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Abstract
Background and significance:Shoulder impingement is a common shoulder pathology
which is associated with changes in kinematics and muscistyaetround the shoulder
joint. The changes in muscle activity are theorized to be causethdnges in motor
program strategies controlling the smooth and coordinated movemertis @irits.
Changes in muscle latencies, especially feed forward cowninacindicate alterations in
these motor control programs. The purpose of the study was to &msdgerences in
the latencies and deactivation times of scapular muscles betsudpects with and
without shoulder impingemeriResearchMethods: Twenty five healthy subjects and 24
subjects with impingement were recruited. Scapulothoracic amdlgleneral kinematic
data were collected using an electromagnetic system. @meolisly myoelectric
activities using surface electrodes from upper trapezius, loageius, serratus anterior
and anterior fibers of deltoid were collected as subjectsdraisd lowered their arm in
response to a light cue. Data was collected during unloaded, loadedter performing
repetitive arm raising motion condition8nalysis: The ratios of the number of feed-
forward contractions during trials were compared by chi squalgssacross groups
and conditions. The other variables were analyzed using 2 or 3 wad miodel
ANOVAs. Results The percentage of trials showing feed forward contractioas w
higher for upper trapezius and lower trapezius in the unloaded condittbiower for
serratus anterior in the condition after repetitive motion for #ubjects with
impingement as compared to healthy subjects. Subjects with iemerg also
demonstrated significantly earlier contraction of upper trapeznd an earlier
deactivation of serratus anterior during lowering of the armoagpared to the healthy



subjects. All subjects exhibited an earlier activation and delagactivation of lower

trapezius and serratus anterior in conditions with a weight héldnd. The study found
decreased scapular upward rotation, decreased posterior tilt asgl anterior plane of
elevation in combination in subjects with impingement using lagisgression analysis.
No significant group differences were found for muscle actiagya percentage of the
reference contractionDiscussion and conclusionsThe subjects with impingement
showed some significant differences for muscle activation andtivkggan times to

indicate differences in motor control strategies. Rehabilitatoeasures should
incorporate appropriate training measures in tandem with $tiemgg and stretching

exercises to focus on improving movement patterns and muscle control.
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CHAPTER 1
INTRODUCTION

Background and significance: Overview of shoulder impingement

The shoulder joint complex consists of the sternoclavicular (SC),
acromioclavicular (AC) and the glenohumeral (GH) joints. It enjgseater range of
motion than any other joint in the body. However, this high mob#isylts in challenges
to the static and dynamic stabilizing structures of the shoualolaplex. The motion at
the glenohumeral joint depends on the smooth, coordinated motion of the S¢éaphia
scapular motion, in turn, occurs due to the rotations at the SC andoiAC
Consequently, the shoulder depends on numerous muscles not only for gerleestng
large amplitudes of motion but also for contributing to its dynarabilgy during
motion.

Shoulder impingement is defined as the compression and mechanasbalwf
the rotator cuff structures as they pass beneath the coragoalc arch during the
elevation of the arfh The coracoacromial arch consists of the coracoid process,
acromion, coracoacromal ligament and the AC joint. Traditionallycoinéact of the soft
tissue structures with the arch during motion was termed as iempénd. It is now more
specifically termed as subacromial or external impingementh ¥ie increased use of
arthroscopy, tears and abrasions were identified on the under-sofftue rotator cuff
tendons. This contact of the soft tissue structures against the glesolabrum was
termed as internal impingement. This entity can be clinidalipd on both anterior and
posterior aspects though the latter has been stronglydétagxcessive humeral external

rotations required during certain sporting activities such as baseball



The large number of shoulder related problems necessitates astandierg of
the mechanisms for altered kinematics for better designaifriemt strategies. The most
common etiological basis for rotator cuff tendinopathies is considerde repetitive
traumd. Certain populations exposed to such cumulative trauma injuries include
sportsmen and workers involved with overhead work, musicians and peomgeuneel
chairs™. In an extensive survey about shoulder related problems, the awthnesthat
impingement was the most common diagndsidleef described impingement as an
encroachment of the supraspinatus outlet area which could progresatto cuff tears.

An MRI study in asymptomatic individuals revealed that 50% of the ptpalabove 60
years of age have partial or complete rotator cuff targéhen symptomatic they are a
source of much functional limitation for the patient and may n#a&ssoperative
interventions.

There have been several studies which have tried to associatevihéons or
alterations in the “normal” pattern of scapular or glenohumeralomatith shoulder
impingement*® The study of these motion related abnormalities helps to describe
probable mechanisms which may be associated with either caoasiaggravating
shoulder pathology. Nonetheless, according to another viewpoint, thatiaiterin
movement may arise only as a compensatory mechanism to theamhishoulder

dysfunctiort”.

Shoulder kinematics in healthy subjects
Scapular motion was traditionally measured in 2-dimensional (2D)estuldiring
arm elevation. These studies aimed to measure the scapulabuions, especially

2



upward rotation during the scapulohumeral rhythm. However, it is now weptacctat
the scapular motion needs to be measured in all three dimensipasadyg when
shoulder pathologies are associated with motions other than upwardmrotdtere have
been studies to support the theories which associate certain scapdldnumeral
kinematics variables with the decrease in subacromial safetidearance space. Some
of them include an increased anterior'§jlincreased upward rotatibhand decreased
humeral external rotatioh

There is growing evidence that proves that the scapula usuallydlpweatates
and tilts posteriorly as the arm elevateéd %2 The descriptions about the scapular
approximately vertical axis rotation (internal/external t#otgt have been the most
variable. As it is difficult to accurately measure scaprgéations at arm elevation angles
beyond 120 degrees with surface serf8ptisere is less information about the pattern of
motion throughout the end range of motion. Though, it has been demongtetéiet
scapula externally rotates after arm elevation reaches a@@id0° of elevation by
fixing sensors attached to pins inserted into the scagltil@he clavicle shows a pattern
of increased elevation, retraction and posterior long axis rotatitteaam elevatés™"
23,24 At the same time, the AC joint demonstrates increased ihtextadion, posterior
tilt and upward rotatiott® There is evidence for increased external rotation at the
glenohumeral joint during arm elevation which is believed essdatialearance of the

greater tuberosity away from the coraco-acromial’arch®®



Shoulder kinematics in shoulder impingement

To obtain a better understanding of the relationship between motion and shoulde
impingement, the descriptions of the motions at these joints havebeds studied in
patients. Some differences seen relatively consistently adiffsient studies involving
subjects with impingement include an increased clavicle elevatecreased scapular
posterior tilt?** 27 The discrepancies arise when some studies report an increase i
upward rotatiof® and others report a decrease in upward rotation Valdés’ for the
impingement population. With the variability associated with thatioel of scapular
upward rotation to subacromial space reductions, it is unclear evitbttse deviations in
patients are mechanistic causations to impingement or a positiygeasatory change in
patients. Other reported differences include an increaseapulse internal rotatidi' *°
in people with impingement.

