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Abstract

Rotator cuff degeneration affect large portion of the human populatjgret knowledge
surroundingwhich loading scenarios allowansition from healthyo diseased states remains
largely unresolvedMechanistic progression of rotator cyfathology often originatesin the
supraspinatus before cascading to other tissues, leadiagb&iantialdegenerationPosture,
loading and repetitive motiorase known risk factors thaexacerbate shoulder injupyogression
This suggests a causal relationship betwspsncific upper extremity task scenariasd
degenerativeotator cuff loading This thess intentionally explored regional activatios of the
supraspintus andaccompanyingendon loading across a range of posturée. global objective
was to evaluate how posturadnd task intensitydifferences alter tissdlevel mechanical
parameters in botim vivomuscular activation and vitro tangent stiffness, lsyeresis and optical
stretch ratiosThese findings combini@ vivomuscular activation anghysiologically relevanin
vitro mechanical testingesultsthrough novel methods to better understand supraspinatus loading

Threeexperimental studigsrovided he means to achievhis global objective.

In Vivo Examination of Supraspinatus Activation The purposes of this study wetg
to documenthe interplay of anterior and posterior supraspinatus activations andeydabe the
influences of postue and land loads on anterior and posterior supraspinatus activations. Forty
participants completeairmelevations in seven planes of elevation with three hand tbatlsere
normali zed to the i ndioree lddwalling slectromaycgraphg Wwas e | e v a
collected from the anterior and posterior regions of supraspinatus. Hand load and elevation angle
interacted to affecthe anteriorregion activationin most planes of elevation by up to 41% of
maximal activation, buthese changes were laafluential for the posterioportion Activation

patterns between the two regions suggest different functiolesl ofthe supraspinatuportions



consistent levels ddctivation in the posterior supraspinatus may indicate this regmmarily

a glenohumeral stdider, while the larger anterior region acts to achieve glenohumeral motion.
This work represents the most comprehensoreurrenevaluation of theesupraspinatus regions
over a arge set of planes of elevatidrand loadsndhumeral elevatios) providng moreholistic

descriptions of supraspinatus activatiora critical arm movement

Comparing Surface Electromyography of Supraspinatus to Anterior and Posterior
Indwelling Recordings: The purpose of this study was tmmpareanterior and posterior
supraspinatus indwelling electromyograptesponses ta surface supraspinatus signal across a
range of arm posturaa order to develop relationships between these two recording methods
Forty participants completed arm elevations with altering hand atiplanes of elevatioat a
fixed cadence. Indwelling electromyography of the anterior and posterior supraspinatus as well as
a surface recording of supraspinatus were collected. Bivariate regressions of anterior and posterior
indwelling electrodes relates to the bipolar surface electrode were used to determine
relationships between these signals throughout the range of these humeral elevations. Differences
between these predictions were modulated by plane of elevation, elevation angle, load intensity
andsex of the participant, but no interactions existed. Surface signals underestimated indwelling
activation recordings at low elevation angles, then overestimated as humeral elevation angle
increased. Surfaceecordingsunderestimated indwelling signals lwp to 15% in unloaded
conditions, while overestimating the posterior region by up to 17% at the highest hand load
intensity. In addition, surface signals overestimated posterior supraspinatus indwelling activity by
21%. This workgreatly expands current &wledge surrounding relationships between these
indwelling and surface signals, both in the inclusion of the indwelling posterior supraspinatus

recordings and the expansion of arm postures examined. These findings indicatatibaships



betweenthe sufaceand indwelling signals are altered by plane of elevation, load and elevation

angle, and the surface sigmabre closely predicts anterior region activity.

Examining Changes ofin Vitro Supraspinatus MechanicaPropertiesin a Rat M odel:
The purposesof this study were 1)o completein vitro mechanical tissue testing in scenarios
emulative ofempirical musculaactivation and postural conditionsan animal model, and &)
determine the relative influences of arm posture and external loading devetsueresponses
Forty-eight shoulders harvested from Sprafeavley ratswere affixed into custom 3D printed
mounting pots and placed into one of eight testing groups comtgfenghumeral posture and
load magnitudeOrientationsrepresented four flerent posturesobservedn vivo, andapplied
tensile loadwithin the animal modelvasscaledfrom humanactivation of the two supraspinatus
regions collected frorm vivoresearchor 1500 cyclesA threeway interaction between elevation
angle, load magnitude and cycle numbecurred fotangent stiffneswithin specific cycleswith
increasing angles, loads and cycles increasing stiffnesp to 49% in some scenarjo#ferences
in maximum and minimum displacement indicagtelvated tissue responsashigherelevation
anglesInteractions between elevation angle, load intensity and cycle number alretetratio
characteristics, with increased elevation angles, loads anesapckeasingtretchratios, as well
as differentiating articular and bursal side responSemplex interactions between angle, load
and cycle numbesuggesthigher abduction angles, increased load magnitude and subsequent

cyclesgenerated increased tamdresponseharacteristics.

