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Abstract

Across ape species, a | arge variation i n shou
di fferences in upper Il i mb behaviour. Over mi
shoul ders that all ow us to executffTedawnskshei h
Sshoul der is highly variable and specific shap
suggests that variation in bone morphol ogy al
| ar ge, i nt er spechiefhiacvi Lawalse a(cirmfslsu esmpeeicngs) an
scale (impacting propensity for injury within

bet ween shoul der shape and function using com
eviouti onary context for modern humaas esd omd de=lr

estimate the 3D-o@modenomunoefr alli vriannggeand f ossi l

mobi-dnliggncing shape traits. lu mfacwsn ch atvkea th,i grhéd ly
shoul derw talcati vliiaves at |l ow | evels of arm el
variation in modern scapudiagnisfhioad rdte rd ibfl faedred n c

and fsammaptehat are not -satapea brud.ldatkieg ndoh iisphsz@st i ¢
interactions among shape, motion, andtmascl|l e f
Il found that scaptemaas shapiebi pee@edibeéi seabiflizi
potentially increasing the | oad required by t
dri ven effectorwaesdattghar ki mé mgt i c adjust ment s,
individuals may adapt their Kkinematics accord
To further understand the mechayiiinalbeshiudd raexa
bi pl anar videoradiography to compare the mot

opposite |l oading pr ofuipl easn domawtphuel Sshpul de mot ac



significantley ulteldmeetmhgt as&kapul a may assi st in
j oi nt. Overall, this work contri bandcssmal lan i
variations in shoulder morphology influence f

eval wn, I njury mechani sms, and the character:i
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Chapter 1

Il ntroducti on

1.1 Motivation

Across primate species, a | arge wvariation in
of | ocomot or nsdt yolveesr,a |l dshtebraers ,DL®B SR c hani cal i
of specific morphol ogical traits have been in
observed behaviour. For example, the gibbon p
that allows itthy swiferdg ybanweemh flbhrcamreeghles aisn a

Martorell Me&2®w®ialbepomstsheessses di fferemtabtbkbdme f

l ocomonteaell TFTopwadrlupedasatléryrestriidlbreowni,rdademé8nt

The evolutionary history of the human skeleto
ape relatives to understand théAbmPecjavet pactk:
Anal yses of Ipievimogr pahnod tofyey$ ssitullggae st man s houl dei
chi mpadnkeestat eday o(vaopuensgd eertn dhe, th@d5) zed e\

trajectory presumably enasbulcehd aas sshwifntg4fnogo na nodv

tasks at | ower -auah ed & vtaltri owmi f ge,v ek g Rwiarcd, ean
al ., . Tda2@khY¥) our shoul ders are capable of execu
However, our current environmgat hdrffefessybe
wepresuemabl yed. I n our, molersnhaewlvd eronimenhi ghl y

Over 20% of t he -tphoipcukl naetsiso nr,ohtaaviee rfauclohit ht bagéer
suffer from gener@Vameder oWandt euffl pai 4995;

Shoul der dysfunction and pain not only impact

1



' iving and participation in sport, but can al

heal thy shoul der {MacDeomi loettheéitr 280d¢rs

I nterestingly, shoul der shape i s( Griagyh,layl®wv&r)i a
specikfeilet adr  eadrurreelsat ed (WH.t hC.r oS.a tLoere ceutf falt.e,
2019)Thi $ ng$ lua ye riecloarntbii mresdh iwgstchd laehne n ¢ricerlgaetri on s hi
across Iispggiesd sc otnhpaatr sstiulbet é ley shape variati on

popul ation may alter shoul der mdrihgalhriecs i n a

Skeletal
morphology
(larger-scale
variation

Locomotor and
positional
behaviour

Interspecific
(Across primate species)

/—\.‘

Figure 1-1: Parallels between shafigenction relationshipacross species and within humafsross species, shape

is associated with broad differences in behaviour, but the mechanical pathways from morphology to behaviour have
not been rigorously tested/ithin humans, shape is associated with injury, but the mechaleizaminants argoorly
understood.

Skeletal
morphology
(smaller-scale
variation

Intraspecific
(Within human population)

Whil e recent work has begun to explore the re
the cont dxXGterdoferi rejturay ., 2014; E. C,ouSr. deereereal
under st andd mat oonfy fhHhroampcst s$toch ar gelqyu alh a s mfl @ emenc e s
Acculryweaisomg neordieilhgsehoul der t-fou nscttuidoyn froelmat i ons
humans i s belatlHseengh @awlademiical |y complex and m
bl ade is notori ouvwelayn whiiflfeisc dllihte t$dmamea dufdé er en

enable | ocomotor differences across species h



shape and observed behaviour, but the direct

rigorously tested.

The purpose of this thesis is to investigate
function of the shoulder. Across primate speci

selective pressur€dayt savtudsmigpeaeddapropiréseant hr

more confidence in reconstructing the functi ol
elucidate why individuals with specific shape
and i nfrowgpre piaftiie treat ment and preventative st

1. BRackground

1. ZtYucture and movement of joints comprising
The shoul der I s a j oint compl ex comprised
acromiocl avi cdlcar ,ansdc agpl uel noothhuomear a | joints. T h e

four Jjoints edneaxbcleepst itohnea |'s firbannhydea roeft naolt.i,onl 9 4 4)

The scapul othoracic articulation consists of
relative to the posterol ateral surface of the
from the cervical and thorfaenmi wgegrdebraseedrch
(Veeger and vanThdkareflelem, sZ2@@u) ott Hoeoroar cdiicn ame td
movement of the sternoclavicular and acr omi oc

t hred Laxdeswi g d€Ri galld.e, 2009)
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Interior Rotation Upward Rotation Posterior Tilt

7
.

Figure 1-2: Rotations of the scapula depicted for a rigjulder

The glenohumeral joint is the articulation be
scapul a. Whi |l e commoeannsho ckatte goriinzed tehse &l lealoll
compared to a golf ball of az et @aeg ecddueft @ htehal n
contrast to the hip, where the acetabulum pro

surface area of4d4dthiemgs evmald éosslmaanst BéLspur f ac

et al ., ThBS92lunique structure provides -the gl

o

mensi omfmbt irFa mdxe) e maki ndhe most mobihluenaar ti c

(op
o

diyhe gl enohumer adt rjamislta tdadagroe eesPOlarfb infigr edeydnoamm i
activity, dual fviude oorsacdipygraanElay u pédnkawumer al h
up to 6.0mm in the anterior/ posterior directic

to the glenoid(Beyheal ahy, sRBO60BdeMassi mini et

A Acromion _ Coracoid B Anterior Plane of

AP __  Humeral head Elevation
<7 7 N 9
#= ) , \
\(

Glenoid \ - - 3
four || = S
‘ Posterior Plane of

| Elevation

Internal
Rotation

‘\) Abduction

Figure 1-3: (A) The articular stfaces of the glenohumeral joint (green). Other anatomical features surrounding the
glenohumeral joint are highlighted in purp{B) Rotations of the glenohumeral josttown on a right shoulder

4



Studi ®Bowlfderhawencpaioc parti €ludckornvtieat benhi oas |
scapul othoracic addrgh-gaeadimmger dshool daés abduc
individuals, the scapula upwardly rotates, po
(Ludewig et al ., 200@A@ApnMc@bUureies Bmh.fth280¢t)Dpc
with various shoulder pathol og(ikisblasnmrd anmdc MJ ML
2003)However, there is substanti al variati on
i ndi v(i Klawladz setanmd .i,t 2i0s21lyncl ear whet her abnor ma
or consequen(CEeioXeiprad. hatWhaglye ,a 2r®Xrimal scapul ar
hypot hesized to enable joint stabil(iBteyn &n d | neus
1998 )further research is required to better u

heal thy scapul ar moti on.

Scapul othoracic and glenohumer al ki nemati cs
scapula glides under thmouankied. dMeti teds magl Jiem
in estimating t he( Matussu ip odten sdlfe atdhZ209d86)ap welsa usi

pins or biplanar videoradiography yield highl

di r d Btelyy et al ., 2006; B. Lee et al ., 2020; Lu
1.2.2 Glenohumeral stability

The skeletal structure of the glenohumeral joi
littl e bony stability. | nst eiatdh,e tlhaeb rsuwon,t Itiigsasn

rot atiosrt acbuifhfu mer aheheadH®me t hweodgdli@®iicdhylle magni t
of rotat-ofmabwi oWe nsyeed banse iatdyel i ty to | imit tange

t he humer al head to a magnitude observed in h



The |l abrum is a fibrocartilaginous rim that s
curvawurlb & et. allh.e, gll9%9n70)humer al joint capsul e
coll agen fibres and reinforced with capsular |

taught and provides stoabotlifiyppittt han.e xMa teme s,

The rot atdoerf iasmafdfr oup of four gl enohumer al mu
infraspinatus, t er elsi giidAhpor Romadosubstthpatahi s
muscles to provide -raxn-gm®t isdarmabahd zpaseinveatsima
rangmeti on ( War dEleetc talo.my o@é @Gd¥hey ichénadst hsau g gt ehset
rotator cuff muscles act as acti (deet &bi lailzer
Sangwan etinaladdi20lo5n) to contri b¢gMangf melde s al

Neumann., 2019)

Thearger muscles supeirsfucch ads ttohe heelrtoaiad,or!l 8
pector ailacst nmaasj otrhe pri me (Mawesrf s edid ned Ndmena un
| i wmeasct i on of these muscles provide them with
moments at the shou-béern. oHowd seor ,t etnlde 2 e liimmpes
on the humer al head, as etnhtesy ohfa vfeo rrceel atth avte | ayr
gl enMaMud | a et &ahe,s@020)i ssues of the glenohur

destabilizing fomoexFicgau4Bre.d by the pri me



A Supraspinatus Subscapularis B

Supraspinatus
line-of-action

Deltoid
line-of-action

Infraspinatus

Teres minor

Figure 1-4: (A) Rotator cuff muscles(B) Th e d e | tobactbm lsas d supenor lire-action that tends to
transl ate the humerus superi or | y-offasidnadtsicompressiely.t he gl eno

Stability is thought to be achieved by incre
cadaveric study, Lippit et al. applied a compr
to dislocate the joint with Téhreyi mtoanctl uaded d xai
compressiofitimecbaembemed effect of a compressi
|l abiwans effective I n prevendommr gosindn diis| olca
to thesaadpwl toffbrag mmmlte t he omey att hdate atdhe shiwst abl e
joint reaction force is withi(nLitpgpi tatr carmpd oM4d tds
(Fi g udhe) . The -comgraessiyon mechani sm and scap
presumalelby eanabarge compressivontormrcei ganeirf atte
cuf f muscl esFi(dgPeiBy .y, He &8 Yy e, a systematic r

evidence ofcoot atotn soctnefafchofdound t hat muscl e ac

the directional forces required to( Semsgwan tete
al ., . 20”hé&) authors suggested that thespect &tor
manner to enaBl gijCpi nt stability



A B

Destabilizing
Force

Balanced

Unbalanced [ Net Force

Net Force

Scapulohumeral balance Co-activation Direction-specific activation

Fi gab&)The theory of scapul ohumeaamp rbeasl sainocre. eAn abbal | eadn cheyd
within the stahllnd dradwimér ¢ e ah enwbhal anced( beppiftorcand
Mat sen,B)donNx3a)w o myir@mesc haenaml eadt dtyo @ c ¢ u v@)Dii roeestpieacn f i ¢

mec hawh asme r onuastceledlseaf i vedbyr astswvatlkee destabilizing for
Therefore, although it is established that th
it is unclear whet hef otmpir® siss e e ddiefuieat tdgot nicwat

combination of bot h.

1. Ro3 ator cuff tears

Rot ator cuftfhpeaetairal rerf efrultlo tiewahri cohf nao srto toafttoern
in the suypw aaampiarwat wWstu-t @li ckn28@8%3 )y ot at-@8 %coff t
adults and preval e(nMien aigmovrae aeste sa lw.i,t h2 0alg3e; Te
Yamamot o efThal caug26380pf mutfadgiotrorciuadlf aredrcamrc
both extrinsic &8ditnteExticnpOhfvagsors are
external compression of the tendon, while int

tenfdB8aeitz et al ., 2011)

Repetitive tensislteablloasdhiedg iingd ranwelcl cause of

associated with a(baghemce Bkt @ff orcu@ @2 etaeg asr |

higher i n domi namthomhonahtddsbhmamadenos efruralh.e;r ,20
manual workers and overhead athbeheglhhdrrahlisak
(Braun et al ., 20009; Di sc-Bbee, eRo0taabt)o,r 2cOulf7f; tLe

8



can
i ndi
Suba
comp
me c h
mor p
ri sk
Wh i |
Tasa
| mpi
2024

tear

al so be subject to elevated strain for a

v(i @airab esr et al ., 2014)
cromial i mpingement is a theorized extrin:
ressed between the humer al head and subac

ani ca( Neadrr,add®m&a2ni sms t hat narr,ows uadnle asu;
hol ogi cal variations aoe albheoemal estthaepulgat
of compr e(sBii wlni aorfi tente ale.n,d o0n9 8 6 ; Lawr ence
e modelling work suggests (bawrenbaceibmala.
K i et ahe, e20dBphce supporting 1 mpingement
ngement and reduced subacr omilad wrsepnaccee eatl c
; Par k, eatndalani ntaOl20model s suggest that me:

ri sk when the tendon(Carakeneéadyesubject 1

tor cuff tears can also occur due to gl enc

ment | axity, and | abr al |l esions can inhib
he( Ldeewitsoiedt al ., 2001; Shackeyepati Mavdest
s, factors that ©place a highseucheam ndo fotn 1
ity and ismagl ethxlresals@apd he | oad of the rota

easd ttlearri.sk o

.4 Human scapula variation and associati on

n scapul a sh(@bwi gkt highd YyWhiGiveyiskee94dur ces
not fully wunderstood, this intraspecific

ng selective pressure for quadr upYodianlg,!| oc

9



2006)Today, scapula shape and (sMazrea nahpop esatrdatlio. ,v
geographi cBéckmanani,erbuatl .t,he20iln6t)er acti ons amon

size have not been rigorously distinguished o

Numerous studies have reported st adiinsetnisciad nl ayl
measures of scapul ar mor phol ogy and rotator
(Bigliani, eacradm{,bnlfof8e6t)e x, elt atad r. aln gdBBa6lgknd oent a
2013; Banas et al ., 1995; Kim et ,aliti @8&I112s h &
anglMoor et,gakenpi 20@0lBrdhesataetomaanld. ,gl 2MD®)dr evaeu Isti

et al haveoa#t) been shown to significantly sep

asympt cmat Fohd6ddowever, these findings are i
(Bi shop et al ., 2009; HamidThadtsa&l i ncd2hb2;stkar:
to the challenges of capturing theaiomempgl ®xain
radi ographs, where measurements can differ ba
recently, shapengnédihmeesi omalor ®Datl andmar ks &

reveal eds8®dcitatbed scapula featur(elss. tth.atS.g oL ebee:
2020)In particeuwlrarentadsuypemioord yand scapul ar

attachment site, and narrower supraspinous fo

®’
/[ . B /[ 7 ffi; A)
20 ﬁi\ v

Figa6:&capula features assoA)Aat eni gyiBtityy f @t & tBalta taalrf. &1 t1& &
acromngif 8al ke etC)a@id i th cd2dlddd)f Moor et . Dp3d D ,s halBpbeBsc i at ed wi t
supraspinatus tears (T, reddg. acd 8Ssympeomatat. coB0RO) s

A B

10



Rec

mor

ang

act

et

3D

abd

ent studies have al so begun t o ‘ansvseosctiiagaetde
phol ogy. Computer simulations and physical
l e (indicating more acr anpioanle ndv erf h aaoHg) died d
ion and el evates the | oad requiref@d@Gefbehe i
al ., 2014; ViMa2rdvwehi lea, ad . mor2@ha&hloer exauts c u |l
tasssdroci ated scapula features reduced the me
els of Abdubeiooet({<@a0ly increasing the mus
uction moment in positions (whiezawanoett alc.t,i
S. Lee .etThakbe, s2080rs provide biomechanic

tributes to a higher risk of supraspinatus

.5 Morphol ogy and | ocomotion in primates

dying human shoul der mechanics and mor phol

ssures that shaped our anatomy. Then, intr:
o0ss humans, viewed in theolcogitcecealt cohfa nbgeosad
s, can help us understanddayw uamdtriacmp.eci f i

adly, the primate Bhtowd deg(rAshh@atso nb eaennd .cCGxt neagroc
up 1 constitutes terrestrial quadrupeds wi't

bility during compressive | oading. T-hey po

iented glenoid, and pr2o misnesnuts pheunnseorrayl, twi btehr

h joint mobility for arboreal activity. T

nded-oariemiteldl ygyl enoi d, amidgilgfebul ar humer al
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Whil e the-frnorcgholnoggyssoci ati ons are apparent b
of each group (e.g. baboon and gibbon), most

postures. The great apes ()chilmp adred @eag, tgo rGirlolu:
features enabling suspensory,esgprggoadidlyl adoswpes
most of thewal ki mg admbcthkdegregund e s( Hhu rgth,, j 109 1)
Thsul ti functional behaviourtomrmedassocitatdiidrd i @

mor phol ogical features to functional signific

Understanding the pressures that shaped the hi
activities that presumagdtyhesrhianpge,d toouorl euvsoe ,utd i
l' ie on the spectrum fr om vseuds piem sloirwi ntgo agpueasd.r UA
not rely on our upper extremity for | ocomotio
speci fdiecmahnidght ask-spesedht asowig@®, dextrous tool
t hat , s tdraoctnogmscetl cerct i ve precGBouPlesr weneetatalpl ay20:
2019b; Roac.h Fkdr ailnst 2mce&8,) rel ative to other

acromions, | aterally orientedVoienoi @$, adand 2
et al (Fi gadKf)1é5nNt erestingl vy, both acromion shape
the 4damjsocy ated features cited above. Under st a
alters funct i-roenl eivna netv otlaustkiso ncaarny s hedar rlwilgtaltt e o n

rotator cuf f tears in our modern environment .

12
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Mandrill Gorilla Gibbon Human
\ ) \ )

| [
Group 1 (Quadrupedal) Group 2 (Suspensory)

Figure 1-7: Comparison of scapula and humerus morphology across primate species. Uniqgue human features are
highlighted in red.

1.2.6 Quantifying Shape

Previously, mo s t studies investigating the cl
speci fic aspects of s-damehai anoalphbeogyhd,r oar
However, the ghanelncsaroniad a otmpriesex dji dif mtcul t he oe
how shape features captured by 2D measures a
shoul der mor phol ogy may prfouwnicdtei ofnurrtehleart i iomsit
reasons. First, 3D scshdpshape! moeel suanly asodtad!
well they capture v&ricanmdon3IDcsbapeampadellsapi
scapul ar shapes that can be, malpbwdngl osagteh

mechanical effects of a single mode of wvari at

3D Geometric Morpbomét¢mhcmedk SMGN)e s madegluiamg i t e
met hod in evolutionary biology t h(aZze lcdaipttcuhr eest
2012)Briefl vy, 3D | andmauwkaematriec arlalny ail d ¢ n toir f iseed
skel et al structures. These | andmarks are the
Procrustes Analysis, yielding 3 Di csahla ptee sctoso r (

regression) and di mension reduction technique

13



how shape coordinates change with variables o

to statistical shaprer enomcend e nt cheastr eascoréoushso dean tsi ur |
me s hes, -blaasneddna3¥CkGM al | ows ctifd cusaare atso oda p tnu reg ¢
structure and avoids challenges associated wi

1. A3pproach

The overall goal of this research is to bette
function of the shoulder both across species
humans (with i mplicati ons gfacdre muhsecstel agsukeeslt e toanls

novel comput at i eontaHaer no @dexlperameéngtadt ¢ echni ques

SpecificlAivmstigate the relationshi-pimotaimom,g m

and behaviour across primate species.

While the relationship between morphol ogy and
species with distinct function (i.e the quadr.:!
is less clear in speciesgwitchi mplamizglees )f wmc tuin
pressusreumang) . | n p€Cla potaesteyd2 ,glle nwoshas maer a l mo d

3D r-admpe i on across primate species with dive
geometric morphomet reinchsantco ngdemtaii ftys mombitlhiet y:

humer us.

SpecificlAivms2i gate how human scapula shape v

Since human scapula shape is highly variabl e :

underlying sources of this Jivaardi arteiloant ecda nf uenlcu ¢

14



dy s

fuimhearoes dembgr &phptell B, I use geometric

sexual di mbaplkeidsmMifddsex ahtesmpptsreyd (dsifdeseapaeba
sha$e.ce biological sex and body size are inhe
i n shape are -ragltat ddtwadrdieattioorsiizre shape.