The differences are not consistent across the kinematics stubdiels may be
related to different methodologies and subject sample selectioms.imnfpingement
syndrome consists of a very broad spectrum of disorders withnigatlinability to
completely differentiate its overlap with glenohumeral instgbdnd partial rotator cuff
tear$®. Hence, there is always a risk of analyzing a heterogeneoup @f patients.
Moreover, the etiology of impingement syndrome is multi-faatoiithe possible causes
for the presentation of symptoms range from anatomical factal as abnormal
acromial morpholog or AC osteoarthritis, to tightness in the pectoralis minor mtfscle
tightness in the posterior capstieintrinsic cuff failures (degenerative changes of
tendons), glenohumeral instability or symptoms secondary to m@&won& associated
with repetitive strain or fatigue. It has also been challengingcreen subjects with

4



impingement for either only subacromial or only internal impingeanas there is a lack
of sensitive clinical testing measures and both group of pateetent with similar
clinical symptoms. Furthermore, until recently there was lessindented literature
available for clinically evaluating scapular motion abnormalibledyskinesia in subjects
to allow inclusion of only those patients who may have a pathology iassbavith
abnormal scapular kinematics. Hence there is a variabilityingle literature regarding
the outcomes of studies which have compared scapular kinemape®pte with and
without impingement.

Nevertheless, the increase in clavicle elevation is a censi$ihding across
studied® ' It may be associated with the increase in upper trapezilisgtfivity also
found across various studtés®® 33 Other consistent electromyographic findings across
studies have been decreases in activity in serratus anteridermupeople with shoulder
dysfunction$® ***° The arguments suggested for the associations of muscle activity
changes in people with impingement include changes in musclgtstreecondary to
pain or fatigue, structural deficits due to tendon tears; kekd motor control strategies

in patients.

Muscle activity in shoulder impingement

The upper trapezius activity found during the most studied motion of arm
elevation does not exceed 25-30% of maximum voluntary contraction undedad|
conditions® ** These values are small enough not likely to be affected rbpgsh
differences across groups. However, these may be suggestivelange in motor
control strategy in patients which contributes to altered kitiesn&vhile using their arm

5



overhead. Also, studies which involved repetitive shoulder motion in healtiy
impingement populations, found that though strength deficits occur im dpatups
equally, kinematic changes were more dramatic in people wifingement. Some
studies have shown changes in kinematiesd improvement of strendthin subjects
with full thickness rotator cuff tears after pain relief obtditg subacromial injections
which suggest that pain seems to be an additional contributory m&chmchange in
muscle activity rather than structural deficits. Pain has lassociated with inhibition of
muscles and changes in motor programs such that patients usa atievement
patternd®*2

Physical therapy management of shoulder impingement related grain
dysfunction is often focused on stretching the tight structyestdralis minor/posterior
capsule) and strengthening of other muscles (rotator cuff, loapezius and serratus
anteriorf**® though no conclusive studies suggest weakness of these muscles. Shere ha
been some anecdotal evidence about lack of scapular muscle contrtd association

with shoulder patholody *’ Repetitive motion tends to aggravate the problems

associated with extrinsic compressiband it is also postulated that repetitive motion

makes the lack of scapular muscle control more visibly apffarent

Relevance of the proposed study

One of the few ways in which muscle/motor control is studiethisugh the
study of muscle activation and deactivation time. This informati@amgalwith the
knowledge of the muscle amplitude through the range of motion can pmosiglets into
any muscle inhibition or motor control abnormalities. Though previous tigaéisns

6



have made contributions to the issue of muscle latency in peoplenvaihgement, they
are constrained by inadequate power and lack of comparative aralysiapular and
glenohumeral muscle latenci®&8? The study of the glenohumeral muscle (deltoid)
latency can provide additional information about the relationship betteemprime
mover and the scapular stabilizer muscles. Also, to the best krgevbédhe author, the
effect of loading and repetitive motion has not yet been studied on tateocy of
scapular muscles, especially in people with impingement. The primapose of the
proposed study is to identify differences, if any exist, betwetative muscle latency for
trapezius and serratus anterior in patients with impingement@yedas compared to an
asymptomatic control group. Secondarily, the proposed study shall prosmeined
information about the relative amplitudes of muscle activity and shokidematic
descriptors for people with and without impingement during loaded arm icmsdénd

after repetitive motions.



Hypotheses:

1. Under all conditions, the latencies of scapular muscles (upperziiapdower
trapezius and serratus anterior) as compared to anterior deltbidsheow a
feedforward contraction only for healthy subjects and not for peapith
impingement syndrome.

2. The absolute latency of the muscles as measured from thestightius will be
affected by group and condition as follows:

a. The absolute latency of serratus anterior and lower trapezilisbwvi
significantly higher in people with impingement as compared to healt
individuals.

b. The absolute latency of all muscles will be significantly gethin both
groups after repetitive motion as compared to the unloaded condition.

c. Lower trapezius absolute latency will decrease with loadingpagpared to
the unloaded condition of the arm in both groups.

3. The relative latency of serratus anterior, upper trapezius lavmer trapezius as
measured from the onset of anterior deltoid will be affectedrbypgand condition
as follows:

a. The serratus anterior activation will be followed by a sigaiiity slower
activation of upper trapezius and then by lower trapezius in healthy
individuals under all conditions.

b. Under the loaded condition, the relative latency of scapular musdles w
significantly decrease as compared to the unloaded condition for subject

with impingement.



c. Across conditions, there will be a significant delay in relatatency of
serratus anterior and lower trapezius and significantly shaiegive latency
of upper trapezius in people with impingement as compared to healthy
subjects.

4. The angular value of humeral elevation when each scapular musdlebevil
deactivated will be significantly lower in healthy subgeets compared to people
with impingement. The difference between groups will be sigmfiy lesser for
loaded conditions and after repetitive motion.

5. Under the unloaded condition, there will be differences observed in &iitem
descriptors for scapular tilt, internal rotation and upward wtatetween subjects
with and without impingement. Subjects with impingement will showredesed
upward rotation, increased internal rotation and decreased post#rior Iboth
elevation and lowering phases.

6. After repetitive motions, the scapulohumeral rhythm will shoffecknces across
groups such that there will be a higher slope of the regredsienbetween
glenohumeral elevation and scapular upward rotation in subjects wthgement
after repetitive motion.

7. The EMG of the muscles will be affected by group and condition irfalt@ving
ways:

a. Under all conditions serratus anterior will show significandkgcreased
activity as a magnitude percentage of referenced contractionnoeion
increments from 30°-60°, 60°-90° and 90°-120° in subjects with impingement

as compared to healthy subjects.



b. The lower trapezius will show significantly decreased agtivitpeople with
impingement as compared to healthy subjects during the lowerirsg phia

the unloaded condition.
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Definition of terms

1.

Dyskinesia Dyskinesia will be defined as an immature or excessiwatta or
protraction or non-smooth motion during arm elevation, or the posterior
prominence of the medial border and/or inferior angle.

Muscle onset The instant (beginning of the 25 msec. period) when the average
muscle activity exceeds the baseline activity (measured fondsx. before the
trigger/light cue) by 3 standard deviations and is maintainedh#l muscle
deactivates in the lowering phase.