Novel thesis contributions:Multiple novel findings and contributions originated frtims
work. This dissertation has combinedvivoandin vitro methodologies tadvancainderstanding
of rotator cuff mechanics his dissetation suppors the notion that supraspinatus loadiragies

throughout the range of motion, and postural and external \laadtions alter tissudevel



supraspinatus responsa@stivations of the anterior and posterior regions of the supraspinatus were
collected from the largest collection of postures to date and described activation differences
between these regionthese EMG activatiors were used t@ssist indeterminng applied force

load levels for mechanical testing, representing the first knowempt to generate foree
controlled tensile loading using physiologically derived exposure léwailse supraspinatu3his

work is also the first tonaintain a functional glenohumeral unit to complete mechanical testing

using postures representative lodse observenh vivoto examine supraspinatus responses.

General conclusionsPosture and load magnitude have distinct and noteworthy effects on
supraspinatus, both in muscular activation and tendon respdis&esesearch combiden vivo
muscular actiation within vitro mechanical tissue testing to genenadeel findings for rotator
cuff loading; further work should continue to pair vivo responses with mechanical tendon
loading to generate physiologically relevant research scertarmsghout theange of humeral
postures This work has establistiehat the supraspinatus is sensitive to scenario conditions, but
continued expansion of our understanding of exposure aspects would help diagnose or anticipate

overexposure.
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CHAPTER I' T INTRODUCTION

1.1 Motivation

Thehumanshoulder is highly mobilaeyith a wide range of opportunities to generate pain
or injury. Shoulder problems ammmon inactivities of daily living, work, recreation, or high
level athleticsRotator cuff injuries are highly prevalent in the human population, with increasing
occurrences in aging populatiofisshman, Cuomo, Kummer, & Zuckerman, 1998Jith >50%
of individuals in treir 70s and>80% of individuals in their 80s suffering from rotator cuff tears,

improvel understanding of the scenarios that leashtoulder injuryis paramount.

Rotator cuff degeneratioleaves large sectior the population irdiscomfort orpain,
patticularly workers in jobs requiring shoulder intensive tasks. Prevalence of shoulder pain in the
general populations 7-27%, with one month and one ygarevalenceof 19-31% and 547%,
respectively(Pope, Croft, Pritchard, & Silman, 1998houlder gin in the general population
across occupations and btglesis approximatelyd0%, with ranges of 22-87.8% depending on
occupationMakela et al., 1999More specifically, sedentafifestyles had the lowestbserved
rates (22.6%), agriculture work had the highest (37.8%), and industrial, housework or
miscellaneous worgrevalence ratesnged between 2930.6%(Makela et al., 1999Partiat or
full-thickness rotator cuff defects were observed in individuals bet®@dn 90 yearsusing
ultrasound with drastic increases in rotator cuff tear prevalence aftegabg, with over 50% of
shoulders in individuals over 70 and 80% of subjects ovey@&O0all of these individuals were
symptom free and without a history of trauiihilgrom, Schaffler, Gilbert, & van Holsbeeck,
1995) Shoulder injuriesoccur in21% of older populations, yet only 40% aheseaffected

individuals sought medical attention for their symptqi@bkard, Hazelman, Hazelman, King, &



Reiss, 1991)While certain workplacesnay exacerbate shouldetysfunction the problem of

shoulder injuries is pervasive across the population.

Many epidemiologic studiehave examin& workplace factors and their relationship to
shoulder musculoskeletal disordef&gnificant positive relationshipgxist between repetitive
motion and shoulder injury, regardless of measurement méBsovdard, 1997; Bjelle, Hagberg,

& Michadson, 1981; Chiang, Chen, Yu, & Ko, 1990; Hagberg, 1981; Ohlsson et al., T85)
epidemiologic I|literature has been dasksand i bed
shoulder tendinitis, especially for repetitive and overhead wWidtorinka & Forcier, 1995)

Direct evidence for positive associations betwappliedmanualforce and shoulder MSDare

scarce primarily due to the considerable diversity of exposure assessment appraadbdsg
epidemiological (Bernard, 1997) crosssectional (Chiang et al., 1993; Herberts, Kadefors,
Hogfors, & Sigholm, 1984; J. Wells, Zipp, Schuette, & McEleney, 1388) basic science
approacheqJonsson, 1988; Stenlund, Goldie, Hagberg, Hogstedt, & Marions, .198BR)
diversity makes companss between these studies difficult and obscures relationships between

these externahsk requirementand musculoskeletal injury risk.