Speci fiic lAivmems3 i gasechawetteacapul a shapes alte
t he supraspinatus

Whil e previous biomechanicadr iameal ydkiefsf eraewmec ef
destabilizing acti-@afnsocditati sd usikapwlna hmmavr plea@lr o ¢
potenti al of the supraspinatedus iict stolrfp.h-olmret €h
el ement modelling, and kineanntsoci astiendi| acdapul &
the supraspinatusdéd potential to stabilize the
kinematic perultmnbhadshweercdnf mMedences i n muscl
SpecificlAvms4igate the demands underl ying he:
i mposed on the shoul der

The sbhaaspeed variation in shoulder function comb
shoul der movement raises the question of whet
their uni que anat omy. Howeeveui,r eisnvaeesbegaernd
understanding of the mechanical demands t hat ¢
to explore these demands by comparing scapul o
(armi sing) andioonl¢@wdénri cgprdadsichg biplanar vi

15



Chapter 2

Acomparative approach for characterizing
rangfmotion, and | ocomotor behaviour 1in

This chapter wRsopeddimsdhedofi nt hdheRoyall L8eci et

et al ., 2023a)

2. 1Introduction

The shoulder is a complex anatomical region ¢t
and tendons connecting thelthenpilapesctaorcaintgia
in facilitating motions of the wupper body an
indicate that anatomical wvariation in the pec
role in forelimb functiomimbyi enapROMYy at tbasi
( GH) (Huitnston and Hut son, 2013; Lai et al ., 20

Robi ns., Rr0i0Ommgt es, with their wide r aenxgter eonii thyo t

mobility, are d4dbuamce i snhudwlbani bd®®ilps Lar son,
2006 )Notably, the primate shoulder is capabl e
positions on an i maginary fAglobeodo surrounding

pl ane angle rotation) whil englasxoi sit(wihsrtauwmngh ax
Variations in this basic design are thought t
repertoiredvadbpanmmngt edet errestrigalbblpmgedlt vped
arboreal .Yerttalctdhi asso0a0i ati on betweenbdhadltesuyr f 1

outcomes remain correlational

16



A variety of traits and associated |inear meas:s
these intdumnediobor mel ati onships in primates.

that engage i n frequentdsidgav entohreea dg | poobsutl uarre sh u(nee.r
| arge articygKagaygarf 2adé&6b6aréear som, smad9B8Ber Saadt
gl endAird as Martorel l,, an0dl 8a hiaghs omy melri@RIB3ient er
1981939r e generally assumed to enable high mobi
guadrupedal speciias el irgmpvecde rgcloepniotihde candds )pr o x i

head with prominent tubercles that promote st

(Rose,i alr9e89t)hought to constrain mobility. The
measures have significant l i mi tations that I
possible to visualize ROMediedrftecitd, yu nfaloem rl i mheat

of specific trait vakebesiosrf ecbndn aod Bhfe

as a simple package, confounding their interp
obsermweddal owri fft @erne@encoetsher s (e.g., arboreal %
guadrupedal ), while others may capture functi
chall enge of intemptieon ngelt daeevsemshmope beuvbDeaei

that exhibibehass oupbavael mtedd or mosai c mor pl
true in fossil speci es. For exampl e, how doe
potentialbdlhawifouwurdor al opi,t hacuappoisae baleat a mos
gl enohumeral features t hRdngo cthurip)arnezsegedb(lg® s i t
(Gor)(lQGhaur chi |l ?PTetadadr es 20tlIB))s gap, we must ¢ hg
bet ween mor phol ognyo bainldi tmo)bianid yb etf weleanh anoibo U t
(mobfuntg¢yManaf zadeh, 2023)

17



Previous attempts to directly JlinpriamaH emi ca

mobility using functional assessments have pr
al so reveal l i mitations in their application.
arleimited to independent rotations successive

rai sing in t(hReo sfer,onlt9a8 9 ;.plRwdengit ddas@e6B&N,, 2007 a

when avnaeiasawrlee, passi ve ROM. However, manipul at
put the joint Il nto positions that are not n
transmitti ngn jyosenaet ICeolkrdcve)s.t i ngn addactuar au i ng | ma

technol ogy such as ibwhpilcahn ayri evliddse odiardeiicot® mnaepahsyu r

some r eglultdbbsgiisdealal 'y chall enging to captur e,
contribution of skeletal mor phol ogy to ROM as
then |l ies in the |link between homwelotntea dtoitdn acla
outcomes such as ROM in order to identify th

faci |lbeahaavinogu r

More recently, pal eiomtssililongdcat $ ohave ot benedrt a
joint interactions acrog¢8Brakklebuasitoeal atlegr
2022, Kambic et al ., 2017Thi Maappradeh BeaduiGae

meshes to predict 3D ROM by systematically m
possible rotational positions, (&atksgimdg tah o s
Manafzadeh et al ., 2021; Manafzadeh and Padi &
Pierce, 201 8; Rochardisceltaral sy r(fBdRdhp pceeadasealt. q
Brockl ehur st et al .., Ré&Ceént Modm@mut attiacandacld ROM

transl ational farxé®daemaaldocongtas gsitpegn2dltnpl |l y en
18



off reedom t(rBansshloapt ieatnsal ., 2022; . IMagialpigeaa @ b h a s c
that consi defifreedofmsdegreadeslor i nvestigating r
t hat GH transl|l ani qmBeyared a@ldser v2e0d0 8 ; F uMatshseirmi n
guadrupedal primates exhibit fl atReane,d pPO&I) o1
model ing the GH arti-apdiadk etn gve d rhe tirdye awo zledl fb
transirattiadnalnal coupling necessitated by the
in the h(®Gaay kat)e.al Sy, st2eOniadt)i cal ly i ntroducing
i mposes challenges such as determining an ac:
interpreting the physiological relevance of 0t

(Bishop et Malde) s20B2}) optimize transl ations 1t

se may address these challenges.

re, we ext-cemidvean pGlxmdddlg. Lee seatmudla.t,e 22020
sitions while optimizing translations to a
rfaces. We then define the skeletal ROM as
i ntain target pre@xif mietey,ofandttehepelmenesata on.
mit ROM positions to those where the entire
mer al head. Our assumptionvékbasédl bngl esoc
wo established mechani sms. First, maxi mi zir
mpressive stress caused by the forces gener.
rge muscle for(cSevardrzq SS2i8r8Bd Jit, hd hjeoipmti mat e GF
ny constraints, and thus relies on passive
I nt (sAraibad iMar.t olrne lhluma2n0s1,8)j oi nt stability i

mpression of the humer 8 mealdaninsm phescmah
19



through contact wWilihp pihtet .eenCoalkei ccalrvéad )utrree si 1
GH structure across primates, this mechanism

speci es.

This study introduces a novel approach for que
mor phol ogi cailn assiallmpydaags i amdin a comparative for
proxidmiitven GH madealti W BOXROMombi ne exi sting
to quantify bot(hMaR@Mzadghi anaedGCaR@My|] o@2&1Ri09 n
over head ivms .| ilvaitreg apri mates and assess which
bet ween | ocoWmtthbanrsegrdblmppel geometritco mod erhtoinfe
mor phol ogi cal features that ar-et amdirred ad € g u nv
regarding features specialized for mobility.

functionality Aftetabadafosmpar @omhese results di

2 . Met hods

Scapula and humerus bone meshes

We acquired scapula and fporoxsmati ecamep anniboag e

diverse |l ochAmpedddi2giSabpect aniy. M@k bnhohmat k

5
(@]

| ydleadb ant=@g mphall ard St edhnedd ). The more gener :

(o]
—
o

up iIPopolgwdeadPyamadimr=ily . T-Hwal khngklge olPmnconsi

—~
S
I

3)Goan(dnl=2 ) . The bipedal groul. codpiaesmeudr o f
from two previ oulAyp petdd2ixeSu b(jne=2t2 ,a nsjld evelszh C W,f o
2020; E. C. S. Sleoew ectl iaflme(tn2 0 NGa tuddeneHolgsh u s

(n=1) comprised the ar Marcea@ = I1g)uvaadnnddrp(ehd- @& r o u [

20



comprised the terrestrial Caadrsuple)d @I oa p qu dVe

out gr oup .AsTehdd bfadg siwlas natp liccmigmoedr agr oup.

Several meshes were -acqgess e@dAldiadjesaets ywahfi.rl,oen? rbdpsk
meshes were manuall Mas$ egmghilesedu vienr , MiBreil egd u(m)
access comput(ed )maoghepsg e(eAd Yy Subj ect andg. M&sh | |
smoot hed alil@Geoomeaeg imeBWEysp toresk Hi | |, WeS oduet fhi nCeadr «
anat omi cal coordinate systems of the scapul a
specFiiegsulifp p2 MPAdi3x Coordinate) SysBemeDEfj ni he onc:
system was def i necdauduaclh wa¥e)a aad xtigseedr wnt Al t he m
border, -ltehteermeldi(aX) axi s was oriented perpendi
of the scapul a bploasdtee,r i@wnrd (tZhe axrntserwaosr per pen

scapul a.u3heobucenate system was defined base

di st al humerus was truncataadlailn (MgstaxCBE waasnsa
l ong axis of the proxi mal shaft, @&ndetnhe el oda
humer al head deaftienread t(hXp)o saenadr eabnrt earxieosr ( Z) .

(19

Figure 2-1: Scapula and humerasatomical coordinate systems visualized ford#iinpanzeeRan troglodytesand
(B) mandrill (Mandrillus sphin.
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Fol

sub

Ma s

wer

| owi ng t he met h(oMlaorlaocig ye to faéMahruazlot0e6td i aslt.anc e
jecd gwlnmeand humer al head artMauhwababksaechk ace
sachufsendtsi ons provi)dedroirn esaucphp ometsihn g 2doa0txa2s
e distributed on a rectangular prism 50% |
as spirgpmxawailaguye i ndicating the shortest dist
xivail we i s positive i f it is outsddeegbttthe
i de Phex inmlistheasnivb e nt er pol ated between these
tance to the mesh surface fron( e.ngy. paoniyntv et

an articulating mesh).
X Fdmiitvye n ROM Si mul ati on

each specilm®ehrlomdatsiomal apedi ti onsplsamep!| i n
el amgil®8dm Alg0OabdAtctt8¥Pon andd ax1 8D orAb8AL i D n (
rements. At each pose, the rotational posi
i mze the difksemehat¢ eldeijamedahb )pyaopxthaxgept tjyo
e ,bewiotwh t he added constraintThehajtoitrhte poroonxe
defined as the mean proximity between the
di stinct fr oimopné v(isBpiasshiompg aeste faels.e,df2b0y2 lt)he m
Xi mity between |jomednosatf pecex. mTargadtsi nag st
roach for ensuring that the humer al head r

n is sensitive to outliers (e.g. Weguoad oI

MATLABGmE nfcwomcti on to optimize the huidimemesartr e
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constraint preventing ntheer psecn&pturicaatn anngd e h e che pa s
within -0dmetr angueirtohx itanirSes hol d (pir.oex.igmihtfy vt ence J \
the optimization was wiWwehicrho5% @af 5theae hraesdhet
sensitivity analysis that -8%uhddthamaabteral ng
number of poses in the ROAWp mpe®lidBhEemeisull vi nyg A
To test our assumption regarding glenoid covel
in ROMop we commarse@Mcaest i imateismeémati cs measur
bi pl anar videoradiograpppeimdilx Wompwyur hsmanosulb

ROM with ih.vivo ROM

Custom Scaling Law for Estimating Joint Proxi

The prdxi meny ROM si mul atsipeerci fequiersead maubpgeaw
proxi mity. Given that the CT scans yield bone
bet ween boneilamepathesiiredploleyseént thgesummeknesst |
humer al head and gl enbildl, edansipanyg Ibgtewaeamal t K
cadaveric studies have reported a strong corr
compressivel(yMalldaad eed jadi.nt 2013; Shepher;d and
however, they have primarily investigated t he
di ffer. One study reported the relationship be
body mass across mice(Srmbe., H®WSY ers,heeyprt ialna:
i n the shequwladderrusp eodfalnopnr i mates may not obey th

in joint |l oading, and many subPAecs)s.dl bBak body
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We, therefore, developed a custom scaling | aw
and humerus meshes. For each subject with a C°

calcul ated the joint proximadyarmbtit wéElearur &er2fgd

2. We then regressed the joint proxiamittiycudnrt
surface. To establish a rgluatdiraumpsehiiap snmanmmail rsg
by a | arge sample of a single species (i . e.

represent ant=ilvieA pspeerdypdli ed B(r o K iEmittiypat iJoon nt pr oxi m
strongly correlated withFHuymgréaR20hdade@ ,r odicu® .
and additionall ysspakignedtwiend ihejionntaproxi
human sample. For the ROM simul at-iionsr, advieug af ¢

subjects and set each subjectbés target joint

A B Distance to humeral head (mm)
6 A [ T
€ 3.0 7.5 .
& A
2, P o
%
o A _-"0 %A
€2 A a8
3 B Y= 0140x+ 0315
0+4
0 10 20 30

Humeral Head Radius (mm)

A Included in scaling law  © Humans

Figure 2-2: Estimation of joint proximity used as target for simulatiph) Scaling law used for joint proximity
estimation, where joint proximity is linearly proportional to humeral head raf@lhes joint proximity is the mean

distance from each glenoid point to the humeral head articular surface in anatomical CT scans, and the humeral head
radius is the radius of a sphere fit to the articular surldoear regression was performed for subjects (n=17, grey
triangles) with anatomical CT scans. Omitted human suljes®), green circles) obey a similar trei) Heat map

indicating distances from glenoid to humeral head for a Western g@ibidlla gorilla) in an anatomical CT pose,

with a mean distance (joint space) of 5.8 mm.
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We

j o

p

Qu

To
ad

Gl

performed a sensitivity analysis to determ
i nt proximity by varying joint proxi-mity t

ausi bl e Aypgeeldidnbgx Searmssi t() vi ty Anal yses
antifying ROM

guantify the magnitude and | ocation of ROM
apted version of the sgiChringalsB2e@®dPdilxdh coo

enohumer al Joint. Alnmg!| ehiDe csgdproesand a M8 nrdcecetga teieo

scribed i n tawa sstregs:itilb)h aelsamrg bing the ori
a joint sphere, and 2) an axi al rotation d
Thi s spherical rotation coordinate system i

guendependent and avoids distortion due to
i's rot apgliaome bof atrdddeevr af aowal o g o uasn dt oa bldaurcg ii tounc
nal ogousVNet @rlogteicttiedlet.he spherical rotation
Earth ontosanpgobhrirseonoal omatphyjahti cdh setnasnucreess b et

jt hient asupnhdel rsét Mdan &fdzadeh and Gatesy, 2020)

calcul atedsdarmmarei afd tgRUiB)kes (Hior st , maubi-@omput e
asure of the -magoal odledofimeR dherPerancabeta
ape encompassing-cbheepbeée-dap d(Ohaanoadflzéard eshi mmend
2(0MATLNMBt hwblaksc¢k, Mas sachus ertatdsi )u.s Wef cbh ofsoel
nsitivity analysis determining the radius

c r eAapspeesiAd(i5Xx Sensit)Secgndeat gbfewh atciediiallee
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measure of the | ocation of ROM. We assigned e,
according to the range of achievable axi al ro
as aditmeonsi onal heat map i ndikatyngttkeachkhegopoe
generated a search circle with a radius propo
average intensity value <coul-idn bge rceotmpoat aleég o rUis
optimized the mteaarmexibmirzmesrer hgeat hbensity val
seacichcITdhe | ocetntret b sharch centcties (dtelsec rfilre
its abductplbanaengfeenegddeedatWeonanal yzed only the
f unctcieontankeo t s association wibbkhawBemedoonahthdt:
defined scapula and humerus coordinate system
the | ong axis of the huneefrutshadmap via.twe then
circumductian meansealreperf rotational freedom at
rotation i s fcreeleduwl agmeadbltehdee cWer cumduat idemgr ee ¢
squaf)efl an al phassihmagpet eamcdpmoi nt cloud of R
joint map with an alpha radius of 5. Given tl
reported group diff er ent &sunicntcieugrbaidénidt ¥, r aludndait
envel ope by visually comparing diwWerpbeuf oopmed
independent |l i near r engertersisciso n sp edr & @ir gnfi-imége aan n B C
sl oMlel. statistical tests wereTpevioumedzatdif b
ROM metrics across primate phyl ogeny, we mappe

frd@kT¢Aersol d eusiang ,R ghadkhd®d se |l lanap@PLa2r)adi s

and Schl.iep, 2019)
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Figure 2-3: Rangeof-motion metrics visualized for the most mobile individual (a lar gibbtytpbates laj and the

least mobile individual (Japanese macaddacaca fuscatpin the primate sampléA) ROM at each degree of long

axis rotation is visualized on the glenohumeral joint sphere (see MowieARpendixA.1 Description of Additional

Materialg, then each joint sphere is mapped onto a 2D projetlanafzadeh and Gatesy, 2020he ROM positions

are then visualized as a 3D point cloud in aragigleangle space. Mobility (the magnitude of ROM) is computed as

the volume of the 3D point clou@B) (Top) The point cloud is projected onto the 2D joint sphere, where each point

is coloured according to the range of axial rotation allowed in that pose. (Bottom) The functional centre (FC) locates
the point around which rotational freedom is maximized. Onlyaktuiction level of the functional centre (ABD) was
analyzed. The circumduction envelope (CE, in black) denotes the area on the joint sphere that can be achieved when
axial rotation is allowed to vary freely.

To evaluate the ability of each ROM metric to
ROM metric captured expected differences bet\
di stinct shoulder function: t Wlee ablrsaoc hd sast eos sse d
metrics separated primates from the cursoria
analyses (see below) Aandefldbarmephiyned omilsy gRO

properly distinguished between groups.
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Di screte Measures

We tested the relati onshinp ab etuwesenr mdr ghhel c@yn

homi noi ds, |l ori sids, and arboreal monkeys. We
from morphol ogi cal analyses to prevent them f
humans, we included only thseesedptrlesemit ait mum
and maxi mum mobilities.

We measured twel ve di screte mor phol ogi cal p
gl enohumer al ROM. Angles and | inear measur eme

identified in Landmark Editor 3. @®2l@Wninwger i tsw
area were computed from areas isolated in Geo
scaled to scapula centroid size to ensure tha
di fferences in overallgrboeg¢ypyasigre boelyasedet ofl
Further details on the <calculati cdAppamd Pgscal i
Correlations Between Morphol.ogWec glerR arrarmat @ rnso
l inear regression analyses of each R®Msmetfroirc

a nzoenr o sl ope.

3D Geometric Morphometrics

3D andmark coordinate data (x,y,z) were manual
of California, Davis). We (&pplC.edS.2 2 elea nedtmaarlk.
200a8nNd 21 | andmarks and 4 (AeiMalsaodméait kettalthe

Martorel |l (Peptp earAd.i8x @dOdAdrEgt r i ¢ . MOArl pl h osnuebtsneigieist nt  a
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the R peokmaogsgada ms et. allr.e,at2®My3)t he scapul a anc
separate subset s, wes wpee rfiommoesdi tlioocna [t oP rroecmauvse
rotation, and alignment. We then combined the
by concatenating the separate superimposition
i ndependegnte silsiinobenarofr each ROM metric on the fi
and identicfoirec|lanydP®™s th ROM. We visualized t
spline of the mean specimen from t h(eZenidnitntuhm e

al . ,.2012)

2. RBesul ts

We computed all iTmbbielki ROM et cumaducti on- envel
for 40 individuals réproesnontoiFn gqu-$pea@rdsmaspean
phyl ogiegqys € 2nd a dog for outgroup comparison
of the functional centre “wlh.s0n,t pod.reA)aterd o
envel &=Pe 0O0RB, p=0.76), but mobility was strong

(p<0. GO0M.163A)pes®medi’/kK®M Metric )Correlations

Comparing ROM metri cs boeutpwse e b rdaicshtiiantcotr sl ohcaodmoh
more highly abducted functiohRiagusfenresutmbdant
envel ope, however, did not differ between bra
pri mates had enhanced mobility and abducted f

the circumducti on envwe lhopgeh ewa si nn optr icnoant seiss ttehna n
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Figure 2-4: Rangeof-motion metrics compared across locomotor grolpaints are individuals (n=40) and

silhouettes are species means. Brachiators = Lar gibthgokates laj, siamang $ymphalangus syndactyjusind

spider monkey Ateles sp. Slow climbers = PottoRotto sp) and slow loris lycticebus sp. Australopith =
Australopithecus sedib®8ipeds = HumandHomo sapiens Suspensory = Douc langwrygathrix sp) and orangutan

(Pongg. Knuckle walkers = Western gorill&6rilla gorilla) and chimpanzed@an troglodytels Arboreal quadruped

= Capuchin monkeyGebus sp. Terrestrial quadrupeds = Japanese macatflargca fuscatp and mandrill

(Mandrillus sphin}. Outgroup = Doganis familiarig. (A) Mobility. (B) Circumduction envelopgC) Functional

centre, visualized on the 2D map projection of thetjsphere. Top map captures entire joint sphere, including the
dogds functional centre. Bottom map is enlarged to see

Toget her, tlheev ed b doufcti lo@m functi onal centre an
intermedi ate Fogosei Qu-Lt Br AAPend -mohbei Ihitgyheprr i me
the brachiator group di sfpurmagteido ntahle creonsttr ehsi, g hf
suspensory group. Theé mbi g dalnydo nbia gpietldea | s lhouwma n s,
exhibited | ower mean functional centwaelsk e rAsmo n
had higher functional centres (with a range

guadrupedal monkeysntmraes .| ocAversddinlcd i lbpadl malkei |
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higobility groups (brachi adc¢loirmhbembs pealsrd & ufsprre:
intermedi ate to mbdeman bhpmans Waed oomparing

context of phyl-logmamaepes grbupsssassned highly :
but variable mobil i tFy gruB)leat2i ve t o ot her pri ma
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Figure 2-5: Mobility (left) and abduction level of the functional centre (right) visualized as traits evolved over primate
phylogeny. For species with multiple individuals, node colours were determined by the species mdamaion

apes had consistently high abduntlevels, but variable mobility.

representative sa

gdedmioma

t he fun

Two morphologccmaduatnad yemre s a

humer. (n=18) excludingenteirvriesdrif@lat gueasr cpe
measur es. Due to their ability tondl
mobility and the abduction l evel of

Mor phol ogi cal associations wi t h
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Correl ations Between Mor phol.odglihecaldi Barmraemet entos

analysis captured subseflabllgApPpreadditbsx Ctorate | @ e

Bet ween Morphologi cal Par a@et ¢ehe amwel ROMddMset
mobility was associated withhumeartalr ear tdiecswlrar
Functional centre was correlated with features
the orientation of the glenoid (cranial angl
centre.

