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ABSTRACT

The_moment arnof a muscle represents its leverageorqueproducing capacity, and is
indicative “of the role of the muscle in joiattuation.The objective of thisstudy was to
undertakeavsystematic review of the moment arms of thajor muscles spanning the
glenohumeralyjoint during abduction, flexion and axial rotatMoment arm datéor the deltoid,
pectoralissmajor, latissimus dorsi, teres major, supraspinatus, infraspinatus, subscapularis, and
teres minomwere reportedwhen measuredsing the geometricand tendon excursion method
The anterior and middle regions of tdeltoid had the largest moment arm valwésall muscles
during humeral elevatigrand wereimportantleversin boththe coronal and scapular plares
well as duringuflexion The pectoralis major, latissimus dorsi, and teres niegdr the largest
antagonistiesmoment arms during humeral elevatiwith each of these muscleshibiting
prominent leveragen shoulder adduction, and the latissimus dorsi and teres rakgoiin
extension. he rotator cuff muscles had the largest moment amnasial rotationregardless of
the axial pesition of the humeru$she supraspinatus had the most promimaoiment arms
during early..abductionin both the coronal and scapular planes as welinaflexion. This
systematicarevievshowsthat the raator cuff muscles functioras humeratotatos andweak
humeral depressors oelevators, while the three subyegions of the deltoid contribute
substantiallyto humeral elevation throughout the whole rangbuheralmotion. The pectoralis
major, latissimus dorsi, and teres maoe significant shoulder depressoxéth all three acting

as prominentabduction antagonistsThis study provides muscle moment arrdata on
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functionally relevantshouldermovementghat areinvolved in tasks of daily living, including
lifting and pushing. The results may be usefufuantifying shoulder muscle functioduring
specific planes of movemernih designing and validatingomputational modelsf the shoulder

and in planningurgicalproceduresuch as tendon transfeurgery

INTRODUCTION

The moment arm of a muscle forsedefined by the perpendicular distance betwiben
muscle’s line of action anithe instantaneous center of rotatiortted jointin which it spans, and
represents,theapacity of that muscle to exert a joint torqeandy 1999 A muscle’smoment
armis indicative of the role of the muscle in joint actuatisincethe moment arm magnitude is
representative of muscle leverage about a joint, while the moment arm dirdet&rmines
whether joint movement is associated with muscle shortening or length@ukigand et al.
201Q Otis et-al: 1994Graichen et al. 200Dostal and Andrews 198Tensen and Davy 1975

Wood et alw198P Thus, a muscle with a positive moment arm through a given movement has

agonistic function, while a negative moment arm is indicative of antagmnistle function.
Clinically, muscleswith large moment arms have greategchanical advantage apdtential b
generatgoint.torque, often functioning as prime movers, while musclesith smaller moment
armstend-toexhibit stabilising function such as intrinsic musclé€kiu et al. 1998 Graichen et
al. 2001 An et al. 1984).

Thetweo.techniques employed extensivelydarivation ofmuscle moment arm datae
the geometric methd and the tendon excursion methdtie geometric method involves direct
measurement ofhe perpendiculadistance between thmuscle’spath and thejoint centerof
rotation(Garner and Pandy 200Graichen et al. 20QXreiner et al. 20L3Hamilton et al. 2015
Hamilton et _al.s2013Herrmann et al. 20211Howell et al. 1986 Poppen and Walker 1978
Walker etral=2016De Wilde et al. 200R This necessitateotating the musciendon unitine
of action relative ta functional or anatomicgbint centre(seeSupplementary Materipl Since
the geometric method is typicalperformedin vivo usingdata from imaging modalities such as
x-ray, computed tomography (CT), or magnetic resonance im@giRg) (Ackland et al. 2008
An et al. 198% it is most often employed for just a small number of joint configurations.
Ultimately, the accuracy of thgeanetric methodis limited by thereliahility of joint center of

rotation location identificationandcorrectestimationof the musclés line of action(McGill and
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84  Norman 198% For examplethe glenohumerabint center isoftenapproximated as the center of
85 the humeral headutthe glenohumeral joint may translate by up tomduring abductiorand
86 12 mm during internal rotatiofWerner et al. 2004 which may havea substantial impact on the
87  muscle moment arms of the spanning musdlese geometric methad thus commonly used for
88 evaluating musclenoment arms in the intervertebral joimighich havea much smallerange of
89  motion McGill.and Norman 1986McGill et al. 1988 Suderman and Vasavada 20Diimas et
90 al. 1991).

