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ABSTRACT

A thorough understanding ofpical shoulder motion is desirable for both cligios and
shoulder researchers. With this knowledge, comparisons between normal and special populations
(e.g. athletic, working, elderly, injured) are enabled and injury mechanisms for heightened or
diminished performance may be identifiethe purpose ahis study waso generate a robust
guantificationof typical shoulder kinematic profiles during dynamic humeral elevation in six
vertical movement planes, and to deterntireeinfluence of humeral movement plane,
movement phase, gender, and humeral el@vatngle ortypical scapulothoracic (ST),
glenohumeral (GH), acromioclavicular (AC), and sternoclavicular (SC) kinematics.

Upper limb kinematic data were collected on 15 males and 14 females as they elevated
and lowered their right humerus in six vertio®vement planes with elbows fully extendéd.
total of 60 shoulder kinematic profiles were generated for both raising and lowestian
phasesTrial-to-trial repeataliity of the measured rotationas indicated by intralass
correlation coefficientvas found to be moderat@.658)to high(0.999) Overall, as the humerus
was elevated, scapulothoracic (ST) upward rotation, ST posterior tilt, sternoclavicular (SC)
elevation, SC retraction, acromioclavicular (AC) elevation and glenohumeral (GH) efeathtio
increasd. However, ST protraction/retraction, GH internal/external rotation, GH
anterior/posterior plane of elevation, and AC protraction/retractigponses were less
consistent.

There was a main effect of humeral movement plane and elevatien(arg0.001)
identified for all measured joint rotations. A significant phase main effect was not found for right

glenohumeral +antericgosterior plane of elevation (GAP), glenohumeral +medthadtal



elevation (GLE), and acromioclavicular protractietraction (APR). At least one significant
interaction of the main effects, including that of gender, was present for all rotations.
Thetypical shoulder kinematic profiles provided in this investigation is the largest to date
of its kind obtained usingkin-mounted shoulder tracking techniques. Clinical scientists will find
the profiles useful because they provide motion trends that can be compared to profiles from
other segments of the population, including patients with specific shoulder injuriesvorkis
supports the more ambitious future clinical goal of being able to identify people who are at risk

for developing shoulder pathologies in clinical settings in aineasive manner.
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1. INTRODUCTION

1.1 Shoulder motiomescription

Accurately describing humatouldemotion has been a goal of shoulder researchers
and clinicians for some time. Inmanad. (1944) first described the geometric characteristics and
scapulothoracic motioduring humerabbduction and flexion, as well as describing the muscular
contribution to these motions. The results of this study provided fundamental insight into
scapuar motion that is still relevant today, including thatmalglenohumeral joint motion
relies not oty onthe interaction of the humerus and scalthe glenohumeral joinbutalso
on the interactions of the sternoclavicudadacromioclaviculajoints andscapulothoracic
gliding (Inman et al., 1944). They concluded, in abduction, that the ratio between glenohumeral
and scapulothoracic rotation was Zfhis general finding has guided clinicians in shoulder
assessmentkinfortunately, thescapulothaacic results of this classstudywere limited to 2
dimensional roentgenograjghanalysis on a single subjestd objective information on other
joint involvementwas limited (Inman et al., 1944; Hogfers et al., 1995; de Groot et al, 1998;
Borstad and Luewig, 2003. Moreover, he researchers themselves admitted that the ratio was
inconsistent below 303f humeral elevation. This notion wesnfirmedby subsequent
researchers who found ratios between 4:1 (Poppen and WESK&,and 7:1 (Doody et al.,
1970) at humeral elevation angles belowk80n t @puliarc pl ane o, anfe@p pr o X |
to the frontal plane). In additipmter-subject variability of this rationcreases at higher
elevation anglef_udewig et al., 2009 Modern work on glenohumarand scapular motion has
expanded on the topic in terms of the planes assesaediifa et al., 200icClure et al.,
2006; Bourne et al., 2007; Ludewig et al., 20@@mparisons of healthy and injured individuals

(McClureet al., 2004Fayad et al.2008; Braman et al., 20p%and static and dynamibkree



dimensional kinematic analysis, (statide Groot et al., 1998; Meskers et al., 20¢ghamici
Karduna et al., 2001 udewig et al., 2009)

Controlled shouldemotion is a coordinated effort inlang several moving irregular
shaped bones and jointghichmakesscapula kinematic measurement difficult. The shoulder is
essentially a closed chain linkage, composed of the sternum, clavicle, scapula, humerus and
thorax, ad the joints that connectém,including the gliding of the scapula over the thorax
(Happee andgan der Helm, 1995). Therefore, the clavicle and thorax constrain scapular motion
creating an interdependency of the sternoclavidqidéy)and acromioclaviculafAC)
articulations durin@ny scapular movement. Thias important modeling implications. In order
to successfullynodelthreedimensional3D) shouldekinematics, one musonsiderthe
rotations and translations about these joints along with the glenohy@enend
scapulotheacic(ST) joints (Happee and Van der Helm, 1995).

Several shoulder motion capture techniques exist, each with their own benefits and
limitations. Traditional methods of measurement of these articulations inckldedounted
goniometry(Doody et al., 965), and roentgenographic projectidnrfan et al., 1944; de Groot
et al.,1998. The accuraesof these methodaredebatable, and analysis is offganarwith
limited applicability. Transcortical bone pinsgrduna et al., 200@001; Ludewig et al2009;
McClure et al., 200pmay provide more robust information with reduced skin artifact; however
the invasiveness of these techniques limits the sample dizesestudies. More recentlgkin-
mountedelectromagneticde Groot et al., 1998; Meskersatt, 1998; Borstad et al., 200&2nd
infrared motion capturev&n Andel et al., 200%echnologiehave been presentedrasiable and
acceptable methods to measBEescapular kinematiosghile the humerusemainsbelow 120°

of elevation. Above this angyl soft tissue overlying the acromion reduces the accuracysef the



technique. Reliable and accurate skmounted kinematic techniques would be advantageous

because they would allow for dynamic motion capture and analytasge sample sizes.