Table 2-1: Results of independent linear regression analyses comparing discrete morphology measures to mobility

and the abduction level of the functional centre @sggendixA.9 Correlations Between Morphological Parameters

and ROM Metrick or pl ot s) . Dashes indicate no correlation and
negative (Z) correlation (*p<0.05, **p<0.01, ***p<0.00

P e [ e —— Corr.e_lation with ROM metric
Mobility Abduction Level
Cranial angle o} y * *x*
Critical shoulder angle o} o)
Glenoid surface area o} o)
Glenoid height o} o)
Glenoid width o} d
Glenoid height:width ratio ) Z*
Humerus articular surface area 0 o)
Intertuberosity angle 0 y**
Humeral head radius o} o)
Articular surface area ratio (humerus:glenoid) y * y *
AGlIl obul arityo (Humeru y * * o)
Sphericity ofhumerus articular surface y * o)
Thrciemensi onal geometric morphometrics ident.i

di screte measures above and revealed more con

j odmvel analysis, including | andgmampkodar etdh enc
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of variation that occurred across the articu
accounted for 67% of the total PEGhpperedrched
functiond¥ @Cem8te RO.001) and explhRiiguide 30. 8
FiguB&. AA highly abducted functional centre

describing a narrow scapula, cranially orient
gl enoi d, and more rePtractpdl hComposehub8r ¢ IP&s
correlated %4 tOh. 2nvo5h,i Ipit=y O(.R0O25) andFiegpd ai ded
FiguBB. AEnhanced mobility was <corr elaatberdo awdi t

acromi on i naf esruipcerrliyorshor t wverritemtread ddorraeai,d ap

| arge humer al head. Nei ther PC2 nor PC4 were
A = ) = B b YO,
£ "‘ﬂ A o /ﬂﬂ pe /‘\Tﬂ 6 /\ﬂ T’v’s/fﬂ/‘lﬂ 1 7 ”‘),‘\}ﬂ
S A A i AN AR
1301 % ‘ 5.5 Y
30 L K c 1. F
& %0 T Y < Csofm®
P i TP I £ ~ \\\m\
< 9 2 \(it\‘ ( 1 @H
i -0.1 00 01 02 35 00 -0.05 0.00 0.05

PC1 Score PC3 Score

Figure 2-6: Correlation between ROM metrics and PCs of scapula and proximal humerus shape vRGsHiare
visualized by warping the mean shape. Linear regression models were computed from the sample of all individuals in
the morphometrics model (n=18; see Sl Fig S31 and Fig S33), but species means are depifd¢dPirestrongly
correlated with functional centréB) PC3, moderately correlated with mobility.

2.Dd scussion
Il n this studprowidmidmgdélopandaugsgdgd enohwmemraldi(c
ranogimot i on ( ROM) of l'iving primatebaelpaeil @esr sy

identified #dasedi datread tshamend used our Aresul t
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sedi bwWwe found that mobility (tbenfmaEgeniadamnateo nif
l ocation of ROM) are decoupl ed, meaning high
abducted shoul der postuhema@uapebBndraegeosugQge:
high 3D mobility but aferpeveapsadd&pPMedass @ae¢ d
abduct edceush.c eMoornpahlo!l ogi cal analcesawasereocorcratleadt

with measures citedhie@lkddei buip omd Rislsisif boywpwedi

from morphol ogical features.
An i mportant c-heesatl mohestluriisbomaeest appropriat
comparative framework. We defined the ROM to i

mai ntprixidmi ty within a defined threshohdegédss
sompeosi tions considered acceptable by our mod:
vi.¥or example, in humans, when the humerus i s
for 360A of-aamboméommoitattéednby |iirgawiewd at aa@hp mu
predinctROMo woul d require¢igbeerolpumneral i esftt hat
estimate for al | muscles and | i gaments, acros
ther,@dfdre@ot intend forn oRiOVoeno €EbMmpbwarregl scmuk
ROM itm ®ROWMoconfirmed that, widtrh ivre nh ummoalred , ctalpd
general observation that the humeocadhbheta dRGMEI (

Appemlmdidx Compari son of si mul)at eHdo wRQ/M rwi tthh ei nmowvd

perfectliyn rterpd osclaatei on s, and i ti ni nRRICeveod Ftuerntdhse ri
testing is required to draw conclusinoR®Mon t he
in other primateospembdsel] Tbkhbemefrereffective f
in skeletal ROM across | ocomotor groups. Al t
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up

f

u

n

ferenceisanidn trhelksiel iptryopertiijiewseab s umeythatyt he
phol ogy plays a prominent role in dictatin

t her constraints.

evaluate the model, we tested whktpleenr edur
ferOMewfi mrachiators and terrestrial gua
o nbeethaanaina@u rmor phol ogy, we predicted brachi at

ger <circumduction enwelndapeaesat i avred taobWkuhcet eqdu
o expected all primates to exhibit higher
ucted functional ogWen tfroeusn d htalnaf tt hnea bcialniatbyr 1 aal

tured the expected distinctionsFii gqgu4ReOM2 wh i

erestingly, relative circumduction envelop
a previously measured in cadaver. i cr aenxgpeesr i mi
guadrupeds and | ow circumdu(c@ham, .r2alhlpiess) i

crepancy suggests ,that aceRatumduectfifect éeéneelr
l e it i's | ogical that circumduoeeinomn hanhvdloo
endent on the range of positidng Bpbpehbhumet
dtivme nsi onal ity of the tcsi rachuimdiutcyt i toaWedkinsvteil no
it that the enhanced ROM p ofsrseeesdsoend ibny abxriaaclt
i ncorporated. Given the comiyloahatidsl e al €
chiate, weqgaexpect reeedmmt o nr axi al rotati on
their el bow and hand pos(iLtairosno nf, AArd 9ga®@ibp g ii nt g/

c tcieond@leount for di fferences in axi al mobi l

suitable for comparing joint ROM and.Tdiisting
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et

t h
al
at
t h
gl

al

ghlights the need for a 3D approadibemutdahar

al., 2023)

rr comparison of ROM across | ocomotor group:
ecialized for brachi atPioonpgga,nm @madiiasl lliat p ausns egsuse
l atively |l ow mobil ity cwehst.I eAlrtertoanigrhi nagl | h i agrhe
erhead suspensi on, they generally move sl o
mp a rHeyd otbeenthle €1 eT[shey per haps do not require h

ey can carefully adapt moblhei i npas twafye tt ih@n gt ih
l ows. Furt hePraan@oOMishilggkisit es hat t hey have | o
| ower alHiugcutiBonAhievyeils perhaps due to thei
at presumably enhance the mechanical advant
enohumeral | o-phtsdupf ng n(ulbakrlssot nav aatnkdG ogti el rl na, 1

so possessed | owecre nstobdhah(ht gudewvtd?2 Encsi onaki

ith their higher( Huengr,eel 909fl1)t errestri al i sm

mans, surprisipagrywihéadbmalkihliaty ngnpri mates
nctcieostaleTherefore, although the human shoul
estDnewin, ob&de2gi omportant for survival ma vy

taining enhanced mobpAl MPRyi pad eé€bwabbduzZOldn |
apping, tool manipulation, and especially t|

aped the modern g(Rmnadhhi metradl mordhb3d3)ogy

il &.t sedapal a hasmbephotagcprgadbeagilssi ng a mosa

sembPdndg,n &LGodj |l I as overall gl enohumer al mo r
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ROM pr@ppkeAdiéx Ssppecftfic ROM Wrohieoctitdes cont
homi Mi.dspdsbassescantthuatctiioniant er medi ate t o Af
This i1s consistent with its position on the

towar ds bhascaaypulian s hap(eYomorgp heots pailb.e,s 2@t =) al i

ROM combi Aeds@al thhiagH,i kleumeorbi | ity may refl ect
tasks at | ow abduction |l evels requiring high
A. sbkbdnbathat are considered to have enabl ed

a strong gr é&®dpnimor ecleit mailng 20R0;t Ke vell éenehunm
t hey r et atordneodt itdhne troa ncglei mb baerh aetriogpaag eg riena taerrb oerxe
modern humans (Chamscihstiéntetwiath, ¥@13ft hRegi maet

that may MHowilmdeh aoawedur

OQur mor phol ogi cal anal yses suggest t hat mo r [
behavaroaurdecoupled from features related to
assumptions that the two are integrated. For
gi bbansr aonriiaelntyed gl enoi d, a highoiumtderdi Qb emms

have been assumed to enabl e both highAraibasuct i

Martorell, 201 8; Asht on aNed f@Oxumar d,halt9 & h;e sRRo In
were corr el atbadd cwietdhc ehmst gelbieli yo nnaolt wi t h overal | n
rat her , was correlated with features descri bi

findings, as PCl and PC3cewaeme omotbn ¢l atyedrwisple
and PC3 are orthogonal by definition,ceinndiecat
(PC1) and shape changes that af fheicst cnoonbtirlaidtiyct

notion that mobility is generalliyat melkieldi twi t
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appears to be pri mitOvweea afhdorr pphroil mgtiecsal i Mmegaes e r

functciemdalke not mobility. PC3 accounted. 8y a
and its correlati otnomovd ¢ autmo.bebut yswasgweak th
features alter 3D mobility in a complex manne
t hat enhance skeletal mobility. Therefore, fo

species, GOGMmMmbegtnmmmge Rsui table than drawing o

mor phol ogi cal traits.
A | imitadtiwdgy ehaouit was maicrclepygpscbodecmed hes
were | imited to a s mahlulmaspaencplees.s i Wid hf oorur e asante

observed high intraspecific vari &biglhdeey Dumr RO

sensitivity analyses revealed that the differ

(7]

pecies cannot be compl et elayr aantett 8% Isu tReSd hteo , s d

variability in ROM may be due to intraspecifi

mpact on function. For exampl e, a |l arge vari
bi omechanics in a mannem t ma(tEr.madr.i esSkp | lddmn dati fa
nomuman pri mates, intraspecific variation in
sexual d{iDorphi sm993,; Momd i snwitr anment20(1e9.a9 .

(Sarmient ol,helr®d D) e, our sample may be affect e

ndi viwdubhé 91d lerr PP Cihfor phospace is similar to t

n

a mp(lYeosu n g, 2008; o ugnuet avted aviou,| d2 @kpnelcer d do wReCs

to be more sensitiveMetio edhanges 2i0M8t)he sampl e
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The glenohumeral ROM presented here does not 8

speci es. Further model |l ing would be required
Variation in where the scapalpreestbeoanathemt:
of the functional centre relative to the thor
spine allow the scapula to sit on the dorsal

(Ashton and Oxnar.d,Lar9i6s4i;d sC,h ainn c2d0r0t7rbgdst , have

t hat orient the glenoid ventrally; thus shif
Ther eaflotrheoough homi nins and | orisids share sim
centFrigsud)(e 3l enohumer al abducti onr amasiidgegsitrs Imo
and front-adi pi ageiarmominins. A dorsally posi:t
rotation oh the sbapaka facilitating (hdhgahner | e

2008)The cl| avA.clseedmphagdsths od dorsally |l ocated s
arrangement HoonmaenRme dfi attehdro supporting a shou

Homond Afri(cCamnrAkphed I et al ., 2013)

The scapular morphol ogi cal characteristics we
coul d mpllsacate the scapulothoracic articulatio
scapula is cRipgwdfeedhtdycbPClelates with a more
centre. A narrowepr ssamptue é r b ipp rlaedlseu nPaCbll ys ciorr cerse
scapul ads ramagta(téifoobne piva rWii9 7e4 )f urt her model | i
simul ate scapulothoracic ROM, this trait |I|ike

to scapulothoracic mobility.
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Th

how

e

| ocomotor groups adopted in this study ar

summati ve ROM metrics vari ed across br oa

species categorized within eaqbhegraog Ki hémat

| o

S u

a

cu

comoti on. Exploring how these nuanced beh:
mmati ve metrics would be an interesting aveil
uni que profile with conhpel eexx t3elnh sii nvtee rvaacrtiiaobn s
rrently captured in ouAppmemdibx Seappeetf ROMROWN

o) ec.t iFuntsur e studies focusing -snoi aedafoowekp

e

more nuanced variation in 3D ROM and | oco

this study, we used ROM predictions to pr
ul der andbegreacwinsuIr uacft Ahes.e dWd afl o throdni tnh ant ¢
nohumer aheinwhbéd ueé yt o sbrachi ators nor c¢ommo
erpreting mochenaistedi dreérfemnnc tAd luenait d ro nssedp arna!
omot or groups. Further, two morphological

h high abduct i onofleatedrse swea cer riel doat een dvieintsh

gest t hat high mobility and adaptation f ol

pled. This finding shoul dibhg bypotthesed wi

ution of { henbhoCiomsii dleup megr t b e nss reexihliabriltye c

oshsummaomm apes, we posit that the common | oco
nning high abduction | evel s, but not hi gh
aging in |l ocomotion iwarncdces-iwnivliadsioviea cmoltiitoant
hnol ogy, could provide further estimati ons
omioy loes sandNapohs teu.r easl ., 2019)
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I n conclusi on, these results offer a clearer
mor phol ogy and ROM such that-ofmoteonndbdbr medspt
be made from morphometric anatysas abmpéexOun
of articular f®dtourieosn dan walytse m orflTahqgseosx tomistl y
based simulations, when applied in a comparat

i sol ated mor phonlootg i cWblr bagnichol iyiswedse Ic awmmas devel ope

gl enohumeral joint, it can be adapted to pred
knekRr.i or to applying the model to other join
suitabili tgriofemprtoxamidltagti ons and i dentify re

their ROM Bxtmanditngntshi s framework to other ar

help to better under st andnokreiynitnr aenvsofl ourtmmaotni.on s

2. DPata Accessibility
Data and scripts reguivreend noad erlu n ctohnep uptreo xR Oty
results presented i n -atchcee spa poenr tahree Quuebel niéssh eldr

(https://doi.org)lleets8et/ SAB/THhEI2MWMABIHLAB functi

computing distance fields developed by J. J.

Github repository (https:// github.com/ BrownBi
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Chapter 3

Sexual dimorphism and allometry 1in

This dchkaptudht hehdodurma(llLed @Athadlomy 2024a)

3. 0Introducti on

The scapula plays a critical role i n the fun:c
bet ween the trunk and forelimb and providing ¢
the thorax, humerus, andsf oheasmhouTdmosici aopnal g e

(I'rman et 8uspend®8®6éd)by its articulation with
it glides and rotates along the posterol ater al

scapula articulates with thelhy@emmanaetit tale. h

Scapula shape is highly variable across humart
curvature of (DwegétapuB87/botpravbapeladtl) sl ope
(V@hakari aetd a&lp.i ,ne2 EO0O)t 6e Scapeéaet alJ .an@020
the orientat(i(lmglhds teate a@gll eno2@0Bhi Nydbbhseéeéeveetyv
reflects the evolutionary history of the huma
early hominins stopped usindgLaheomn, HPEX)Ed, |
comparative morphological analyses of fossil |
indicate that the human shoulder reflects a g
towards features t Riamb ftazs k s tlaitlee dtdoadrirscusse Walpld
Mc Pherron et al ., 2010; Roac hT heet deaelg.r,ee2 @A 3 ;i I

variability observed in humans i s consistent

4 2



released from the stabilizifYoesprpgecBO@EYEO ([

factors that influence variability in specifi
I n addition to functional sources of wvariabil]i
in human scapula shape. Previous studies rev
femal e SMapanhe et al ., 202 2; Schal perzegt 2R 3)

potentially supporting the role ofPstxuabkRO0se@
Sexual selection on -magbtcompperfoomanset houml
to why, on average, mal es have Mobaesealppaeamd bGa
2009; Morri.s Tehi salsegx ROIL9dbi)mor phi sm in muscl e
in skelE@WVMadr ish apte Uanld.e,r s2daldfodaenm g ncexs i n scapul a
forensic and clinical applications. l denti fyi
i mproving sex deter miAtaga mtonr K ne tf oale.n,slid0skdna, | [y &
2010; Di Vella et al ., 1994; cBntextalal, z2 "0 ;s ¢
t hat are correl@E.edCwi &h Leecam¢g aée&l 2pPi20g p

treat ment s.

However, the aforementioned studies investiga

evaluated the extent to which gKdpegeainfbfeerge nc

Di sentangling static allometry (the relation:e
referred to as ndall ometryo) from sexual di mo
average, |l arger than adult fTemahepe ©bhewektars
be due to inherent differences in body size, &
bodyruner et al ., 20IhjsDdigelnetiah. js20mmppr
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human health perspacteidvd, fifffremzesved sexpul a
sexpeci fic glenohumeral iimplants, but these di
then binning treatment idntsa dmwalng aagned |faerngaelre foef
mal es who f all outside of thei-spgcbobtpcavmphaghn

not been shown to i(ndprhaavwse nc leitn idthal] nRwticlemeap p

and this could be because sex differences in
(Grel samerard fae¢mgD2i00@®dt bt al ., 2011)

|t i's |likely important t o adcicmeumgi ofnoarl tshter usd
examining sexual di mor phism and all ometry. Pr

are associated with shoulkederetf wmdct,i on@ @acr; o sYs
predictitves safe safftur(ye.wiQ.hi hluereh nestf oale.n,s i 20 22
t he scapul a, sex determination models that in
t han model s t hatplcamnres indeeafsDuaribebnye natdsa g Memwr e2 010 ;
Vel l a et, alndi cladt9idng t hat 3D structure may

di scriminative models use absolute (unscaled)
do not parse out sexual di morphism inrehape

determined discrete metrics may not capture 3
mor phometrics overcomes these | imitations by

scaling bones to a commdel di zeh.f eRr eavhiapL G@dgdép!
mor phometric studies of the scapula have quan
have found that the male scapula tends to ha:
|l ater al border s, a momne Pprmompretedncaver gbenai

f emal e (sMaapwmlhaa et al . 202 2; Schdl- tp2zet 28123)
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However, the 2D approach could be missing i mp
whil e all bones are scaled to a common si ze, 1

t hat per si-sshtap edureelteot isdmesehfi tpsr (ad dloimeg.ry) ever

The purpose of this study was to investigate
role of statitbasaldl crheatprey viam i ag¢ X on . First, we
t hrdéemensi onal scapul abaskeadpegeomipiegimé anidmar k We

determined the extents to which thealbbemetveidc :
We hypothesized that mal es and females would

observed differenceasn twolnnldadmectornitca icno nap osniegnnti.f i

3.Met hods

We combined three dataset d Kodlzl eedt ead . gt 2t0Rel ; Ur
and Henry (Foawdr eHecael tent al ., 20f20dr; a&E .t oCt.alS .o fL ele
meshes segmented from computed tomography (C
Review Board approval and obtained informed c:
anonymized. While alutedtuodmeogr aglgui sednsomp
kinematics with Dbiplanar vi deoradiography un

describe the sample and purpoéKolbt etachl dat a0

Cw, 2020; Lawrence et al .., T2h0e2 4d¢d atBEas eG.s i dL en
bet ween sex and gender ; therefore, we assumed
assigned at birth (i.e. biological sex). Ther

individual s( %ErNilnlg viemarasge, condi ti otnhiodkndes r

supraspinatus tears), and presence of shoul d
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sampl eds observed shape variation ¢CBul @. b8. ak
et al, ,weoR®&9gted whet her these traits differec
perfor pedptodti e ®ns f or group diffetrkRinclsesn tte

and presence of shosdmpelre sWelpdlodssr addf et &pc e

Twemtiyne scapula | andmarks capturing articul ar
automatical lay didrequite f oleserbwer (ECSL) in Checl

Sacr amerntta, CCA)S. LEegeealBVe, p020)y med Gener al

Analysis to scal e, rotate, and tranglZzaetl eit lcd
et al. ,TRIO42yielded 3D Procrustes s hianp es hcaopoer d
but retain allometric effects (shape variatio

S

Z 21 3
44 N2 ZiA 21 22 21, O
/ / e ‘\.4
. O o - A
f 5 & o\
19 19 V17 y \5

“ A 13 12 o
| 4
67

Figure 3-1: Scapula landmarks visualized on the individual with shape closest to the sample mdatl&a for
landmark descriptions.