The mechanistic progression of rotator cuff degeneration from an initial tear to complete
rotator cuff destructiomasreceived attentignbut uncertainty remainghe sequencéypically
begins in the supraspinattendon with a partialthickness defect on the deep surface near the
attachment of the supraspinatus to the greater tubel@styidson, Elattrache, Jobe, & Jobe,
1995; Edelson & Teitz, 20007 his is where loads alelieved to béiighest, and failure of some
fibers increases loading @djacent onesexacerbating injury progressiqhRukuda, Mikasa, &
Yamanaka, 1987; Yamanaka, Fukuda, Hamada, & Mikasa, 19883 cascade eventually

includesother rotator cufftissues often leading to complete degeneration and glenohumeral



instability. A critical knowledye gap existsegarding thénow these exposures in daily conditions
affect the supraspinatus tendon, #rgpecificscenarios are more likely fmovoke changefsom
healthy to diseased stat€urrent researcbften dividesinto two major foci:study ofhealthy
individuals without consideration oflegeneration, or changes mmuscularactivation orbody
kinematics in injured populationdJse of young, healthy populations without agkated
degeneration provides critical information for prevention stragsmd baseline functiorwhile
many studies, includingeveral performed at Waterl¢Gudlip, Callaghan, & Dickerson, 2015;
Cudlip, Meszaros, & Dickerson, 2016; Nadon, Vidt, Chow, & Dickerson, 26&6¢ provided
foundational knowledgdittl e interrelationship existsetween these studies att@ mechanistic
responsef the supraspinatus tenddhat could lead tduture injury. Conversely,robust
conclusions based @axamination of injured populations is difficult in human populations due to
the multifactorial causes obtator cuff pathologyResearcthas largelyfocusdon alterations in
kinematics(Reuther et al., 2014; Soslowsky et al., 2000; Struyf, Nijs, Baeyens, Mottram, &
Meeusen, 201]1)mechanical properties of injured tissii@unkman et al., 2014; Fang & Lake,
2016; Lujan, Underwood, Jacobs, & Weiss, 2009propagatiorof partiatthickness rotator cuff

tears(Engelhardt et al., 2016; Thunes et al., 2015)

Evaluation of rotator cufinuscularactivationduring specific arm elevation tasksired
with in vitro mechanical testing designed to replicate that loadiagprovidenovelinformation
to link external demands to responsive behaviours @mdt towardpotential future damage
pathwaysThere are presently no rotator cuff loadasgessments achievialough combiedin
vivo muscular activation informingn vitro mechanical tégg examinationsDeterminingthe
relativeinfluencesof arm pogure andexternalloading levelson tissueresponsefas substantial

rehabilitative and ergonomic implicationsThe nitial data generated with regard tthese



phenomenanstigaes targeted esearch surrounding shoulder and injury mecharetailed
examination of muscular activation and tissue responses at postures within the shoulder range of
motion will allow for inspection o$cenarios thatouldalter risk of future degeneratiamd pronpt

specific task avoidance.
1.2 Global Scope & Aim of Research

The global aim of this researgiasto evaluatéhow postural differences amendon load
magnituds alter tissuelevel responsesThis was achieved througla dual methodological
approachncluding quantiication ofin vivomotionand muscular strategieshumans antendon
mechanicsisingin vitro methoddsn an animal modeBoth studieemployednoveltechniquedo
assist in determination of supraspinatus loading across a spectrum of potgoalre scenarios.
Posturesor scenarioshat increase localizddadingmay raisefuture injury risk, and prevention
of these provocative cdomations in work or activities of daily living could prevent rotator cuff
pathology.Overall, itwashypothesizedhatincreasing arm elevations and hand load intensities
would result in increased muscular activatidnsvivo and increased changes Bupraspinatus

mechanicapropertiesn vivo.
1.3 Outline

Threesymbioticresearch project®rm this dissertationColledively, this workaimedto
identify scenarios thaesult inincreasd loadingon the supraspinatus and its tendoformed by
experimentatlataderived inStages | (Chaptstll andIV) and Il (ChapteV) (Figure 1) Stage |
consistedof in vivo quantification of supraspinatus activation across a range of posaméds
loading scenarioto define supraspinatus muscular activatiddtage llusedin vitro testing of

supraspinatus tendan an animal modeio quantify tissue responsdsom repetitiveloadingin



posturesdescribed in Stage Collectively, these studiesxpaned the fronties of rotator cuff
researchproduced novejuantification of rotator cuffesponses to physiologically relevant loads
andcombiredin vivo andin vitro methodsin an unpreedented manneFurther, he individual
studies independently provided important disciplinary advances, specifically through the
application of new experimentalmethods and exposure techniqué&$ie use of indwelling
electromyography in both regions of sagpinatus has never been used to record muscular
activation on such a wide range of arm postures arlifdansitiegChapter 11I) and comparing
these recordings tthose obtained withbipolar surface electrode(Chapter IV) provides great
utility to researchers, including comparisons to the posterior supraspinatus that have never before
been completed. Finally, completion sdfipraspinatus tendamechanical supraspinatésndon
testingin postures anéxposurescenarios emulative of those seervivo (Chapter V)provides

foundational information of supraspinatus tendesponses to plausibéxposurdevels.



Define supraspinatus activation across a range of postures and loading conditions
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Figure 1. An outline of the specific goals and outcome measures which comprise this thesis.

Italicized text indicate geeral stage purposes; specific study contributions are outlined in dark
shaded boxes. The studies outlined in Chapter 11l and Chapter ISirhallaneousiata

collections. Methodology for Stage Il wpartially determined using the results from Stage I.