91 Thetendon excursion method evaludtes moment arnguantity fromthe instantaneous
92  gradientof the muscldength versus joirngle curve ovearange of joint movemenh agiven
93 plane Gupplementary Materipl(Ackland and Pandy 20l1Unlike the geometriomethod,
94  knowledgevof e joint centeffocationis notexplicitly requiredin the calculationand moment
95 arms may be computed through a continuous range ofrjaition (Ackland et al. 20080tis et
96 al. 1994 Kuechle et al. 200Hughes et al. 199&n et al. 1984 This approacHends itself well
97 toinvitro measurements and computational simulatisimecetendon excursion and joint angle
98 data may beeadily evaluatedvith relatively high accuracyAckland et al. 2008 Adams et al.
99 2007 Hugheswet al. 1998&uechle et al. 1997Kuechle et al. 20Q0Liu et al. 1998 Liu et al.
100 1997 Nakajima et al. 199%chwartz et al. 203 ®tis et al. 1994).

101 Moement arms have been recorded for muscles spanning numerous joints in the human
102  body including the neck, spine, ankle, knee, hip, fingers, wrist, efimsirxshoulde(Kodek and
103  Munih 2003 Ketchum et al. 1978Lee et al. 2008Delp et al. 1999Krevdin et al. 2004
104  (McCullough'et al. 2011Jorgensen et al. 200¥asavada et al. 1998ckland et al. 2011 The
105  objective ofuthis studyvasto provide a systematic review of the moment arms ofntagr
106 musclesand muscle subegionsspanning the glenaimeral jointincludingthose ofthe deltoid,
107  pectoralis, major, kssimus dorsi, teres majorand the rotator cuffmuscles Moment arm
108  quantities were, reviewed for functionally relevant shoulder movements ingladiduction in
109 the scapular,and coronal planes, flexion in the sagittal plane, and axial rotatien neutral
110  postion. Thetdata presented may be useful for evaluating the function of individual masades
111 for developing, andralidating computational models dahe upper limb(Ackland et al. 2010
112 Pandy 1999).

113

114 METHODS
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Literature Search Strategy

A literature searchwas conducted to identify previously publishedperimentdy-
derived moment arm data fothe muscles spanning the glenohumeral joint. The study was
conducted with reference to the guidelines outlinedthmsy Preferred Reporting Items for
Systematic.Review and Metmalysis(PRISMA) statemen{Moher et al. 201D The online
datdbase MEDLINE via OVID, was systematically searchefdr English titleswith no date
restrictions:“Keywords included shoulder, moment arm, glenohumeral joint, bionathani
model, mechanical advantage, and muscle line of action.

Selection criteria and quality assessment

An initial, online searchn Medlinewas performedvith the following inclusion criteria:
moment arm data reported for muscles spanning the glenohumeral joudingcthe deltoid,
pectorals major, latissimus dorsi, supraspinatus, infraspinatus, teres minor, and subscapularis;
moment arm_datalerived using geometric or tendon excursion methods; planes of motion
included coronabplane abduction, scapulgplane abduction, flexion, and axial rotation in the
neutral pesition. Exclusion criteria included: Moment arm data reported for chiagel
propulsion;t lifting or throwing activities, sports, or movements not described in thsiorc
criteria; mement data for the pathological or fm@tive shoulder joint, including the prosthetic
glenohumeral joint; moment arm data derived from-homan studies and from computational
models.After removal of duplicates, full texts were retrieveeferences of all fullext articles
werethen manually checked for other relevant titles.

Thequality of eachpublication was quantified atescribedoreviously Hart et al. 2016
Briefly, included studies were rated using a modified version of the Downs and Black checklist
with the modified version having a maximum score of2@wns and Black 1998A total score
> 9 indicated high methodological quality, a score of 6 to 8 indicated moderate quality, and a
score< 5 indicated low quality. Twoeviewers (DCA and FCHphdependently rated eachudy
on the 12 item Criteria andterrater disagreement was discussed in a consensus meeting.