1.2Inconsigenciesin past shouldemotionresearch

Comparing results of studies investigating glenohumeral and scapular kinematics must be
done with caution due to several confounding factdreh affect scapular motior8D rotations
of the scapula depend on hueslevation angle, plane of elevatidu@ewiget al., 2009;

McClure et al., 2006 external shoulder loadkén et al., 2008; McQuade and Smidt, 1998;
Meskes et al., 1998 humeral elevation velocitglé Groot et al., 19980hnson et al, 2001), and
rotationsequence used to calculate segment rotédarduna et al., 200G&among othefactors.

Also, the variability of shouldemotionacross individuals is very highmghasizing the need to
havea high participansample sizén shoulder kinematic studieSince most scapular kinematic
studies are limited in the number of humeral elevation planes tested (tyj@sattyan three),
understandin@D scapular position during diverse glenohumerad scapulamotions requires
combining the results of sevestldies with diffeing methodological approaches. Therefore,
clinicians and upper limb researchers would benefit from having a robust collection of shoulder
kinematic profiles collected on a large sample of participants.

Although eperimental protocolsifer betweerprior studies, there have been attempts to
standardize data collection technigustandardized definitions of boney landmarks used to
define upper limb segment coordinate systems and to degaribeotations have been
suggestd by the Ingrnational Society of Biomechanics (Wu et al., 2005). This is vital when
using Euler angketo describescapular rotation becautiee resulting angles are sequence
dependenfandnon-communitive) Moreover, researchers have attempted to control for the

humeral orientation in that the majority of upper limb studies. The most common approach is to



limit analyses to vertical planar humeral motions, particularly in the scapular plane. Although
controlling for plane is beneficial, narrowing focus to one moplamelimits what can be

learned aboutypical shoulder motion. Interesting information typical shoulder motiormay

be gained by investigating other planes, and injured shoulders could potentially show different

joint motion in vertical planes other théhe scapular plane.

1.3Normative shoulder kinematic data applications

Possessing normativgpical shoulder kinematic data would make the identification of
pathological shoulder motion easier for clinicians. These data would provide a single source for
clinicians to contrast results from a clinical assessment against. If an individual or individuals
motion trends are deviant relativetypical normative kinematic data, these trends could be
classified asitypical Early identification oftypicalshoulder mtion would allow for the
prescription of clinical interventions such as postural correction or corrective exercises to prevent
shoul der injury from occurring (McClure et al
kinematic profiles during a prah@ed rehabilitation program can serve as a means to monitor
recovery towardsrauninjuredstate (McClure et al., 2004).

Understanding what factors affect healthy dynamic shoulder motion will justify current
clinical assessment approaches and assistasgbssment design. For example, a common
approach applied by therapists during a shoulder assessment is to track scapular motion visually
during humeral elevation and lowering (Borstad & Ludewig, 2002). If obvious kinematic
changes occur between motion pbs, clinicians consider these differences as abnormal or
Adyskinetico (Kibler & McMullen, 2003). There
motion phase on scapular kinematics feygcal population would justify this approach. In

addition, findingscapular kinematic differences during humeral elevation in one plane (e.qg.



frontal plane) compared to elevation in another (e.g. sagittal plane) would suggest pathological
motion if typical normative data shows no effect of plane. Finally, discoveringnkatic
changes at specific elevation angles might indiagtpicalmotion if thetypical population does
not display similar changes. For instance, a reduction in posterior tilt and upward scapular
rotation is often hypothesized to occur in populatiofffegng with rotator cuff pathologies
(Ludewig & Cook, 2000; McClure et al., 2004).

Understanding how an uninjured shouldeves may also provide insight into potential
injury mechanisms. Contrasting scapular kinematic profiles of an injured populgéimsiza
robust collection of healthy scapular kinematics should show incidences where the profiles
deviate from each other. The direction of this deviance might explain a contributing cause of the
injury. For example, ifnjured profiles of scapular tiland upward rotation become less posterior
and less upward compared to a healthy population, this would hint at a reductioraof@uial
space. This trend is often suggested to occur in populations suffering fresrential

impingement syndromé._gkasewiczet al, 1999).

1.4 Purpose
The purposes of this investigation were to produce a comprehensive descripyjginadf
shoulder kinematics during dynamic humeral elevation in six vertical movement planes, and to
identify which factors contribute tiypical shoulder motionResults of this studwill offer
clinical researchensormativetypical upper limb kinematic profilethat will assist with the
identification of pathological shoulder motiorpekifically, the following questions are asked:
e Do significant changes in 3D shoulder rotations occur as the humerus is elevated in

planes other than the scapula plane?



e Do gender and motion phase (i.e. raising or lowering the humaflugncetypical
shoulder motion?

¢ Are certain shoulder kinematic outcomes enmfluenced by vertical humeral movement
plane or by humeral elevation level

e If shoulder kinematichange®ccur due to the modification of movement plane,
elevation angle, motion phase, or gendeithese changesontribute to or diminish the
possibility of becoming injured?

¢ How does the variability of shoulder joint rotations change as the humerus is elevated?

¢ Does humerus elevation in certain vertical movement planes produce more reliable upper
limb kinematic measures than others?