We eval uabsedrvetrarror by having the same obs
a subset of 15 randomly selected individual s,
We performed GeneralizednRtoandsrepeAhaldysiasnd
individuals, then computed Procrustes distanc

l andmar ks) bet ween the original and repeated
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observer error to breepmetcietpitaarb!l Rr a dr uasltle sb ediwsete

(n=15) were | ess -stuhbajne catl | Prodf c rtuhset ebse tdwesetnanc e s

—~
=]
1

1(2T0)fTraenayo et. al ., 2020)

Table 3-1: Anatomical descriptions of each landmark. Adapted f(BnC. S. Lee et al., 2020)

Landmarks

Suprascapular notch

Midpoint along superior border between (1) and (3)
Superior point owvertebral border

Midpoint between (3) and (5) along vertebral border
Intersection of spine with vertebral border

Midpoint between (5) and (7) on vertebral border
Inferior point on vertebral border

Superior lateral point of teres majoissa

Intersection of teres major fossa with axillary border
Deltoid tubercle (medial extent)

Confluence of scapular spine with body

Scapular neck

Triceps brachii insertion

Root of spine

Inferior extent of glenoid

Posterior extent of glenoid

Anterior extent of glenoid

Superior extent of glenoid

Shallowest point of glenoid along midline between (16) and (17
Superior coracoid root on scapula body
Superomedial extent of proximal coracoid body
Superolateral extent of distal coracoid body
Inferolateral extent of distal coracoid body
Inferomedial extent of proximal coracoid body
Exterior angle of acromion

Interior angle of acromion

Lateral extent of distal acromion body

Transition between acromion and scapula spine
Medial extent of distal acromion body
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Body height was wunknown for a subset of parti
size of the scapula (the square root of the ¢
centroid). To assess how scaepulwe cfeintt raoildi e a&
model of centroid size on body height for p a
performed an Analysis of Covariance (ANCOVA)

centroid size and bmdyebengdtfdmbfesed bet wee

We uRreacrustes ANOVA to quantify the Bihg@pre var
32) . Briefly, Procrustes ANOVA begins with a
coordinates (the x, vy, and z | ocattGondalolf, eBhT¢
Zel ditch .dthealmul t204a2) ate regrescoimponmodels| O«
where the components describe the change 1in

variable. We -cempondrrnt tdHiagpeanmuwdatiithle descri bes

change in 3D | andmark configurati(ofi sacshea faum
Mi tteroeckeunl ixX@®l7uunsupervised dimension redu
Component Analysis (PCA), mul tivariate regres:
to the predictor variable of I ntereset antiesex,

yi eladlilnogmede yu a l ds moape hveaet or s, respectivel y.
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a [2x,2y,2z] b

[1x,1y,12]
1x * 1y . 29z
.0 . ° .t .
Predictor Predictor Predictor

Procrustes Coordinates

c d ’7;5 ®.0 4 Individual shape
/ * Sha
WE X pe vector
B,
o * Ko,y ¢
S L@ L 2 s *
o * N PR
* o N ¢ .
e & e
=" ¢ ® & * o
/ ®
. . el b
Shape vector visualized v =5 PCH g
on 3D shape 74 v

Figure 3-2: Visualization of a Procrustes ANOVA multivariate regression and the associated shape vector for a
hypothetical relationship(A) 3D Procrustes coordinates following scaling and alignment, visualized on one
hypothetical shapgB) The shape vector is equal to the slope of the multivariate regression model, where each
component is the rate of change in the coordinate with respect to the predictor variable. Here, there are 29 three
dimensional landmarks, yielding 87 shape coording@sThe shape vector sialized on the 3D shape, depicting

the change in Procrustes landmarks for a unit increase in the predictor vgiiyblhe simplified PCIPC2
morphospace. The individual shapes comprising the hypothetical sample are scaled according to the magnitude of the
predictor variable. The shape vector is oriented in the direction of increasing magnitude of the predictor variable.

We assessed the fit of t he mul t i-bvaasreidat a&p prreogar
characteristic of Procrustes ANOVA. I n this a
Procrustes distance fr om -ftihted magdbntdur akls |oa n demsacr hk <
effectively quantifying the total ma( gGwiotduad e ,o0 f
1991, Zel dit ch Rahdani.zed2ORes)i dual s i n a Per
determined the statistical significance of ea
of si gniCfoild yreade and ARdd®@mOI USP2@F58)ANOVAsS were pe

packggemdrAglams etanadr pgo203%2y and Adams, 2023,
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To visualize the shape vectors, we perfor med
scapula shape variation. We projected indiuvi
simplified 2D shape space definedl bQomRpomentpa
(PCE)guadDp Whi |l eP@heprPcCjlecti ons aided in visual
compare the projected shapes or shape vectors

all ometry are not necessarily restricted to t

We first csaelxcualatceidmotbhpehtr e nr e ®e€sitmg shape on s
ANOVA, where females were assigned a value of
resulting sexual dimorphism vector was orient
mal e scapulxauashagiemoMplei s®m vector alone does 1
extent to whex hr eelhaet isohnasphei p i s driven by all ol
body size betweenappraueentashapret diddtee emaes t
Thus, we needed to quantify thetahapél omet ati
calcul ated by regressing shape on centifhioid si
could falsely capsurze Bnal atpipamrsemitp sthhagpte i s ¢
di morphism in shape. Meani ng, eetnh es nsahl d peer dainfdf
scapul ae coubads ebde diufef droemseexs bet we on bfee manlaé¢ | €

and male scapulae (which tend to be | arger).

A common technique for disentangling all ometr
di morphism vector acsexdiahgomet(ky poggmedessvigod L
This method captures the pooled relationship

whil e correcting for the inherent difference
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wit-eex all ometry regressiomnids-smpbéyfivaal abl an
relationships are not s i egniaft ieda nsthlayp ed icfhf aenr geens
bet ween sexes). To test +tamids f-epmmdmpt coal | weet ¢
from separate Procrustes ANOVAs of shape cooroc
comparison with 10000 RRPP permutations to t
significantly differeintf adémwmmedchgygnyesctiomssiliap

si zeQol | yer and AMeancsal clild1]a8)ed the angle betw

magni tude of the difference. Our test reveal e
signifdcan®by=1AQ0. 02), violating the assseuxmpti o
al |l omatergr essi on.

Therefore, we comptuheds ¢healandiamdbeleseshencnivfeicd o

all omet ap wectadrnt ernate test to disentangle a
example, the female allometry vector is align
by a small angl e), it would indshape gbas ako
the mean male shape, suggesting that all omet

di mor phi s m.

We designed a vector comparison bootstrap test
the angle between the two test vectorssexnder

all ometry vector) exceededvatrh ertiagaugB)eq 3Atesehbth

iteration, each test vector was recocmamptl ed offr
the original data (with replacement). The ite
bootstrap test vectors. We then calcul ated a
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angle between the bootstrap test vector and t
tegppvas ue as the proportion of iterations wher
We i mplemented this test because angles comput
to be high. This vector compgai iogdsimmdisgihen alaipt y

captures t

fit

he goodness

woul depvaduabl mobootstrap

Hypothetical
Iteration #1

PC2
PC2

of

f

it

Hypothetical
Iteration #2

of the Procruste:c

vector s.

PC1 PC1
Individual shapes
Male /. Female
Sexual dimorphism vector
= Bootstrap
:}(;rlgmal sampleI A '; test angle
B GclpEanpie ﬂ Sexual dimorphism
Female allometry vector null angle
- Original sample 4 Female allometry
= Bootstrap sample null angle

Figure 3-3: Vector comparison bootstrap test visualized for hypothetical data. The diamonds represent individual
shapes and are scaled according to centroid size. The test angkdambeted between bootstrap samples of the two
vectors being compared (here: sexual dimorphism and female allometry). Each null angle was calculated between the
same vector recomputed with a bootstrap sample. Iteration #1 depicts an example wherautieithgie exceeds

the test angle. Iteration #2 depicts a case where the sexual dimorphism null angle exceeds the test angle.

We

cl

shape

ma |
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osest

vi sutaki medphol ogi cal

changes
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extending the ends
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and exaggerated male and female 3D shapes are
shape changes associated with the allometry

mi ni mum and maxi mum centroid size observed in

We performed a secondary test to determine wh

females with the same body height. We ‘f"denti
percentile of male heightpedeinnéedet bé Fewmal et
the upper bound. We performed a Procrustes ANC(

female) with body heights within the overl app

3.RBesul ts
The male and female groups did=#dAotl)di ther psio@
witht Hiudkness f§%ar0s 09p)s ®.r7@&,he proportion ex

(p =j%=. 6,29) .

The -ohseaver error analysis revealed that the
observations for the randomly selected sampl e
each pair of individual shaitn tthhee neangtniirteu dsea nopfl e

across individuals exceeded t hebsmrgwmeart uedrer oorf.

Scapula centroid sizeowas h®H rgohnt g 2 yR GofFa «gruzrlea ¢3e d

4 . ANCOVA revealed that thlee gsltopvea sofnode rstirgaii d

bet ween males and females (p = 0.11), -10Oyt. t he
These results indicate that scapula size incr
mal es and bfueamadadss tend to have | arger scapul
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a b Sex === Female === Male
375+ o 375
E 350 1 ’é‘ 350
E £
8§ 3251 N 325+
w w
S 3001 S 300-
= =
[45] [4}]
O 2751 O 275+
150 160 170 180 190 150 160 170 180 190
Body Height (cm) Body Height (cm)

Figure 3-4: Scapula centroid size regressed against body height for individuals with body height information (n=115).
(A) The black line indicates the pooled linear regression m@BgIThe purple and greetines indicate the sex
specific linear regression models.

The sexual dimorphism vector significanzly di

= 4.66) but explained onlwyari stmado FOSBwWH e t 3 o f

The mean male scapula is superoinferifoemayl @ al |
scapula. The male glenoid is also | arger, mo r
female glenoid. The acr omi on -paonsdt esru porra syp i bnraotau
mal e scapula than in the female scapul a.
o Female é?:g%?l dimorphisty b Posterior  Superior  Lateral
Male Exaggerated sexual

dimorphism vector

(Mean female

0041 Mean male)

A&

Figure 3-5: (A) The sexual dimorphism vector and individual shapes visualized ofPB2&hapespace. The sexual
dimorphism vector is oriented from the mean female shape to the mean male shape. The exaggerated sexual
dimorphism vector is three times longer than the sexual dimorphism v@jt&hape differences visualized between

the mean female and male shapes (top) and exaggerated female and mai®stiapgs
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Femal e and male all ometric relationships were

vi ol ated ad$oumptoiodre Riaeget§)ree SSshenf dmal e al | omet

significant (p = 0.0013, Z = 2.90) but expl ai
female <SampPl ®3(LR. Larger female scapul ae ten
medi ol aterally broader, e xfhli @dtitters mad 1 emi ognl se nw
subacromial space. The male all om&+-0i &= el at i
0.018) .

4 Female == Female allometry vector B

Male % Male allometry vector Posterior Superior Lateral

0.04 1

0.00 1

PC2

-0.04 1 )

SF LF

(Smaller female)  (Larger female)

-0.05 0.00 0.05 0.10
PC1

Figure 3-6: (A) The withinsex allometry vectors visualized on REC2shapespace. The vectors begin at the shape
associated with the minimum centroid size in the sample, and end at the shape associated with the maximum centroid
size.(B) Female allometric relationship visualized on Stapula shapes

The wvector compari son bootstrap test reveal e
significantly fromrtifenefaemadl SDalalngmhet fy owe bto®

p = 0) and the male all ofmegu®evector (89A N 1
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a é Sexual dimorphism +1SD b é Sexual dimorphism +1SD

== Female allometry +18D == Male allometry +1SD

0.02- 0.024

0.01- 0.011
™~ (Y]
O 0.001 O 0.00
o o

-0.01+ 0.011

-0.02+ -0.021

-0.025 0.000 0.025 0.00 0.02 0.04
PC1 PC1

Figure 3-7: Variation in shape vectors from vector comparison bootstrap test. The shape vectors from the original
sample are plotted on PE@IC2shapespace, and shaded regions represent + 1 standard deviation of the null angles
(angle between bootstrap vector and original vector) projected ont®E2spacgA) Comparison between sexual
dimorphism and female allometr{B) Comparison between sexual dimorphism and male allometry.

Theverl|l apping height range ( X60cburl fcemaloe sl 7a2n b
(Fi gu-8e 33ex diffeirrentkkiss perubsamelde, as the s

significantly differentiatzd XRSMO0eO0@hy. mal e

a b . .
Eérnals I:l Male Sexual dimorphism vector
Female 3 from subsample
' ' Male === from entire sample
I I
I I
I I
10 1 |
= I I
0.04 1 2
X | | A ®
- 1 I ; j
[== o £ 4 a2
@ 1 I O p vy 4 ®
o 0.00 1 -
= 1 1 o E ad A @
o I [ A " @A
1 I — )
-0.04 1
I I
0 D I I

I i -0.05 0.00 0.05 0.10
150 160 170 180 190 PC1

Body Height (cm)

Figure 3-8: (A) Distribution of female and male body height. The dotted lines represent the lower bbpedcgtile

for males) and the upper bound {9Bercentile for females) that defined the range of overlapping h¢Bhaill

individuals plotted on PGPC2shape gace. The individuals included in the overlapping height range are represented

by opaque and enlarged points while the remainder are transparent and small. The sexual dimorphism vector computed
from the overlapping subsample isdrange

56



3 . DA

ScCuUssion

I n this study, we used 3D geometric morphomet:
and assessed the extent to which observ-ed sex
shape relationships). We iadaretnlty fdiefdf esrceadh ud eat wWe
mean mal e scapula was superioinferiorly talle
and exhibited a broader acromion and supraspi
al so found tlmat oalslho pest diid free ed bet ween mal es
shape changes di-brndtsmpalciegn cwiatlH omalte vy. Qur
t her e-baarseedsedx fferences in scapula shape that
Alt heegh di fferences in scapula shape were sic(
shape vRirga®He oWh(l e this appears to be a sma
i mportant to chasgeeri n hahapemavadri ati on may be
di fferences. OQur previous work identified tha
(PC4) explaining only 6.6% of the varitatioon I
cuf f tear s, which may imply that s mal | change
Sshoul der( EffurCct iSon Lee et al ., 2020)

We were surprised to find that males and f ema
expectedetlaed esli sdnape changes to reveal how f e
|l oads associated with si zeet rFocralelxya napclree s sl iumbg
getting thicker -rteol antainvaeg et ot hteh esitrr elsesn gatshs oc i a
( McMahon, Th®75)emal e all ometric relationship w
of the total shape variation in females. | nt
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small er glenoids and smaller muscle attachmen

manage the higher jJoint contact stress and mu

Maltlsepeci fic all omet-giyg nihfoiwceavretr , anvda se mmlnai ned ¢

variatiosi.gidhiiscaonn finding i(sMaroarshaectaemda lw.i ,t |

could reflect the complex |l oading profile i mp:«
bear body weight, such as the knee, the forces:s
with body size, and marpgkol gycmayi acvammodat
that all ometry was significant in females, th
sample size. Future studies with a | arger S &
all ometrybeobaseeernvetdemal es and mal es. Nevert he
investigations into allometry in human skel et

in -seexci fic relationships.

There are several-apbbeertralkt seMovbaesdomonphi sm
di morphism could reflect the (PuespopfROE&D®ABL heseeE
have proposed that sexual s emaecet icoormpoent iftiigohnt ilr
bi ased upper body (sMcercriiad i eat iddinshu2mah&pé smal
approxi mately 75% more uppdgrAblrocey mdscgl € 0MaBs s
199c20rresponding to grdedatham nwmpaend9ha Joym esct hr aenni gct

suggests that males possess gr eaMoerrr ipsoteetn tailal,

Sexual selectiocaascsowil alt ek pdmame mahar acteri sti
broader bl ade shape that i ncreases the breadt
(supraspinatus, subscapul apusar amdsdinds agpiho
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serr
t he

for

Sexu
scap
to o
pel v
Auer

shap

atus cont er iadsp. expl ai n why the male scapu
same bFodwydHhleidgHtar(ger scapula could accomn

mal esd6 proportmwsnalld ymdsas.ger upper body

al di morphism in scapula shape could al so
ul a (a¥hodu npge,| VEBS®@ 4 human pelvis exhibits subs:s
bstetric deman(dBi samideral d rodneMir tTtheeredschmlkud rel, e r
i C girdl es demonstrate evol ut(iAlgnoasrtyo caornvda
bach,t ROD2,1)changes in shoulder shape coul d

e. However, the scapula and pelvis exhibit

(Young et @&lo. ,t h20 lp)tsepretcii eela sfsarx cwivtalmiimnce bet

stru

Fi na

mus cC

1950

Kane

di mo

or P

di ff

Fut u

proc

h o mi

mal e

ctures is unclear.

1y, the scapula may wundergo plastic mor |
|l e forces imposed by an i(KKdiihwnisd u all9é4s5 ; a cWoi
)JGender norms influence ¢(¢A&kepavbiomanadnd&raat

, ; 109B0%, di f fiepraerntciecsu lianr liagcaduvditoyg nyoubhbht e

rphism in shape. However, given we did no
hysical histories, we canwbtyacseerbs-d waheedt
erences observed in our sampl e.

re resear ch-sppeoampfaird ngnttdge nsye xo f scapul a

esses that underly the sexual di mor phi sm
noi ds, females experience pub erotuyn gaermrd atgyep
S . Sexual di morphism in the size and shap
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of scapula giowehenods ser ontogenetic all omer
gr owWtSth)ea, AbB86)natively, males and femal es ma
and shape changes, but di fferences in adul't
continues to grow for a |l ong&hedurR9@&®hoastet
examining ontogenetic changes in absolute | in
breadth) suggest thati bseéx wmalti mdeilntsa ropnhsi sonfi isnc aspo
occur after feMmMBAdcer gElowbhneeaseésHassan, 2016;
Mor phometric analyses that parse out ontogeny
t he humgrcatrMadrridaixnez ,etmay .he 2020t t er approach
ontogenetic trajectories contribute to differ

this study.

The sex differences in shape identified here
function and injury risk. Specific scapul a f e

including rotator ¢ Bfafnatsea&ns aand dHLO&g a Bti g ii ta

al ., 200 3; Kim et al ., 2012; Moor et al ., 201
et al. , BRrO@dmdgehanical studi es -rhiasvkeo sshheap d i fgeha't
alter shoulder joint mechanics in ways that a

moment (Br mg. S. L.eer ettatadr. , c(u2b@2 Mt)eern deptn adnlal.a,d
gl enohumer al j(oMineth °rfeearc teiTdhmaidfeon ®e0dwvi)dence t ha
incidencepofted!|l §houl der pai n( Bhote et gdler, i D0 M
et al ., 2012; va,n ard W man a&nte adt ,a 1®i9dher ri

strain injuri{(Ashbuor.y hehlLiglaed utlhdee rc au s efsa atr @r iuald

60



it i s possible that sexual di morphism in scap

that increases risk of shoulder pathology in

It i s interesting to note that many <character
associated shape differences (iEnclCudiSng Lae en artr
a | atparoglelct ed Ng€Ef emeoned siipelri2ddd@EHYd e i @t a

2003)and a combination of the | attd€m™Motowo ett o ay |

2013)For example, the female scapula is supero
the male scapul a. This blade shape results i
infraspinatus, and subscapudsarofs aantdi dn kehyg g
stabilizing the humerus head. The female gl er
superiorly inclined glenoid has been theoriz

mi gration and i ncmpeée a@duudsmas @tnh adnllde,an2@nd)evert
i s thought to increase st(rTeRstsr eanm!| t.heFptasrit e r
computati onal and physical model |l ing should

contribute to rotator cuff pathomechanics.

