural stitfness changes in
healthy paraspinal muscles. The stiffness of the main paraspinal muscles (longissimus,
iliocostalis, multifidus) was measured by shear wave elastography at the lumbosacral level
(L3 and S1) for six static postures performed by volunteers. Passive postures (rest, passive
flexion, passive extension) were performed in a first shear wave elastography session and
active postures (upright, bending forward, bending backward) with rest posture for reference
were performed in a second session. Measurements were repeated three times for each
posture. Sixteen healthy young adults were enrolled in the study. Non-parametric paired tests,
multiple analyses of covariance, and intra-class correlations were implemented for analysis.
Shear wave elastography showed good to excellent reliability except in the multifidus at S1,
during bending forward, and in the multifidus at L3, during bending backward. Yet, during
bending forward, only poor quality were recorded for 9 volunteers in the longissimus.
Significant intra- and inter-muscular changes were observed with posture. Stiffness
significantly increased for the upright position and bending forward with respect to the
reference values recorded in passive postures. In conclusion, shear wave elastography allows
reliable assessment of the stiffness of the paraspinal muscles except in the multifidus at S1
and longissimus, during bending forward, and in the multifidus at L3, during bending
backward. It reveals a different biomechanical behaviour for the multifidus, the longissimus,

and the iliocostalis.
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KEY WORDS: Shear wave elastography, shear modulus, paraspinal muscles, posture,

skeletal muscle, lumbosacral region, low back pain

INTRODUCTION

The paraspinal muscles (PsM) allow large tri-dimensional motions of the trunk and, at the
same time, ensure the stability of the spine. PsM encompass numerous complex and
polyarticular muscles, which are ventrally attached on the dorsal part of the posterior arc of
the vertebrae, the dorsal part of the sacrum, and the iliac crest. PsM are sheathed in an
inextensible fascia called the thoracolumbar fascia (TLF), with which they constitute the
paraspinal myo-fascial compartment (Willard et al., 2012, Creze et al., 2018c¢). The paraspinal
compartment acts as a bone-muscle composite beam of the spine; its efficacy depends on its
mechanical properties and a disorder of the PSM usually contributes to the development or

the persistence of low back pain (LBP) (Rabischong and Avril, 1965, Mabit, 1996),

LBP is commonly associated with increased trunk stiffness, which is evaluated with
various mechanical devices (Brown and McGill, 2010, Colloca and Hinrichs, 2005) and
increased PsM stitfhess, which is commonly probed by medical palpation (Fryer et al., 2004,
Fryer, 2004). Stiffness changes have also been recorded by strain elastography in the
multifidus in LBP (Chan et al., 2012). Yet, all these measurements are qualitative and
operator-dependent and do not quantify stiffness changes with respect to LBP (Fryer et al.,

2004, Fryer, 2004). Hence, they are not routinely used in clinical practice.

Over the last two decades, parametric imaging techniques have been developed to
measure the elastic properties of tissues in vivo (Bercoff et al., 2004, Levinson et al., 1995).
Today, supersonic shear wave elastography (SWE) allows real-time mapping of the shear

elastic modulus, p, by the computation of the shear wave velocity upon ultrafast recording of
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the displacement field (Gennisson et al., 2013, Gennisson et al., 2010) induced in the targeted
tissue by acoustic radiation force (Gennisson et al., 2013, Gennisson et al., 2010). SWE
efficiently addresses (1) the characterization of passive and active muscle forces (Hug et al.,
2015, Nordez and Hug, 2010), (2) the determination of the muscle stiffness influences on
joint stitfness (Bouillard et al., 2011), and (3) stiffness changes related to muscle damage and
disease (Hug et al., 2015, Nordez and Hug, 2010, Lacourpaille et al., 2015, Bouillard et al.,
2011, Lacourpaille et al., 2014, Creze et al., 2018b).

So far, most studies have been conducted on appendicular and superficial muscles (Akagi
et al., 2015, Chino and Takahashi, 2016, Bouillard et al., 2012a, Creze et al., 2018b) because
the ultrasound signal is attenuated in deep tissue and the sensitivity of SWE to anisotropy is
detrimental to the reproducibility of the measurements in muscles with complex architecture.
Given the parallel arrangement of micro- and macroscopic structures, the muscles are
mechanically-anisotropic and SWE requires matching the orientation of the probe to the main
direction of the muscle fibres (Eby et al., 2013). The trunk muscles are flat, large,
multipennate, and/or multiceps (Kalimo et al., 1989). With such complex anatomy, it is not
possible to define only one fibre direction and to define the orientation of the ultrasound

probe accordingly (Hatta et al., 2016b).

However, when careful probe positioning was undertaken, four studies have demonstrated
the reliability and the feasibility of stiffness analysis in trunk muscles (Creze et al., 2017,
MacDonald et al., 2015, Moreau et al., 2016; Koppenhaver et al., 2018). In the PsM,
reliability estimates were even fair to excellent, higher in the multifidus than in ES
(Koppenhaver et al., 2018), also higher at the 1.2-L3 level than at the L4 level (Moreau et al.,
2016). The measurement reliability improved during PsM contraction (Koppenhaver et al.,
2018). Recently, Masaki et al. 2017 reported significantly higher stiffness in the multifidus in