Current shoulder kimeatic data is incomplete due to limited scope of previous studies or
inadequate measurement techniques. A common ambition of many clinical researchers is to be
able to reliably classifgtypicalshoulder motion as a means to identify individuals at risk of
developing some upper extremity disorder. In order to successfully do this, what is known about
typical shoulder motion and its determinants must be expafdedresults of this study will
help build on what is knowabouttypical shoulder motion, aheresearch questions address
several of the limitations of current work on the 3D scapular kinematics outlined previously.
Finally, recording shoulder kinematic data on a single population sample will limit the errors

associated with making comparisons asrstudies

1.5Hypotheses
This investigation will quantify scapular kinematics in mplanar humeral motion and
demonstrate the dependency of shoulder muscular activation on the same humeral motion. The

specific hypotheses of this investigation were:



1)

2)

3)

4)

5)

6)

As vertical humeral movement plane is changed progressively across the body, dynamic
shoulder rotationccurring about a vertical ax{se. scapulothoracic protraction,
acromioclavicular protraction, sternoclavicular protraction) and axial shoulder nstatio
(i.e. glenohumeral internal rotation, glenohumeral anterior plane of elevation) will
increase more than shoulder rotatiogsurring about a horizontal axise.
scapulothoracic lateral rotation, scapulothoracic posterior/anterior tilt, glenohumeral
elevation, acromioclavicular elevation, sternoclavicular elevation).

As humeral elevation angle increases, dynamic shoulder rotatonsing about a
horizontal axiswill increase more thatihose rotations occurring about a vertical axis
Intra-subject tial-to-trial reliability, indicated by intralass correlation coefficients
(ICC), of shoulder (i.e. scapulothoracic, glenohumeaipmioclavicularand
sternoclavicularkinematicswill be high.

3D scapular kinematics intesubject variability indicated by standard deviatiomill be
highest lelow 3 of humeral elevatiofor all thoracohumeral elevation planes

There will be no effect of gender on shoulder kinematics.

Lowering the humerus will produce significantly different shoulder kinemttas

elevation.



2. REVIEW OF RELEVANT L ITERATURE

2.1 Shouldefjoint motion capture and description

Positioning the humerus in threémensional (3D¥ypace can be accomplished by means
of countless orientations of SC, AC, GH, and ST joints thereby making joint description
challenging. The following subections outhe the methods used to collect shoulder kinematics

and describe upper limb joint motion and iatennecting segments orientations.

2.1.1 Shoulder motion capture

The earliest method of assessing upper limb motion was by means didiend
goniometers. Theirppb | i shed use dates back to the early
settings (Hewitt, 1928; Bovens et al., 1990). The device can also be used to reliably position the
humerus in desired elevation angles or planes. The technique is useful intetmabgettings
due to quick and easy measurement outcomes and higldstea reliability with experience use
(Youdas et al., 1994However 3D scapular kinematics cannot be deduced with a single-hand
held goniometer. Bovens et al (1990) found thattiner of measurement when using a
goniometer is as high as 10° for several upper limb joint measurements.

With researchersod strong desire to collect
i maging techniques have bedémmati leitzead 6as (d®Mdl4
descriptiofmuomfertah® @Asmileoin sagittal plane f|I
better known today as scapulothoracic rhythm, was captured uslingeasional
roentgenography. Modern studies continue toxidenensional projections (Bagg and Forrest,
1988; de Groot et al., 1998), but cannot accurately capture shoulder kinematics because upper
limb motions are not planar or static (de Groot et al., 1998). The adventafe f i | m i n t h

allowed for thecapture of passive skin based surface markers during dynamic motions (Taylor



and Blascke, 1951; Engen and Spencer, 1968; Dvir, 1978; Langrana, 1981). Unfortunately, data
processing of cine film is laborious and skin based surface markers were proneattifsiin

error. Motion capture systems using active markers such ashgltting diodes (Anglin and

Wyss, 2000; van Andel et al., 2008), or passive optical technology (Picco et al., 2010) have also
been applied recently.

Most recently, there has bemcreased use of electromagnetic motion tracking systems
consisting of a transmitter containing three energized orthogonal coils that emit electromagnetic
fields detected byskimount ed sensorso6 orthogonal fields.
calculationof the 6 degree of freedom position and orientation of skin mounted receivers relative
to a transmitter. However, the accuracy of this system is greatly affected by any object that
interferes with magnetic fields (e.g. metals, computer monitors, and)fa@ndistance between
the transmitter and receivers (Nixon et al., 1998) and must be carefully calibrated.

Of the upper limb segment3D scapular kinematics are the most challenging to collect
with current motion capture technologies due to skin matitifact and movement of bones
subcutaneously. Bone pins inserted directly into the scapula are frequently cited as a gold
standard for scapular kinematic collection (Ludewig et al., 2009). However, due to its
invasiveness and limited access to thosdifipdhto insert the pins, it is difficult to collect data
on a large sample population using the pins. This has led to the development of several scapula
tracking techniques that allow for the scapula to be either directly measured over the skin; or by
means of reconstructing the scapula with a rigid marker cluster. Accuracy of these methods is

often assessed by means of bone pins. The more commonly used techniques are as follows:

Palpator(van der Helm and Pronk, 1995): The positions of 11 anatomicahkkg are

recorded manually with a palpator whose endpoint location is calculated using potentiometers.



Rotations of the scapula are described relative to the torso reference system located at the jugular
notch Drawbacks to this technique are that onlycstacordings are possible due to the time

required for each posture measurement. Each posture took approximately 2.5 minutes to
manually record increasing fatigue potential. The accuracy of this system was assessed by the
repeatability of locating the m@marks with the palpator and was deemed acceptable.