Absolute Latency— The time period (msec.) for the muscle to get activated afte
the light signal is triggered.

Relative latency The time period (msec.) between the onset of anterior deltoid
and the referenced muscle.

Feed forward contraction- The onset of a muscle will be termed as feed-forward
if it has an onset before or up to 50 msec. after the onset of anterior deltoid.
Deactivation time- The instant (beginning of the 100 msec. period) when the
muscle activity falls below the sum of the mean and 3 stardaidtions of the
baseline activity (measured for 50 msec. before the trigget)isa maintained

there after.
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CHAPTER 2
LITERATURE REVIEW
The “Critical Zone” of the Supraspinatus Tendon

Other than motion related abnormalities, one of the commonly proposed
mechanisms of development of supraspinatus impingement is lack qiaaeleblood
supply to its tendon insertion. The earliest studigsinvolved microangiography and
histochemical methods in cadavers to investigate the abserglative dearth of vessels
around the insertion site which was termed as the ‘critical zdRathbun and Macnab
concluded from their cadaver study that the supraspinatus tendonomsertbetter
perfused in an abducted position than in a rest position. Lohr and Uhfoafid that the
articular side of the supraspinatus tendon was more sparsely perfused thasahsidieir
These studies are questioned as they study distribution of dyeerres instead of actual
blood flow in vivo. The presumption that all small arterioles/capétaget filled with the
dye and can be adequately seen or measured is questionable.

Recently Rudzki and colleagd@$ave shown, in vivo, age and exercise related
changes in the vascularity of the supraspinatus tendon as miebguwentrast-enhanced
ultrasound characterization of vascularity. They studied young aret (O years)
healthy volunteers during rest and after exercise. They found aelatgd decrease and
post-exercise increase in blood flow to supraspinatus. In aafiffanalysis of the same
data, Adler and colleagu8<ound differences in the areas of the tendon itself such that
the medial articular side was least perfused as comparetetal larticular, medial and
lateral bursal sides. These differences were increased eafercise. Levy and
colleague¥ measured the blood flow in healthy subjects and in people with imparge

12



and rotator cuff tears intra-operatively using laser Dopplerrfietsy. They found a
significantly lesser flow in subjects with impingement tharmlttgy controls and an
increase in flow at the edges of the torn tendon. However, they dithdany area of
hypoperfusion or any critical zone in the tendon. This method allowealthers to see
the flow in very small branches which normally would have been miasthe injection
studies in cadavers. Swiontkowski and colleaffuesnversely found that there is a
hyperemic response to impingement which was attributed to theblsosgpair
mechanisms of the body.

Overall, it can not be conclusively said that the hypoperfused or hsqaaa
area, if present, is directly associated with increasingiskefor development of tendon
degeneration. Also, repetitive trauma to the tendon would most likelyr @t higher
elevation angles (at least beyond 30° of arm elev&iovhen perfusion has been found
to be better, which further weakens the argument for rel#itigof blood flow to any
subsequent tendon injuries.

The next few paragraphs describe normal shoulder kinematics actahges

seen in subjects with impingement.

Normal Kinematics

The scapula moves over the thorax during arm movement to orienteth@dy!
with the humeral head and to help maintain the length-tension relapaofsthe rotator
cuff muscles such that it optimizes their function during arm m&tiéhThe focus of the
early studies dealing with scapular motion was limited tord®sg the scapulohumeral
rhythm during motion. Amongst the 2-Dimensional techniques, many studiee done
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by taking serial X- rays' ®°® during shoulder motion. The technique involved static
positioning of the arm at certain levels of humeral elevation .Tdversuch studies are
limited by static analysis which may not be completely represeatait dynamic motion.
They are also limited by miscalculations due to projection éfraasd an inability to
describe scapular motions other than upward rotation. In spite of floailtlds to make
comparisons amongst these studies due to selection of differentaioinyarks to define
angular values and study of variable planes of motion, the resule studies show a
pattern of increasing scapular upward rotation with arm elevafibre classical
description by Inman et alclaimed a ratio of 2:1 between GH and ST motion for the
complete range of motion which was later found to be differemtsagoortions of the
range of motiof? °® and across different loading conditions of the ®Armihese studies
had focused on the motion of the scapula on the trunk which is not a troeneadht
joint. Dvir & Berné” proposed that through the clavi-scapular link, the scapular motions
are actually a combination of sternoclavicular and acromioclavigolat motions.
Nevertheless, due to practical implications to measure the A pootions and the
difficulty to appreciate it clinically, the motion of the scaphias been traditionally
defined with reference to the anatomical axes of the trunk everdimehsional (3-D)
studies. The scapula has been described to have an ability to ujpmanadardly rotate
about an approximately antero-posterior axis, anterior/posteriblly about an
approximately medio-lateral axis and internally/externaihate about an approximately
vertical axi§®?* 2" A study by Ludewig et & investigated 3-dimensional scapular
motion and muscle activity at static humeral positions. The snayded 25 healthy
subjects. Motion was analyzed at static positions of rest, 90°, an@fld@rherothoracic
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elevation during scapular plane abduction after the subject waktéx@ control system

to prevent changes in trunk position. Surface EMG was also recorded during motion from
trapezius, levator scapulae and serratus anterior and analyzedcestames of their
maximum voluntary contractions. The study revealed that the scsipales a pattern of
increase in upward rotation, posterior tilting and external rotatohumeral elevation
progresses. Also, the muscle activity progressively incredbesstudy makes important
contributions but is constrained by static analysis and measuramimited angles of

arm elevation.

Another 3-dimensional analysis study with 25 healthy subjects wastakele by
McQuade et al° to analyze the scapulohumeral relationship. Scapular plane abduction
was studied during passive, active and loaded conditions. The scapwkmduotation
and humeral elevation values were used to plot a relationship betinesnapular and
humeral contributions across different phases and loads. The angagasuring arm
elevation were calculated as percentages of maximum awatiele achieved by each
individual. The inferences drawn from the results support the pretiéescapular
contributions increase with loading during arm elevation. This has begported in
other 2-D studi¢¥ and 3-D studi€§' "

There are always issues related to limited accuracykiaf fsxed sensors. To
overcome this limitation, researchers have used pins to attaatr$efts or inserted
tantalium ball&® into bones. McClure et alused an electromagnetic sensor fixed to pins
drilled into the scapula to track its motion. The study was cdadwan the non-dominant
sides of 7 out of the 8 healthy individuals where the kinematicsagiuta and clavicle
were analyzed during scapular plane abduction, flexion, and duringrdluaraal
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rotation at 90 degrees elevation. Data was interpolated at Sedegrements and was
averaged over three trials. The results inferred from the saupport the results from
the earlier study by Ludewig et @lwhich suggests that the scapula rotates upwardly,
rotates externally along the vertical axis and tilts postgrias the arm elevates. The
curves for scapular tilting and external rotation were curvilimgtlr an increase in slope
predominantly after 90°, whereas, comparatively, upward rotation cumeesased
linearly with arm elevation. There were some slight differences fassx’) between the
elevation and the lowering phases of motion. Differences betwWeeation and lowering
of the arm have also been studied by Borstad and Lu&timigeople with and without
impingement. They found similar differences (<5°) betweswugs, more during the
lowering phase at higher elevation angles for scapular intestetlan and anterior tilt
positions.