low back pain than in the control group.
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The sensitivity and the robustness of the technique could be challenge with the posture as
the posture is likely to influence PsM stiffhess via muscle stretching and contraction (Tran et
al., 2016; Moreau et al., 2016). Indeed, as PsM muscles are polyarticular and attached to
several vertebras, ribs and the pelvis, both passive and active (muscle contraction) changes in
relative skeletal position, in all special planes, are likely to load PsM. Stabilization of the
spine requires permanent postural adaptation through PsM contraction and stretching
regardless of the posture. PsM bulging contained in an inextensible fascia, which occurs
during contraction, may also contribute to increase stiffness in the paraspinal compartment.
Despite the high prevalence of LBP, its pathophysiology remains poorly understood, in
particular regarding the role of PsM in the origin and evolution of LBP. We assume that
SWE will allow the study of PsM in an objective, quantitative, and reliable manner.
Thereafter, PsM stiffness assessment will contribute to building knowledge on the PsM
function so to determine the functional involvement of muscles in LBP and to optimize the
healthcare of LBP. The purpose of this study was twofold: first, evaluating the sensitivity of
PsM SWE to postures and evaluating the influence of these postures onto PsM stiffness and,
second, assessing the feasibility of SWE stiffness measurements in the main PsM (multifidus,

longissimus, and iliocostalis) in healthy adults.

MATERIALS ANS METHODS

Volunteers

Sixteen healthy, right-handed volunteers were recruited (9 females, 7 males; age: 26.1+4.9
years; body mass index (BMI): 21.3£2.1 kg/m?). The participants were either sedentary (n=

11) or physically active (n=>5) and did not have a history of chronic back pain that required

time off work or treatment. They were asked to refrain from strenuous exercise 48 h before
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testing. Participants have been properly instructed of the nature of the study before providing
a written informed consent. The local ethics committee approved the study protocol, in

consistency with the Declaration of Helsinki.

Materials

The shear wave velocity (SWV) was measured in the PsM by using an Aixplorer®
ultrasound scanner (SuperSonic Imagine, Aix-en-Provence, France) and a convex probe
(SuperCurved 6-1, SuperSonic Imagine, Aix-en-Provence, France). The scanner was used in
the general preset “penetration” mode, which improved the depth of penetration of the shear
waves. A generous amount of coupling gel was applied to the surface of the skin so that the
tissues were not compressed by the probe while ensuring a good contact. The probe was
aligned along the direction of the muscle fibres as confirmed by B-mode images. The probe
was kept motionless during acquisition until the elasticity map stabilized (between 5 s and

155s).

Experimental protocol

The same operator (10 years’ experience in radiology) performed all ultrasound

examinations.

Volunteers were asked to perform two passive static postures in a given order during session
I and, a week later, three active static postures during session 2 (Figure | ). Before the
beginning of each session, the participant laid in prone position for 5 min to rest the PsM. A

reference stiffness measurement was recorded.

Session [: passive postures (day 1)
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- Rest I: The participant was positioned prone on a folding table with their arms in a
neutral anatomical position.

- Passive flexion (30°): The participant laid prone. Passive flexion was performed by
using a 30° angulation of the examination table at the level of anterior superior iliac
spines (ASIS), which were determined by palpation).

- Passive extension (30°): The participant laid prone. Passive extension was performed
by using a 30° angulation of the examination table at the level of ASIS after 5 minutes

rest (same position as rest 1).

Session 2: active postures (day 8)

- Rest 2: The participant was positioned prone on an examination table with their arms
in a neutral anatomical position (same as rest 1).

- Upright: Upright position was performed in a neutral upright posture (as perceived by
the participant).

- Bending forward (30°): After 5 minutes rest (same position as rest 2), active 30°
flexion of the lumbar spine was controlled by using a manual goniometer, which
located at the level of ASIS. A belt held the goniometer throughout the posture.

- Bending backward (30°): After 5 minutes rest (same position as rest 2), active 30°
extension of the spine was controlled by using a manual goniometer, which located at

the level of ASIS. A belt held the goniometer throughout the posture.

To ensure the reproducibility of the measurements, the effect of diurnal variation was
minimized by performing the measurements for each participant in the morning,
Once the participant was appropriately positioned, four sites of elastography
investigation were identified, on both right and left sides of the spine, for the evaluation of

PsM stiffness: (1) at the level of the 1 sacral vertebra (S1), 2 cm lateral to the spinous
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process, in the multifidus muscle; (2) at the level of the 3™ lumbar vertebra (L3), | cm to 2 cm
lateral to the spinous process, in the multifidus; and (3) at the level of L3, 1 c¢m to 2 cm lateral
to the spinous process in the longissimus and (4) 5 cm from the spinous process in the
iliocostalis. As the lumbar multifidus has different attachments depending on its cranial
insertion on the spinous process, multifidus stiffness was studied at both L3 and S1. The
spinous process of L4 was first located at the level of the iliac crest by manual palpation.
Then, L3 was manually identified as the spinous process located just above L4, and S1, as the
spinous process located two vertebrae below L4. The correct position of the spinal level was
then confirmed by B-mode analysis.

Each posture lasted 5 minutes. Thus, session 1 lasted 30 min and session 2 lasted 45 min
per participant.