Measurement error was found to be comparable with other contemporary techniques at the time.

Scapula locato(Meskers et al., 1998): Two rigid pieces of plastic are connected in the
middle similartoad we r ¢ a s e 1 Atdhe ¢n# of thaurigie pieces are three movable rods
that can be positioned over the acromion angle (AA), root of the scapular spine (RS), and inferior
scapula angle (l1A). A reference system is created on the locator with aorekegmhetic sensor
or marker cluster. The orientations of the three rods relative to the locator reference system are
measured with a digitizer, allowing for a scapula reference system to be reconstructed for every
measured frame. The orientation of thiference system is used to decompose Euler angles and
describe scapula orientation. Similar to the
measuring static postures. However, the measurement of each posture is reduced compared to the
2.5 minute noted by van der Helm and Pronk (1995), as orientations of the humerus, clavicle,
and torso area reconstructed each frame from electromagnetic sensors with embedded reference
systems. Locator accuracy was assessed in a similar fashion as the palpati@nsatibn
results were found to be c opapaor(l®95), withdome van de

differences being attributable to methodological differences.
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Figure 1: Adjustable scapula locator (Meskers et al., 1998)

Scapula tracke(Karduna etl., 2001): An electromagnetic receiver is mounted to an
adjustabl e fbaseo-ptolrati ocno mffo rt mhse tsac atplud amisdg i ne
extends from the base and at its end is a footpad secured to the posterior lateral acromion (Figure
2). Bath the base and the footpad are secured to the skin overlying the scapula with Velcro.

Scapula anatomical landmark locations relative to the reference system embedded in the receiver
are determined with a digitizer and reconstructed for subsequent trackieds. The advantage
of this technique is that it can record dynamic scapula motion. Also, the scapula tracker has been

validated with bone pins for humeral elevation angles less than 120°

Figure 2: Scapula tracker fixed to the midportion of the scapila spine and posterior lateral acromion
(Karduna et al., 2001)

Acromion marker clustgiMcQuade and Smidt, 1998; Karduna et al., 2001; van Andel et

al., 2008): Either an electromagnetic receiver or marker cluster is fixed to the pdaterialr
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acromionproximal to the deltoid attachment (Fig8e Similar to the tracker method, relevant
anatomical landmark locations relative to the cluster are captured in a calibration frame and are
reconstructed in subsequent frames. The majority of recent studdedingcscapular motions

use a version of the acromion marker cluster (AMC). The major difference between studies
centers on the materials used to construct the acromion reference system (e.g. active or passive
infra red markers, electromagnetic sensorkjs Technique has also been validated using bone

pins for humeral elevations under 120° (Karduna et al., 2001).

Wi,

Figure 3: Acromion marker cluster (AMC) attached to acromion (van Andel et al., 2008)

Measuring clavicle rotations with surface markerdss ahallenging due to skin motion
artifact and methods to correct this error have been attempted. The most accurate way to measure
clavicle motion and minimize this error is with a coordinate system fixed to a bone pin inserted
into the clavicle (Inman etl., 1944; Karduna et al., 2009). However, because of the invasiveness
of this technique and the difficulties in measuring axial rotation with surface markers,
sternoclavicular (SC) and acromioclavicular (AC) joint motion is often ignored in many upper
limb kinematic analyses. At best, clavicle protraction/retraction and elevation/depression angles
are used to describe the translation of the scapula (Anglin and Wyss, 2000; Karduna et al., 2001;

McClure et al., 2001; 2004).
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A new technique that attemptsttack 3D clavicle rotation with a coordinate system
fixed to the skin overlying the clavicle has been proposed by Szucs et al., (2010). In their study,
clavicle kinematics was measured simultaneously with alsksed coordinate system and a
bonefixed sydem on six cadaver shoulders. Corrective regression equations using
thoracohumeral (TH) elevation angle and recorded rotations were generated that correct
elevation angle and axial rotation. Limitations to this technique are obvious including the use of
cadavers and limited number of specimens. However, the regression equations generated offer
the only available method to define an orthogonal clavicle coordinate system that is crucial in

describing3D clavicle rotations in accordance to ISB standards (Yl.e2005).

2.1.2 Euler Angles

Commonplace in upper limb kinematic analysis is the use of Euler angles to d8Bcribe
joint rotations. Euler angles allow for the orientation of one segment to be described relative to
another segment or system of interestwiein the two segments is some articulation where
these rotations are assumed to take place. To apply this technique to a desired joint, body
segment coordinate systems of the segments proximal and distal to the articulation are first
constructed using apppriate anatomical landmarks. Then, the orientation of the distal
segment 6s coordinate system is described rela
using three rotations (i.e. AEuler angleso) o
chosen, the descriptive Euler angles can be used to describe clinically relevant joint rotations

(Wu et al., 2005), as well as joint dynamics if desired (Vaughan et al., 1999).