Data analysis

Continuousnusclemoment arndataas well asmoment arm peaks were reporthaing
coronalplaneabduction, scaptiorsaggitaiplaneflexion and axial rotatiomf the glenohumeral
joint. The plane of scaption was defined parallel to the scapular plane, and 30 degrees anterior to
the coronal planéAll elevation movementssumedero degrees of axial rotatiddoment arm
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data for axial rotationwere includedfor internal and external rotah of the shouldein the
neutral positionapproximatelyzerodegreef arm elevatiol sincedata for thigoint position
are most widely reportedEach moment armstudy wascategorizedaccording totechnique

(geometrigor tendon excursion method).

RESULTS

Search Strategy;-methodological quality and risk of bias

Thenitial literature search identified BD5 titles, which was reduced down to, 20D
after the removal of duplicatggigure 1) The full texts of 40 articles wereetrieved after
employing,inclusion/exclusion criteria, withé articles meetingthe selection criterjaand an
additional four-articlesncluded, sourcedrom cited references in these artici@able 1. The
methodological quality scores ranged from 5 to 12 (of 12), with an average score of 9. There
were 11 studies of high quality, 7 studies of moderate quality, and 2 studies of low quality. All
20 studies_clearly described thenain study outcomemeasures ireither the Introduction or
Methods sections. No otheriteriafrom the quality assessment wenet by allincludedarticles
Muscle mement arms, coronal plane abduction

The_anterior deltoid, middle deltoid, supraspinatus, and infraspinatus hddrglest
abductor moment armsthroughout coronal planeabduction, while the pectoralis major,
latissimusg dorsiteres major, and subscapulahiad the largest addwet moment arms The
posterior deltoid and teres minor had biphasic function and acted as either an abductor
adductor depending on the humerasiion (Figure 2.

The"@duction noment armof the anterior deltoidncreased withabduction angleand
had apeak value rangingpetween26 mm and30 mm at abduction angles greater thaf 90
(Ackland et al. 2008Kuechle et al. 1997Schwartz et al. 2033 Figure 3); however, ae high
quality paperreportedthat the anterior deltoid was an adductor at low abduction angles and
became and.abductor beyond 45° of abdugtidth a maximumabductionmoment arm value of
60 mm at90° of abductidiwalker et al2016).The mean maximum moment aohthe anterior
deltoidwas 36.2 £ 8.0 mm (n=4) (Table 2).

Three studiesdemonstratedhat the middle deltoid had abductormoment armthat

increasedwith abduction angle, peaking close the midrange of motion with a mean
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magnitudeof 26.8 +£1.7 mm(Ackland et al. 2008Kuechle et al. 199AValker et al. 2016 One
high quality studyreported acontinuouslyincreasingabductormoment armfor the middle
deltoidthroughout the entire range of abductiSctfwartz etl. 2013).

The latissimus dorsi was a prominent adductor, demonstrating antagonisbrfuncti
throughout.abductiofAckland et al. 2008Kuechle et al. 1997 Its moment arm trerglwere
parabolic ‘through the range of abduction, wghmeanmaximum adductor moment arm
magnitudenf37.3 + 1.7 mm (n = 2) occurring beyond 69° of abduction

Theabductionmoment arm of the supraspinatus hasheanpeak magnitudef 28.2 +

1.6 mm(n = 3)in very earlyabduction, with the moment arthentending to decrease with
increasingabduction angléAckland et al. 2008Kuechle et al. 1997.iu et al. 1998 (Figure 2)
In contrasty‘thesubscapulari©iad an antagonistic moment arthat increasedvith increasing
abduction anglewith a peak adductor moment arm occurring in -taté abduction with a
magnitude_ranging between 7 mm and 13 ngActkland et al. 2008Kuechle et al. 1997
Herrmann.et al. 2031Greiner et al. 2013 One moderate quality studyeporteda peak
adductiongmoement arm for the subscapularis of ustm (Herrmann et al. 2031 The mean
maximum moment arraf subscapularizras 8.1 2.3 mm(n = 4).