Before the beginning of each session, anatomical landmarks were manually assessed
on two orthogonal planes to ensure proper location of the probe above the muscle. The
transverse plane allowed to discriminate the three muscles in the paraspinal compartment. At
S1, the paraspinal compartment is made up of the multifidus only (Figure 2A). At L3, the
multifidus has a triangular shape, medially limited by the cortical bone of the spinous process
(hyperechogenic), laterally by the epimysial fascia of the multifidus and the fat-filled
intermuscular space between the multifidus and the longissimus (hyperechogenic), and
inferiorly by the cortical bone of the mamillary process (hyperechogenic) (Figure 3A). The
longissimus was located superior and lateral to the multifidus. Under the erector spinae
aponeurosis (ESA) and the posterior layer of the TLF (pTLF), the muscle bellies of the
erector spinae (longissimus and iliocostalis) are separated by the intermuscular aponeurosis
and by a fat-filled intermuscular space (hyperechogenic). After the muscular target
(multifidus at S1, multifidus at L3, longissimus, or iliocostalis) was identified on the

transverse plane, the longitudinal plane was used to place the section on which stiffness was
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to be measured and to confirm the appropriate alignment of the probe with respect to the
muscle fibres by tracing several fascicles without interruption across the B-mode image. At
S1, the curve of the cortical bone of the lateral sacral crest served as anatomical landmark for
the multifidus at S1 on section 1 (Figure 2B). Stiffness of the longissimus and the multifidus
at L3 were measured within the same section 2 (Figure 38). In section 2, the multifidus was
boarded by the cortical bone of the mamillary process (hyperechogenic) and the middle layer
of'the TLF (imperceptible); it was separated from the longissimus by the horizontal fat-filled
intermuscular space (hyperechogenic). Section 3 was located in the middle of the iliocostalis,
5 cm from the spinous process (Figure 3C). Overall, measurements were performed on three
longitudinal sections, which were marked on the skin bilaterally with a waterproof felt-tip

pen.

After each acquisition, a careful visual inspection of the stiffness map was performed
for a global analysis of artefacts, spatial distribution of stiffness, and quality of results.
Regional analysis was performed within a 10 mm diameter circular region of interest (ROI)
with Aixplorer® analysis software Q-Box. ROIs were manually placed 5 mm below the ESA
in the multifidus at S1 in section 1 and in the iliocostalis in section 3. In section 2, the ROIs
were manually positioned in the multifidus at 1.3 between the epimysial fascia of the
multifidus and the cortical bone of the mamillary process and in the longissimus between the
ESA and the epimysial fascia of the multifidus. Care was taken to avoid any inclusion of
ESA, pTLF, fat, vessel, or muscle located close to the vertebra in the ROI, as it can affect the

measurement outcomes (Ewertsen et al., 2016).

Statistical analysis

Reproducibility
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Saturated data (n=9, image = 54, i.e. for the longissimus during bending forward) were
excluded from the statistical analysis. For each posture and each muscle, reliability between
three repeated measures and cross-session reproducibility were evaluated by using intra-class
correlation (ICC, 95% confidence intervals). ICC was qualified as poor, when less than 0.40;
fair, when between 0.40 and 0.59; good, when between 0.60 and 0.74; and excellent, when
between 0.75 and 1.00.

Mean stiffness values were used for the next steps. The normality of the data was
tested by using Shapiro—Wilk’s test and analysed with a histogram method. As four variables
(mean stiffness values for the multifidus at S1 in passive extention, the multifidus at S1 in
bending backward, the multifidus at L3 in passive extention and the multifidus at L1 in
bending backward) were not normally distributed, nonparametric tests were used. A
Wilcoxon matched-paired signed-rank test was performed to compare the SWV between rest
postures and the SWV between the left and right muscles. In the absence of any significant
differences between sides, left and right results were pooled. For each posture, the Wilcoxon
matched-paired signed-rank test was performed to compare the SWV between the multifidus
at .3 and at S1.

The one-way analysis of variance (one-way ANOVA; stiffness by muscle and stiffness
by posture) was used to determine the intra and intermuscular difference according to posture
and to determine the effect of posture. When the test was significant (p-value<0.05), post-hoc
Tukey testing was performed. Note that, one-way ANOVA requires normality in dataset. In
our study, most of the variables were normally distributed (24 measures from 28). We cross-
checked the results of ANOVA with Kruskal-Wallis test, and as the results were the same, so
we decided to present results of ANOVA for consistency and clarity in the text. Boxplots

illustrate intra and inter stiffness differences with posture.
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In order to determine the magnitude of posture- related stiffness change, the stiffness
percentage change between the rest and the other postures was defined with the following
formulae: percentage change = (Rest 1-passive posture)/(Rest 1) x 100 and percentage
change = (Rest 2—active posture)/(Rest 2) x 100, where rest 1, rest 2, passive postures and
active postures are defined in the experimental protocol section.

Statistical analyses were performed with Stata 14 software (StataCorp LP, College

Station, TX, USA). p-values < 0.05 were considered statistically significant.

RESULTS

On the B-mode image, the orientation of the fibres was clear in the longissimus and
the iliocostalis. They were aligned with the longitudinal axis of the muscle belly (Figure 3B,
(). Ultrasound typically reveals muscle fibres as they are arranged in parallel hypoechoic
fascicles and surrounded by echogenic fibro-fatty septa and perimysium. In the longitudinal
plane, the perimysium is depicted as multiple parallel lines at an oblique angle with the fascia
or the muscle-tendon junction; they are separated by hypoechoic fascicles. Overall, PsM
fibres are parallel to the spinous process line. Anatomical landmarks (bone, fascia, fibre
direction) were easily identifiable on B-mode image. Although the delineation of the
multifidus fibres was difficult because of the overlap of differently oriented fibres, muscle
fibres were globally found oriented parallel to the probe position (Figures 4, 5).
SWE elastograms revealed two distinct mechanical patterns. In most cases, the stiffness was
homogeneous over a given muscle. For some participants, pTLF and ESA were responsible
for an increase in stiffness in the superficial layer of the underlying muscles (longissimus and
multifidus at S1), which we call the “fascia effect”. Postures, in which the fascia effect
appeared, differed among individuals (Figures 4B, F; SA. B, C. D). Small artefacts were

observed near the lamina and the transverse processes of the vertebra (Fig. 5B8). During
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upright and forward bending postures, elastograms could not be fully reconstructed over the
targeted field of view. In nine individuals, the elastogram was totally saturated in the

longissimus during forward bending. These data were not included in the statistical analysis.