The translations of the scapula seen as upward-downward motion durirges
shrugging are actually clavicular motions of elevation-depressonilarly, apparent
medial lateral translations of the scapular medial border aoeigbt about by
protraction/retraction motion at the sternoclavicular joint. The n@stdominant
clavicular motion during arm elevation is however the long axisiootaf the claviclé
2L75 The sternoclavicular motions describe a pattern of increaskiitle elevation,
retraction and posterior rotation as the arm elef&te$® "> McClure et af. studied the
clavicular angles of elevation/depression and protraction/retraictdirectly by tracking
the sternal notch and acromioclavicular joint during scapular plavatain and flexion
motions. The change in clavicle elevation position from rest to pealekvation was
found to be around 10 degrees. The clavicle retraction (around 16 delese® dn
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position from rest to peak elevation) occurred predominantly at hayigges. Fung and
colleague®’ inserted pins into the bones of cadavers and found similar directions f
clavicle motion during passive humeral elevation as found byatlierestudy, however,
the study found more curvilinear patterns. They also compared themstéor arm
elevations along different planes and found a trend of increasedlelaotations for
abduction than for scapular plane elevation or flexion. Ludewig €t d@scribed the
clavicular data using surface markers across differemteplaand elevation angles in
healthy people without shoulder pathology. The description is limitdd @odegrees of
humeral elevation as further surface tracking would be rendeaedurate due to skin-
slip issues. Clavicular protraction/retraction was found to be thé wvaogble motion.
Ludewig and colleagu&stracked the clavicular motions by inserting pins into the bones
of healthy subjects. There are differences as measured dating @otion in this study
and passive motion studied in cadavers by Fung and colléagtiess study found that
the clavicle motion showed a more linear change across elevatigsaThe change in
clavicle posterior rotation position was found to be most consisteossasubjects and
measured around 30 degrees. A study by Sahara®efaaind similar results using a
vertically open MRI. They found that during arm abduction, the clavicoiation
relative to the lung (trunk reference frame) showed 31° of teirac7° elevation, and
33° of posterior axial rotation.

The effect of clavicle rotations about the 3 axes does not tramsfivectly into
the same axis scapulothoracic rotations due to the clavi-scamgksa~70 ° in the
transverse plane). An increase in clavicle elevation angleiloot®s less to scapular
upward rotation and more to anterior'filtClavicle posterior rotation contributes mostly
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to scapular upward rotation and slightly towards posterior tilt. Amtlylaclavicle
retraction perhaps contributes mainly to scapular external rdfation

Owing to the difficulties associated with tracking clavicletion, there are fewer
studies that describe AC joint motion. Sahara ét #lacked the clavicle and scapula
during arm abduction in multiple static positions using a vertiaglgn MRI. The study
included 7 people who were scanned bilaterally as they moved thefraama position
of rest to maximum elevation. To describe the motion using Eulde aogventions,
anatomical coordinate systems were defined from the 3-D regotsirs of the bones.
The study found that the AC joint showed 16° of protraction (intewtation), 22° of
upward rotation, and 22° of posterior tilting during abduction. The auttswsuaed the
screw axis method in another study and described that the asedphsough the AC
joint and coracoclavicular ligament during arm abduéfiofhough static analysis was
performed, the study makes important contributions to describe accAf@tjoint
motions. One of the recent works by Ludewig €t alsed bone pins to quantify the AC
joint motion in 3 dimensions. The AC joint showed a pattern of incredstegnal
rotation, upward rotation and posterior tilt as the arm elevategnél towards increased
AC internal rotation during flexion as compared to elevation in otlzeregl was fourfd
Likewise, increased upward rotation and posterior tilt occurredhglusibduction as
compared to other elevation plaffed'he AC joint internal rotation can be viewed as an
offset to the scapulothoracic external rotation achieved due teculawviretraction such
that the scapula can move smoothly over the thorax.

There is less literature describing the glenohumeral motiotoempared to the
descriptions of the humerus with reference to the trunk as the hatteon is better
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clinically appreciated. Further, accurate representation of itétion of the arm may be
limited with surface sensdfs The humerus external rotation is considered important for
clearance of the greater and lesser tuberosities under #dmmaoromial arch as the arm
elevate¥’. In a recent study using bone gihst was found that glenohumeral external
rotation is considerably larger during abduction as compared tmrileend scapular
plane abduction. Also, there were differences observed in the amobumimeral
elevation with respect to the scapula at fixed humerothoraciesngliggesting that
scapular contributions differed across different planes of armated@. Scapular
contributions were greater for abduction than for flexion.

Overall, the available literature provides information about shouldetr jootion
across different planes and elevation angles. There is considevatdace that proves
the scapular motion of upward rotation (~35°) and posterior tilt (+20%icle long axis
posterior rotation (~30°), elevation (~5°) and retraction (~15°); A jaternal rotation
(~8-10°), upward rotation (~8-14°) and posterior tilt motion (~10-18°jhasarm is
elevated. But, there is less conclusive information regarding scaptganal/external
rotation. This may be due to the inherent high variability for thegion seen in the
population. The difference across planes appears as such that flexion reghtlsless
scapular contributions, less clavicle elevation and axial rotatioteaadhumeral external

rotation as compared to abductior 23

Kinematics and shoulder impingement
The main reason for which scapular motion is studied in subjedtssiwitulder
related pathologies is the proposition that abnormal motions could consprtimei sub-
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acromial space furthering mechanical abrasion of soft tissuleey pass under the arch
or come in proximity to the glendid The relationship between kinematics and the
subacromial space has been studied by a few authors using MRioatatt force
measurements. Solem-Bertoft and colleatfueasured the acromion-humeral distance
and acromial angle (angle between the acromion process and thentedrin the sagittal
plane) in positions of scapular protraction/retraction. They placedbagadinder the
scapula and between the scapulae to impose these positions whicly actuklced SC
joint motions of protraction-retraction along with scapular antgrasterior tilting. The
findings suggest that the subacromial space reduces when theasctittsranteriorly as

a result of a passively imposed scapular protraction. The studyiied as the analysis
was made with only one slice in each plane, a small samplarsizéne use of artificially
imposed positions which may not be completely representative ofl qugtural or
scapular position abnormalities. Flatow et’atudied the acromion-humeral interval and
soft tissue contact in cadavers using stereophotogrammetry. Xpeeineent included
artificial muscle torque generation using cables attachechdoteéndons. The study
concluded that contact forces develop on antero-lateral aspetts atromion early in
the range of humeral elevation and this contact area moves mat@llynevith
progressive elevation. On the humeral surface, contact shifts todistae sites of the
biceps and supraspinatus tendon regions (insertion sites) with etevaltso, maximum
proximity between the humerus and acromion occurred around 60-120 defjeres
elevation. This is in agreement to the painful arc of motion de=stipy shoulder pain

patient§’ % They also examined the effect of humeral internal rotationhencontact
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areas. They found that there was an increase and shift towargsstesior and distal
contact areas even during resting position.