2.1.3 Euler Angle Limitations
The magnitudes of the Euler angles calculated depeidecorder of rotation because

the rotations are not cumulative (Hill et al., 2007). Depending on the order of rotations about the

13



distal segment axes, the resulting Euler angles will be different. For some investigators, this

notion is seen as a drawbaokthe techniqueWoitring, 1994. When Karduna et al (2000)

altered rotation sequences differences in joint rotations were as large as 50°. An often cited

clinical
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A second drawback of using Euler angles to describe joint motion is that one must

assume that there is no joint translation. Neglecting to account for intersegmental translation

when modeling shoulder articulations will result irscéptions unrepresentative of clinical

reality. For example, due to the degree of freedom constraints of Euler notation, the

glenohumeral joint is often modeled as a pure ball and socket joint with no linear translation

between the glenoid fossa and huahéead. However, it is know that as the humerus is

elevated, the GH center of rotation is not fixed, and that the humeral head, slides and rolls along

the glenoid fossa (Paletta et al. 1997; Yamaguchi et al., 2000). Attempts have been made to

account folboth ST rotations and translations at the AC joint. Karduna et al (2001) and McClure
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et al (2006) have modeled the ST joint motion with 3 degrees of rotational freedom and 2
degrees of translational freedom. Translation was limited 2 degrees of freedom
(elevation/depression; protraction/retraction) due to the rigidity of the clavicle.

A final drawback associated with the use of Euler angles is the potential for Gimbal lock.
Gi mbal |l ock occurs when the sequentagonof r ot at
causes axes to become coincident (Hill et al., 2008). A system that once had 3 DOF becomes an
indeterminate 2 DOF system. For example, in a shoulder abducted to 90°, the axial rotation axis
of the humerus would coincide with the flexion axis of @t¢ joint. If the first Euler angle of
the sequence is flexion, the system would be indeterminate (Rab et al., 2002). If the experimental
design does not guard against Gimbal lock, erroneous shoulder kinematic measurements will

result.

2.1.4 Standardization o$houlder kinematic descriptions

The widespread use of Euler angles in shoulder kinematic studies has resulted in the
establishment of standardized protocols for reporting shoulder kinematic data. Standardization
prevents comparisons of rotations deduiteth different rotation sequences. The
Standardization and Terminology Committee of International Society of Biomechanics (ISB)
proposed definitions of joint coordinate systems and rotations for each segment and articulation
of the upper limb (Wu et al. 0D5). The definitions are outlined in a way similar to that of Grood
and Suntaydés AJoint Coordinate System (JCS) o
fixedo axis is identified in each segment who
segnents share a common fAfl oatingo axis that 1is
description, the rotations of the distal segment are described with respect to the proximal

segment, using rotations about the body fixed and floating axes. iEngations of the axes are

15



defined to allow for clinically relevant joint rotation to be determined. A summary of all upper
limb anatomical landmarks and JCS defined by the International Society of Biomechanics are
provided by Wu et al. (2005).

When intepreting the results from past studies, consideration to the methods used is
important when interpreting results. Studies specifically measuring scapular kinematics have also
been performed utilizing methods geristing ISB standards with the abovementbne
techniques (van der Helm et al., 1995; Karduna et al., 2001; McClure et al., 2006). In the
following section, all joint motions are summarized using the joint coordinate systems defined
International Society of Biomechanics guidelines unless otherveiss\Wu et al., 2005).

Glenohumeral (GH) jointThe GH joint is typically modeled as a perfect tmaibsocket
joint with 3 degrees of rotational freedom. The sequence of the three rotations is §Figure

1) Plane of elevation measured about an axigifieethe scapula coincident with the y
axis of the scapula

2) elevation about the humeral fixed axis coincident with Hagiz of the humerus
coordinate systems

3) axial (internal/external rotation) about theyis of the humerus
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Figure 5: Humerus coordinate system and example of GH joint motion. Lowercase h refers to the humeral
local coordinate system; lowercase s refers to the scapula coordinate systenGiBnohumeral plane of
elevation; 2) Thoracohumeral elevation; 3) Humeral axial rotation (Wuet al., 2005)

Sternoclavicular (SC) joinfThe sequence of rotations defined for the three SC joint are
(Figure6):
1) Clavicle retraction/protraction about the fixed thorax axis coincident with-thesy
of the thorax coordinate system
2) Clavicle elevatiofdepression about a common axis perpendicular to the fixed axes of
the thorax and clavicle coincident
3) Axial rotation about the fixed clavicle axis coincident with tkexis of the clavicle

coordinate system

Figure 6: Clavicle coordinate system andxample of SC joint motion. Lowercase c refers to the clavicle local
system; lowercase t refers to the thorax system. 1) Sfotraction/ retraction; 2) SC depression/elevation; 3)
Clavicle axial rotation (Wu et al., 2005)
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Acromioclavicular (AC) jointThesequence of rotations defined for the AC joint is
(Figure7):
1) Scapula retraction/protraction relative to the clavicle fixed axis coincident with the y
axis of the clavicle
2) Scapula lateral/medial rotation about the common axis perpendicular to theeclavicl
and scapula fixed axis
3) Anterior/posterior scapula tilt about the scapula fixed axis coincident withadkis z

of the scapula coordinate system.

Figure 7: Scapula coordlnate system and example of AC Jomt motion. Lowercase S refers to the scapolzal
coordinate system; lowercase c refers to the clavicle coordinate system. 1) AC protraction/retraction; 2) AC
lateral/medial rotation; 3) AC anterior/posterior tilt (Wu et al., 2005)

Scapulothoracic (ST) joinfthe ST joint is often modeled as a semt with 3 degrees of
rotational freedom about the thorax local coordinate system. It is important to note that the ST
joint is not a true joint as it has no fixed axis of rotation. Rather, motion descriptions for this joint
describe segment rotation noint rotation (Hill et al., 2007). ST joint motion is typically
documented relative to humetlibracic elevation. The ratio between ST joint motion and
humer al el evation is called fAirhythm. o The seq
ST joint is:

1. Scapula retraction/protraction about fixed thorax axis
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2. Scapula lateral/medial rotation about the common axis perpendicular to the fixed axis
of the thorax and scapula