Reliability (Table 1)

ICC showed good to excellent agreement between the three measurements except in
the multifidus at S| during forward bending (right ICC: 0.46 (-0.33-0.81); p=0.09; left ICC:
0.20 (-1.04-0.73); p=0.30); in the left multifidus at L3 (ICC: -0.06 (-1.52-0.64); p=0.52); and
in the left iliocostalis during backward bending (ICC: 0.48 (-0.15-0.81); p=0.06) and passive
extension (ICC: 0.11 (-1.22-0.67); p=0.39). Post-hoc power analysis showed that we had
sufficient power to detect the differences between male and female. Inter-session
reproducibility at rest was poor in the multifidus at S1 (ICC: 0.28 (-0.49-0.65; p=0.19)), fair
in the multifidus at L3 (ICC: 0.56 (0.08-0.80; p<0.01)) and in the iliocostalis (ICC: 0.47 (-
0.07-0.75; p=0.04)). Stifthess was significantly higher at rest in the longissimus inrest 1 than
in rest 2 (p=0.01). No other day-to-day differences were observed in the other muscles.
Intra and intermuscular comparisons (Table 2. Figure 6)

Stiffness was significantly greater in the multifidus at S1 than in the multifidus at [.3
during passive extension (p<0.01), upright position (p<0.01), forward bending (p=0.02), and

backward bending (p=0.05).

Interaction between muscles and posture
With respect to rest, the muscle stiffness increased in almost all other conditions but
passive extension. ANOVA showed significant higher stiffness during upright position and

forward bending compared to all passive postures, during upright posture compared to
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forward bending, and during upright position and forward bending compared to backward
bending (F(multifidus at S1)= 101.83, F(multifidus at L3)=124.3, F(longissimus)=59.7,
F(iliocostalis)=92.98, p<0.01). Passive extension was responsible for increased stiffness in the
multifidus at S1 and the iliocostalis and for decreased stiffness in the multifidus at L3 and the

longissimus.

At rest, longissimus stiffness was significantly greater than that in the iliocostalis (F=5.02,
p<0.01 (Rest 1) and F=4.07, p<0.01 (Rest 2)). In passive flexion, stiffness in the multifidus at
S1 was significantly greater than that in the iliocostalis (F=3.4, p=0.02); in passive extension,
stiffness was significantly greater in the multifidus at S1 than in the multifidus at L3 (F=4.04,
p<0.01). In forward bending, iliocostalis stiffness was significantly lower than that in the
other muscles (F=7.88, p<0.01). In backward bending, muscle stiffness was not significantly

different between muscles (F=2.49, p=0.0644).

DISCUSSION

SWE was successively performed in PsM. From the SWV recorded in PsM over 16
volunteers, we found that: 1) Under certain controlled conditions, SWE had good to excellent
reliability; 2) PsM stiffness exhibited large interindividual variability and large day-to-day
variability; 3) SWE was sensitive to postures, either passive or active. Noticeably, the muscle
shear elastic modulus was significantly greater during the upright position and forward

bending than passive postures and backward bending.

Stiffness reliability
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In the longissimus and the iliocostalis, intra-session agreement was good to excellent,
whereas it was poor or fair during active postures in the multifidus. Previous studies on trunk
muscles reported good to excellent intra-session reliability except in the rectus abdominis
(MacDonald et al., 2015, Moreau et al., 2016). Results from our studies dealing with trunk
muscle stiffness reliability were slightly lower than those reported in studies on appendicular
and superficial muscle stiffness (Lacourpaille et al., 2015, Moreau et al., 2016, Umehara et
al., 2015). We hypothesized that, due to the complex anatomy and number of joints that can
influence the length of the muscles tested here, the ability to be in the same relative scanning
position can be compromised between repetitions. This will likely modify the reliability of the
stiffness measurement. Moreover, the depth and the stretching/contraction of muscles, which
may differ slightly between measurements, can also influence the stiffness measurement
reliability. Forward bending posture, which is related to both stretching and contraction of
the multifidus, presented lower stiffness reproducibility than other postures. Previous studies
on appendicular muscles reported lower stiffness reliability during stretching and contraction
than at rest (Dubois et al., 2015, Carpenter et al., 2015, Bouillard et al., 2012b, Kot et al.,
2012). Moreover, because of gravity and upper body weight, keeping one’s balance during
forward bending yielded little rocking movements with every participants. When applied to
the scale of short segmental fascicles of the multifidus, such small motions may 1) alter the
stretching and the neuromuscular response of the multifidus and 2) degrade the SWE

outcomes with additional motion artefacts.

In forward bending posture, the elastogram was entirely saturated in the longissimus
in nine participants. This finding means that the muscle SWV of these individuals exceeded
the range of values measurable by the ultrasound scanner (Nordez and Hug, 2010). For rigid
tissues, SW may propagate too fast, with a velocity greater than 16 m's!, to be properly

quantified by SWE in the current version of the system. Thus, for the specific measurement
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case in the contracted longissimus, the outcomes of 9 participants (55% of the participants)

had to be removed from the analysis.