CHAPTER Il T LITERATURE REVIEW

This chapter provides a review of literatusgarding primary shoulder and rotator cuff
function, rotator cuff injury mechanisms, anteasurement and modelinofitendon mechanics,
with a primary focus on the role of tBepaspinatus. This chapter begins with a definition of the
andaomy and motion of the shoulddollowed bydescription othe supraspinatus muscle and its
tendon (Section 2). Subsequent focus shifts tmtator cuff pathology and glenohumeral
kinematicsprecedingand succeehg pathology(Section 22). The final sections review tendon
mechanics (Section 3. and experimental techniqués evaluatingtendon responsése loads

(Section 24).

2.1 Shoulder Anatomy & Motion

The shouldecontains architecturand motion characteristics unlilenything else irthe
rest ofthe human bodyThe shouldeincludesthree bones: the humerus, scapula and clavicle.
Motion at the shoulder occurs through four joints: the acromioclavicular joettyeenthe
acromion processf the scapula and the clavicle; the sternoclavicular joint, between the sternum
and clavicle; the glenohumeral joint, between the glenoid cavity of the scapula and the humeral
head; and the scapulothoracic joint, a gliding surface between the scaputheatitrax.
Collectively, this motion is controlled by tisencertednteraction of nearly 30 muscl@dolzbaur,
Murray, & Delp, 2005)The relationships betweetegohumeral and scapulothoracic orientations
for healthy shoulders in a resting arm posture®@évation and Daxial rotation are well known
(Basmajian & Bazant, 1959 this posture, the scapula face8 &tteriorly to the chest wall, tilts
3° upward relative to the transverse plamel 20 forward relative to the sagittal plafgman,

Saunders, & Abbott, 1944Humeral motionthrough elevation generates predictable position



changes in the other bones of the shoulder, resultisgpipulothoracicelationshipoo r  fir hyt h ms
(Codman, 1934; Inman et al., 1944; Poppen & Walker, 1976 relationship of humeral
elevation to scapular upward rotatigrrepoted asapproximately 4:1 for the first 3@f humeral
elevation, then 5:4 for the remainder of eleva(idappen & Walker, 1976Dther assumptions of
scapular rhythm between the glenohumeral and scapulothoracic joints use ratios of 2:1 $elow 90
and 1:1 above 9(ltoi, Hsu, & An, 1996)Understanding the relationships between the scapula,
humerus and torso during arm elevatioforms logistical considerations in the curreesearch.
During in vitro testing (Chapter V) the specimen consists of the humerus and scapula, but
disarticulaed from thetorso.Deriving glenohumeral posturdsom arm elevations relative to the

torso allows inferences fopositioning the specimens that refleathole body postures.
Scapulohumeral rhythm can be affected by various pathologic condiindsaries by person

and by sexDoody, Freedman, & Waterland, 1970; Freedman & Munro, 1966; Lin, Lim, & Yang,
2006; Matias & Pascoal, 2006; Walker, 197Although these joints can act independently, they

act in unison to enable healthy movement of the upper extr@mian et al., 1944)

The central theme surrounding the shoulder is a balance between mobility and stability.
The amount of motion available at the shoulder separates it from other joints in the human body,
and this range of flexibility comes at the cost of stabilllyis stabilityis obtained through the
coordinated movement of multiple mechanisms while continuing to provide moBiittomic
stability control of the glenohumeral joint may be divided into static and dynamic cate@@ees
der Helm, 1995 Static contributors can be divided into articular and capsuloligamentous
components, while ythamic contributions include the deltoid, biceps and rotator cuff muscles
(Turkel, Panio, Marshall, & Girgis, 1981; Van der Helm, 19Rtensive investigation of the

static and dgamic components of shoulder stabiligsbeen underway since the4l%,with most



efforts focusedon one or the otheiEarly research emphasized the articular contribution to
glenohumeral stability, with focus on the glen¢idbs, Ray, & Saka, 1966; Saha, 197Ihe

glenoid articulation has a small posterior (retroverted) orientation “ofvitid regard to the body

of the scapula, providing increased stability to the glenohumeral joint compared \ertaute
glenoid componentsgeading to increaseanterior translation of the humeral headl placing the
shoulder at risk for future complicatio(Bas et al., 1966; Nyffeler et.a2006) Other research

has examined the role of the labrimstability; some found that removing the labrum through a
posterior approach could not generate anterior dislocation until the anterior capsule was resected
(Townley, 1950) while others concluded that the labrum provided little stability to the joint, as it
flattened in external rotation and thus only served as an attachment point for the inferior
glenohumeral ligamen(Moseley & Overgaard, 1962However, otheresearcherfave placed
increased importance on the labrukteasurement of glenoid depth observed thatlabeum
effectively doubled the depth of the glen@itbwell & Galinat, 1989)As the humeral head needs

to override the rim of the glenoid to dislocate, it can be considered that midrange stability depends
on the depth of the glenoid to some extestatic and dynamic stabilizecan work ndependently

or in concert, but tend to work primarily in different ranges of humeral head displacement.
Dynamicstabilizers (such as the rotator cuff or biceps) are more important when the displacement
of the humeral head is small, where as static stalpdi (including the glenohumeral and
coracohumeral ligaments) play a more important role in large displacements of the humeral head
(Bost & Inman, 1942; DePalma, Cooke, & Probhaker, 1969; Howell & Kraft, 1981}
distinction is understandable, f@s small displacementshe capsuloligamentous components are

lax andthuscannot act astabilizergMalicky, Soslowsky, & Blasier, 1996)