Another study by Karduna and colleagesneasured the effects on the
subacromial space by passively translating the humeral hgstialy during fixed
scapular rotated positions. They found that scapular internal/extestetions or
anterior/posterior tilt positions of £ 5 and + 10 degrees from ifrg’ scapular position
did not make any significant difference in the amount displacemoeat preset force.
However, they found that the amount of clearance increased witicraase in scapular
upward rotation. The study is limited by lack of control of inipakition, static analysis
in isolated rotated scapular positions and lack of description of wheractual forces
are developing on the acromion. Possibly, the humeral head collideustagaedial
aspects of the acromion and therefore more contact was seapihasapward rotation
positions. Bey et &F calculated the acromio-humeral distance 3-dimensionally using
fluoroscopy in subjects who had undergone rotator cuff repairs. They foahdhis
distance decreased with humeral elevation with a minimum dis@an&9d° of GH
elevation (~90° of humerothoracic elevation). One surprising resaft that the
supraspinatus was closest to the acromion much earlier in tige (@7 — 36° of
elevation) than conventionally considered (60-120° of painful arc of motion).

The above mentioned studies help to describe the consequences of thetikinem
alterations on the subacromial space/ acromion-humeral distameaspace is presumed
to decrease with certain kinematic parameters such as scagot@rior tilting,
glenohumeral internal rotation and increase in arm elevation festing position.
However, most of these studies are limited by their analygiasgive, static positiohs
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9 The studies help to corroborate certain clinical phenomenon sukh psesence of a
painful arc in patients and provide explanations for the mechanistigématory
kinematic differences observed in patients. There is an assaocidtough inconsistent
between alterations of scapular kinematics and shoulder pathotmggisient with
shoulder impingement. The next several paragraphs describe thegatien in patients,
studied in multiple studies using 2-dimensional, 3-dimensional eleajroetie,
topographical and imaging techniques.

Endo et af’ investigated scapular positions during shoulder abduction at 0, 45
and 90 degrees of humeral elevation in 27 people with unilateral shaulsi@egement
comparing their painful side with the contra-lateral pain-B&e. They used routine
antero-posterior radiographs for analysis. They found a signifittietence between the
sides with the impingement side showing decreased upward rotati®f°(anly) and
posterior tilt (at 45° and 90°). The authors used a unique techniquoeldolate 3-
dimensional angles from planar radiographs which are nonethelesst saljpegjection
error€’. These errors tend to increase especially with antero-pospésine radiographs
as the scapular plane lies approximately 30-40 degrees anterior to the commal pla

The study by Ludewig et &f. used electromagnetic tracking with 52 male
construction workers which included 26 healthy subjects and 26 patients wit
impingement syndrome. The subjects were matched for exposure headexork and
other demographic variables. The subjects with impingement showed sietigavard
rotation and tilting at the end of the 90-120 degree phase of scaputar ggbduction;
increased medial rotation under loading with 5 and 10 Ib loads; incréserius
activity especially under loading at higher angles of humelalation and decreased
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serratus activity across all loads and phases. A study by ¢iukes and colleagué$
compared 20 healthy people with 17 patients with impingement synd@ongparisons
were made at static positions of 0, 90 and maximum angles of huateration in the
scapular plane by repeated digitizing of landmarks to form anabouordinate frames.
The 3 rotational projection angles for the scapula were caldulatefinding angular
values between respective positional vectors. Scapular translateyascalculated by
finding the difference in position of the scapular centroid. The stendyated a decrease
in amount of posterior tilt, and increased superior scapular tramslati symptomatic
subjects. The latter finding can be interpreted as an increeswicular elevation
position.

Hébert et al’ studied scapular behavior in healthy people and patients with
impingement. They tried to quantify relative contribution of scapulatians in 3
dimensions to total scapular motion. The data was collectedt anest static positions
of 70°, 90° and 110° during flexion and abduction when the subject was fixed to a control
system. No differences were observed for resting positionscapulae between the
groups. Differences amongst impingement subjects were notedtifay tialues against
normative data collected from healthy individuals.

McClure et af** compared 45 subjects with impingement with 45 controls for a 3-
Dimensional analysis of scapular and clavicular motion during ébevat the arm in the
scapular plane and flexion. They found that at higher angles, Wexee increases in
upward rotation, and clavicular retraction and no differences in anoduiiiing angles
in the impingement group. Though these results are divergent to pretgoastite, the
authors believed that the changes in scapular kinematics seenirirsahmple were
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important compensatory motions. This reasoning was also supported Bjudlyeof
Karduna and colleagu€swhere they had found an increase in acromial contact forces
with increased scapular upward rotation. The differences betwadresstare possibly
due to differences in sample populations of patients. In spite othkistudy ascertained
increases in clavicular elevation in patients during arm etavatihich is a common
finding across studies and it is a commonly noticed phenomenon cimsadl shoulder
shrugging attempt during arm elevatidfi®

The different results seen across different studies may tieutdt! to different
methodology and sample selection techniques. The literature regah#ingcturate
classification and diagnosis of impingement is ambigtiouSshoulder impingement
syndrome remains a wide umbrella of disorders which may includemimfation or
degeneration of various tendons, partial rotator cuff tears or burSitiés more recent
studies reveal, there are differences in the site of abrésxernal/subacromial versus
internal), location of impingement (anterior versus posterior), @&thanisms for
pathology development (extrinsic versus intrinSic)These differences are further
associated with different contributory mechanisms of causatigingifrom anatomical
cause¥, motion related mechanisfis®® 27 and tissue property differené®<$ These
differences in the mechanisms, locations, and presentation ofgempent pathology
make the design and clinical sample selection criteria diffi@lso, interpretation of
study results is complicated by the heterogeneity of ltheeal population. Subsequently
this can make the application of the results into designing interventions difficult

It can be concluded that the subjects with impingement show kinematic
differences of increased scapular anterior tilt and increa@gdift elevation?** 2” The
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scapular upward/downward rotation results differ across stadies® The differences in
kinematics seen in patients may relate to differences in musttion, strength and
flexibility of soft tissues. It is therefore important to havwe @nderstanding of the
muscles which move, restrict or control dynamic shoulder motion. Tke ssetion
describes the role of different muscles in shoulder motion and the alteratiantisiof an

pathological conditions.

Muscle action and kinematics

The contributions made by muscles have been studied in the past usoug var
approaches including cadaver studies to enhance the knowledge afatioenical and
biomechanical functions of muscldscomparisons between active and passive arm
motiort® 8 study of EMG activity in muscles during arm motidf %> study of motion
in patients who have nerve injufié<€”’, kinematic studies after experimentally removing
a particular muscle by nerve blo€ksind study of shoulder models to calculate muscle
moment arms (unpublished study). All the different approaches hgwednel refine our
knowledge about the functions of muscles. In shoulder related reseamoh,asithors
have studied the kinematics and EMG activity simultaneously tteréh@ functional
status of the muscle with movements of the scapula. The liteda&srbeen variable with
different positioning of electrod¥s > 9! normalization techniqu&s® and poor
controls for the factors associated with interpretation of EM@ dath as length of
muscles, velocity of contraction and type of contracfion

Despite using various approaches, there has been a general gensgasding

the functions and roles of scapular muscles during arm movementstrapbeius and
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serratus anterior have been recognized as muscles whicloted® and stabilize the
scapul& 8% 8 % The knowledge about their roles and dysfunction in shoulder related
pathologies provide potential guidelines to interventions aimed at imprevioglder
motion and function.