Theuteres minowasan adductoin earlymid abduction and an abductoeyond45° of
abduction#ckland et al. 2008Greiner et al. 20L3Herrmann et al. 2031 Kuechle et al. 1997
It had ameanmaximumabductionmoment armmagnitude 06.4 £ 2.6 mm(n = 4) at abduction
angles greater than ®0The teres majohad large dductormoment arms increasing in early
abduction to"aspeak of 49 mm, then steadily decreasing with abduction angle.

Muscle moment‘ar ms, scaption

The mostsubstantialdifferences in elevationmoment arms betweethe scapular and
coronalplaneoccurred forthe subscapularisthis muscleswas anadductorin the coronal plane
and an abductoiin the scapula plan@igures 2 and 4)The teres minor acted as an abductor
during scaption, but in the coronglane at abduction angles less than 45°, this muscle was an
adductor Aekland et al. 2008Greiner et al. 203,3Walker et al. 2016 The supraspinatus,
infraspiratus,.and thresubregions of the deltoid had similar moment arm trendsnaaximum
moment arm values in both scaption and coronal plane abduction.

The anterior deltoid, middle deltoid, supraspinatus, infraspinatus, subscapulcis;es
minor had thelargestabduction moment arms durirgcaption, whilethe pectoralis major,

This article is protected by copyright. All rights reserved



207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

Hik and Ackland, 208

latissimus dorsi and the teres majmre the majoadductorsThe posteriodeltoid had biphasic
function, acting as an abductor or adductor depending on the humeral p@sgioa 4).

The anterior deltoithad anabductormoment arnthat increasewith scaptionangle, with
a mean pea&f 33.9 £ 5.0 mn{n = 5) (De Wilde et al. 2002iu et al. 1997 Poppen and Walker
1978 Kuechle,et al. 1997 Figure5). The middle deltoidvas also a large otributor to scaption
and had ameanpeak abductor moment arm of 33.4 = 1.5 ifms 6 (Garner and Pandy 2001
Hamilton et al:"2015Liu et al. 1997 Kuechle et al. 1997De Wilde et al. 2002Poppen and
Walker 19787All studiesthat reported moment aswf the posterior deltoidluring scaption
showed thathis' muscleacted as an adductor at low abduction angles and as an abduater
abduction Kuechle et al. 1997e Wilde et al. 2002Garner and Pandy 2000iu et al. 1997,
with a meampeak abduction moment arm of 16.9 £ 4.8 mm (n = 6).

The supraspinatus was an abductor in the scapular @adehad aneanmaximum
moment armof 26.4 £ 13 mm (n = 10) Three medium quality studies and one high quality
study demeonstrateidr the supraspinatua relatively constant abductanoment arm throughout
scaption (Otiswet al. 199&owell et al. 1986Poppen and Walker 1978raichen et al. 2001).

Muscle moment arms, flexion

The'muscles with the largedtexion moment armswere the anterior deltoid, middle
deltoid, pectoralis major, and supraspinatus, wthke posterior deltoid, latissimus dorsi, teres
minor, and _teres major had the largest extensor moment @imee 9. The peak flexor
moment armofitheanterior deltoidvas between 29 mm and 40 nfRigure 7).Two high quality
studiesshowedthat its moment arm values decreased with increasing flexion angle, while
another high quality studghowedits moment arnmincreasedvith flexion angle(Kuechle et al.
1997 Schwartz et al. 2023 ckland et al. 2008 Similarly, the middle deltoid had a large range
of reported_maximunilexor moment arm(12 and 28 mmthroughout the range of shoulder
flexion. The meanpeak extensomoment arnof the posterior deltoivas36.4 +10.5 mm(n =
3). Maximumrvaluesoccurredduring early flexion, after which its moment armecreased with
increasing flexion (Ackland et al. 2008uechle et al. 1997Schwartz et al. 2013).

The flexor moment arm of thgectoralis majowas greatesat 70° of flexion (21 mm),
while the extensor moment arm of the latissimus dorsi peaked aif 4lexion with reported
values of 14nm and 40 mnfAckland et al2008 Kuechle et al. 1997 The tees major had the
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largest extensor moment armith Ackland et al. (2008) and Kuechle et al. (1997) reporéing
moment arnpeak of betweed9 mm and 54 mprespectivelypccurring toward the midange
of flexion.