Given that the variation expl ai ned ebcyi fsiecx 1wmaps|
should consider an individual s uni que anat om)
by sex alone. Future woukcebaofmetintsn @ensatli gdtag ea

to understand the factors influencing the sca

OQur results could help inform discriminative
the absence of intact c(&dMayal aadd Cpéeleviz@ @gphd]l

considered a feasible alter néatri veet faol€ o, $3a0s2s0r)Mh

61



with previous studies, we found that the male
scapula, confirming that models based on absol
both sexual di morphism iincatizenaadcshapeg. tloni &

analysis on scaled bones revealed metrics the

included the vertebral border height, t he di ¢
coracoid, BSeapsaspreadub, and glenoid width. )
metrics, as opposed t o measuirseusc ht haast -Itartee rmeeded ia

breadth of the scapula blizdaland mpatoceraisexc rda

accuracy.

OQur study had sever al l i mitations. First, our
North America but scapula shape and patterns
geographi cBéckmaani.enT haelr.e,f 02r0el,6 )our results ma
a global population. Seapunlda oent maid anhaéeyas:
Centroid size was strongly correl atFedy udiet I8 b o
but It may be more informative to investigate

understand the relationship bet weenbisahsaepde ian

qguantifying size than single |inear measures
the | andmar k set and inherentl vy d(eKpleinndgeenntb ea g
2021) For these reasons, we performed a second

overl|l apping height range. Al t hough this range
sexual di morphism persisted i dgeeiagrhitigsac@®(eb &1 o n
Finally, our geometric morphometrics anal ysis

sermiut omatically i dentified anebswebjveat etradg ous e
6 2



observer applied al/l |l andmar ks across all p a

| andmark set does not capture morphol ogical ¢
gl enoi d-basSedf moe el s olranddemasrek ¢ 8@ cocoauhedi tohi s | i r
(Clouthier et al ., .20C23;r e\ietrlhya e caeurt oentia-padlc.a,t |12y0 2

l andmark correspondences across the scapul a i
and thin blade; howeverGCatreaspiedtl yald. e v ed @oith7i onrgP onm
the careful inclusi(©OMardnisd iataypaglesam @ah)dmar &

future anal yses.

I n conclusion, we used geometric morphometric
whil e accounting for al-basmedrdicf eéfentass Wbhabt
to differences in size betsweeedn Imag hets oann dt hfee npac
sexual selection in shaping male shoul der mor |
di fferences in shoulder function between sexe:
accuracy i nsefsorensic analy

3.batAz cessi bility

The data that support the findings of this st

Dat aver se ICotldse:c/t/idbmni .adr g/l 1T he6c@ataBeatPHYWSSB DAEe

subject demographic information, raw 3D | andm
required to reproduce the analyses, Thesult s,

mean and exaggerated malsoapdovedadei 8Dt bbaga

6 3
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Chapter 4

The stabilizing potenti al ofasshaec isatpad
scapul a shapwdubwtt ed by kinematic ac

4 IIntroduction

Fut hickness tears (FTT23¥% off the motpat aftin eqb @mé
invol ve the supvi aaapmiarwaat s tadndomR013; Tempel ho
201WwWhil e the pathwayschtrooniincj ureyn daorne ocveernp loeaxd, |

contributor t o( Ldaewgreennecreatatvealt.e,ar@D2d ; r Seatar e

muscle, a primary role of the supraspinatus i
muscl gge ntehraatt e dbsbabflehemsgall debaat al . , 2000
al , 1BO9Bhan scapula sbhbBweghts, hl &&Tayn ddrn saypeercsi,ef i]

scapul a shapes ar e asTsiTeBiaamtaessd ewi taH .s u plr9€OsHpE i nBa

Hughes et al ., 2003; Moor et al . ,. 2BilB8me dNlyd ri ied
model s have indicated meadhamcisamse dt hr @atghr evsh
supraspinatus | oad requiredotro epalndrogeertiatcal s

shoul dearndamglmor e superioclkhyaspcltiheredlegltamoi d

deltoid, thus increasing the |l oad in the supr
during devdbeiromt al ., 2014; Moor Whi lad . pr Vil
work has fomesedted shapges to the destabiliz

investigated how scajdlca i ehapmperdalsttearbs | t hen gl
supraspi nat-diismen sied i afl eTght3ueree s hagpsroci at ed wi th

in the shape of the supraspinous f owsdaac,t iionndi c

6 4



(E. C. S. Led feedFsTdAd i.at e2d 200cgapul a shapes inhibi
potential, individuals with those shape featui

same shoulder funcfaisemcasatteldod e awinmtalgcseto 1T B Db U

to our understanding of the etiological mecha
Previous studi-assddieanttded ysmgpesTTare | imited I
variation in shape alters the supraspinatusos

critical shoul der angle efheETTyelyomi asymgto
( Moor et, atthey 2ddd4not capture 3D changes to r
statistical shape models enabl e morphabl e mus:
t he who( @I obuotnhei er. eRr eavli.oous2031D® )shape anal yses
di mensi on rRdiurcdiimal (Component Analysis (PCA)
shape variation without a pgrEi.orCi. &ss lbm@thied rea |
PCA can identify group differences in shape,

shape modes. Supervised techniques, such as P
structure that can hel pr efnocrersa | b ezteweaennd ¢ ldiemitad & I
(e. g., tear status). Parti al Least Sguares ca

tendon Q&I balt gy anat caln. be2@23&)Xd to generate t

t hat | sood ad i &tTeld f eatur-assothatedf shapeecbtn]|
mechanics can then be investigated with a mus
Whil e muscul oskel et al modbbel dtavembekaniucsed ¢

are netuiwedl for capit atiendgcdBnglkdapkeco otrh enldiradad

supr aspi nPartewsi ofuisterpeoselleé ss upr as pifmafies G.s S. Le
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al ., a@20yyse idealized wrapping surfaces that
(Garner and Pandy, Fi2malitleemeSnatu | moedfeil dslr e, hrozahiub)d i
capture the breadth of the supraspinatus ar ¢
(Hof f mann et al ., 2017; P®an et al Mul220bkBe, P®;
mor phabl e medeltedafe@rbastsessi ng howmcthens amrae

stabilizing potential are altered by 3D shape

Te effect of scapula shape on muscle function
t hat rotational ki nemaitkE.csC.ar®. ideemtéetcabl acr @
201BHowever, shoul der girdl enkiyiKemhat ieds aama Ril
many i ndivirdw&l s hhapwees athdH. h€éal $hyLeaheboboalgh, t
protection from pathology i s undéroushkt esdH ayp ensulr
modul ate muscle function by adapting their k
Approaches that account démoe \h & tedmairviesrh aqgaheai nagbei

muscle function can be mediated by kinematic

Il n this study, we combine @riscampulsa mshatpieo n
gl enohumeral joint, and a finite element mode
among shape, kinematics, andnathesstahel olzjagt

study were to-a6spciialteeddi Bp BTapula shapes u
reducti on, ( 2 }s heaxpaensi nael theoow tFhTeT st abi |l i zing pot
the same kinemati ctsentantdo (Bhi ek akni memadthiec epxer t

di fferences in stabilizing potenti al
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4 Met hods

Overview

Our approach combined statistical shape mode
muscul oskel et al modleli vea rcheegtsgdtoe thteapset ab
supr as i gat)es WNe first devel oped a Parti al L e

(PLSDA) model t-an @ edhsesfroacti ea tceodn tsrcoalpul a-dgsh apes.
gl enohumeftBIl G.odS8lI Leewett hmdn , si2O2l0gdgt ed a ba:
abduction kinemati c-apnadt keEsiSTorci boeld ®shapesnt Wel
perturbed abduct i onaskiorcd mateidc ss hfagpre,t hwehi EMT we
shapeods rel awuitva(lkéepensentatal€.i na2dy3awe model | ed
as a serteionff ofricberde finite el ement sheets on a
contaondtd -&sfsToci at ed shapes and t heir simul at

stabilizationi poeenbyat hewast gbhahitty ratio of

67



Theoretical Kinematic Fibre-Reinforced Shape-Specific
Shapes Simulation Sheet Model Stabilizing Potential

. Mean Control Base Abduction 4 Supraspinatus ( Stability Ratios f \
PLSDA Shape Analysis Shape Path Mapped to Control CO:UIOI| )(’Bazxa?,:)
Landmark ~ i *
Scapulae (n=115) R %\x_ ﬁ s
. 3 '//7 N ?
/ g . L J
L Mean FTT Base Abduction (" Supraspinatus ("~ Stability Ratios for )
bt Shape Path Mapped to FTT FTT (Base and
Perturbed Paths)
O Perturbed o
1 | Abduction Paths A } i
, - . < n,
[ \*—/
@
N,
Estimate Neutral Pose from Compare Neutral Poses : \
3D ROM
[ e \ ) )
= l‘ = : ; Proximity-driven model Tempate Artisynth Model
(Lee et al., 2023) (Lloyd et al., 2012)
3D Range-Of-Motion Simulation
Figure 4-1. Flowchart of methodological approach.
|l denti f-gyseagciFafTed scapula shapes
We devel opellasaed antdantairkt i cal shape model from
computed tomography scans (age = 57 N 6 years,
three datasetUniovelrlse¢otdb atyt aheée . , 2a0n2d1 ; H ekKnorl yz
Ford H8altht al., 2009; Bishop et al., 2009; I

and consists of a Lhhpdtermf@l ullo 9@ dead gyr il mad vii
of age. The sample included 24 individual s
(confirmed by MRI or wultrasound) and 91 asymp

mal es and f emafliecsamptolsy edisfefd¢Oheapth(iekre e3pel aals hap?
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we

ge
A
Co

co

(0]

0

S

r

n

perf orfpmedoa-ttewdn st @ ensure that the proport

ups (FTT: 71% fenmAd eQpldn@.r®o8). 64% femal e,

c atphB3ebr s hape of each scapula, we i deartei fied
metry of articular giEte€.a®d meecké attachBft
i ngl e oabusteormvaetri csaelmMiy di gi ti zed aldt rlaatnodvnaanr k
por atSiacm §d8ANt A, prewvbeasvdrmtearor anal ysi s

firmed that the magnitude of shape differer

i ntobad er v &hagpn.reaWe3 perf ormed Protoustaebkesupeta

al

t h

P a

To

a

gn all | andmarks to a common size and orie
t describe only wvariation in shape.R Procr
kqagemd rAglams et al ., 2023; Baken et al ., 20
identify and assess shape modes that diffe
mpt omatic controls, we used PLSDA. Whil e P
hni que that yields shape modes othavaexat aorl

tial Least Squares (PLS) I s a supervised
cessively <wmvaalrlidaré t aammoeunn tas poKfe dai ncdt oar rbel sopcokn,s
el ditch.etHeak,, thelXpr edincst st el o¢ k,t he 3D
rdinates. T¥,e croensspiosntseed bolfocgkr,oup | abel s wh
i gned a ry=s plonasned sccoonrter odfs wer(k. akBlsS @A eids aa
PLS regressimdi mehmsi ondeelntdifsmeshmprambdasi ¢
t differentiates groups. Il n other words, P

pula shape that i s associated with suprasp
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Since PLSDA i s pRaFheer etzo eoty eaMé.i,p €2 (hig@ Jmiedla tcir ors s
carefully select the omtiarad asusdes mddelet@e mf
generated an initialMnmbldEBA emxopd eali nti hnagt 7r0e% aoifn et
shape. We t hMvemL SDAc onmopduetiesd, varying the number
M. We perfor modhreuht-eabbead8at eamewhere, in each n
excluded individuals from the mod)elfracnrd tcloempru
shacpoeor d{ Glaveshi er dtf dlhe, p2@2l3 )cy> d0 .r,s ptomesye w
classified as a symptomati c WTT0.. 5,f tthheey pweerde
as a control. We then assessed each model 6s p:¢
true | abel s. Since the group sizes were unba
bal anced accuracyc ke amecanGe., Balda mgeedneaadur ac
mean of sensitivity (true pr ediucet epdr erRdTi Tcst eadmocnc
among all cont rmdan .arFel, srceosgee atnidved y, the har
precision (true predicted FTTs among all pr e
among aéqqu&kMTso sensitivity). We consimleted tt

be those retained in the PSLDA model that yie

To determine i f our PLSDA model performed bet
with no underlying difference (nulll model ),

(2023) . We generated 20 samprleetsai wiitnlg rt dred osnall
proportions as in the true sampl e. We comput e
same process described above (including ident |

the performance of tHhettof uthlndampheodsm PaARAPAemod

yi el disc@pravahdepfor bal anced -naecacnu.r a\ey , c ofls i sdceo
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true model to perform better than the random

We used MATIMABR hayb 2 Kdst i( c k , USA) to generate anc

We then used thin plate -ampd i-dasesToncairapti endg stcoa pJuelna

visualization and further bi omechani cal mo d e |
warped such that its | andmamd&i Ttatoedi mfattelse mtad 1
the surface between | andmar ks i 6Bo ok ®trgion ,at &€
Therefore, t he surface bet ween  andmar ks of

characteristics and curvature of the templ ate
the scapula of the individumrdmwihd mdaen | nevelst
| owe st sqguare root of the sum squar ed haginst an
generated a mean mesh by warping tbeotdmphats
Finally, we warped taheomsasawmtmasbdt ehgpaef ahe
with a resyponk)e sawmdscamifETEd shape (the shape
y= 1). These shapes are also equivalent to th
and FTT group, respencrteitvaeil nye d pmood eesc t cefda modnrtioa tti
FT-dassociated Procrustes shape coordinates wer

spline war ps Rweirgeb ogeqrémimame deti nal . | 2023)

To quantitativedygsacoimptagde oDwmapulTal shape featu
|l iterature, we calculated the following discr
shape using cust(@@mawAdnAB,cs6202)b (Mboul @e¢r ad)
20213)gl enoid inclinati on, gl enoid version, gl

(Beeler et aamld. || a2@11 &) acromion ratio which m
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over hang ThFi geuwrnppuld)at i on sf adresdppk adEdanliBz B

Descriptions pf discrete metrics.

Kinematic simul ati on
We gener at eddr ikvienne mausiccuisl oskel et al simul ations

previously dexdel opadgpeoaxiBuimedy.alS. mddkel et al .,

2023aJo ibel aféect o f shape, we first simul af
approxi mated the glenohumer al motion @whlner ved
( At hwpnd) position. |l nformed by averagenagl enoh

videoradi egmaphyedw@0A to 100A amf edlevrm® A wme rpd
anterior to the scapul a( Kpllanetwiat h ,5Q@A2df éxt
AtAisSncrements in abductdiran,e nwemoulsee d ttoh eo pptri o izn
at the givefQEroCatBonhe®pepaaled 2AERA)scapul a
templ ate humerus belonging to the individual
defined scapula and humeruaxicosowas nat ieesstysd elm:
axi s was eriiemltydxamd wtalse oz i ented posteriorly
(2020). Waetegedttimemal Soci-eegommeBidemecbandc s,
for the( Wuu neetr uasl Fqgr 200 )scapul a, we adapted th
the supéeroor axis was aligned -pwisttherti be medis
nor mal to the scaptdlagrerall a de,i sa rnwd sg rideedfunmeteida\le:
generated 3D rotational -pYskEwsl deory sdeduen mg: relt

abducti on, and axi al rotation.
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We generated perturbed-aksnonematedsspapbhstboexht
effect of kinematic adaptations. We perturbed
axi al rotation independentl yYiaedtioncombipeat i
compared the FTT shapeb6s kinematic neutral pos
each shapeb6s kinematic neutral -amot hencenmubagn

with thebpsed(mecglet .al ., 2023a)

Supraspinatus model
To capture geometric chafmgtison nt hmeu ghuputasmao tn
shapes, we model |l ed ¢Iha&p e uipmsaosujrecnea pneosd efl ol ri nega

Arti ¢yholgd et @h .t heod@2mpl eds mean mesh, we f

peri meter of the supraspinatus origin and ins
As the thin plate spline maintains poiimal lcyorr
mapped the originapdadi-asasesmoroindatoed hecapwltaeo,] agal
humerus for both model s. This process remove:

digitization.

For each shapemuswvel enoadsell tlewwk nft ihrmsihteeet s using t
class in Artisynth. We used deep and superfici

supraspinatus origin, effectively fPRirgni-rneg 4 |

2A, B) . We reinforced each sheet with | ongitudi
Artisynthoés Linear Axi al Muscl e <cl ass. The deep
equally spaced al onsguptehref ipceirail mestheere, t whaisl er etihnef

fibres were defined by 100 nodes from origin
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The fanbdr efsil eimeat sheets were constrained to w

capula and humer us. Sincedouves) muhat ponpowe

einforced sheets was to capturethkbefbbeadtlh

wrapping independently from one another. Ther ¢
materi al properties that yield accurate estim
we manually deterens nee. gnatetri alnesopedampi ng,
ealistic geometric wrapping: we ensured the
close together (i.e., did not spread apart w
humal hdéadgul)xed hat all el ements in the sheet

(rather than a few elements accounting for mo:

sheets remained in tensdfoot itdm.ou\We cu sneadt hetle hi e h ¢
properties for all scapula shapes and kinemat
Quantifying stabilizing potenti al

We quantified stabilizing potenti al using stal

ensile force in a muscle would aCAckKloamdvanc

Pandy, 2009; MuWé acempat ed O0&BHl 1ty ratios f

of the supraspinatusodés action in a given rota

rigin and insertion pgoinntacds tthlee sfcialprud an od e s
Pandy., B®®M)toifbcrteidoosn idiiimtesc tfioomceacti ng on the |
ector oriented from the efHiegcuaCev. e4Wen g éhretni o re s
achofacnheon i nbtaos ead gcloeonrodiidnat e sysaeens deifi ned
oints along the per(maweenoé¢ .e& tiTehaelg lgd reniod 2ADsr

ater al axis was the principal axis-postecti ed
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axi s was the print edirgisatlre raixd rsl ydi aleacn g dt-ihref grl iearo i
axi s was the principhériaarky daWee a ¢gheethh ecwgrgpeunt cerd
fibreds nsfuepreiroiror( Plostamd oant(AmrPi)orstability rat.]
compomfe nt hoefa cltif@Qoen; i ®1 Dry i AP) divided by the

component-ofafcttioem I():ne
- Q ;i
YOO 66 Wi REg—— i

© T ew N [ 5w Ner ey w, ,“Q Fl
0 UYO 0w ¥a @cﬂ%i

whefQepis positive superiorly prand peagnatteirvieo ril nyf
and ne@pasttiek®@rorégych stability ratio, a higher
to cause shear trangdcAlcatoisen boft gt bsehpeded me h avef h b |
anterior and posterior regions to Friegpw2iegs ednt t
(Kim et al ., 2007; Roh et al ., 2000)

Deep Superficial

Fi gu2A&drdi synth model of supr a@EADereapt u(sl eafntd, gclyeanno) h uammedr asl
bl ue) sheets that together capture the( BButlilr emopdeerli mehtee
fifsreé nforced sheets WIChipe afriohionfales hiolmiyn ssug d alciesed by whi t
each fibreb6s effective origin (black spheres omf scapul ;
action is the unit vector ories¢eedi atedeiedhieiswieted s ki e
in grEeurp.raspinatus anterior (light) and posterior (dar
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4 RBesul ts

PLSDA modedasaondi BT€d scapula shapes

The PLSDA model retaining seven shape modes
classifying scapul ae belonging to individuals
(Figu3)e d4he first seven modes cumul atively exr
final PLSIDAIl amoded 6accuracy was 83%, the F1 scc
was 83%. The PLSDA model generated from the t
the models generated from the randoml y3,] apbel |

< 0.001).

e 09
008 At
g “ Y Nea Balanced J\_\
$0? *"*‘!:3;1 Accuracy 5 g ——(
P o
g Bo6
= > |4 F1 Score —@s sapws
205
@ I
Soa| 4 —/M/\N
2 - + —Balanced Accuracy G-mean CRd Lo x
. ——F1 Score
2 ] e G-mean
MOO'E' 7 0.2 -0.2 \J\Ooe’ Optimum 0.0 02 04 06 08
0‘20 5 10 15 Scores
® Control ®FTT Modes Retained oRandom labels ¢ True labels

Figure 4-3: PLSDA model performancégA) Individual scapula shapes projected onto the first three modes of the
PLSDA model. The arrow is oriented from the mean control shgp@) (to the mean FTT shapg=l). (B)
Performance metrics as a function of modes retained in the PLSDA model. As fourteen modes were required to explain
70% of the total shape variation, we generate PLSDA models retaining one to fourteen modes. The model with the
highest balanced accuracy iogied the optimal number of modéS) Comparison of performance of PLSDA models
generated from twenty samples with random labels to the PLSDA model generated from the true sample labels.