Inter-session stiffness reproducibility

The reproducibility from one session to another was not high and rather poor in the
longissimus. Previous studies dealing with trunk muscles, in particular abdominal wall
muscles, also presented poorer day-to-day reproducibility than in appendicular muscles, as
well as significant inter-session differences in the rectus abdominis (Tran et al, 2016);
Moreau et al, 2016). Poor stiffness reproducibility may be related to daily variations in the
participants’ personal and professional occupations; they exerted themselves and their trunk
muscles and fascia at different intensities and in a variety of ways from day-to-day (bearing
heavy loads, upright positions, seating positions). Moreover, to the best of our knowledge,
little is known about daily changes in muscle stiffness. /n vivo and ex vivo testing on the
lumbar spine revealed significant diurnal changes in the spinal range of motion related to
stiffness changes in disc and ligaments of the neural arch caused by changes in disc water
content, disc swelling pressure, compressive stiffness, in particular after heavy loading
(Adams et al., 1987, Adams et al., 1990). Similar trends could be observed in PsM intimately

connected to the vertebral column and enclosed in an inextensible osteo-fibrous compartment.

Spatial variability of stiffness

Few data are available in the literature to which the outcomes reported here could be
compared. Nevertheless, in general, our results are fairly consistent with previously reported
works on PsM measured either at other spinal levels or with other imaging methods. For
example, at rest, Dieterich et al. presented the median shear modulus at 14.9 kPa (i.e.

3.86 m's!) in the multifidus at the cervical level (Dieterich et al., 2017). In another study
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Moreau et al. obtained 13.86 kPa (i.e. 3.72 m-s!') at L2-L.3, and 22.76 kPa (i.e. 4.77 m's!) in
the multifidus at L3-L4 and Creze et al. reported 6.9 kPa (i.e. 2.62 m's!) in the longissimus,
4.9kPa (2.21 m's™!) in the iliocostalis, and 5.4 kPa (i.e. 2.32 m's™!) in the multifidus at L3
(Creze et al., 2017, Moreau et al., 2016).

According to Moreau et al., significant intramuscular differences are to be expected in the
multifidus (Moreau et al., 2016). The multifidus at SI has a larger cross-sectional area than
the multifidus has at L3. It is covered by ESA and pTLF only and fascicles have a larger
angulation with the spinous process line than they do at L3. Muscle stiffness inhomogeneity
has already been observed between the proximal and distal parts and between the surface and
the depth of the appendicular muscles. Similar structural and functional organization were
observed in the muscle (Le Sant et al., 2017, Hatta et al., 2016a, Lacourpaille et al., 2012,

Nordez and Hug, 2010, Eby et al., 2015).

The dispersion of individual muscle stiffness values around the mean was high, in
particular during upright and forward bending postures. This result may indicate differences
in stretch tolerance and in neuromuscular activity (Le Sant et al., 201 7). Moreover, muscle
tissue has great plasticity in response to functional demands such as changes in
neuromuscular activity or mechanical loading. The history of the muscle preceding the
examination, for a period of hours to years, conditions the type and density of muscular

fibres, hydration, and biochemical state (Frontera and Ochala, 2015).

SWE revealed two stiffness patterns in the multifidus at S1 and the longissimus: 1)
stiftness distribution was uniform between the superficial and deep layers of the muscles, and
2) stiffness was greater in the superficial layer of longissimus and multifidus at S1, under the
ESA and the TLF, which we called the fascia effect (Gatton et al., 2010). Similar stiffness
patterns were observed in the tibialis anterior muscle, where the cruralis fascia was

responsible for a similar fascia effect (Koo et al., 2014). This effect might be related to the
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singular anatomy of the longissimus near the myoaponeurotic junction with the ESA and to
the effect of compression of the pTLEF. Part of the muscle located in the vicinity of the
myoaponeurotic junction is an atypical region made of sarcolemmal invaginations
interspersed with bundles of collagen fibres appearing as finger-like processes (Knudsen et
al., 2015). Such a muscle structure might explain why stiffness significantly increases within
only a few centimetres of the myoaponeurotic junction (Le Sant et al., 2017, Yoshitake et al.,
2014). Moreover, the pTLF has been postulated to act as a retinaculum that covers and gently
presses the PsM down, in particular the outer longissimus and the multifidus at S1 (Bogduk
and Macintosh, 1984). By comparing muscle stiffness with and without skin and fascia in
human cadavers using SWE, some investigators showed that skin and fascia contributed to
increased muscular stiffness in the legs ( Yoshitake et al., 2014, Koo et al.. 2014). As found in
a previous study, the fascia effect was inconstant. Variability of this effect could be related to
interindividual variability of fascial thickness, fibrosity, stiffness, and the tensile effect of
muscle attachments on the pTLF and ESA (Barker et al., 2004, Yoshitake et al., 2014, Kramer
et al., 2004, Pavan et al., 2014, Langevin et al., 2011).