The supraspinatuand subscapularis hadpeak flexion moment arm of 43 mm an8 2
mm, respectively(Ackland et al. 2008 while the teres minor was generally an extensor
throughout.flexion and had a peak moment arm of between 10 mm and ZAakland et al.
2008 Greireret'al. 2013).

Muscle moment arms, axial rotation

Thegspectoralis major, latissimus dorsi, teres majdgraspinatusand teres minowere
external rotatorsn the neutrally alignedumerus while the anterior deltoid, middle deltoid,
posterior deltoid, supraspinatus, and subscapwieisinternal rotatorgfigure 8).

The _anterior deltoid was an external rotatgonst. It had internal rotation moment arm
that increased witlexternal rotatiorto a peak oft6é mm and28 mm Eigure 9)(Kuechle et al.
200Q Schwartz et al. 2013). While one high quality study repdttatithe middle deltoidiasan
internal rotator‘during@xternal rotatiorfSchwartz et al. 20)3a moderatguality study reported
anegligible.moment arm in this muscle through the range of axial not@ticechle et al. 2000
One moderate qualitystudy andone low quality studyshowed the posterior deltoid hadn
internal rotatormoment armthroughoutaxial rotation (Kuechle et al. 2000Hamilton et al.
2013) however, a high quality study suggested that the posterior deloied asboth an
external and™internal rotator, depending on the position of the externally rositedlder
(Schwartz et-al. 2013).

The infraspinatus was a prominexternal rotator throughouwixial rotation, and had a
relatively constant moment arm betweghmm and26 mm(Adams et al. 20Q7Kuechle et al.
2000 Hamilton et al. 2018 The mean maximum moment arnt fihis muscle was 24.5 + 0.9
mm (n = 3). The subscapularisvas aninternal rotator during axial rotation, with mean
maximum_moment arm d20.6 £ 2.8 mm (n = 3jTable 2)occurring during external rotation
(Kuechle etval.. 200MHerrmann et al. 201 Greiner et al. 2003 The teresninor wasan internal
rotator throughoutaxial rotation, with a relatively constant moment arm treanejingbetween
17 mmand 25mm (Adams et al. 20Q/Kuechle et al. 20Q(Hamilton et al. 2015Greiner et al.
2013 Herrmann et al. 2011).
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269
270 DISCUSSION
271 The objective of this study was to systemticreviewthe literature foexperimentally

272 measured, musclmoment arndata reported foshoulderabduction, flexion and axial rotatipn
273  which aremetions commonly performed duringctivities of daily living including lifting,

274  pushing,brushing hairgating,as well asporting activitiegKhadilkar et al. 2014 While there

275  wasnotablevariation inmoment arm magnitudes reported, even for the same muscles and joint
276  positions, there was consenghsit he anterior and middledeltoid had thegreatest elevator
277 leverage ofall muscles with the anteriordeltoid the most prominentiexor, andthe middle

278 deltoid and anterior deltoibdoth the mostsignificant elevatorsin scaptionand coronal plane

279  abduction.The"subscapularigras an internal rotator, while the infraspinatus and teres minor
280 wereexternal ratatordn contrast, thesupraspinatus hddtle leverage in axial rotation, but was
281 a prominent.elevatan early coronaplaneabduction, scaption arftexion. The latissimus dorsi

282  was adepressoin both coronal plane abduction, scaption and flexion, while the pectoralis majo
283  wasa prominent depressor in abduction and scapéind,also dlexor.