3. Scapula anterior/posterior tilt about the scapula fixed axis

2.1.5 Normalshoulderjpnt s6 ranges of moti on

Shoulder joint motion ranges are typically presented relative to humeral elevation angle.
Since the majority of methods used to collect scapular rotational kinematics are valid for less
than 120° of humeral elevation, most jointgaa presented in the literature are only valid sub
maximally. Table 1 indicates the average resting position and end range of motion at 120°
humeral elevation for each shoulder joint (Ludewig et al., 2009). End ranges were averaged
across each plane to gian indication of general shoulder motion. For instance, from the table,
one can see that ST joint upward rotation increases nearly 44° on average (from 5.4° to 50°)
during humeral elevation. An example plot of ST joint motion is demonstrated in Bidtoe

additional plots of shoulder motion, the reader is referred to Ludewig et al (2009).
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Table 1: Shoulder jointsd range of moti on: I nitial =
in the respective plane anatomical positin. All angles are measured relative to the torso with the exception

of the acromioclavicular and glenohumeral joints and are averaged across frontal and scapular plane

abduction and sagittal plane flexion

Joint *Mea}r} initial 1Ave_rage er
position (°) postion (°)
Sternoclavicular joint (SC)
Retraction| 19.2 (SE 2) 39
Elevation| 5.9 (SE 1) 17
Posterior rotatior;, 0.1 (SE 0) 31
Scapulothoracic joint (ST)
Internal rotation 41.1 (SE 2) 35
Upward rotation 5.4 (SE 1) 50
Anterior tilting | 13.5 (SE 2) -8
Acromioclavicular joint (AC)
Internal rotation 60 (SE 2) 65
Upward rotation 2.5 (SE 1) 16
Anterior tilting | 8.4 (SE 2) -15
Glenohumeral joint (GH)
Elevation| 0.8 (SE 1) 85
Plane of elevatiorl 3.1 (SE 2) -
External rotatn | 14.1 (SE 4) 51

It is well establish that there is high betweseribject variability in shoulder kinematic
measures. For example, recorded ratios between GH and ST rotation vary between 2:1 (Inman et
al., 1944) to 7:1 (Doody et al., 1970). In additibetweersubject scapula protraction/retraction
recorded during elevation is most variable of the three scapulothoracic measures (McClure et al.,
2004; Ludewig et al., 2009). As the humerus is elevated, it is known that the scapula consistently
rotates upvard, and tilts posteriorly. However, whether the scapula protracts or retracts appears
to depend on the individual. WithBubject kinematic measures are more precise, although
accuracy is difficult to determine. Typical tr@kHtrial intra-class corredtion coefficients of
measured joint rotations are typically above 0.94, signifying that rotation measurements were

repeatable (Bourne et al., 2007; Ludewig et al., 2009). Scapulothoracic rotation root mean square
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differences between trials range from 1(B&urne et al., 2007) to 5.4° (de Groot & Valstar,

1998)
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Figure 8: Plot of 3D scapulothoracic motion relative to humeral elevation angle (from Ludewig et al., 2009)
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2.2 Determinants of shoulder kinematics

2.2.1 External force

Scapular kinematics are dependemtize weight held in the hand, although the
magnitude of the affect is difficult to concluddcQuadeand Smidt (1998) used the acromion
mar ker c¢cluster method (via an el ectromagnetic
effects on scapula laténatation in scapular plane abduction. Three loads were tested: passive
abduction, zero external load, and maximal resisted arm elevation applied using a Cybex
isokenetic dynamometer. The ratio of scapula lateral rotation to thoracohumeral elevation was
not consistent between conditions. Important to note, however, is that the largest relative changes
were seen at near maximum humeral elevation angles and beyond the range that the cluster
method has been validated. Pascoal et al (2000) attempted addnessdhv scope d¥icQuade
and Smidtds investigati on. -Bhkgeandtasteddifferented mode
planes of humeral elevation (frontal and sagittal). They also found that the affect of load was not
consistent for all planes tested alldrotations calculated. Unfortunately, the direction of the
affect is unclear and interactions between elevation angle and external load were not accounted
for. Kon et al (2008) found significant affects of arm load on lateral scapular rotation at

scaplothoracic elevatiomangles between 35° and 45° only (FigQye
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Figure 9: Plot showing a significant effect of external load on scapular lateral rotation at 35° and 45° of arm
elevation (Kon et al., 2008)
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2.2.2 Humeral elevation velocity

Recent evidence ggests that the velocity of humeral elevation will affect scapular
kinematics. de Groot et al (1998) found a significant effect of scapular plane humeral elevation
velocity of planar scapular kinematics, but concluded that the differences were negirgably s
However, the fidelity of de Groot et al ds fin
calculated with a-2limensional xray video system. Later work comparing dynamic and static
scapular orientation during scapular plane abduction showescéyaular lateral rotation
measurements were significantly different, although the techniques used to assess motion were
not the same as de Groot et al. (Johnson et al, 2001). Later work by Fayad et al (2006)
investigating sagittal plane flexion and frahplane abduction found less scapula lateral rotation
in dynamic measurements. Reasons used to explain the differences between static and dynamic

measures are speculative and generally lack rigorous evaluation.