FT-dassociated shape exhibited significant di ff ¢

confasagloci atFe g udAgapleTh(e FTT shape possessed a

and teres major origin site. The acromion of
projected slightly more |l aterally, and the g
superncolriloyed. The coracoid of the FTT shape wa
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shapeds scapul ar spine was more cranially (su
spine. The discrete metrics calculated for eac
observed on the (tFhign4 ed bikleNdtpd b inye, wgalrepnsoi(d ver
most substantially baetsweenatsbdpsebapwi bhi hbeb6F
to theasvondirontled shape. The FTT shape al so ha
more glenoid. 0A)k, i alashommé¢rarid. Barmmiwegrl e(hoi

acromi on -x.o8%/%)r,ageend a greater | ater al acromi or

acromial overhang.

Posterior Lateral Superior

Al

FTT-Associated Shape (Exaggerated)
Control-Associated Shape (Exaggerated)

Figure 4-4: (A) FTT-associated and contraksociated shapes generated from thin plate spline warps with shape
differences exaggerated. The visualized control shape correspgrdsi@nd the visualized FTT shape corresponds

toy = 2, meaning the magnitude of shape difference here is three times larger than the magnitude between the mean
FTT shape and mean control shgiieG) Discrete metrics visualized on the mean FTT shape. Metrics that are greater

on the FTT shape aia orange, while metrics that are greater on the control shape t&@: (B) Critical shoulder
angle(Moor et al., 2013)(C) Glenoid inclination(D) Glenoid version(E) Glenoid height and widti{F) Acromion
coveraggBeeler et al., 2018JG) Lateral acromion ratio f/l sx 100%.
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Table 4-1: Discrete metrics calculated on the mean control shape and the mean FTT shape. The exact values are
dependent on individual scapula (template) mesh used to generate warps for the mean control and mean FTT shapes,
but the direction of shape changes betwéercbntrol and FTT shapes would be consistent for any chosen mesh.

Feature Control| FTT
Critical shoulder angle (°)| 31.5 34.7
Glenoid inclination (°) 10.8 12.8

Glenoid versior(®) 2.7 8.8
Glenoid heigh{mm) 31.3 30.2
Glenoid width(mm) 23.7 22.8

Acromion coverage (°) 67.4 64.6

Lateral acromion ratio (%) 31.1 34.2

Supraspinatus stabilizing potential for base
For both scapula shapes, the supraspinatusos
increased, meanofagtibe od6mbtbedhumepess were or
inferiorly as B&BbduBABi.dnT hiencfriebarseesdd (st abi |l ity
variable at higher abduct{diofherewvel &y eiandihc amni
ofaction. The mean AP stability rat-om®twene m
i ndi aaat iamg eri or | ine of action. Il n general, t

and superiorly rel atiigwuéBgt.o4 t he posterior fibr

At al |l |l evel s of abducti on, the FTT shape hai
(Figuy)e Across the range of motion, the FTT sh
hi gher (more anterior). Thi s i ndiocfadteisont hvad s

oriented more anteriorly relattwer datoi d hwagsonao

across shapes and did not differ beoD¥®dn onhape

78



The FTT shape generally had a | ower range i n ¢

to the control Sshape, i ndicating | eoslsctviaorni.at
(Figud)e 4dhe range in AP stability ratios diffe
shapeds range was 14% | ower than the control
di ffered most at | ow abducti on%Illeovvedrs , t hnehre rteh &

shapeds range.
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S \—“
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z ° R e
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Figure 4-5: Supraspinatus stability ratios for contrahd FTFassociated shapes with base abduction kinemg@Aks.

Sl and AP stability ratios across abduction level. The dark line is the mean and the shaded region spans the range of
supraspinatus fibre¢B) SI vs. AP stability at increments spanning glenohumeral abduction. Each point represents a
fibre where the light and dark points are fibres from the anterior and posterior subregions, respectively. A purely
compressive lin@f-action would be at the originFa context, the dotted grey line depicts the experimentally
measured glenohumeral limits of stability, where a net force acting outside of the limits of stability would cause the
humerus to dislocate from the glen@lidppitt and Matsen, 1993Note that these limits of stability represent a sample
average, but they could vary across individuals according to glenoid and labral morphology.
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Supraspinatus stabilizing potential for pertu
3D r-aimpeé i on simul ations estimated -a$eo0 ckiianteenda
scapula to be more anterior (+2.5A in elevat.i
rotation) rel-assoei dtoed hec apinmaloadiTder péor er b ev
paths that were more anterior (+5A, 10A), mor

both (+5A, 10A in each) on the FTT shape.

|l ndependent | vy, perturbing the elevation plane
FTT shapedés mean stabilitki guied osBlowever ;| ot hg
ratios were generally more sensitive to pert
perturbations, the 10A perturbations more eff

ratios cl os-ehapbei Isithteay croanttiroosl wiFti hg HB)hee 4boavseev ekri,r
none of the independent perturbations achi evec

t hroughout abduction that resembled those of

The 10A combined perturbation (+10A anterior

achieved FTT shape stability ratiosgitght@te rdep |
Specifically, the mean AP stability ratio of
closely resembled the mean AP stability rati
gl enohumer aFi caufeu c tHoowe v e r , the range in AP
substantially narrower i n t hpearFtTiTc wlharpley catmplao

|l evel s where there whbsgagRBoguireedliten @emotli @, r alnt
combined perturbation achieved the desired shi

fibres@cltiimems was still narrower in tReghbBmT@& sh
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47, bottom row). The combined perturbation als

to the control shape, but this shifFti gu@e Il4ess

o
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Base Kinematics Perturbation in Perturbation in Combined Perturbations in
(No Perturbations) Elevation Plane Axial Rotation Elevation Plane and Axial Rotation
=== Control shape — === +5° Anterior s +5° |nternal Rot. = +5° Anterior, +5° Internal Rot.
msms  FTT shape = +10° Anterior ~ === +10° Internal Rot. === +10° Anterior, +10° Internal Rot.

Figure 4-6: S| and AP stability ratios vs. abduction level for the perturbed kinematic paths simulated on the FTT
associated shape. The dark line is the mean and the shaded region spans the range of supraspinatus fibres. For
reference, the stability ratios for the bddnematic paths (for both control and FTT shapes) are plotted in grey. The
combined perturbations (in pink) most effectively shifted the FTT stability ratios to resemble those of the control

shape.
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Figure 4-7: Sl vs. AP stability ratios for the perturbed kinematic paths simulated on the FTT shape. Each point
represents one fibre. Only the stability ratios from the 10° perturbations are plotted. For reference, the stability ratios
for the control shape with theabe kinematic path are included as grey diamonds. The dotted grey line depicts

glenohumeral limits of stability (Lippitt and Matsen, 1993).
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4 D4 scussion

I n this study, we combined a 3D scapula shape
j oi nt, and a -ememegmablino dfei nittoe -aisnsvoecsitaitgeadt e s che
mor phol ogy alters the stabilizongspmpeamati cot

individual s with syanpd wintae iof Fgreles metomsasiersasweddf e r
supraspinous fossae and anteverted glenoids.

FT-Aassoci at ed s c aphuel as usphraapsepsi nsahtiufst esdt abi | i ty r a
confasaegloci ated shape. When tpberFBhbeapmeds naled
planenaednal | ytsosaabdl ity rati os ealsossoecliya treeds
shape; however, the FTT shapeébs-ofaazntin owerpebbrse &
The magnitude of perturbation required to moc
shape changes hstsweemttalicsbedmatidpes, indicat.i

di fferences altered the supraspinatusé functi

OQur 3D PLSDA model candocimetdedpreeabusesdFTdnd

rel evant features. Consi stent with previous ¢
Sshoul ddrChamglhe et al ., &md 6 m™Woroe <supaerli.gr 12y0
(Hughes et al ., 200i3;woE.f ed.t uS.e sL eteh aett ianlc.r,e a2sOe
of the deltoid and increase the | 0Gdrbemgquet ed
2014; Moor et al ., 2016; Oswaldietmathankotdw

supported by the FTT shapeodwshiltihgdi emdoirlcenttleada é r ¢
projected acromion. -bBawedemppooacBDal asadmavwk:
gl enoid and muscle attachmenbfasttensn &ahdt stahb

potenti al of the rotat osrt amwfef, muwuhxec lseusp rtaltsgpmseol
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maj or attachment sites weOer nmodeweshowed hthd
supraspinous fossa reduced the breadth of 't he
occur at tHAédet &Mds smajper .al so had a shorter a
reduce the glenohumbereaanhwgiel himnt whio€¢hsthéi hetyfo

is considérepi stabhd Matsen, 1993)

The most striking shape difference bet ween t h
the FTT shape waasntseubbsathddpT idabk! yi mdraeg differs
wor k indicati(nKganmdae mdirf fedr eambaaee Ri60D Brpvteatsaronc uf
pat i(eKmtcsesoy et al ., 2021; Maal odhysedi atrepat
be explained by the difference in version cal
he¢Budge et @ur ,fR20Odilhg may &htseoarr eifnlietcitata odni f
the FTT pati em®trsaulnt eetc hals.t ufdoyundl t hat gl enoi c
posterior cuff tears involving the infraspina
correlated with anterior cuff tear(ST®thnrveod wlitng
al .,. 2wP#édhe the anat omi cal origin of the FTT:
possi ble that the mean gl enoid anteversion fo

telami tiation in our sampl e.

A major finding of our study i-shapabtsfouptaep
fibres acted more anteriorly andhélesdi catmepd els
hi gher AP s)Wabi ki ther anaigmi tude of the mean s
generally | ow (<-c@.n¥5) nfinrg U diteh ssulpamepi nat us

humer al head Tinhhios taet egrliecroi shi fftotrhmauys ch &vve i
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stabilizing-apetoemntaitlatld iissh afpigpbo.r t ant t o consi der
supraspinatus when interpreting these implica
i mparts a destabilizing superior shear force
(Ackl and and Pandy,. 2T0hOe9 ;ccobhacpalvai steyt oal mech@ah9 p 1
rotator cuddntnrusscctl etso croesi st the | arge shear
del tbidpitt.etnathjsle688, the supraspinatuso:
be zero, indicati ngdactpurnel yHocwenvperre s sSiameg wainn ee
evidence®naefracdoi on across the rotataonri scrufwh. e rTeh
the muscles actunint $ stod ate vinstorsaesgpmratbrfarcs Imatnir

(Sangwan etlalthe298dpnraspesiasust veredelt boddoecs

it would ideally act i nferiorly -pfostgeartii orrel yS1
stability ratio close to zero). Whet-dpecihiecst
or bothshapedsTgtabil ity rpeotsitcesr iarrd yu mmall d n ckee

for either mechanisesmctilbe FSTasmapedentimely
with only the emosthtavp mgt drhieorp oftietmrt i al to prov
(Figube 4dhis may place a higher demand on the
stabilizing force and/ or | imit thagaiupgtasagntna
shear forces. This interpretation i s consiste
individuals with anteverted glenoids and the
stroani i bres of (TWéerepastl erevbragufdl2O®49ont ri bui

bet ween glenoid anteversi ¢Moamanantedi det stwou

Kinematically perturbing the abdektated phahgg

supraspinatus stabilizing potential. Perturba
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kinematic neutral poses shifted the FTT shape

stability ratios over | aFppgeud) et Mblsies off i rt chien gc oinn
i ndi vi dual shemary ogldeampahumer al ki nematics accor
modul atreelsahtaepde di fferences in muscle function.
daily tasks | i kely demand specific asmnpbseur
to expect individuals to adapt their overall

girdle is highly mobile and kinematic degrees
with the flexibility oonfs at ov aerxieectuyt eo faL jgsoi snogh ,ec c

2009; Ludewig €heakfpr200Bbpndividual s-spegl @i mo

gl enohumer al patterns and execute the same hu
posture and kinematics. For instancel,y irnodtiavtieddt
gl enohumeral pose by addiabdecapaoahalreegt sr nahc
of scapul ar external rotation and posterior t

the diagnosis and trmantme.ntl| rodufnfoiveeimeemtt p arsptad
scapul ar internal rotation are <considered pa
shoul ddrnnugawhng et CQalr. ,fi2n0d2i2n)gs suggest t hat
supraspinatus tears may benefit from interven
However, our results also suggest that opti ma

Thus,jcgtty classifying movement outside a narrtr

or fApathol ogical 6 may not capture (BRal dwel &t e
al ., 2007; Ludewi g et al ., 2022)
|l nterestingly, the magnitude eafelpdretdurdhd & tfieares

greatly exceeded the magnitude ofi2dbAfenadce |
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di ffergdremeiidn version (6.1A). This indicates t

correcting for an offset Il ntroduced by fact ol
compl ex changes in muscle geometcreys .t Tt socs@erc
is further supported by the fact that, even v
range in the FTT shapeds stability Figuées 4was
Fi gu7)e 4Therefore, while perturbations <could

function resulting from glenoid anteversion i
of the narrower supraspinous fosusa@dsofacimedonci n
This narrower breadth may inhibit the-ofupr as,|

action in response to varying destabilizing f

This study compl ement s -aprseowii amau £ dwaorcka ptuld at nfoa
mechani cal advant a(gee. od. tSh.e LseudlWmaatls pa lw.a,t UBXT UG )e
the supraspinatusés role in stabiliabdgcthenh
mo me(nReed et. aTaget2hOelr3)) these studies found t
moment arm and stabil i ziansgs opcoitaetnetdi aslc aapruel a nshhia
of abduwctiCan S. Lee&Siemtcealmost2@zQ) vities of dai
|l ow Ievels and the deltoiddéds decMabli daiefi ngl sh
these findings highli e@lstsomulattiegll enowgyh | iorg ywma

the supraspinatusraensndaog.required for arm

OQur morph-abkemegnti appeoach all owed us to estim
of the supraspinatus. The magnitude of the me;

previously r gpAacrktleadh dc aadhadv ePraincdy , a 2d 0©qg mpetea teitc
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stufdLeese et al ., 200O0NhiMwl Ipa eevti ocoauls. ,a p2p0 200a)c hes
the centres of( Aciksltanndc ta nsdo bR grgd yo,0 820009 )at t ac hm
probabilisf(MolImopdet!| @alug, apPi1t®rch reported st
breadth enfodteHd eslheatpr aspinatus spanning the
(Webb et. aWe,f@0dd)t he posterior fi-bfmesi exhit
(Il ower stability ratios) while -06fhetaononhe(hoghte
stability ratios), and this blretawdena ond rsiiTadli | i

associated shapes.

OQur study had sever al l i mitations. First, our
cuff muscles contribute to stability and the
attachment sites. Whi | e nwewoprl edd iccatu steh ea ng | aennt oei
mu s c | eodalcitnieosn , further model |l ing will guant it
Second, our sample is wunbalanced, with relat
Whil e we assesdeld tohmro®dg & RiAn tdeartniaoln ,c reoxstse r n a |

individuals could assess whether our model i s

we chose to simulate planar abduction,enkdutalal
in other moti ons, suc-adaw,c tfiloenx,i oo uolrd haol rsioz om
overl oad. Fourt h, our Artisynth model forced
t he entoafmet iram.geThi s nmapwnircawlt ambley tdhte kiagke abduc
supraspinatus (akcstciavmitlyl ad eecH iemdslelsy ,2 008 ) mapped
theoretical scapula shapes representing the m
approach all owed us to det e@remhierviastti csahlalpye treosdt

specifi ¢Osnwaled setmayl .of f 20 2 4adidghtti onat o how s
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stabilizing potenti al is affected by wunique ¢
along a single shapsedxslapeOumodealndanag & pr ev e
mor phol ogi cal d ertealialtse ds udcihf f &y einm pE h g nglcaumrwiad
supraspinous fossa. Shape models based on <co

vertices could ov(eCatoame dthi gadAhmanRi0a&iT ) etshat i f

However, these automated approaches are challl
curvature, and further validation is required
Il n concl usi on, this study pr asdmttse damnc hapmresa d
cuff function and exploring the influence of

gl enoid, among ot her s hape-odahcatni goens ,iapnettheerhitosraltyh g
inducing elevated stamdnt hat tthiei 9 oshaoedrdil oactoaidi d

wi t h ki nematic perturbations t hat exceeded t

| mportantl y, weer kprtelsaetnte ma bflreasmetwh e -cafm@at iyem sa to
any 3D rotational pose across scapula shapes
addi tional rotator cuff muscles and inv-estiga

rel evant moti ons.
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Chapter 5

Scapul ar kinematics differ between con

heal thy adul ts

5.1 Introducti on

Our

wh e

n

del t

t he

1995

gl e

n

comp

(Luc

Mi ¢

197

The

202

h

current understanding of healthy scapul a
it i s generating an abduction tortqhe to

oid i mposes a destabil(Ackhfgasteandin@Baodyp

supraspinatus is susceptible to i(Mmpoheg,e me,]
; Lawrenc.e elehe f @ad e , ROdI7) hy scapula moti
ohumeral joint s-odakitliiotny oby tdrei ¢ ottiang@rt ltel

ressivel f Bem tKhé,| gmaindtoadi8n -toepntsiinmanl olfe ntghteh
as, €ll9e/v3gdt e the acromion t@Lawrceras eetsudla.

ener ptanad.enBa@&8Oo8e t he s hou(lPdoeprpbesn oavnedr aWall

)

motivation to study scapul ar mecjhuasntiicfsi a dh
use shoulder pain of {f Kespelesamds, Wdatnsdo n ¢
vi duals that frequently engage in overhea
un et al ., 2009, Di sch.l eAbneotr naal |. , mo2t0Oilo/n, oLf
ng affim|l raicsahlgy di agnoseéed sasocfseapulaarged ¢
i otherapy of shotUKideremaamd abMdMudlylsédru,nc?2 0C
; Ludewi g and Reynol isepalmMméfAt Serazegtesl

ndi vi dual 6s scapular motion towards a mov
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c

(L

c

et

b a

me

apula wupwardly rotates, externally rotates,
udewig et al ., 2009; McClHowewver alt he 2r0dllagt i
apul ar dyskinesis an(dPlsuhnonud rd eegt Ppali .n.e xZ0p e 0
sufficient( Luupdnweawidg raontdandooenk ¢ e2 @ 0 @ e( MicpCN aurrde r
al are2@86pciated with shoulder i mpingement
sed on an incomplete wunderstanding of heal

chanics.

evious studies of scapaliaimgti onthahe Bbous

iverse array of t aodnkost ioovne.r Hutnsa re netviorleu t3iDo raarny

r shoul ders evolved underansieclael c tliovaed sp rdeissstuir

i sing, such asspédedet(lRoomuihn geda nfald rv ehri2dHt & ) c |

Kraft et whler,e 2nPelcdh)ani sms underl ying healthy

e

u

a

(0]

c

e

n

particular, very Ilittle attention has been
m | owering. During activities such as wheel
nerate an adduction toegbedyhatMusesli seskeltd

ggests that the human shoul der s capacity f

pacity for concentric a(fwamdBaedeloneti Talc o mpi

mpromi sed ability and the high rate of sho
tivities involving concentric arm adductio
mahdel kIl , 2013; .Nelson et al., 2017)

vestigating scapul ar Ki nemdtoiwes i dgricmg @O .

alternate perspective to elucidate the mechan
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Contrary to the deltoiddbs action during arm 1
dor si, pectoralis major, and teres (nageorradn decit
et al and20mPpse inferior shéackfFandeandnP&ahdée)
Therefore, while both concentric arm raising
shoul der poscmst aod, rahgescapula must respond t

each task.

Il n this study, we combined optical motion ¢
controll able cabl edimaemsinenalo M@¢Bsumhemeée hokelkor ¢
scapul othoracic ki nemnlaotwinc & adsuwkr iérad dee eweridglhotcesdh o
a weightuedtps&sg$concentric shoulder abducti on
t hat the distinct | oading profiles (adductic

gl enohumer al and s c atpweleont htohrea ctiwo ktianseknsa.t i cs b

5.Met hods

After obtaining I RB approval from the Queends
(5 mal es, 5 femal es, age =324 No2uwneaess BHEIFe
meet the following critemamdaa3Q p@adatrisc iopfataeg ei,n
kglmno disorder or uUmgbhaody tmobate meomp ph@iyhayt ,
exposed to |l arge amounts of radiation on a re

hi story of shoulodert riemjtumeyn,t p(aiinncl udi ng tr au

subluxation or dislocation, adhesive capsulit
osteoarthritis). Volunteers were al sot srcaleley ec
to an overhead position. Participants provide
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Thepartici pants performed two dynamic, | oaded t
patterns but opposi-ng (liormawolInygi ipg odondeesnt rai @r ek
putddown (involving conc(leing ul).€e Fsohro wblod enr taadsdkusc t it
held a caodowi fhbrlee cable from a 1080 Quantu
to i tslOoBOntvkodd(pfweden) . We standardized the p
eqgudlhet di stance between the spine and distal

(Signorile EBEoratpheg £PO23080 Quantum cabl e was
on the floor between t hdeo wna,r ttihcei pcaanbtldes Waesg sd i |
mounted to an overhead carriage sgsseme- Bbeéhl |
ofacti on waat emeadlilayl centred for each participa

presps and 15 dgowhor Wehehpslkl t hese weights afte

effort | evel duri hgspwkoe weskgnétdeste WwWei @peav
challenging but achievable for all pilot part.
setting, which mitigates changes in tension

compleh et 2ak over 1.5 seconds with a custom M,

Participants were first provided instructions
to prevent fatigue. We instructed them to mai
i f one task | ooks | ike twer a eivregtsreu otfe d hteo ok d

anterior to the plane of the body and concent
This cue hel ped avoid unwanted sdhoownl dneort ieoxnt.e n
al so instruot ad opdr tsihaiugantng tt heir shoul der s
for both tasks. Themiprautta cg wiade e psphepa u lod ene dw arnrn

in the weighted tasks. We randomi zed thee or d:
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peri od, participants per5ormedtitthieomnseitgthht &€te

MATLAB ani mati on, and we recorded the partici
prepared. To prevent fatigue, poafr triecsitp atnitme whke
tasks.