Studie§” **have found in patients with trapezius paralysis that the shouldez gird|
“droops” and scapular downward rotation and lateral translation octadr, with lack of
trapezius activity to stabilize the scapula, intact rhomboids @ratdr scapulae may be
rendered inefficient to rotate the scapllalnman et al. claimed that we need
coordinated activity in scapular muscles for smooth movement ectdmula during arm
motions. They studied raw EMG data from various muscles and confitraednuscle
activity in various glenohumeral and scapulothoracic muscles irg®ath elevation of
the arm. Some muscles are believed to be the prime moveisefacapula (trapezius,
serratus anterior) whereas others (rhomboids, levator scapular&tcsynergistically
act to provide a stable base of support for the glenohumeral musaia@sezius which
inserts on to the spine of the scapula and acromion process is slatdly for scapular
stabilization as the instantaneous center of rotation of the scapulee thorax has been
found to move from the root of the spine towards the AC joint, neashgahe line of
trapezius insertid. The role of trapezius has been further investigated by studiel whi
have calculated the changes in the moment arms of trapeziusreatdssanterior using
computer models during arm elevation in different planes (unpublished ¥tuthese
modeling studies found that the upper trapezius primary capabildglevation of the
clavicle at the SC joint whereas the middle and lower trapgmiusary capability is
external rotation of the scapula. The lower trapezius can upwaridiie the scapula at
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lower angles of humeral elevation but does not have much tiltipgbday. This is in
agreement with the EMG studies which show an increased EMi@&tyach lower
trapezius at higher angles as the muscle gets into a piyis&lly and bio-mechanically
disadvantageous posititn The serratus anterior was found to have maximum torque
capabilities to upwardly rotate but it can also posteriorlyatiitl externally rotate the
scapula. Hence this muscle can be viewed as the prime moseafarlar motion during
arm elevation. The role of serratus anterior has been ebtbligrther in many studies
which have analyzed EMG activity during sports activified

Wiedenbauer & Mortens8hfound that upper trapezius was most active during
scapular elevation (actually SC elevation); overall trapemias more active during
abduction as compared to flexion and lower trapezius activity peads during the
range of motion. Bagg and Forf&sstudied the EMG activity in the three parts of
trapezius and serratus anterior during scapular plane elevation imedthy male
subjects. They averaged integrated EMG signal collectedtirermuscles during 5 trials
performed at a predetermined speed of arm elevation. Simultanewumsalic analysis
was done using a camera to capture scapular and humeral motion. dthey thle EMG
signal across the range of motion to analyze muscular activitgy found that the
muscles show an increase in activity as the arm elevaties@me plateauing in the mid
range for the upper and middle fibers of trapezius and seraatigsior. The lower
trapezius on the other hand showed little activity till latethe range. These findings
were correlated with the biomechanical findings of the shitiéninstantaneous center of

rotation for the scapula. The authors proposed that the trapezius diteas scapular
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rotators during different parts of the range in accordance to tlygngadriomechanical
advantage the muscle may get during motion.

Overall, the upper trapezius primarily acting on the SC joart elevate the
clavicle; the middle and lower trapezius primarily actinghat AC joint can externally
rotate the scapula; and the serratus anterior can cause scagpudad rotation, external
rotation and posterior tilt (unpublished stud?®s)® These functions of serratus anterior
make its contribution to scapular kinematics very significagdirest development or
worsening of shoulder impingement symptoms. Whereas the over \adaiiviipper
trapezius can be considered detrimental to impingement symptomsreassed clavicle

elevation is associated with scapular anterior tilting.

Changes in EMG activity with pathology
Peat and Graharfieinvestigated trapezius, serratus anterior and deltoid EMG in
people with and without shoulder pathology. They found that the upper trapeawsds
an increased activity during arm elevation and lowering and decreasivity in serratus
anterior at some humeral elevation angles in patients as compared to bealdtbis.
Scovaozzo et af used EMG to evaluate muscle activity during swimming
motions in athletes with and without shoulder pain. The study revaaledrease in the
activity of the anterior and middle fibers of the deltoid, subscapgukand serratus
anterior during different phases of the swimming motion for the stsbjeith shoulder
pain. The authors propose that the muscles showed decreasety &itiher due to

shoulder pain or that pain caused the athletes to use alternativansnatid muscles
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during the action of swimming. It can be concluded that people withusaith a different
motor program for the task using different muscle activation patterns.

In a study comparing EMG amplitudes across the range obmutipeople with
and without glenohumeral instability, the autfi®f®und that serratus anterior activity
was reduced across all planes of elevation and elevation ahgieand colleagué$
studied the upper and lower fibers of trapezius muscle in peogieandt without frozen
shoulder syndrome during static elevated arm positions. They found sedregper
trapezius activity across all planes and angles (60° and 1201 increased lower
trapezius activity only at 120° of elevation during the make tetampatient group as
compared to controls.

Kelly and colleagu€d studied several shoulder muscles in people with
symptomatic and asymptomatic rotator cuff tears and healthyot®wiuring functional
tasks. Similar to past literatifé™, they” observed an increase in upper trapezius activity
during elevation of the arm and carrying tasks. Also, they foundaease in activity in
supraspinatus and infraspinatus amongst symptomatic patients whignsaapularis was
found to be more active in asymptomatic people. It was interestifigd differences in
EMG activity between asymptomatic subjects who earlier badessful pain relief with
conservative management and symptomatic patients. This may bativeiof a
continued change in motor control of scapular muscles after the epadquhin. The
increase in upper trapezius activity has been a consistent fiadiogs studié% 3% 33 9
which may be associated with the increase in clavicular e&var scapular upward
translation found in many clinical and kinematic stulfie¥" ® This increased upper
trapezius activation may be viewed as a common compensatopgygtieted by people
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with shoulder pain and pathology to elevate their arm. Nevesthetbe increase in
clavicle elevation may cause an increase in scapular antiiérighich may be viewed as
a mechanism to either cause or aggravate the impingement symptoms.

Finally, Lin®** reported similar results while investigating functional tasks
poorly defined shoulder pain patient group who showed an increase in upsiusa
activity and decrease in serratus anterior activity as comhparkealthy controls. Other
authors have surmised that serratus anterior weakness or redtigegl may contribute
to secondary impingement syndrome in the shoulder and any improvemené
function of the serratus muscle may help alleviate pain and dysfutfctf8n'°:

Changes in muscle activity have been linked to changes in the subacromi
spacé®® Graichen et &% studied the acromiohumeral distance using an open MRI
system during elevated positions of the arm with and without aahidaction forces in
people with and without shoulder impingement. They concluded that musclactimtr
further decreased the distance in patients as compared to thea-ledatal side in an
elevated arm position (90°) whereas there was no significkaut @f muscle contraction
on acromio-humeral distance in healthy individuals.