284 Theanterior and middle deltoid demonstrated large humeral torque capacity inaglevati
285 and weregelatively weak axial rotator§ he anterior deltoigxhibited anncreasingabductor and

286 flexor mement arm with increasingumeralabduction and flexiorangle, respectively,thus

287 demonstratinggreater leverage ithe later stages of humeral elevatirhen more torqueis

288  requiredta lift the upper limb against its own weigh¥hile the moment arms of theiddle and

289 anterior deltoidwere similar inthe coronal plane compared to thosdhe scapular plane, the
290  posterior delteid had more agonistic muscle function during coronal plane abdtatipared

291 to scaption particular during midto lateelevation.Given that allthree heads of deltoidre

292  active during humeral elevatigiiKronberg et al. 1990Wattanaprakornkul et al. 20} 1these

293  results suggest: greater combined leverage may be generated in the coronal plane, which may
294  ultimately make'liftingtasks with the upper limb more efficient in this plane.

295 Thesmost prominent shoulder depressors were the pectoralis rajssimus dorsi and

296 teres majarinsparticular, thdatissimus dorsi and teres majoadlarge shoulder adductaand

297 extensormoment armswhile the pectoralis major was a prominaaductor.The inferiorly

298 directed lins of action of these musclésgether with their insertions far from the glenohumeral

299 joint centre of rotation (on the proximal humeral shaft) give these muscles excegépregsor
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function andsignificantmechanical advantage during tasks requitith humeral depression
and internal rotation such as climbing and swimming(Marchetti and Uchida 20}1 In
particular, the teres majowhich isa frequently neglected muscleas been showftom EMG
data to play a significant role in shoulder function by beiotiveas an antagonist and agonist
during shoulder elevation and depressmovements respectively(Steenbrink et al. 2010
Marchetti ‘and Uchida 20)1The results suggest thhoth the latissimus dorsi and teres major
have greatestmechanical advantag#uring early to midrange elevation in the coronal plane,
scapular plane and gzitpl plane(between 30and 50 of elevatior), and may therefore be able
to provide greater torque capacity with the upper limiin@seshoulder joint configurations.

Thesresults demonstrated that tlseibscapularis wasn internal rotatorwhile the
infraspinatus and teres minarere external rotatorsSince these muscles are simultaneously
activated during upper limb movemefienp et al. 1996 their opposing action forem a
transvers plane force couple which ultimately generates compressive joint loading to stabilise
the humeral head in the glenoid fog3anp et al. 19965illdorff et al. 2014. The supraspinatys
while having less axial rotation leverage tham ¢ither rotator cuff muscles, was shown to have a
largemoment armn early coronaplane abduction, scaption, afiexion. Since the deltoid sub
regions have_ relatively small moment arms at these joint positions, this proteierage othe
supraspinatusuggests that it may behave agratiator of upper limb elevatiofAckland et al.
2008).Ultimately, thefrequent executiomf arm elevation during activities of daily living, and
the active,role of the supraspinatus in generating the required targuecontribute to
supraspinatusttendon degeneration sating, which has greater prevalence tttzat of any
other rotatoreuff tendon (Steinbacher et al. 2@illdorff et al. 2014).

There are a number of limitations of this review that ought to be considered when
interpreting theesults First, while therewere nodiscernablalifferences ilfTmoment arntrends
betweerthetendon excursion methahd geometric methothesestrategiegpresent significant
challengesin.reproduction of singlelegree-ofreedom joint motion ancevaluation of joint
rotation axes; respectivelyVariability in joint centre location and joint angular motiomay
ultimately translate tonoment arm errors1 both thein vivo andin vitro setting Secondsome
studes subdivided muscles into multiple stdgionsandtheir respective moment arpmsincea
number ofbroad and multpennatemuscleshave been shown to havdifferent activation

patterns across their muscle bdlyConnell et al. 2006 To compareand pooldatasets between
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different study designshe moment arms fosome muscleacross theisubfegions, such as the
pectoralis major,were averaged. Therefore, the reported average moment arm may not
necessarily be representative of that of a functionaksgion. Finally, a number of studies did

not normalise moment arms to specimen or subject size, or may have used cadaveric specimens
from elderly.subjects. This may result in moment arm errors and discrepancies with data
expected n_healthy young adults.