In contrast to the pTLF, which is a mesh of differently-oriented fibres, the ESA comprises
longitudinal fibres arranged in fascicles, more or less dense according to the participant’s
anatomy, which create interfascicular spaces (longitudinal fenestration) (Creze et al., 2017).
Indeed, in some cases, a small tilt of the probe opened an acoustic window that circumvented
the fascia effect. In addition, we cannot exclude the possibility that hard fascia and ESA
generated measurement artefacts that led to increased stiffness in the superficial part of the
muscles. Given the inhomogeneity of the spatial distribution of stiffness in the muscle, the
stiffness value highly depends on the location and size of the ROI. It affects the measurement

reproducibility (Ates et al. 2015; Ewertsen et al. 2016).
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Posture-related changes of muscle elasticity

Different stiffness changes were identified between PsM in relation to posture (Creze et
al., 2018a). According to Chan ef al., stiffness increased in their study from lying to standing
postures except when the participants were bending backward (Chan et al., 2012). Using
strain elastography, they demonstrated that Young’s modulus, E, increased from the prone to
the upright position and continued increasing when the participants bent forward at 25° and
45°, The multifidus stiffness simply increases with postural demand. Increased stiffness with
upright and forward bending postures can be explained by the cumulative effect of many
biomechanical changes such as increased intramuscular pressure, tension, compressive effect
of the pTLF, and neuromuscular activity (Donisch and Basmajian, 1972, Peach et al., 1998).
Previous studies using SWE on appendicular muscles reported a positive and linear
relationship between stiffness and muscle force (Hug et al., 2015; Nordez and Hug, 2010). In
healthy participants, PsM are almost electrically silent during upright standing and backward
bending but neuromuscular activity increases during the initial phase of active flexion related
to active force (Donisch and Basmajian, 1972, Peach et al., 1998). SWE failed to detect SW
propagation in the longissimus (saturation of the elastogram) in forward bending posture
related to muscular stiffness that was greater than that measurable with the settings used in
this study. Calculation of the overall average values excluded nine participants in whom
longissimus mean stiffness was underestimated in bending forward, which is much higher
than stiffness in the multifidus and iliocostalis. Such a high stiffness increase in the
longissimus might be related to the close relationship between the longissimus, the ESA and
the TLF. During muscle contraction, as muscle generates force and shortens, the aponeurose
stretches, thus its stiffness increases (Gatton et al., 2010). As described earlier, the pTLF also
creates an axial force that limits radial expansion of the PsM during contraction and thus the

stiffness in the longissimus increases all the more (Gatton et al., 2010).
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Functional significance

Magnitude of stiffness changes, between postures, differed between the multifidus, the
longissimus, and the iliocostalis suggesting a different biomechanical behavior of each PsM.
For any postures, the longissimus presented the highest stiffness values, which supports
permanent stiffness to the spine. The segmental multifidus, which is affixed to the spinal
arch, had low stiffness at rest but it proportionally stiffened more than the other muscles did
in most postures so strong vertebral joint stabilization was provided. Among the PsM,
stiffness of the iliocostalis was the lowest.

PsM are numerous and their highly-complex anatomy makes it difficult to model their
modes of action. The stabilizing role of the PsM cannot be easily studied by
electromyographic (EMG) measurement of the muscles alone. The EMG recording from a
muscle indicates the electrical activity of the muscle, but it does not provide the related
quantitative measurement of the muscle force (Fryer and Gibbons, 2004). Furthermore, deep
muscles, including the multifidus, are difficult to reach. PsM are unsheathed in an
inextensible osteo-fascial compartment. Pressure and stiffness in the compartment ensure
clamping of the vertebrae. They create two bone-muscle composite beams that stiffen the
spine (Kramer et al., 2005, Kramer et al., 2004, Dupeyron et al., 2009). Muscle stiffness is
related to 1) muscle active force and muscle activity, 2) muscle passive force and lengthening,
3) and external tensional influence. The conjunction of the various functions of the paraspinal
compartment during spine motion and posture is integrated by SWE. Therefore, each

contribution cannot be differentiated by the measurement of stiffness.

Several investigators have suggested that alteration of passive and active tissues stiffness
of the lumbar region may lead to spinal instability, increase spinal stiffness and cause low

back pain (Panjabi, 1992). In the field of spinal surgery and rehabilitation, the preservation of
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the “elastic equilibrium” of the spine, i.e. the lumbar spine posture of least stiffness during
activity of daily life, is critical to reduce and prevent LBP (Scannell and McGill, 2003). The
neutral zone is the range of lumbar positions of least tissue strain. (Scannell and McGill,
2003). Actually, in vivo motion track systems are used to assess the spinal stiffness and the
neutral zone, but they do not provide quantitative stiffness changes and they do not
distinguish the involvement of any specific tissue. Moreover, these techniques are hard to
achieve in clinical practice and rarely applied. Therefore, SWE, being indicative of posture-
related stiffness changes of the PsM, could help clinicians to accurately identify this neutral

zone thus improving the management of LBP.

SWE revealed a fascia effect in some participants in different postures. An increase in
fascia in the superficial part of the muscles might predispose an individual to a higher risk of
developing chronic compartment syndrome and LBP (Koo et al., 2014). Nonetheless, a

longitudinal study needs to be done to challenge thi hypothesis.

Limitations

The study has several limitations. First, with the small number of volunteers, the study is
subjected to individual variation and the interpretation on muscle stiffness is restricted.
However, no previous study had analysed the performance of SWE in measuring the stiffhess
of PsM. In future investigations with larger cohorts, we will aim to confirm the accuracy and
precision of SWE. Second, SWE measurements (in particular in the multifidus) have been
obtained in a media with superposed fascicles of different orientations (Creze ctal., 2017).
Therefore, some muscle fibres had an angle up to 20° with the principal axis of the probe,