Thus across studies, changes in the activity of the scapular sjussfeecially
trapezius and serratus anterior, have been associated with vahoukler related
pathologies. Other than structural changes, motor control alterativesban proposed
as a cause for these muscle activity chalig€sThese may include a deactivation of the
muscle such that it fails to get recruited on time, and/or failaintain its activation
through out the range of motion as required; or conversely anydoypity of the
muscles. The study of temporal recruitment of muscles has beerntakeh to explore
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this possibility of altered motor control in patiefits. There is evidence to support this
relationship of altered muscle activation and pathology in diffgpatient groups and
recently similar studies have been undertaken for the peogpte sidulder pain and
pathology. The following paragraphs are an overview of these stwdieh look at

scapular muscle latency and shoulder pathology.

Latency of scapular muscles

It is postulated that the force couples generated by the tugpamd serratus
anterior help to maintain a smooth scapular pattern of motion duringlauation. Also,
trapezius contraction is believed to help maintain the path of ttentaseous center of
rotation of the scapula on the thotaxThus, abnormalities in scapular motion may be
associated with altered muscular control (recruitment / de#otiyacaused by pain,
chronic fatigue or micro-trauma.

There have been a few studies which have looked at the relationsguppaflar
muscle latencies during elevation of the Hf All the studies known to the author at
this time have different methodological approaches and use of smgbles sizes such
that statistical power is often inadequate. One of the eamhesks was done by
Wadsworth and Saxtéhin swimmers, where they compared the latency of the upper
fibers of trapezius (UT), lower fibers of trapezius (LT) ardaus anterior (SA). These
were compared across both the painful and the contra-lateral shanldesvimmers
with symptoms of shoulder impingement and healthy controls matchetheight,
weight, training mileage and skilled hand preference. The EMG thermuscles was
recorded while elevating the arm in the scapular plane ateal e10° per second. The
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onset time was estimated when the muscles reached 5% of @ramum amplitude
from the moment the motion was detected by an inclinometer attaith the arm.
Serratus anterior activation was however detected based on visoalties because of
presence of cardiac artifacts in the signal. The electroédes placed at locations of
maximum muscle bulk. Though no significant group differences were foundiutig
revealed that muscle latency of SA was delayed bilataralbpatients and that there was
an increased variability associated with muscle latencissibrects with shoulder pain,
as demonstrated by larger within and between subject variarsze.tAé order of muscle
recruitment was UT activation followed by SA and then LT adowatThe study may
have failed to find group differences due to inadequate power owihg &mall sample
size (n=9 for each group). Also, the study does not provide informdimut ¢ghe relative
latencies of the scapular muscles as compared to the deltdmtiv&datencies of
scapular muscles with reference to glenohumeral musclas hetp to find any
mechanistic connections between delayed recruitment and abnornrabkitesuch as
the reverse pull of the deltoid on the scapula (These are desaileednl a separate
section).

Another recent stud) compared two groups with and without shoulder
impingement for scapular muscle latency bilaterally duringpdea plane elevation of
the arm. They found the same order of recruitment as found by Wabssta>? such
that UT was first to be activated followed by SA, MT and LT. yiltkd not find
significant group differences which can be also attributed to &mpte size (n=10) and
inadequate power. The authors do not mention how they statisticalijehthne trial to

trial variability or interactions between the factors. Nevdetds they report that side to
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side differences were observed for the impingement group ohlyy &lso looked at
isokinetic strengths of shoulder axial rotator muscles at Gfifitseand 180°/second
speeds within an arc of motion between 40° of internal rotation toob@xternal
rotation. The authors did not find any significant difference betweeth sides or
between groups of subjects. This may indicate no difference in isckosformance of
the shoulder rotators or a lack of power to find any significantrdiftees. They provide
no details as to why they chose to compare the injured side ohtgatwth the non-
dominant side of controls and vice versa. The speed of motion which cam&idered
as a confounding factor for EMG analysis of latency was notatedrin the study and
subjects moved at a self determined comfortable speed. The authersvieastated that
the results obtained by their study for controls are simitarthibse obtained by
Wadsworth & Saxtoif. They have calculated the latency from the moment the subjects
were shown a light source whereas Wadsworth ¥thed used the moment of initiation
of arm movement. It is known that visual reaction time (thatinse from stimulus to
movement initiation) is approximately 150ms-208%hand therefore direct comparisons
to different reference actions are more difficult to make. Bwben adjustments are
made for the visual reaction time, the latency values obtaineddagWorth and Saxton
°2 are considerably smaller than that obtained by Moraes'®&t al.

Similar study by Santos and colleagiiesompared the latency of scapular
muscles during scapular plane elevation of the arm. The studyacedh8 healthy
swimmers and 8 patients with shoulder instability. The patientsnbgdtive tests for
impingement during clinical testing but had significant isseésted to instability of the
shoulder. The authors used a different technique to estimate matscieyl as the time
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required for the muscles to be activated from the moment of ioitiatf movement

described as 5% of peak movement velocity. As defined by thigi@niterapezius,

serratus anterior and deltoid showed activity before movement iontiathereas other
muscles (triceps, latissimus dorsi, pectoralis major) did not.sfindy also looked at
humeral translations and other kinematic variables based on positimnsvetcarm and

trunk. The validity of estimating translations of the humeral heatgusiese position
vectors is debatable as no subject stabilization was done. Theda$ggeeadnovement was
not controlled and subjects were asked to elevate their arrastsag possible. The
authors do not discuss statistical power which could be contributingetaltsence of
significant differences between the small groups.

The latency of muscles has also been investigated during sudderbgierhg
which probably are more indicative of the description of reflexiotggtive mechanisms
rather than any programmed motor control strategy. The eaviogk was done by Cools
and colleaguéd’ who studied latency of the scapular muscles during a sudden adduction
perturbation or what can be called as a sudden drop of the arm f@0h elevated
position in a group of healthy individuals. Muscle latency was ddfas the time needed
for the muscle to reach 10% of its maximum voluntary contradtiom the time
movement was detected. The study also looked at muscle latefteraa@ucing fatigue
by repeated abduction-adduction motions. The results showed no diffbemeaen the
latencies for the three portions of trapezius muscle fiberggueataused a significant
delay in firing of all muscles except lower trapezius withcuanging the recruitment
order. The order of activation found by the authors was UT @ctivéollowed by MT
and LT activation. These all were preceded by the activity iptinge mover, that is, by
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middle deltoid activity. The protocol used for fatiguing the musches be viewed as
primarily acting on the deltoid muscle and secondarily also ors¢hpular muscles.
Again as no EMG or kinematic descriptors are available otharlghancy, it is difficult

to translate the results to describe meaningful mechanistic camseor motor control
strategies. The authors did a similar stddysing the same protocol to find differences
between athletes with and without impingement. A sample of 39 matadt30 controls
was selected. The study compared the relative latency afajezius muscle across the
two groups and shoulder sides comparing the injured side and non-injured side of patients
with the dominant and non-dominant side of the controls respectivelystililg found
group differences with a delayed middle and lower trapezius angettients. Also, the
relative latency of lower trapezius was significantly longer the injured side as
compared to the non-injured side in subjects with impingement.