The'studies examined in this reviesgportedmuscle moment armataabout specific
joint motion“axesin selectedanatomicalplanes & upper limb motion (see Supplementary
Material for details); howevegctivities of daily livingand sports applications involve shoulder
motion in @ variety ofjoint motion planesiot described in the literaturé&lotable gaps in the
moment arm literature occur fehoulder hyperextension, hyperadduction, abduction and flexion
beyond 120 of arm elevation,and horizontal flexion with the shoulder positionedvatious
elevation angles. Furthermore, muscles may contribute torque about multiple jogmt axe
simultaneousi.for given shoulder position, for example, the anterior deltoid as both an elevator
and an internal rotatoDespite the many varieshoulderjoint positionsand potential muscle
lever effects, =it is most practical in the experimental setting to evaluate moment arms in
anatomicalplanes of motion, since bamweentationsand jointmotion can be readily delineated
and repreducedrhis review concludes thapedfic anatomical planes of shoulder motwhich
are consistently used ithe literature foreportingof moment arndataought to be adopted as
standardisegbint positions used ifuture moment arm studieghese include, but are not limited
to, elevation and depression in the scapular plane, coronal plane and sagittal plae#, as
axial rotation=of the humerus its neutral position, and horizontal flexion with the upper limb in
9(r of elevationValidated anatomical shoulder models nsayve as a useful tool festimating
moment arm datan non-anatomicakhoulder positions, or farariousupper limb configurations
in the casesef:muHjoint spanning muscles.

Thewresults from this studynay be usedn developingand validaihg anatomical
musculoskeletainodelsof the upper limb, whichave previously been used to assess individual
muscle contributions to joint loading and stability, as well as to evaluate the bianed
influence of surgical procedures such as tendon traastejoint replacement surgery on muscle
and jointfunction Favre et al. 203,0Nu et al. 2016de Witte et al. 2014Ackland et al. 2010

For example, shouldenuscle forces, which areequentlyused to quantify muscle function,
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may be estimated usingiusculoskeletamodelsand the principal that the sum of muscle forces
and their respective moment arms about a given joint during a task is equal to the net joint
moment. Ultimately, muscle force alutions must bedetermined computationallyjn€e more
muscles span the shoulder joint than the degrees of freedom of possibleojioamt, andthere is
an infinite cembination of possible muscle forces that may produce a joint.torque

In eonclusion, tk present study reports the function of the deltoid, latissimus dorsi,
pectoralis“major, teres major and rotator cuff muscles based onntbement arms during
coronal plane“abduction, scaption and axial rotation. The anterior and middle delteithever
greatest humeral elevators, while {hectoralis majorlatissimus dorsi and tes major were the
most significant shoulder depressoffie rotator cuffmuscles argesponsible for both axial
rotation and elevation of the humerd$e resultsof this studymay be useful for classifying
shoulder muscle function, and in developing musculoskeletal modetdiriaral and surgical

applications
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FIGURE CAPTIONS
Fig 1: Flow chartllustratinginclusion of studies in the present review
Fig. 2 Moment arns of muscles spanning the glenohumeral joint during coronal plane

abductionPositive moment arm values indicate abdurctivhilenegative values
indicate adductiorlMoment arm uits are millimetresAn asterisk indicates
moment arndatathatwereaveragedcross two or more muscle stégions.

Fig. 3 Maximum moment arm valudsr muscles spanning the glenohumeral joint

during coronaplaneabduction. See caption of Figure 2.

Fig. 4 Moment arns of muscles spanning the glenohumeral joint duscaption

(scapulgplane abduction)See captiof Figure 2.

Fig. 5 Maximum moment arm valudsr muscles spanning the glenohumeral joint

duringscaption (scapulplane abduction). See caption of Figure 2.

Fig. 6 Moment arns of muscles spanning the glenohumeral joint during flexion in the
sagittal planePositive moment arm values indicate flexion; negative values
indicate extensiorMoment arm units are millimetre&n asterisk indicates

moment arm data that were averagews&two or more muscle sub-regions.

Fig. 7. Maximum moment arm valuder muscles spanning the glenohumeral joint

during flexion in the sagittal plane. See caption of Figure 6.