2.1.1 Anatomy oflte Rotator Cuff

The rotator cuff consists of four muscles that originate from the stagnd whose tendons
blend and terminate on thbumeral tuberosities. The supraspinatus originates from the
supraspinous fossa on the posterior aspect of the scapula, attaches to the posterolateral aspect of
the greater tuberosity, and is innervated bydhgrascapular nervglermenegildo, Roberts, &
Kim, 2014) The subscapularis covers much of the antestapularface attaches to the lesser
humeraltuberosity and is innervated by the upper and lower subscapular n@ubbs et al.,
2007) The infraspinatus originates in the infraspinatus fossa on the posterior scapula, attaches at
the posterolateral greaterberosity, and is innervated by the suprascapular nEmally, teres
minor arises from the lower lateral aspect of the scapula, attaches to the lower part of the greater
humeraltuberosity, and is innervated by a branch of the axillary n@iekelhaupt, Eckmann,

Brennick, & Rahimi, 2019)

Thecomplexmuscle architecture of supraspinatesitaingwo distinct regionslt divides
into anterior and posterioegions based on the attachment of musclerfionto the tendaiKim
et al., 2007; Roh et al., 2000; Vahlensieck, an Haack, & Schmidt, 1994; Ward et al., T236)
anterior region accounts for ~B5% of the muscle volume, and attaches laterally to a #ridk
narrow section of the supraspinatus teniim et al., 2007; Roh et al., 20Q@yhile the smaller
posterior region attaches to a wider and broader part of the téikooret al., 2007; Roh et al.,
2000) Theanterior region is pennate, while the posterior regiorpheallelfiber bundlegKim et
al., 2007) Each region has thrdanctionallydistinct parts based on fiber bundle orain, and
are separated into superficial, middle and dréypegions(Kim et al., 2010, 2007)These regions
experiencadivergentchanges in pennation angle with shoulder moven{&mnn et al., 2010)

Further, each subregion has unidibee type distributions, with the middle part of the anterior
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region possessing significantly more Type | fibers compared tonitidle part of theosterior

region and the superficial anterior region having a larger percentage of Type Il fibers compared
to theother anterior subregioriKim et al, 2013) The anatomy of these two regions may indicate
that functional differences exist between these two regions. The larger anterior region with its
fusiform structure and intramuscular tendinous core may be responsible for the butk of th
supraspinatus contractile for@oh et al., 200Q)while the posterior region has been described as
Astrapli keo, and i s a Swniatfahusaular teodon, pne thasaits e
architecture does not appear to be suited for generating large contractilg/ialéssieck et al.,

1994)(Figure 2)

Anterior
supraspinatus
muscle belly:
fusiform

8.5
gA

Posterior
supraspinatus
muscle belly:
unipennate
Internal
tendon
Subscapularis
tendon
Inf
.m;ﬁmm Biceps tendon
External tendon:

anterior

External tendon:
posterior

Figure 2. Representative anatomy of the supraspinatus. The supraspinatus has anterior and
posterior regions (left), and inserts onto the humerus (labelled SP, right). Adapterioinosh
al., 2000andClark & Harryman 11, 1992

The shoulder musculature, particularly the rotator ,cafihancesdynamic shoulder

stability during activity the scapulassists byroviding afoundationfor the muscles of the rotator
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cuff to generate normal shoulder movemeduff contributionsto joint stability arise from
multiple causesincluding passive muscle tensi@ttivecontraction causing compression of the
articular surfacestesultingjoint motion that results in ligamerstretch or acheckreineffect
generated by the contracted mus¢@owne, Hoffmeyer, Tanaka, An, & Morrey, 1990; Kumar
& Balasubramaniam, 1985; Motzkin, Itoi, Morrey, & An, 1998; Terry, Hammon, France, &
Norwood, 1991) Activation of shouldermusculature acts to stabilize the humeral head in the
centre of the horizontal plane of the glen@#dwell & Kraft, 1991) with the rotator cuff working

together to act as 0stmdtodSarmol97djleigumd.i nt ai n hum

Acromion 7‘:

Supraspinatus

{ Reridon Coracoid

) process
Biceps brachii
/ tendon

Subscarulgris
endon

Infraspinatus
tendon

Glenoid
cavity

Joint
cavity L Labrum

Synovial
fluid

tendon

Scapula

Figure 3. A checkrein for horses (located behind the head) prevents certaimbgadssuch as
neck flexion by preventing the horse from lowering its head beyond a certainrptatr cuff
architecture performs similar mechanatghe glenohumeral joinAdapted from Matsen 11l &

Lippitt (2004)