Figure 5-1: Experimental setup and dynamic tagis. Start and end poses of the prapg(abduction) taskB) Start
and end poses of the pdlbwn (adduction) task.

We measured kinematics of t-hayrRghonstcraputl aom

Morphol ogy ( XROWM}i vel noacquire dnr ¢ 8Bvameasdr

et al. ,Briodfl)y, XROMM -rcoynbiimage «d yfnracm cbixpl anar
and 3D skeletal geometry from computed 't omooc
movement . This technique is essenti al for ac:c¢
scapul a gl i deWe ucnadpetru rtehdea yisyknimmang € s xof t he scapul

a cust-smebdgbi pl anar vildmagiardg oy atpehrpsl saplsd re§re r
USA) . The systemagomeinetratofr sd wxngk baiams c al | i
intensi fiers, -rmehyi cphh athoemns ctoon vveirsti bxl e | i ght . Th
parallel to the floor withrayd2Wdranglles daet at

1250eexposur e tlitnaegeamd dt wchuag re@t k Vpnzh@mA 2thbo m
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accommodate varying body ahyahbintagse sa owea s cpagrt tuir
t wo FASTCAM Mismie e dW chlmgetr facsk y (0 , Japan) . The ¢
cali brategy Bmdgeas were undistortd&nPnl xXMALa@Db

2016)

We reconstructed 3D bone geometry of the righ
a GE Medi cal Syste@&s He gjlhtt Epeecalgsc.c addA&l)o.s eWe U s
CT protoegaly (vVtoul e gre: 120 kVp, tube current: 1
interval: 0.625 mm, pitch factor: 0.969: 1, re
convoluti onca&kpeulne land Thhuemesr us were captured it
a cropped field -pd&ne ireens dlop tmeaxe .nmi &kee litnhi on var
mm to 0.59 mm depending on the size of the par
t hen-asié¢ mimati cally segmiat edi alne aMienN\,sBe? 63.i 0u m(

smoot hed i n Gd&omBygitkarwk apli (I, South Carolina)

We s-amiomatically registered theae n3Dbwerse wgddn
modeadsed tracking iKi tSya rCdeirfAtudm sRample,r MUSA) . TF
rotating and translating digitally recroanystruc
i mages at eaédhtdynmemhoapbygefinding an initial
finds the pose that registersrayhei mangesn siin yb ovt
To mitigat e atghee neofifseec tosn afhei mut put ki nemati cs
MATLAB wi tplasa KFowter at a cutoff frequency o
assessed the filtered transforms in Skiaer Aut

visible offset beaweemagymen DRRetanal x recently
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errors <0.6A for the scapuld@doasdC¥ls2Anferot
modledsed tracking. We followed a similar wval.i
assess whethaesedutrr anolkdiedn g ac hApepveerdd isxi BQil eafrl yer
compared scapula and humerubakedmemabCckBn@cyga
Agoesltdandar do kinematics from radiostereometr.i
found that the root mean qdwdr edt@RM3)Naér rwerr
scapula and 0.7A for the humerus, correspondi

angl es.

We measured thorax motion at 60 Hz with 5 ane
moti on capQuanaé i s@steerbacsr , Sweden). The biplana
motion capture -bpskedssyneweende m@mmalsespatially r ¢

scapula, and humerus kinematics could be exam

We defined anat omical coordinate systems of t
bone-asi X was ori entaexd samntaesr ioorrileyn t etednes e emaiso r
oriented | aterally. We definederc@dn dwinmdt eSosy
Bi omechanics (I SBWur retc oammexnd@a®@®) 5her t he scapu!
superior axis to the medial border and define

pl ane, consistefLewi eéh .preyi 2083 apr k

We computed humerothoracic (HT), gl enohumer al
according to | BWNur eecto namheFmd a2zl Dosnasnd GH met i on,
XéY66 Eul er decompositions yielding plane of e

Since this decomposition sequence IS prone to

96



the data to ensure there were no discontinuif

posi(tRhmandke et oaF ST MM@X&)Y}H, Car ¥an sequence de

internal rotati on, upward rotation, and poste
angles to report positive values (e.g., posi
ration). We a-testssed pampadetthe time taken

each task.

To compare kinematics across trials, we repor
We identified a range of HT abduction that wa
normal i zed all joint anglpeasr toivceirp atnhti sdirfafnegree.n c

bet ween -utph ea ndiroepsusl | we per-f es me dadvipladme®idernal st a
parametric mapping (SPM). With SPM, t he stati
physi ol ogi cawhemet adpadaenha, points on a curve a
(Pataky, FPO1QhRrespadired ctr-statabtitdqr&eholeddch |
determined according U oo a®R04&vied e rofi dsd ngtnii ffii ecsa n
clustersswheiastilbeexceeds t hits atnigrl esh ddled w(eie.ne
significantly dpéafaement-es fVai veddntoromanlt rfesi cdu
(assessed wiPtelar PoAg K2t itrest s) damMd cthtod ssmaldl H

200Q02)

5. RBesul ts
The mean time tapcompketw®sl3@esA)prarnsd Nt he mean t
t he -dppuMnl t ask Wa® 4InsJabv esr a(ghe, t he par tdioowinpant s

task 0.26 secondspsttawB8r 87 hap £Eh6. pdess
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Al l participants achieved a range in humeroth

45M20Ri glurde, Cso we normalized allFilgiuRemai i cs

I da)

Humer ot horacic (HT), gl enohumer al ( GH) , and
participants Ffi grua)teh & hsearnee waass kp a(mtdii v u ldairall y vHiair g
(qguantified by a range exceeding 25A, when av
GH plane of elevation, anudp STasiknt-droowa |tt haes kpaut |G

eker nal rotati on, GH plane of el evaitnadinyi camnal

variability.
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Figure 5-2: Participantspecific shoulder kinematics for the pregs(solid lines) and puliown (dotted lines) as a
function of humerothoracic abduction angle. Each participant (n=10) is plotted in a different colour. The icons
displayed to the left of each plot defpthe range of the vertical axes, where dark blue indicates the moving segment
and grey indicates the reference segment. The thorax is represented as an dlbpsaidi: Humerothoracic (HT)
joint angles describing the rotations of the humerus velati thoraxMiddle Row: Glenohumeral (GH) joint angles
describing the rotations of the humerus relative to scaBottom Row: Scapulothoracic (ST) joint angles describing
the rotations of the scapula relative to the thorax.

98



For wiarhtiinci pant differences in HT kinematics
el evation adgwestaskthéoweher SPM did not det
signi fRicgand)cee Hor HT external rotation, SPM i de
87-A20A abduction where participants were appr

down than-uiphi(g a®epbess
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Figure 5-3: Comparison of humerothoracic (HT) joint angles between the-ppeasd puldown tasks, as a function

of HT abductionTop row: HT joint angles coloured by task, where dark lines represent the mean and shaded region
represents one standard deviati@aottom row: Comparison of joint angles with paireeests and statistical
parametric mapping. The dotted blue line represents the critical thresttatibtic for a 5% level of significance. A
positive tstatistic indicates the joint angle for the pddlvn exceeded the joint angle for the praps The shaded

blue regions represent suprathreshold clusters where thégoutl joint angle differs significantly from the prags

joint angle over the indicated rangémotion. The labelled-palue indicateshte probability that random curves of
identical smoothness would exceed the critical threshold.

Participants did not significantly differ in (
of el evation waspanotriecivpa ndasomMnent sstcshked s(guD laver a
motion = 15Ayp tthasnk HhSufH=eed®W) gbducti on was si
i n t hdeo wnu ltlas k t huapn tians kt-hie6 dpnr H&ESsA bducti on, wh

approxi mately 8A | ess GH abdukitg wihe a®SHoese gt ehe
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rotation only diffdr®d Bt wedan ct adodasn atthaesike Swhat

characterized by 8A mor-sapexasknal rotation th
Press-up (Abduction) ==== Pull-down (Adduction)
.‘/ 90
§ 5o
5 g
i 4
w
5 5 70
Q - =
S 2
o w60
L I
.—\ % z
~ 50
45 60 75 90 105 120
= s O 5
.2 - = p=0.02
E o — =0 =0
T, & p=0.001 &
(2] (2] 2 (2] %
45 60 75 90 105 120 45 60 75 90 105 120 “45 60 75 90 105 120
HT Abduction (°) HT Abduction (°) HT Abduction (%)

Figure 5-4: Comparison of glenohumeral (GH) joint angles between the-ppeasd puldown tasksas a function

of humerothoracic abductiofiop row: GH joint angles coloured by task, where dark lines represent the mean and
shaded region represents one standard devid@immom row: Comparison of joint angles with pairedests and
statistical parametric mapping. The dotted blue line represents the critical threstatidtic for a 5% level of
significance. A positive-statistic indicates the joint angle féwet pulkdown exceeded the joint angle for the prags

The shaded blue regions represent suprathreshold clusters where-timypujbint angle differs significantly from

the presaip joint angle over the indicated rangiemotion. The labelled{walue hdicates the probability that random
curves of identical smoothness would exceed the critical threshold.

The scapula was more internalidypywnot ats&«d-t dmch
upt asFki gu-5)eAl 5 hough there were only two small
significant differences 65 AS B#8idnAt7e¥An aalb druccttai toir
SPMstatistic tended towar ds -osingtniidn.c ares saca
approximately 4A moredown etrasalh .| yPartiadciepantns t
ST upward rota@bbiwan fi-nindtAd&ATpuddducti on, where
approximately 5A more upwar dl-sypercoitfaitce dr. e sTphoen si
across i(Ridg wG) e udwhesrree no signi ficant difference

t asks.

100
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Figure 5-5: Comparison of scapulothoracic (ST) joint angles between theppemsd puHdown tasksas a function

of humerothoracic abductioop row: ST joint angles coloured by task, where dark lines represent the mean and
shaded region represents one standard devidimitom row: Comparison of joint angles with pairedetsts and
statistical parametric mapping. The dotted blue line represents the critical threstatidtic for a 5% level of
significance. A positive-statistic indicates the joint anglerfine pulldown exceeded the joint angle for the pnegs

The shaded blue regions represent suprathreshold clusters where-tieenpujbint angle differs significantly from

the pressip joint angle over the indicated ranrgiemotion. The labelled-palue indicates the probability that random
curves of identical smoothness would exceed the critical threshold.

Low Moderate High

Upward Rotation:
(Posterior View)

Internal Rotation:
(Superior View)

Figure 5-6: Visualization of differences in scapula pose between the-ppetsk (purple) and putlown task (green)

at 90° of humerothoracic abduction. Top row: Participants with the lowest (0.7°), middle (7.0°), and highest (17.9°)
difference in upward rotation 80° abduction. Bottom row: Participants with the lowest (0.4°), middle (5.2°), and
highest (12.1°) difference in internal rotation at 90° abduction. Note that the participants in the top and bottom row
may differ.
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5.4 scussion

I n this study, we combined biplanar videor a
controll abl e cabl e machi ne t o compare humer
scapul othoracic (ST) -d&@wme matsikc s( i hwroilwg ng pa
adductionupanas&k gneyl ving concentric shoul d
A main finding of our study is that the scap

adduction than during conceertraageaebdi(ciHgluwrae d a ¢

55) . The greater scapula upward rotatiodiwags ¢
indicates that scapul ar upward rotation i s notf
but instead appears to accommodate the | oad e

previous findings thatrscaadppulwerenu pwmasrsd vieo taatdi
(McQuade and S/mairdite,s Wi %8h) i n(cH eratse ngt aadld.u,ctad MM
2008; Mc Quade andan8middtf,f et 39 &)et ween <concent:r

(Borstad and Ludewig, 2002; Braman et al ., 20

The greater scapular wupward rotation observec
rotation during abdumgéedciomi)c magc lsampipomtwlaed ® ald
facilitates joint stabilityabygoridemnt itihg tthlep
| i-ofact Fogufe While we did not measure muscl e
studies suggest that-dowm damsdkenti rkied ya cdgatgiean
teres major, a(ni gpreccrtiolreal dts ama.j,or.2 0T0Re |Sgpteirsasni
dorsi, teres major, and inferior portion of ¢t
on the humerus r(eAcakliared teond hRa ngdye,n o2i0dd ®r, e M é (

scapul ar wupward rotation orients the glenoid
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active muscles6 destabi loifZd tnigomcmaroen domprhe § 4
inferiorly relFatginfHee t%Oo ntvheer sgd leyn,0iodu r -ucpo ntcaesnkt r i
|l i kely engaged the deltoid, which tends to gEe
(Ackl and and Pandy, .2C0tmpaMat!|l aeley héss apwa)
gl enoid more inferiorly, presumably decreasi
el ectromyography coupled with muscul oskel et al

hypot hesi s.
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Figure 5-7: Theoretical diagram visualizing how tasgecific scapula kinematics may orient the prime mover-lines
of-action to act more compressive(h) In concentric abduction, comparatively less upward rotation (purple scapula)
orients the glenoid normal more inferiorly (purple vector). The theoretical deltoid/abductof-bogon (black)
therefore acts more compressively and less superiorly relaiviine glenoid.(B) In concentric adduction,
comparatively more upward rotation (green scapula) orients theidleaormal more superiorly (green vector). The
theoretical adductor linef-action (black), therefore acts more compressively and less inferiorly relative to the
glenoid.

A caveat of our kinematic comparison is that
(Figul e 5ndividual s tended towards more anter:i
rotationdowntdempaid ¢édp .t oT Hehree fparees,s some of t he
in scapular kinematics may be d3Te jtoi nthse rgemun
achieve different HT poses. I n particular, thi

greater extent of ST intewnatashtaThios ebpkanm:t
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by Ludewig et al. (2009) who found that shifti
ST internal rotation. We also found that the

also differed most in KUdplwana Auad,peflewsnstalt @ ro ns e
t hexpl arFatgiv@re (3 mp,ortthasnptéleys ki ¢ di fferences 1in

|l i kely do not explain the differences in ST uj
to be sensitivd LtudepMiggne tdVa | enlg g 2WO®OWNnal so exp
HT external rotation at high abducti occhowrevel s
t ask, but there was no difference in anterior
putodbwn caoiud at e nt he ST articulationbds €Ahtaj but
et al, ,HRO@xRt)er nal rotation was only greater

explain the ST upward rotation below 100A abd
HT extretmaal on i s attributable to more GH exte

pudtowhi dude 5

We observed 9 wmhstvadtuiadl viamtiarbi | ity i n scapul ¢
how individuals responded to the diffa@ampegnt t &
task, the ranges in ST iaotessnaparboitatpamt anade |

30A and 20A, respecitndiediyduado mearoifabtiHiis yi mtae
coordinate syst-monundeefd nmmar kbeyr sskiTnhe t horax p
reference for sazywphhae Beememaftfesteddh by the d
clothing (i .e., sports hbr &oorevrea ,s pdrntc ebraan)y ac
coor di naftreo ns yssowfetmltdi sbsesueconsi stent within a su
extent to which individuals vafFigdd)eémndvheus r

computational work indicates that the kinemat|
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di ff

abdu

2005

Wh

er based on seapulsaaphape hOClhaprceki dApmat.
ction vary with age and mu(sBdrestcehchrarcd elru
; Kol z. efFutallre WwWORK) may shepediifgihd foarc ttoh
uence an individual 6s unique scapul ar Kki ne

e, muscle morphol ogy, and occupational an

measured shoulder kinematics are relative
ies of shoul der abducti on. The magnitude
rior tilt meagwarskd wieo re amsoen srpesptaerst te dwiftohr  tshe
¢ tKioox et al ., 2021 whlidcedewihg enagali t ud20®9)
GH plane of el evati onplwemre aroduwec tciomrsitsh aem
¢tLudewi g etHawever0O0OwWBanmuwhdi athaST tahned GH
ed across HT abduction was distinct from
cted, sum can-dooupm Ipkriensesmat i cs represent fun
ri buted acr ocsw, twhee rseh osuhloduelrd earn dp oeslebs do n

ng-astmr il @mtar abducti on.

study provi des novel I nsight I nto t he s
acterizing concentric addruocutnidoend aunndd elreslt pasr
thy scapular kinematics. Cuthgntschapséhi me
based on observations of scapula motion d

e previous work has investigated how scap

(Prinold et al ., 2,01I13gkaodduga matl o ,e208I18., ,, M2 QU zaX

pl ane of dlmdelwewgatitanad (fTa@0D08¢ alur, s0dg) con
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hi ghtgyur ate measurements of scapular kinemat.

di stinct | oading profile. Our findings can h
scapul othor d®icklkirsematitcsal ., Rar0t7i;c uSlearhl yetwha
used to model activities involving concentric
suspe(nMd oinean and Dickerson,. 2020; van Beesel
OQur study had sever al I i mi tsgoteicanfs .c Ficrasptu,l aa u rk

young, heal thy adults may not bé Kgpérmeral iazahbl
We chose to study young adults because they a
(Mi nagawa .etHoawev,er2,01h3e)al t hy ol der adults scre
or ultrasound) may serve as a better baseline
preval ence increased sulfMi amtgiaavlal yet Gvaaro n 8 (@ OV d
participants may have consciously changed t he
cues. Particularly during shoulder adducti on,
of motion during pil od twelrlk. paMet itciepgeaerftos et @ h.
shoul ders to achieve higher abdowhi and|l endl oI
pr eusps, but this cue may have caused participan
effect maparhtaivel Ibyeeaal | evi ated when we all owed
of the motion prior to recording. Third, we d
we cannot determine the contributiicansaroff of me
over al/l scapul ot horacic motion. This | imited
forces driving the observed scapular Kkinemat: i
captur e, which | ntgwda uaretsi feaato.r Amr oarl tseorfrta ttii vse

a rib with biplanar videoradiography; however
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finding a radiographic technique that achi eve:

(Lawrence .etFialal,] y202u)y s mall sample size | im

Il n concl usi on, our stwudy provides highly accu

funct idoonwnpualolg . pWel observed more scaptuwloavnupwar

t ask, suggesting that heal t hy prcafpiulleari mp msean
shoul der . Future work involving electromyogr a
shed further | ight on the mechanical demands
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Chapter 6

Di scussi on

6.1 SuomaCgntributions

The shape of the bones in the shoulder vari e:
behaviours ranging from-guadchpadm|l sWiogcgmog i o)
this diversity in shape perlséemseé smomp o lsamnil d alr
appears to contribute to the propensity of so

ass

c

mptions of how morphol ogy maps to functio
specific shape femeuhevshattdelcy shoesded in bot
clinical context s. I n this thesis, I ai med toc

bet ween morphol ogy and function in the should

I first expfanedi oami s elsdbtaipenshi p on an evol
guantitative method t-ofmmapomoaphosegyrli matres
devel oped a -based opiodighiemi g lye naorhalupnpel ri achd bpioto aitdn
c omp agfirsaome woan ptltawsrea | e di fffuenrcdao cwens ssr dege of

pri matleouadat thaitmaanl lapmeesn possessed shape featu

|l evel s but not necessarily high mobility, whil
at | ower abduction | evel s. | ianl sgol eonboshewnHAveerda | hir
motion within humans, reflecting our highly v
I then examined two potenti al factors under |
scapulbaieol ogi cal sex and body size (Chapter 3
significantly different scapul a shapes, and
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inherent differences in body size. These find
in human evoluti on. This work also had clinic

gualitativel-gssomi dtedtIslcen pluiboanyeschhagpreiscal conse

i njr-asigsgyoci ated shape features, however, remain
Next, I investi gasesedci htedf seapubf sBhppeg on
t he supraspinatus (Chapter 4). We found that

supraspinatus tears possbébssed Bbescapbli i zeat
supraspinatus. However, kinemati-dr peebhudbfit e oc¢
in function, indicating that healthy individu
their uni Bueoamantbdbomgterpreting the conseqguenc
however, we require a better fundament al und

scapula kinematics.