Fig. 8 Moment arm trends of muscles spanning the glenohumeral joint duwiglg
rotationwith the humerug the neutral positiorRositive joint angles indicate
external rotationvhile negative angles represent internal rotation. A muscle with
apositive moment armxternally rotates the humerus whalenuscle with a
negative moment arm internally rotates the humerus. Moment arm units are
millimetres.An asterisk indicates moment arm data that were averaged across two

or more muscle sub-regions.
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540 Fig. 9 Maximum moment arm valudsr muscles spanning the glenohumeral joint
541 during axial rotatiorwith the humerug the neutral positiorSee caption of
542 Figure 8.
543
544 Tablel: [ Detalils of studiesncluded in the present reviemhere applicableincluding authorsample
545 size, genderatio, meanage and ranganoment arm measurememntethod used (tendon
546 excursion method or geometric methostudy type(in vitro orin vivo), and quality rating
547 based on thehecklist of Downs and Blaqid998)
548
Gender
ratio
Sample (Male: Measurement Quality
Author, size (m) Female) Age (range) method Study type rating
Ackland etyalg2008 8 4:04 87 (81-98) Tendon excursion In vitro 11
Adams etal,; 2007 1 Tendon excursion In vitro 4]
De Wildeetal4 2002 65 Geometric In vitro 9
Garner and Pandy, 2001 1 1:00 25 Geometric In vitro 7
Graichen et al;, 2001 10 4:06 {22-34) Geometric In vivo 11
Greineretalip2013 7 74 (61-82) Geometric In vitro 11
Hamilton et al., 2013 1 Geometric In vitro 5
Hamiltomet al., 2015 1 Geometric In vitro 7
Herrmaneetaty 2011 7 77 (63-84) Geometric In vitro 8
Howell'and Imobersteg, 1986 10 10:00 Geometric In vivo 8
HughesandiNiebur, 1998 10 5:05 {40-89) Tendon excursion In vitro 12
Kuechleet.al., 1997 12 59 (33-80) Tendon excursion In vitro 10
Kuechle et.al.- 2000 12 59 (33-80) Tendon excursion In vitro 8
Liu et alym1997 10 4:05 67 (40-89) Tendon excursion In vitro 11
Liu et al; 1998 10 4:05 67 (40-89) Tendon excursion In vitro 11
Nakajima eteal., 1999 10 4:05 67 (40-89) Tendon excursion In vitro 11
Otis'etial., 1994 10 (70-80) Tendon excursion In vitro 7
Poppen and Walker, 1978 37 Geometric In vivo 8
Schwartz et al., 2013 8 6:02 {46-68) Tendon excursion In vitro 9
Walker et al., 2016 12 Geometric In vivo 9
549
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Table2:
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Averagemusclemaximummoment arraand standard errmaluesfor shoulder musclesalculated acrosall relevant studiefor

coronaiplane &#duction, scapulalane abduction, flexion and axial rotatiéixial rotation data are provided for humerus in its

neutral positionAll data are given in mm.

Anteriol deltoid
Middle deltoid
Posterior deltoid
Pectoralis major
Latissimus dorsi
Teresmajor
Supraspinatus
Infraspinatus
Subscapularis
Teres minor

Coronal plane abduction

Scapular plane abduction

Axial rotation

Moment arm

Standard error

Moment arm

Standard error

Moment arm

Standard error

Moment arm

Standard error

36.2
26.8
145
-44.0
-37.3
-47.6
28.2
156
3.1
6.4

8.0
1.7
6.2
111
1.7
15
16
34
2.3
2.6

33.9
33.4
-16.8
35.1
-35.6
-51.7
26.4
11.2
9.7
8.5

5.0
1.5
4.8
4.5
8.4
4.4
1.3
2.4
0.8
6.5

35.5
21.5
-36.4
21.1
-26.8
-51.7
27.1
7.1
9.5
-14.8

3.3
4.8
10.5
0.5
13.2
2.7
15.6
4.1
4.7
1.8

-22.2
-14.6
7.3
20.0
9.0
7.5
-4.0
24.5
-20.6
20.8

6.2
126
1.3

0.9
2.8
16
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Records identified through MEDLINE Additional records identified through
via OVID (n =34 805) other sources (n =4)

Records screened after duplicates
removed (n = 25 284)

Records excluded (n =25 244)

Full-text articles assessed for eligibility
(n =40)

Full-text articles excluded (n = 20)

Studies included and evalutated in terms
of quality criteria (n = 20)
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