While the muscles of the rotator cufée individual functions, thegctin concert to
maintain glenohumeral stabilitfhesemuscles hagthreeprimaryfunctions: rotating the humerus

with respect to the scapula; compressing the humeral head into the glenoid fossiieatidely
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working togenerate proper timing and magnitude of muscle activation to avoid unwanted humeral
motion Althoughthe supraspinatus and subscapulareyeonceidentified asimportanthumeral
headinferior or superior stabilizer@Basmajian & Bazant, 1959; DePalma et al., A)9éhese
components of cuff muscle fordeave since been shown to bmall; insteadof stabilizing
superiorly or inferiorly the primarily stabilizing function is through humeral head compression
into the glenoidSharkey, Marder, & Hanson, 1994; Wuelker, Roetman, Plitz, & Knop, 1894)

the rotator aff acts collectively to keep the humeral head cehitrehe glenoidHowell & Kraft,

1991) unbalanced activation may allomndesirablehumeral headnigration Severalin vivo
studies quantiéd individual stabilizing functions of the individual rotator cuff muscles. The
supraspinatus, infraspinatusdateres minomll contribute to anterior stability of the abducted
shoulder (Blasier, Guldberg, & Rothman, 1992nhdividual muscle contbutions to motion
differentiate by actionlndividual cuff contributions havebeen evaluated through the use of
selective nerve blocks, which found that the supraspinatus and infraspinatus combined represent
45% of abduction strength and 90% of extern&htron strengtiColachis Jr & Strohm, 1971;
Colachis Jr, Strohm, & Brechner, 196%ollectively, the insertion of these tendons as a
continuous cuff around the humeral head permits an infirsteety of moments to rotate the

humerus andssist oloppose components of deltoid and pectoralis f@fmdzbaur et al., 2005)

2.1.2 Shoulder Anatomical Axis Systems

This section descrilsethe anatomical axis systems of therax,humerus ad scapula, as
well as scapulotbracic and humerothoracic translasoihese joint coordinate systeragist
througtout this document, and reflect recommatidns of the International Society of

Biomechanics(Wu et al., 2005)
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2.1.2.1 horax

The definition of jointdisplacements imostusefulwhen it is withrespect taa proximal
segmenbr segmentsjoint or segment rotations at the shouldertysesally represented relative
to the thorax.The torso rotation sequence isYZX, with positive Z rotation representing
extension, positive rotation representing axial rotation to the left, and positiveokation

representing lateral flexion toahight(Figure4). The thorax coordinate system is as follows:

+Ytis a line connecting the midpoint of the xiphoid process and T8 and the midpoint

between the suprasternal notch and C7, pointing upward.

+Z: is the line perpendicular to the plane forngdhe xiphoid process, T8, suprasternal

notch and C7, pointing to the right.

+Xtis a line commonly perpendicular to Y and Z, pointing forwards.

Yg

Xg

.- '~ \
L\ 1\

Flexion/Extension Lateral rotation Axial rotation

Figure 4. Thorax coordinate system and definition of motions (fkfim et al., 2005)
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2.1.2.2 Humerus

The humerus coordinate systemmbinedwith the torscsystem quantifies humerahgle
of elevation, plane of elevation and axial rotation reéatir the torso. The glenohumeral joint
rotation centre is not a bony landmark, but can be can be estimated by regression analysis or
instantaneous helical ax¢sleskers, Fraterman, Van der Helm, Vermeulen, & Rozing, 1998;
Veeger, Yu, & An, 1996)The rotation sequence for the humerus is with respect to the torso, and
isa Y-X-Y 0 tation. Rotating around th¥é axis determines plane of elevation, and rotation about
the X axis determines angle of elevation. Rotation abouktaxis with preceding® +3® and
+9(P rotations around th¥, axis generates elevation in the coronadypsdar and sagittal (forward

flexion) planes, respectively (Figus¢ The humerus coordinate systésras follows (Figur®):

+Yh is a lineconnecting thenidpoints of the epicondyles, pointisgperiorlyto the
glenohumeral rotation center, estimatgdégression or motion recordings
+Xn is a lineperpendicular téhe plane formed by, pointing forwards;

+Zn is a linecommonly perpendicular to Y and X, pointing to the right.
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Figure 6. Coordinate systeraf the humeruselative to the thorax and definition of motions
(from Wu et al., 2005).

2.1.2.3 Scapula

The scapular coordinate system is used in conjunction with the torso to quantify scapular
rotation, aterior/posterior tilt, and protraction/retraction with respect to the torso. The origin of

the scapular coordinate system is ledain the acromial angle, the most laterodorsal point of the
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scapulaWu et al., 2005)In a right shoulder, the coordinatgstemis defined as follows¢Figure

7):

+Zsis the line connecting the root of the scapular spine and the acromion angle, pointing

to the acromion angle

+Xsis theline perpendicular to the plane formed by the inferior angle of the scapula, the

acromion angle and the root of the scapular spine, pointing anteriorly;

+Ysis a line commonly perpendicular to X and Z, pointing upward.

TS

Protraction/ Lateral/ Medial Anterior/
Retraction Rotation Posterior Tilt

Figure 7. Scapular coordinate systeand definition of acromioclavicular (AC) motioffsom
Wu et al., 2005).