2.2.3 Plane of elevation

The plane of humeral @ation often dictates shoulder joint orientations. Ludewig et al.
(2009) directly tracked clavicle, humerus, and scapula movements with electromagnetic sensors
fixed to bone pins during humeral elevation in frontal, sagittal, and scapular planes. @hese pl
have been investigated before, but rarely are all three evaluated in the same investigation. This
allows for comparisons of SC, AC, GH, and ST joint motions across the same population
sample. For example, in each elevation plane, transpéase joirt rotations showed the largest
changes in magnitude for each plane. In flexion, the clavicle was more protracted, the scapula
was more internally rotated, and the humerus was more internally rotated than in abduction.
Detailed descriptions of the signiéint joint rotation differences across planes are numerous and

described by Ludewig et al (2009).
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Scapular kinematics observed during arm eccentric humeral lowering show subtle yet
significant differences compared to concentric arm elevations. Ludewid2809) verbally
described small differences between lowering and raising the humerus, although these
differences were not presented graphically nor tabulated. Borstad and McClure (2002) did not
find any significant changes in scapular kinematics betwasing and lowering the humerus in
the scapular plane below 80°. However, at higher abduction angles, greater posterior scapular
tilting was evident. McClure et al (2001) observed similar scapular joint rotations patterns for
both raising and lowerinthe humerus, although joint rotation description differences between

the two actions reached 5° or more.

2.2.4 Injury
A connection between shoulder kinematics and shoulder pathology has been made.

Unfortunately, whether the altered kinematics-@xest an injuy or are caused by an injury is

unknown. The | inks between injury and kinemat

bet ween shoul der pathology and shoul der moti

2.3Clinical implications of scapular motion
Shoulder pathology occurrence has beéekel to scapular kinematics and relative
muscle activity. This deduction comes from comparing kinematics and EMG profdes of
injury symptomfree population sample to an affected population. Comparisons do not always
yield consistent results and whetloemot the aberrations are compensatory or causal is often
speculative. Although causation cannot be confidently determined, the link between altered
kinematics and muscle activity to shoulder pathologies, such as rotator cuff disorders or

glenohumeral istability, is interesting and warrants further research. Future references to
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typical population sample.

2.3.1 Links between shoulder pathology and shoulder motion

Shouder pathology is often associated with abnormal scapular kinematics. Shoulder
disorders linked to deviations in scapular kinematics include rotator cuff disorders (Cools et al.,
2003; Phadke et al., 2009), GH joint instability (Matias and Pascoal, Z0@badhesive
capsulitis (Fayad et al., 2008). The rotator cuff disorderagubmial impingement syndrome
(SAIS) has received the most attention in kinematic studies due to it high prevalence in working
populations (Cook et al., 1996; Hagberg and Wegm@8i7;1Herberts et al., 1984). First
described by Neer (1972) SAIS is a consequence of mechanical compression of the rotator cuff
muscles (particularly the supraspinatus tendon)saiséhcromialbursa against the undersurface
of the acromion process (Figut8). Scapular lateral rotation and posterior tilt present in normal
populations are said to occur to increasestiteacromialspace as the humerus elevates and thus
decrease mechanical compression on the rotator cuff (Cools et al., 2003). Any significant
increase in this rotation in patients with SAIS is assumed to be compensatory. If a causative link
between the shoulder pathology and scapular kinematics is made, clinicians can design

interventions that prevent future injury by correcting the kinematics.
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Supraspinatus
tendon

Figure 10: A visual representation ofsub-acromial impingement of the supraspinatus tendon andub-
acromial bursa

Unfortunately, the kinematic changes correlated with SAIS are not consistent. McClure et
al. (2006) found increased scapular lateral rotaéind clavicle elevation during humeral flexion
and greater posterior scapular tilt and clavicle retraction in scapular plane humeral abduction in
patients with SAIS. On the contrary, Endo et al, (2001) found less lateral scapular rotation and
posterior it in symptomatic subjects. Ludewig et al (2000) investigated the affect of elevation
angle on lateral rotation and saw an initial decrease in symptomatic subjects at angles below 60°
and then a compensatory increase as the humerus was positioned db&x@@dations for
these discrepancies are likely associated with methodological differences. Ludewig et al (2000)
tested special population (injured construction workers) and tracked scapular motion utilizing the
acromion marker cluster method (McQuadd &midt, 1998), while McClure et al (2006)
utilized the scapula tracker (Karduna et al., 2001). Furthermore, Endo et al (2001) used planar
radiographic projections to calculate angles, while both McClure et al (2006) and Ludewig et al
(2000) described mmin with 3D Euler rotations. Also, interactions between plane of humeral

elevation and humeral elevation angle cloud interpretations.
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3. RESEARCH METHODS
Data collection occuedin sessions lasting approximatelye and a haliours in the
Digital Industral Ergonomics and Shoulder Evaluation Laboratory at the University of Waterloo.
Participantsaisedand loweedtheir right arm insix different vertical planes with posture

recordedwith passive reflective markerBach motiorwasrepeated twice.

3.1Participants

Twenty-nine (15 males; 14 femalesyht-hand dominanparticipants sampled from the
University of Waterloo student population volunteered to participate in this investigation.
(Participant anthropometrics are provided in Té&h)ld=xclusion criteridor study participation
included a history of shoulder instability, positive Neer (Neer, 1983) and Haviemnedy
(Hawkins and Abrams, 198%sts for shoulder impingemeimainful arc of motion between 60°
and 120° (Kessel and Watson, 1977) (FidLik or allergies to rubbing alcohol and skin
adhesives. The studgceived tearance from the Office of Research Ethics and participants

provided informed consent.