Il n my final study (Chapter 5), I coupled bip
machine to compare the scapul ar ki nematics o
invol ving similar shoul der post wr easddbuwctt | @mp o
concentric abduction. I found that the scapul
upwardly rotated in abduction, which theoretd.i
mover muscles active, duhengcaeapuhatma¥k.eibablef

by movingpiercidilcoamhnner .

I n addition to the scientific contributions
contributions that I have made (or intend to

Chap2t et devel opheads ead pnroodxeilermi ateyd -o oW i roaan greet r i ¢ s
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can be appli-ednotto osthjumiyn trsa nggred/eaaitehse rf rpchng | 0 g e n
|l i nehBlgeesdat a anducteldee membpadiersesa bplaeb loinc( r e oesti t O
al ., .20223 bQhapter 3, I used new s tatibsaesixecda | a
variati ofhenl ahdmark data and scripts requir
accessible on(depulelti.allrne pGhdhuw deay phod o a @1l e

of the gl enaorhdu meu@rl@EEmi mata v isG hpad & it o Mpiubdll | sh t he
model andetgueée r ed tcoomrsetprdwccthit@medcisani sts study
and ot heruspodh bso uad anpettehxopdiscthregor own red@ar ch
Chaptlenpl bected highly accurate kinémadie-dspaot |
downd ramms p twaistkhs bi pl anar. vUpcemrmub loiga atpihgyn of

publtihbedhne shape data eadkki aematic data for

6.2 Significance

Under stpanmreddeangt shape variation in an evoluti ons:

This work highlightfsanlktdwoinnvedtaitgatnismg pfsornm a
help us understand the sourcedayvnshdmpecvaoinat
Chapter 2,t he fhoummadn 6tsh agtl enohumer al joint is u
abduction |l evels sel @ahigseftodbhbesuggeat saphbha
under selective pressures to perform tasks r e
knapping, t obh(gRiosaec,h aentd bBtth.raolwk 6 1 8 }t fhymadm é¢ Isa tt ihwee
ot her apes, the human shoul dey asdnohatwet hi ad
in the high prcecayl eshcdllLddwi spwakier mhe Obamg@asgl y

hi gh gl enohumer al mobil ity Whyhwearhasm dilaevreo hculme
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(L

rphehatgpresat er b,oniyt nmodbyi dpmleayc @ eanand on soft |
I nt shabmcdtelheg ri sk of repgetitthever csttatadrn dauwn
di tilonfad wryds uphraags ptihnecous f ossa was smadl er i
alr e tphraetviwauss|l y proposed to contribute to o
ewi s et ahteredoidpngly, I found that a narr:
praspinatus tears in modern humansofantdi oredu:
ring abductsihommhgé@hapheti dhally relevant i nt
n ianhpsaoct famcitmntomao@eetiddice ddivedsheweimpd mif iyg
rr shoulder anatomy in its evolutionary <con

ntributes to function and dysfunction in ou

nversely, stdiadyisnhga peairv avoidetrinon can al so she
Chapter 3, |l found that sexual di mor phi sm
size. This finding, cpopuepr | ebdo dwyi t nfaAsbsd eienr enhmahl t
03; Ful | eri geht!l iaght,s 1t9nh9e2 )pot ent i al role of s,
man shoul der . Future-sweckfiiommvesapghti rshabpe
chanics may <contribute to our understandin
ecializat hedeitermalnes whander sex difference

crtehmes 8 k o f rotator cuf f tear s.

| mplications for <clinical practice

The findingscéaenvoemttuhalsl  hiersfisi mniolvetd e walcameme 15

apat-sperci fic surgical strategi es. l ncorporat.i

p |

ausi ble given that CT scans are often acquir
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shoul der @Buhroel!l estlyl .Chapa22) 3, we found th

(7))
=y

i fted the sodgpoataisgon nantuesdi drilnye, which may pl
posterior fibres to maintain glenohumeral st al

suprdaupi nmears possesses an anteverted glenoid

to a | ocation that OHaicfttisont hpeo s$ ep i @ sthayanrarteul sa
configuration. These findingsncoful dl ehciod biempg
anatomi cal shoul der arthroplasty, as the amou
susceptibility to rotator cuff tears. However
the potenti atlheisnep!| dterfaatn epgnisel ®orfi ng t heir | mpl e me

Il n addition to -smdoirfmiangt mppaattmentp,ant hi s wor k

D
—

i ology of rotator cuff tears and can inform
This is important because aaquicahgi 8Dablbnel &
where shoul der pain is treat eAdr i(®k gsgapllys i ohd
ampltindeeyder | yi ng mechanitshnast oaff freocttdhapk h aciugfdfi vt igeda
t hseh adbrei vemgeshan f unuantciovmecard ehhealms coul d be ber
t arigeeny pBoreexampl e, subacromi al i mpi ngement
treatment of rotator cuff tears. However, the
to pat hol ogyawrse ncrec,l@aebadrat he QOROPmes of surger
the risk of i mpi ngEmiemt etaral i nc@divFtha«Kett ohes
compl ements previ ous -asstsuwdii east eidn cgreechdteetmagn dt hi ant

the rotator cuff tendons( Qsowaprdo vetdealg.l,e n2thaidne
2015)Furt heér ,sh®mwesp that i n healthy shoul-ders,

speci fi cprnmangohteen oh@ mer al stability. Future wor
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rehabidtirtattea gpines, such as movement pattern re

rotator cuff needed to maintain joint stabili

6.3 Future Work

|l nvestigating shape ane pfewcndtiicomntdhrdeud gh mp ari ts

I n this thesidg,unkttiexmp|l oetdtishraplri-pee ctihfriocu gdn

deterministic model s. I n Chaptmeort i dn Kdi semul g
individual s6 real boodast itoon deenreelrine dni ebiytdlua | 6 & n
arrangement of Sshape features. [ n Chapter £

bi omechani caslc aegduiilzfoeta tiudrsettsheel ev@8innaedmeofnj uhegs
approaches has advantagesoand WwWbmidaiincons poaa
highlights that despite significant group dif
varies substant-pakdyctedmmohehol mggel Do di ffe
t he-atsesadc isahteepe axi s per si stl@as nex meddtva dd ubayl st haec r
modelor does their owniogqgué ea rfaitbaunye aimba sththg s

guestisomubyaneaoduwmsgoywsekamed shlaprg ad fierwt funct
under st amd vemapnechammghms heantthesest di fferences
an indivFdualtel wogek. i n tihnicso rdpooataaine |cjosutladt iasltsioc
model s (as ieax amiampd etrhel-jyeftfeoeratng dfeate@aes i n

clavicle

When invebtapgabhatgftumetp@mci éi pahevel, it woul
tanderstand shape i n the context of ot her f a

rotator Weupfeveaustlhye rfeo lamrde tntaanty -a ngdd ovii altuead ss tw
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and healthy tendons, and others with toE.n ten
C. S. Lee.lent Cala.p,t e20 240 i) nveemaftd wcn da dtj husstt ment s co
that protects-risdk&i windht @almy wirtolm a@tevel oping cuf
per sonal factors coauntpd iifnyt eorrarce s kwei ot diha tt&sonaidpleed t tc
instance, Lawr amaa vd tdauaaHasgrivaimaina | ntdihrcdaetxi (g mor e
over)waeng ghi kely to develop rotator cuff tears
index were stil!] eykbadbhy bhogthchweaild adpat eeaxwsodsnucreet |
et al .Whi2d@k24d)eterministic models can help wus

bi omec,hainmeasstigati ons t hat consi der shape a

experciadnmede@f orm ef f-egeaedciviei padgtireattegi es.

Shapei mngihovol der ki nemati cs

Computatilonayy mewdeal ed t hat kinematic perturhek
driven change in supraspinatwusayf umaatgiinng (sGhoay
heal thy individuals appear to adapt tbeir Asca
|l ogical next step iIis to investigate whether he
uni que anatomy to enable healthy shoulder fun
expanded to include t hse ardmaprniimmeg a bod uacttoar caunfd
Then, t he model can -bppe aipfpil diaap pnngo aecahp A r piac it p
measured kinematiitoos taersd whred hehapeagi vi dual s e
by adoptingilgiure mat itchseiu specific morphol ogy.
anteverted glenoids exhibit relatively greate

muscl es more compressively? ¢&aot pe leea e tgpenpyhoye nt
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t @ denttheety i ve dmus migeesnagl tasksup i&redoymnelalpd es s
i nver se duratnimesgnetnd at t he .glhemsohuwmemraniatij @inn tc
better understanding of the extent to which t
contracti osnpeai fdii @ excdtiiowmi t y,i mphoiccoha bweoxutl dt oh et hpe
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A. 2 Subject and Mesh I nformati on

A. 2.1 Subject I nformation

The -mwman primate scapula and humerus meshes
sources. For specimens aPgumaed Reemathé Knpet
Digital Morphology Museum, data werTe bd-G®wnml oad:
The scans were themMasegmalhe Beeé ginunni .mi Alsl (ot he
meshes were accessed or shared as STL files.

name in the sauetpl ementary dat a
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Table A-1: Scapula and humerus mesh information for specimens included in this study. All participants from each
human sample are summarized in a single row.

Species Locomotor | Subject ID | Sex (if | Source Original Slice thickness /
classification | (in data) known) File type slice interval /
resolution (mm)
Ateles sp. Brachiator | Ateles M KUPRI CT 05/0.3/0.3
(DICOM)
Cebus sp. Arboreal Cebus M KUPRI CT 1/0.5/0.672
Quadruped
Mandrillus Terrestrial Mandrill - Nathan M. Young | STL N/A
sphinx Quadruped
Macaca fuscata | Terrestrial Macaca - KUPRI CT 1/0.5/0.398
Quadrupedal
Pygathrix sp. Suspensory | Langur - Nathan M. Young | STL N/A
Autralopithecus | - Sediba - (Churchill etal.,, | STL N/A
sediba 2013)
Gorilla gorilla Knuckle- Gorilla M KUPRI CT 2/05/0.714
walker DICOM
Gorilla gorilla Knuckle- Gorilla2 M KUPRI CT 2/1.6/0.716
walker DICOM
Homo sapiens | Biped O _00lto |10M, (Kolz CW, 2020) | STL N/A
(n=20) U_010 10F
Homo sapiens | Biped RCC25, 2F (E.C. S. Leeetal|{ STL N/A
(n=2) RCR17 2020)
Hylobates lar Brachiator | Gibbon - KUPRI CT 2.0/0.5/0.684
DICOM
Hylobates lar Brachiator | Gibbon2 M KUPRI CT 1/0.5/0.382
DICOM (scapula)
1/0.8/0.625
(humerus)
Pan troglodytes | Knuckle- Chimp - KUPRI CT 0.5/0.2/0.2
walker DICOM
Pan troglodytes | Knuckle- Chimp2 F KUPRI CT 1/1/0.361
verus walker DICOM
Pan troglodytes | Knuckle- Chimp3 F KUPRI CT 1/0.5 /0.675
verus walker DICOM
Pongopygmaeug Suspensory | Pongo F KUPRI CT 1/0.5 /0.624
DICOM
Symphalangus | Brachiator Siamang |M KUPRI CT 1/1/ 0.625
syndactylus DICOM
Nycticebus sp. | Slow-climber | Nycticebus | - KUPRI CT 0.5/0.3/0.309
DICOM
Peroditicus pottg Slow-climber | Potto - KUPRI CT 0.5/0.5/0.351
DICOM
Canis familiaris | Quadrupedal| Dog - MorphoSource Mesh N/A
Christopher Wal ker provided access to the dog

from www. MorphoSource.
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A. 2.2 Mesh Smoothing

Since the joint spacing measurement would be
sur fwecense,eded to apply adequate smoothing such
affected by noise (i.e. unrealistic jagged ed:q
mean di stance between glenoid meetedesoardshu

articular surfaces (especially the glenoid) h

OQur smoot hing pr-foitlolciong,i nvermwvwidndgrojl @agged edge:

met hods such that al |l scapula and humeri.i CC
triangles, and that triangl es swreoroet huinnigf omansl ya d:
or excessive by visually comparing the origin:
close attention to ensure that the general sh

of high curvatuegegl(enagi.d, tthlkee rdor aodfoitch, t he b
Notabl vy, with rare exceptions where the smoot

smoothing, the same steps were applied to al/l
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A.3 Coordinate System Definitions

The scapula and humerus anatomical coordinate
identified regions and | andmar ks. Given the |
across species, we defined thacAGSSGs sperech etsha

The humerus ACS was pmredxinmal Ritgmbéeilhdk et bheée hke S
recommendati on ilsatteor ade faixnies af rnoend imagldMua le t a rad . |,
2005t he computed tomography scans for most su
consistent across all subject s, the humerus A

head as they were present in fadlll swsains. We de:!

T Origin: The centre of a sphere fit to the
T Yu: The | ine oriented fromecheooaeonfr oihed oful

(1'S) to the centsreocitdi oonf oaf stuhpee rhiuonmme rcarlo sssh a f

T Xt A |l ine pewapredn da cluilme aoroi e'nted from HC t
the | esser tubercle | ocated close to the b
T Zo: A | ine pedapnedn dYioa u leanrt etdo pXosteriorl y.

We defined the scapulianfAeOS osrucahx itsh anta st hael isgunpeedr
(Fi gule AMihmcanedi al border | ies par a(l9oeblustho etth
al ., abhd96pi ddldem&knkhesy.®£tAldler,nat9 ¥&) coordinate
me d-1 at eral axi s al(owug etth ed lbs.cnaopPull Gaérp tsuprienet he or
gl enoid and scapul ar spine relative to the v
foll ows:

T Origin: Tnmeed isaulp eproiionnrt on t he glenoid (SG).
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1T Ys¢ Thedbleisie to points evenly spaced al ong

points (MB) were manually selected and spa
( MB) . I f needbsessatr yf,i tt hwea sl icnoer r ercltyed t o be o
1 Zs A line pecgprddaculliae Doi ¥nted from t he
SUupemeadiral point on the glenoid (SG), direc
1T Xs¢ A |ine pegamethdbcukatetdol terally.

1A

Figure A-1. (A) Humerus and scapula anatomical coordinate systems, visualized for a chimpanze@)joint
Landmarks and regions used to build the humerus ACS. HC: adrargphere fit to the humeral head. LT: the most
convex aspect of the lesser tubercle located close to the bicipital groove. SS: The centroid of a superior cross section
of the humeral shaft. IS: The centroid of an inferior cross section of the huinafta(G) Landmarks used to build

the scapular ACS. SG: the most supendial point on the glenoid. IA: the inferior angle. MB: points along the
medial border.
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A4 J®&rwoixiBEsittiymat i on
We used a representative sample to establish
to humer al head radius. This sample consisted

only those with anatomicalb Chesbamah, mdadafao

st dey. C. S. Leanat lalbab dB5Br@ad rita )peprsevicddd at

Sharon Swartz (Brown University). The bat was
l aw that -ppiamatwwa,adwaorp e dal mammal s .

I n this study, we used target joint proximity
17 subjects. Recogni zing that the bat may al't

performed an addiyt il a meelarplrri¢npaatees ®ixahi ufiepiiee tAh e
The -ilmxtl usi ve-oahyg prigmatsesi on model s had a sm
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Figure A-2: Comparison of linear regression models for joint proximity vs. humeral head radius. The black line
indicates the regression including the bat (n=17), whereas the blue line indicates the regression on primates only
(n=16).
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A.5

We
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Sensitivity Analyses
conducted sensitivity analyses to deter min
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A.Blarget Joint Proximity

Sin
ad,j
tur

t o

Rat

Joi
Chi

ma s

ce the model optimizes joint transl ations
ustments to this target joint proximity ha
n, the number of posesf drheatc amdcu ctoends | a eg eerds
test the model 6s response to changes in th

her than varying the joint5®)ypopxweitgsbgadn
nt proximity values derived from three dif

estimate jA4 ntPBrIpoxoiEmimiyat i( s e e

.HumRadeEsti maadedusrom a sphere fit to .the ar

.Si mon:Maksst i matleadg fsrcoar ilmogg rel ati onship betw

thickBemen, WH7dH9sumed joint proximity to

thickness.

.Si monArEesa i matleodg fsrcoam ilmogg r el ati onship bet w

under compression(&ndoanar HOiI7Tdgewe happnesism:
under compression as the area of the gl eno

doubl e the estimated cartilage thickness.

nt proximity estimates were computed for f
mp 2, Orangutagu-8andVfedac aAh.al Yelgideat i mating

s from an average of (sHox |boddayy. seitz eale st i2nPalt8
144



>
w
0

i o ’ .
£ ¥4 g orilla
< 3
Egl % = — ‘angutan
=5 }kori[la £ Horilla £ ﬁ'mp%
% L IS ,ﬁrangutan e @*“:ediba
(o] I @ 109 Chimp2 = A0 4
Q4f ° i ﬁ 10 % sediba % 10 g
5 rangutan c < c ,Xf\dacaca
i < e ’
c3 L ghimp2 &} +"Macaca S s
£ = , = s
7’ o = P
& ° % o i = 7 [ y
= Sedifa o, o)
£ 2 S % P % o
X r ’ r 7
g S5 =107 ¥ 2 1p e
[ ™ = d
E ,’ﬁacaca @ . ® ’
1 . O N (] I
© s ] o
= 8
0
0 10 20 30 40 10° 102 100 102

REIEL s ISR Fimis] Body mass [kg] Area under compression [mm?]
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Table A-2: Joint proximity estimates for species included in the sensitivity analysis.
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Estimate of Joint proximity [ mm
Subject ID estimate
HumRad SimonMass SimonArea
Gorilla 5.00 4.77(-4.6%) 7.68 (+53.6%)
Chimp2 3.37 2.84 €15.7%) 4.63 (+37.4%)
Orangutan 3.41 3.13 £8.2%) 5.38 (+57.8%)
Macaca 1.34 0.94 £29.9%) 1.42 (+6.0%)
Sediba 2.56 3.20 (+25%) 2.28 £10.9%)
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We computed ROM metrics (mobility, circumduct

j oint proxiHnidguwd).e FAoirmeatlds s(peci es, joint proxi

increased mobility and circumduction envel ope
under compression decreased mobility and circ
sensijtaivret tproxi mity than mobility or circumdu

bet ween species for each ROM metric were con

estimate joint proximity. For exampder ¢bmpyi @
(St monArsswmbstantially increased mobility estin
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Figure A-4: ROM metrics for the five individuals included in the sensitivity analysis, as computed for joint proximity
values estimated from three different scaling laws. (Bdmobility and(B) circumduction envelope, the grey bars
indicate the values used in the study (equivalent to green stars, joint proximity estimated from humeral head radius)
and the error bars display the maximum and minimum across the three estimat{€. fioctional centre, grey

ellipses denote the 95% confidence interval based on the three estimates.
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Mobility, circumduction envelope, and functio
t hr esFhiogludS)eQuAr simul ation optimizes the transl
average distance between the glenoid and hume
proxi mity, while imposing a constraibhe.tWat t
found that in most cases, the simulation eithe¢t
exceeding 1% deviation from the target proxim
(placing the humerus oweltlheoudglse ndoei do fa ntdh eg rveiact
deviation in target proximity). Therefore, tF

altered when the proximity threshold was vari
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Figure A-5: ROM metrics for the five individuals included in the sensitivity analysis, as computed from three
proximity threshold values. F¢A) mobility and(B) circumduction envelope, the grey bars indicate the values used

in the study (green stars, proximity threshold set to 5%) and the error bars display the maximum and minimum across
the three thresholds. FQ€) functional centre, grey ellipses denote the 95% confidence interval based on the three
threshold values.
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Figure A-6: An example of a ROM point cloud (from Gibbon2) containing outlier ROM poses.
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For seven subjects spanning a wide range of 1
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Figure A-7: Volume (top) and number of points outside of the alpha shape (bottom) as alpha radius is systematically
decreased for Gibbon2. The alpha shapes corresponding to each radius are visualized along the horizonal axis.
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Figure A-8: Volume (top) and number of points outside of the alpha shape (bottom) as alpha radius is systematically
decreased for Nycticebus (slow loris). The alpha shapes corresponding to each radius are visualized along the
horizonal axis.
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A. 6 Stwlpjeecdtf i c ROM projections

To succinctly compare ROM across individuals i
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functi on.
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Figure A-9: Individual ROM projections for brachiators and suspensory species. Red 'X' indicates location of
functional centre.
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Figure A-10: Individual ROM projections for knuckle walkers and bipeds. Only the humans with minimum, median,
and maximum mobilities are visualized. Red 'X' indicates location of functional centre.
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Figure A-11: Individual ROM projections for A. sediba, slow climbers, and quadrupeds. Red 'X' indicates location of
functional centre.
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