which is known to modify the measured stiffness value (Macintosh and Bogduk, 1991,
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Macintosh et al., 1987). Muscles can be considered as transverse isotropic media, with one
main axis (along the fibres). In order to properly quantify the stiffness along to the fibres, the
ultrasonic probe must be aligned with the muscle fibres, as described by Royer et al. (2011)
and Gennisson et al. (2010). Isotropic elastic medium is assumed. Hence not
allow to accurately characterizing the transverse isotropic stiffness of muscle and, as muscle
fibres are not generally all aligned, the measurement is a rough average of the anisotropic
stiffness moduli. Third, the convex probe, used here and commonly adapted to abdominal
organs, does not offer a muscular preset, which would alleviate the measured stiffness
saturation in the contracted longissimus. Another probe dedicated to muscle studies will be
used in future works. Fourth, neuromuscular activity was not measured by electromyography
during the examination sessions. Electrodes were not placed on the muscles and proper
placement of the ultrasound probe was favoured. However, PsM neuromuscular activity
probably explains stiffness changes related to posture (Donisch and Basmajian, 1972, Peach
et al., 1998). Further studies are needed to explore the intluence of neuromuscular activity on
posture-related stiftness. Fifth, the protocol of the present study could be improved. We
chose ASIS as anatomical landmarks to determinate trunk flexion/extension angle to easily
reproduce the postures in clinical practice. Although the participants were instructed to keep
their back straight during the experiment, the lumbar posture was not continuously monitored
and lumbar curvature and hip flexion were not assessed. Finally, the stabilization of any
postures results from the combination of co-contraction of PsM and the psoas, intra-
abdominal pressure, and gluteus maximus contraction (Hodges et al.. 2005). Future SWE

studies should take into account these co-actors to fully study spinal postures.

CONCLUSION
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Muscle stiffness, recorded by SWE, is an objective, quantitative, and sensitive
biomarker for different postures as long as the measurement and reconstruction conditions are
properly controlled. SWE highlighted the different biomechanical behaviour between
paraspinal muscles. This work opens the way for pioneering a clinical study on paraspinal

muscles and lower back pain with new biophysical insights.
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1 Table 1: Reliability of shear wave velocity measurements. 95% CI: 95% confidence

2  intervals; ICC: intra-class correlation coefficient

Muscle Posture Left side Right side
ICC 95% Cl p- ICC 95% Cl p-
average value |average value
Multifidus (S1) |Rest 1 0.76 045 091 <103 0.94 0.86 0.98 <103
Passive flexion 0.90 076 096 <103 0.94 0.86 0.97 <103
Passive extension 0.95 090 098 <103 0.97 093 099 <103
Rest 2 0.81 0.54 0.93 <103 0.71 0.29 0.90 <103
Upright 0.90 0.76 096 <103 0.90 0.77 0.97 <103
Bending forward 0.20 -1.04 0.73 0.30 046 -0.33 031 0.09
Bending backward 0.85 064 095 <103 0.91 0.79 0.97 <103
Multifidus (L3) |Rest 1 0.53 -0.12 0.83 0.04 0.86 0.67 0.95 <103
Passive flexion 0.93 0.85 097 <103 0.83 0.61 093 <103
Passive extension 0.91 079 0.97 <103 0.84 0.65 094 <103
Rest 2 092 0.81 097 <103 0.84 063 094 <103
Upright 0.93 0.83 097 <103 0.89 0.75 0.96 <103
Bending forward 0.87 069 096 <103 0.74 0.31 091 <103
Bending backward -0.06 -1.52 0.64 0.52 0.80 048 094 <103
Longissimus Rest 1 0.91 079 0.97 <103 076 043 091 <103
Passive flexion 0.71 033 089 <103 0.93 083 097 <103
Passive extension 0.91 078 0.97 <103 0.86 067 095 <103
Rest 2 0.92 0.80 097 <103 0.84 063 094 <103
Upright 0.92 0.82 097 <103 0.89 0.67 0.95 <103
Bending forward 0.89 0.65 098 <103 0.76 0.28 0.94 0.01
Bending backward 0.56 -0.09 0.86 0.04 0.88 0.70 0.96 <103
lliocostalis Rest 1 0.80 054 093 <103 0.86 0.68 095 <103
Passive flexion 0.79 0.51 0.92 <103 0.73 0.37 0.90 <103
Passive extension 0.11 -1.22  0.67 0.39 0.84 0.63 094 <103
Rest 2 0.71 0.35 0.89 <103 0.85 0.66 0.95 <103
Upright 0.83 061 094 <103 0.92 0.80 0.97 <103
Bending forward 0.79 0.50 0.93 <103 0.61 -0.01 0.87 0.03
Bending backward 0.48 -0.15 0.81 0.06 0.83 059 0.94 <103
3
4
5
6
7
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Table 2. Mean shear wave velocity (standard deviation) in m-s and percentage change
from rest for the six postures. *: significantly higher (p<0.05) than rest, passive posture and
bending backward. t: significantly higher (p<0.05) compared to upright.
Multifidus S1 | Multifidus L3 ‘ Longissimus | Iliocostalis
Session 1
Rest 2.24 (0.45) 2.21(0.40) 2.48 (0.55) 2.06 (0.34)
Passive flexion 2.61 (0.49) 241 (0.46) 2.53 (0.52) 2.27(0.38)
+17 (4.5) % +9(2.8) % +2 (0.2) % +10 (3.4) %
Passive 2.50 (0.70) 2.09 (0.52) 2.39 (0.55) 2.17 (0.29)
extension +12 (3.0 % -5 (2.0)% -4 (2.7) % +5(2.0) %
Session 2
Rest 2.15 (0.26) 1.99 (0.34) 2.22 (0.34) 2.00 (0.25)
Upright 4.17 (1.08) * 3.01(0.77) * 3.32(1.03) * 2.67(0.71) *
+94 (35.5) % +51 (24.0) % +50 (17.7) % +33(9.8) %
Bending forward | 5.19 (0.43) *,t | 5.58 (0.91) *,+ | 5.36 (0.91) *, + | 5.57 (0.92) *, t
+141(47.3)% | +180(49.2)% | +141(39.9)% |179(43.6)%
Bending 2.46 (0.59) 2.21(0.71) 2.25(0.33) 2.09(0.33)
backward +14 (6.2) % +11 (4.1) % +1 (0.8) % +5(1.7) %
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FIGURE LEGENDS:

Figure 1. Illustration of the six postures. a: rest; b: passive flexion; c: passive extension; d:

upright; e: forward bending; f: backward bending.