The rotation sequence for the scapula is with respect to the torso, ait% Rotation

about the Ys axis generates protraction/retraction, rotatioroutbthe Xs axis produces
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upward/downward rotation, and rotation aboutZkexis produces anterior/posterior tilt (Figure

8).

Posterior Anterior

tilt S Nl

Protraction

e

Downward K__> L'pwa.rd
rotation rotation

- N -
Retraction

Figure 8. 3 dimensional scapular rotations: protraction/retraction (left), upward/down rotation
(cente), anterior/posterior tilt (right).

2.1.2.4 Glenohumeral Translations

The glenohumeral joint rotation center is not a bony landmark, but is regularly used to
define the longitudinal axis of the humerus and to calculatzdimensional movement of the
humeral head with respect to the glenoid cavi@lenohumeral joint translations are typically
described by comparing thmelative positions of theentre of the humeral head contact aed
the centre of the glenoid cavity on the scagBlay et al., 2007; Poppen & Walker, 197%he
origin of the glenoid system iscated at the centre of the glenoid cavity, with the coordinate

system as follows (Figur@:

+Yy is a linefrom the inferior to the superior border of the glenoid caftéymed the

6glenojd axisd)

+Xgis a line perpendiculao Y, directed anterioyl from the posterior border to the
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anterior border of the glenoid cavity;

+Z4is a line commonly perpendicular to X and Y, pointing right

Figure 9. Glenoid translations coordinate system. Adapted @mppHurley (2015)

In this coordinate system, &gtranslation represents upward translation of the humeral
head towards the inferior aspect of the acromionXgtranslation represents anterior movement
of the humeral head towardsethnterior border of the glenoid, and &, translation indicates a
separation of the humeral head away from the glenoid cavity (whgteanslations would be

compression of the humeral head into the cavity).
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2.2 Rotator CuffPathology

Shoulderinjuriesare highly prevalent, with chronic injuries increasingbynmonin older
populations Rotator cuff injuries are particularlfrequent and include impingemenieither
subacromial or internal), partial cuff tsaor complete tendon ruptur@@euther, Thomas, Tucker,
Yannascoli, et al., 2014pcarce analogous data exists for living subjects, as only symptomatic
patients are often studieResearch examining a community of 644 persons olderiBayears
identified shoulder syptoms in 21% of the population, yet only 40% of these affected individuals
had sought medical attention for their symptdg@isard et al., 1991 hronic shoulder injury rates
increase markedly after 50 years of age. For example, more than half of subjects in their 70s and
80% ofpersom i n their 80s had rotator cuff t-ear s,
cuf f |l esi ons are a natur al correlate of aging
(Milgrom et al.,1995) Cuff defects become increasingly common after 40 years of age, and many
occur without substantial clinical manifestations. Continued research on rotator cuff pattadogy
largely been derived fromadaveric findingsincidence of rotator cuff temoh defects in cadaver
dissections range from 7% to 26.5%ukuda et al., 1987; Keyes, 1952; Wilson &ff) 1943)

Across 500 cadavier shouldes, the incidence of complete rtda cuff tears was lesthan 5%
(Neer, 1983)However, other researdhdicated a 17%ncidence of fullthickness rotator cuff
tears in 235 male anf@malecadavers ranging from 27 to 102 years (average age 6dt3)ye
(Lehman et al., 1995 he authors also noted that the incidence of full thickness rotator asff tea
was 6% in individuals under 60, and 30% for those ovell&hman et al., 1995)These
discrepanciesn incidence rate may relate to population sangifterences, as the number of
cadavers examined ranged from nine to J®xtial thickness tears appear to be about twice as

common as full thickness teaf¥amanaka et al., 1983Tontributing sources of rotator cuff
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injuries includetrauma(Codman, 1911, 1937)legenerative abrasion in the subacromial space
(Ellman & Kay, 1991; Keyes, 1952; Meyer, 1924; Moseley, 1952hemigLindblom & Palmer,
1939; Moseley & Goldie, 1963; Rathbun & Macnab, 1970; Rothman & Parke, ,1665)

subacromial abrasiofiNeer, 1972, 1983; Watsalones, 1960)

Rotator cuffpathologies arise from intrinsic and extrinsic factors. Intrinsic factors are
generally described as a process where gradual or acute tissue loadingetatagaelegeneration
causes pathology, leading to kinematic changes and secondary pathologiratiidty, extrinsic
factors are exposuelated processes, in which environmental conditions (such as workplace
parameters) lead to tissue changes. Rotator cuff pathologies arising from intrinsic sources are not
easily preventable. Associations betweeromion morphology and rotator cuff tear rates have
been observed through cadaveric rese@Bliani, Morrison, & April, 1986) with increased
rotator cuff tear incidence rates appearing in individuals avitboked acromion compared to flat
or curved acromial morphologies. These mechanics can affect the subacromial space, resulting in
impingement, which accounts for approximately half of all shoulder compl@atsder Windt,
Koes, de Jong, & Bouter, 1995)\ging is a major intrinsic faot surrounding degeneration.
Although young healthy tendons seem capable of handling complex laadihgaghat which
occursin the rotator cuff, structurally inferior tissue or tissue with reduced repair potsrahe
to degeneratiofDalton, Cawston, Riley, Bayley, & Hazleman, 1995; Hamada, Okawara, Fryer,
Tomonaga, & Fukuda, 1994; Kumagai, Sarkar, & Ulthoff, 1994; Riley et al., 1994ea)the rest
of the bodyds tissues, rotator tendon ieuff fi
less force to disrupt theChung & Nissenbaum, 1975; Rathbun & Macnab, 19A@jng has
been described as Athe single most I mpthetant