Table 2: Study participantsdé6 anthropometrics

Gender Age (years) Stature (cm) Mass (Kg)
Male 23.4 (+1.5) 180.2(+6.4) 82.9(+10.0)
Female 22.8(+3.0) 167.0(+7.6) 61.4(+12.7)
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Figure 11. Sub-acromial impingement tests: 1) Painful arc of motion (Hawkins and Abrams, 1987); 2)
Hawkins-Kennedy test; 3) Neer test (Park et al., 2005)

3.2Experimental vaables

Upper limbmotion datavascollecteddynamicallyduring each trial. Each triaéas
repeated twicerourindependent variablegeretested with differing levels of each variable:

1) Shoulder elevation plané)( 0°, 30°, O° (i.e. scapular plane$0°, 90°, 120°

2) Thoracohumeral elevation angle8)25 degree increments betweerf &0d 120,

measured dynamically

3) Motion phase (2): Raising, lowering

4) Gender (2): Male, female

The shoulder elevation plame&smeasured relative to the approximate glenohumeral
(GH) joint center. The 0° planeasparallel with the frontal plane whilhe 120° planewas
directed30° medialto the sagittal plandlevation planes were measured externally with a
goniometryabout a verticahxis coincident with the verticataxis d the thorax coordinate
system at the GH joint (Wu et al., 200Bhoracohumeral (TH) elevation angl@asmeasured
with kinematic datafter data collectioand defined as the rotation about an axis coincident with
the forward pointing yaxis of the humemuat the GH joint (See Table A2 and FiguresAMLin
Appendix A for descriptions of segment coordinate systeimsubsequent sections, values

referring to humer al el evati on i nimcremeeniancht s wi |
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elevation planevi | | be denoted using a #&humerllor exampl

elevation, while60R refers to the 60movement plane.

Each participanbad?2- seconds to raise their humepast120° starting from the
anatomical position and 2 seconds lowerttumerus to the initial positionith the aid of a
metronome. Dependent variablesrescapulothoracic (ST) +protractierétraction, ST
+medialtlateral rotation, ST +posterieahterior tilt, glenohumeral (GH) +anterigybsterior
plane of elevation, B -elevation, GH internal/+external rotation, sternoclavicular (SC)
elevation, SC +protractiofétraction, acromioclavicular (AGglevation, and AC +protraction/

retraction.

3.3Equipment

3.3.1 Motion tracking

Threedimensional thorax, clavicle, scapuladdmumerus motion were tracked using
eight VICON MX20 infrared cameras. The cameras tracked the position of ten passive reflective
markers secured to the skin over anatomical landmarks outlined in Table 3. Ten additional
markers constituting rigid markerusters of the humerus, acromion marker cluster, and
digitizing stylus trackeTable 4, Table A3 in Appendix A). Captured kinematic data was
recorded using the VICONexus 1.4 softwar@/ICON Motion Systems, Oxford, UK) at a 50

Hz sampling rate.
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Table 3: Anatomical locations and acronyms of reflective markers

Marker Description
label P
C7 7th cervical vertebra spinous process

RA Right acromion
AC Right AC joint

SC Right SC joint

LA Left acromion

SSN Suprasternal notch
XP Xyphoid process

T8 8ththoracic vertebra spinous process
ME Medial humerakpicondye
LE Lateral humeral epicondyle

Table 4: Cluster markers labels and descriptions

Marker
label

AMC1
AMC2 Acromion Marker Cluster
AMC3
HUM1
HUM2 Humerus triad
HUM3
STY1

STY2
STY3
STY4

Description

Stylus markers

3.3.2 Digitizing stylus
A digitizing stylus was manufactured from a rigid plate with a defined point (diameter
=2.0 mm) secured at one end. Four reflective markers (diameter = 9.@@nesecured to the
plate surface with@uble sided tapt create the stylus coordinate system (FidiBe The tip
wasat an orientation represented by the vector [7.0, 134.0, 25.5] mm measured in the local stylus
coordinate system from the origin at STY4 (FigL®e The stylusallowedfor sapular

anatomical landmark positions to be captured in a static calibration frame.
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Figure 12: Digitizing stylus with orthogonal coordinate systemXgis perpendicular to the plane created by
STY1l, STY2, STY3, and STY4 dfthestylus ed f or war d. AT

3.3.3 Acromion marker cluster

The acromion marker cluster (AMC) methdddQuade and SmidiL998; van Andel et
al., 2008) was used in an effort to reduce skin motion artifact during scapular motion capture.
The method has been validated for humeladation angles less than 120°. The AMC used
consisted of a triangular cluster of three reflective markers {inéeker distance 30 mm) fixed
to a rigid pl at eracket.dherbase of theobracket v posittohed dvér the flat
portion ofthe posterior lateradcromionand secured with tape (Figut8). The cluster was
converted to a local coordinate systeothat scapular landmarkeuldbe measured relative to a
calibration frame (Table A3 and Figure A5 in Appendix A). The scapular laridmvere then
recreated in each frame for subsequent trials rather than being directly captured using skin

mounted markers.
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Figure1l33 Acr omi on marker c¢cluster secured to participant

3.4 Experimental protocol

3.4.1 Cdllection volume calibration

The 8 VICON camerawereaimed, focused and calibrated prior to motion data
collection and participant instrumentation. First, the calibration wand provided by W&GN
placed in the center of the anticipated motion captulenwe and each camenasaimed and
focused to ensure that any reflective marker passing through the wohsuisible by all
cameras. Any aberrant reflective noise seen by camas®manually masked\ext, the VICON
camerasverecalibrated allowing theystem to define the capture volume and the relative
orientation of the cameras. To calibrate, the calibration wasivaved through the collection
volume, allowing each camera to record the wand position. The calibveasaeemed
acceptable if the roomhean square difference of the markers recorded locations and real locations
wereless than 0.20 mm for each camera. Finally, the global coordinate systenwaisgin
defined as gointon the ground so that all participant marker positiwasepositive. The global

positive x y- and zaxesweredirected right, forward and up in relation to the body, respectively.
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