Figure 2. Anatomical landmarks on B-mode at S1. A: transversal plane; B: longitudinal
plane. White arrows show the fibre orientation. The white box indicates the Q-box tool
(Aixplorer® analysis software), in which the SWV is recorded. M = multifidus; P1= 1% probe

position; S = sacrum; Sp = spinous process.

Figure 3. Anatomical landmarks on B-mode at L3. A: transversal plane. Double arrows
show the ESA and the pTLF. B,C: longitudinal plane in the multifidus and longissimus (P2)
and in the iliocostalis (P3). The white box indicates the Q-box tool (Aixplorer® analysis
software), in which the SWV is recorded. White arrows show the fibre orientation. Ic =
iliocostalis; Lg = longissimus; 1.2 = 2™ Jumbar vertebrae; L3 = 3" lumbar vertebrae; L4 = 41
lumbar vertebrae; M = multifidus; Mp = mammillary process; P2 = 2™ probe position; P3 =

3rd probe position; Sp = spinous process, Tp = transverse process.

Figure 4. Ultrasound image of the left multifidus at S1 with B-mode imaging and with
elastographic image overlaid. Stiffness increased in upright posture and forward bending.
Stiffness was higher (warm colours) in the superficial part of the multifidus and in the ESA
than in the deepest part of the multifidus (cold colours) in passive flexion and backward
bending that we called the fascia effect (double arrows). The white circle showed the ROI

position. L4 = 4t lumbar vertebrae; L5 = 5! lumbar vertebrae; S = sacrum.

Figure 5. Ultrasound image of the left multifidus at L3 and the longissimus with B-mode
imaging and with elastographic image overlaid. Stiffness increased in upright posture and

forward bending. The white circles showed ROI position. The elastogram was totally
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saturated in the longissimus during forward bending (white star). Stiffness was higher (warm
colours) in the superficial part of the longissimus and in the ESA than in the deepest part of
the longissimus (cold colours) that we called the fascia etfect (double arrows). Small artefacts
were observed near the lamina and the transverse processes of the vertebra (white arrow (B)).

L = longissimus; M = multifidus.

Figure 6. Boxplot showing intra and intermuscular differences. SWV= shear wave
velocity. *: significantly higher (p<0.05) than rest, passive posture and bending backward. **:

significant difference between muscles (p<0.05)
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Figure 1. Illustration of the six postures. a: rest; b: passive flexion; c: passive extension; d: upright; e:
forward bending; f: backward bending.
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Figure 2. Anatomical landmarks on B-mode at S1. A: transversal plane; B: longitudinal plane. White arrows
show the fibre orientation. The white box indicates the Q-box tool (Aixplorer® analysis software), in which
the SWV is recorded. M = multifidus; P1= 1st probe position; S = sacrum; Sp = spinous process.

185x69mm (300 x 300 DPI)

229



Page 33 of 37

Journal of Anatomy

Figure 3. Anatomical landmarks on B-mode at L3. A: transversal plane. Double arrows show the ESA and the
pTLF. B,C: longitudinal plane in the multifidus and longissimus (P2) and in the iliocostalis (P3). The white
box indicates the Q-box tool (Aixplorer® analysis software), in which the SWV is recorded. White arrows

show the fibre orientation. Ic = iliocostalis; Lg = longissimus; L2 = 2nd lumbar vertebrae; L3 = 3rd lumbar
vertebrae; L4 = 4th lumbar vertebrae; M = multifidus; Mp = mammillary process; P2 = 2nd probe position;
P3 = 3rd probe position; Sp = spinous process, Tp = transverse process.
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Figure 4. Ultrasound image of the left multifidus at S1 with B-mode imaging and with elastographic image
overlaid. Stiffness increased in upright posture and forward bending. Stiffness was higher (warm colours) in
the superficial part of the multifidus and in the ESA than in the deepest part of the multifidus (cold colours)

in passive flexion and backward bending that we called the fascia effect (double arrows). The white circle

showed the ROI position. L4 = 4th lumbar vertebrae; L5 = 5th lumbar vertebrae; S = sacrum.
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UPRIGHT

Figure 5. Ultrasound image of the left multifidus at L3 and the longissimus with B-mode imaging and with
elastographic image overlaid. Stiffness increased in upright posture and forward bending. The white circles
showed ROI position. The elastogram was totally saturated in the longissimus during forward bending (white
star). Stiffness was higher (warm colours) in the superficial part of the longissimus and in the ESA than in
the deepest part of the longissimus (cold colours) that we called the fascia effect (double arrows). Small
artefacts were observed near the lamina and the transverse processes of the vertebra (white arrow (B)). L =
longissimus; M = multifidus.
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Figure 6. Boxplot showing intra and intermuscular differences. SWV= shear wave velocity. *: significantly
higher (p<0.05) than rest, passive posture and bending backward. **: significant difference between
muscles (p<0.05)
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