cuf f t(®atskrolh, &) & Hawkins, 1992EXxtrinsically,many mechanical exposures are
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capable of modulating rotator cuff pathology. Different environmental exposures, such as posture,
force and repetition all interact with musculoskeletal tissues to create internal exposures,
consequently altering pathologgki(Wells, Van Eerd, & Hagg, 2004Extrinsic factors in some

sports can also increase injury risk, particularly in throwing. Rotator cuff mefiders are
subjected to bending loadser the head of the humerus asoifates with respect to the scapula
(Matsen lll, Sidles, Harrymann, & Lippert, 199%Yith the arm positioned at the limit of range of
motion, the glenoid rim can apply shear loads to the deep surface of the supraspinatus tendon, and
may contiibute torotator cuff injury in throwing athlete@errari, Ferrari, Coumas, & Pappas,

1994; Jobe, 1995; Sh Liu & Boynton, 1993; Rossi, Tenamian, Cerciello, & Walch, 1994; Tirman

et al., 1994)Figure 10). Extrinsic workplace exposures, including posture, repetition and hand

force are outlined in detail iBection 2.2.1.

Figure 10. Humeral head rotation in throwing can generate impingement in the supraspinatus
tendon. Adapted fronBraun, Kokmeyer, & Millet{(2009.

Rotator cuffpathola@iesfollow a predictablanjury cascadeThe injuries often begin in
the supraspinatus tendon before cascading anteriorly to the subscapularis or posteriorly to the
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infraspinatus(Cofield, 1985; Reuther, Thomas, Tucker, Yannascoli, et28l14)(Figure 1).

Rotator cuff failure through degenerative scenarios typically initiates with a gartkhess

defect on the deep surface near the attachment of the supraspinatus to the greater tuberosity
(Davidson et al., 1995; Edelson & Teitz, 200@ultiple research groups have described partial
thickness tears, and these observations suggest that the deep fibers of the cuff near the insertion
are most vulnerable to failure dwethree factors: exposure to high loads, relative lack of strength,

and limited capacity for repafCodman, 1934; Fukuda et al., 1987; Yamanaka et al., 1983)
Injuries of the rotator cuff typicallgtart where thetresseare presumably the greatest: at the deep
surface of the anterior insertions of the supraspinatus, near the long head of th¢Eoielsos &

Teitz, 2000) These ¢ndon fibers fail when the applied load exceeds their strength, and can fail a
few at a time, oen masséMatsen Ill & Lippitt, 2004. These fibers retract after ruptues the

rotator cuff fibers are undéwnicload, even with the arm at r¢btalder et al., 2002Fach instance

of fiber failure increases the load on the neighbouring unruptured,fiivésg rise to theizipped
phenomenonThis negatively affects the rotator cuff in multiple waysiscle detachegsom bone,
diminishing the amount of force the cuff muscles can delivecal anatomy becomes distorted,
compromising the tendonds blood supply and c«
tendon becomes exposedadmt fluid containing lytic enzymes, which remove any hematoma that
could contribute to tendon healirfylarqueti, Parizotto, Chriguer, Perez, & SelisiieeAraujo,

2006; Nakama, King, Abrahamsson, & Rempel, 2006; Sun et al., .200&)out repair,
degeneration continues throudite tsupraspinatus tendon to produce athitkness defect in the
anterior supraspinatus tendon. Once this defect is established, it typically propagates posteriorly
into the infraspinatugCofield, 1985; Reuther, Thomas, Tucker, Sarver, et al., 26tdyression

increases the load on the bicepisen rupturing the tendon of the long head of the biceps in chronic
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rotator cuff deficienciegTing, Jobe, & Barto, 1987 )Furtherpropagationcrosses théicipital
groove and eginsto involve the subscapularis, and can destabilize the tendon of the long head of
the biceps, allowing subluxation of the tendding et al., 1987) Collectively, these defects
decrease the abilityf the rotator cuff to generate compression, which is important in providing

glenohumeral stability L e e, Kim, OO6Drisc.ol, Morrey, & An,

Figure 11. Rotator cuff defectsftenfollow a predictable cascade of injury, typically originating
in the supraspinatus tendon and expandithé surrounding connective tissues. Adapted from
Matsen Il et al(1999.

Rotator aff injuries have multiple clinically meaningful manifestations. Patients
commonly present to clinicians because they perceive a loss of shoulder comfort and fuation

der Windt et al., 1995)A cohort studycomparng rotator cuff injurieso 15 other common
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