Comparisons between various studies which look at scapular musolkeylateve
been difficult due to the use of different methods and techniques. Sadnesshave used
a predetermined percentage of maximum voluntary contraction gsoitieof onset of
muscle activity. This method has been criticized as it is them$o the peak amplitude
and the rate of rise of EMG signal between different mu$€les few studies have used
more reliable computer algorithms to detect muscle onset timbawat used different
parameters for smoothing data or limits of variance for deteofimmset. Studies have
also differed as comparisons are made to either an externaéqtight) or movement
initiation as detected by an inclinometer or a percentage of pdakitye Relative
latency of muscles as compared to the prime mover has noteyetrvestigated for self-
initiated active arm movements.
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It is evident that different investigators have used differerthoaks, velocity of
motion, sample populations, and different criteria to estimate muiatacy which
makes it extremely difficult to make comparisons across stublievertheless, it can be
concluded that the muscle latency of scapular muscles is eaffant people with
impingement syndrome such that it may show increased variabilitiglay in activation

which may cause a change in recruitment Gfd€r

Effects of fatigue

Shoulder impingement has been strongly associated with repetititiens’ *°’
This is concluded from the high incidence of shoulder related problemeople who
use repetitive shoulder motions during sporting activity or occupateoi. Therefore,
it is presumed that fatigue of the muscles may change the &iiesmat the joint such that
it leads to reduced subacromial space or increased abrasion. iRepattion is also
considered to precipitate shoulder impingement in people who haveargyirmore
intrinsic causes such as altered acromial morphology or degenerativecliasge¥”.

Ebaugh et a®® studied the effect of muscle fatigue induced with repetitive
motion on scapular and GH motions. Twenty healthy subjects weré tskandle small
objects in the hand in elevated arm positions, perform resistive ebgwation and
resistive diagonal arm motions until they perceived tiredness aalll co longer
continue the activities properly. The study found that the fatigpirgocol caused
increased scapular upward rotation, external rotation and clawttaction, and
decreased humeral external rotation. The study design was sudbothadeltoid and
scapular muscles were fatigued so it is difficult to evaluatet factor exactly
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precipitated the changes. They found that the GH muscles wegeefhtto a greater
extent and therefore it is possible that there is a shift ttevarcreased reliance upon
scapular contributions to raise the arm overhead. Tsai'®t wded repetitive motion to
selectively fatigue the GH external rotators (infraspinatustares minor). It is difficult

to understand the premise for studying scapular motion afteuifagigcH muscles.
McQuade et at’® found that subjects demonstrated increased scapular contributions
during arm elevation after a fatiguing protocol.

It is claimed that people who use their arm in repetitive motfaigue their
muscles over time which brings about changes to compensate for the weaknegtedssoc
with fatigué'’. Su and colleagu&sstudied the effect of a routine swim practice on
scapular kinematics in swimmers with and without shoulder impingement symptoms. The
authors used an inclinometer to measure scapular upward rotatiest,a45°, 90° and
135° of humerothoracic elevation. These measurements along with scapafegth
measurements were made before and after the swim pradieeedults show that there
was a statistically significant reduction of strength asasueed by a hand held
dynamometer in both groups for upper trapezius (13%) and Serratusrafié%). The
scapular kinematics did not differ between groups before the swawgtiqge but there
were significant reductions in scapular upward rotations at 45°,a8@°135° after
practice in persons with impingement. These results indicate thioatgh strength
reductions were not drastic (< 15%), there were differencdsnamatics during arm
elevation after performing repetitive motion. The decreaseapusar upward rotation is
contrary to other results obtained after a fatiguing prot8tdt® These differences may
be due to differences in the activities and their duration usefatiguing the muscles,
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different methodology used for measurement (inclinometer v&€lisurface sensors)
and differences in the sample population (symptomatic versughyjedlso noteworthy
is that though muscles of healthy individuals fatigued, they did noousnate the
significant decrease in upward rotation as shown in persons wpglngement. The
authors suggest that the pain induced during the activity may havehbraogut the
changes.

Along with anecdotal informatidft * and the results obtained from these studies,
it can be concluded that repetitive motion may help to reveal otleesulstle kinematic
differences. Also, the muscle weakness associated with fatigyebm insufficient to
directly contribute to changes in kinematics, but may be involved gheinging the

motor control to selectively reduce or increase activity in some muscles.

Scapular Dyskinesia

The scapula follows the curvature of the thorax during motion. As iemover
this curved base, there has been evidence that it may not follow a smooth patterg and ma
visually show excessive prominence of the medial border or infenigié® **2 This has
been termed as ‘dyskinesia’ or ‘dyskinesis’ and may be preseebple with or without
shoulder pathology. In nerve injury patients involving the serratusi@nte trapezius,
this is described as ‘scapular winging'. It has been postulagechdny authors that
scapular dyskinesia is a sign of scapular dysrhythmia or idicwted motiofr” *° and
therefore it is related to shoulder pathology.

Poppen and Walk&t used serial X-rays to find that differences in the
scapulohumeral rhythm in healthy and symptomatic subjects and foungecdics
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differences of trends between groups. Warner ¥tdgmonstrated by ‘Moire’ technique
that scapular asymmetry/winging may exist in a healthy ptpualéaut is a considerably
more notable phenomenon in pathologic groups especially during therigvwpdrase of
dynamic motion. It has been documented that the alterations in sckipglaatics may
be associated with lack of motor control of the scapular mdécl€his could be
associated with either muscle inhibition decreasing the torqueageddyy the scapular
muscle for stabilization or a reorganization of normal muscledfipatterns around the
shoulde?’. Kibler suggested that scapular symmetry should be noted duringnes
dynamic motion especially during lowering of the &triThe presence of these altered or
dyskinetic scapular motions may be elicited better aftéigua or under loaded
conditiond” ** 113 Kibler devised a classification for scapular dyskinesia itlifferent
types for inferior border prominence, medial border prominence andsexceasapular
superior translation. There was moderate reliability amongsstige¢ors regarding the
diagnosis of dyskinesia based on this scale; and the scale hamalseen validatédf.
Another means of assessment includes analysis of scapular lasdmarkultiple
positions called the ‘lateral slide test’ which has been @#it as it does not analyze
dynamic motion and hence is inefficient to identify more meanlnghd functional
motion related abnormality ***

McClure and colleagu&¥ studied reliability for diagnosing scapular dyskinesia
in a population of 142 athletes performing flexion with a load in handy @eéned
dyskinesia as an immature or excessive elevation or protractiorssnm@oth motion
during arm elevation, or the posterior displacement of the medidéband/or inferior
angle away from the thorax. Two investigators analyzed the ssibjegierson and 6
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other investigators analyzed video-recordings of motion. They found ntedetar-
tester reliability for the in person and video raters (kappaiegal= 0.57, 0.54
respectively). The authors also undertook a study to check the walidthe testing
protocol to confirm the differences as observed during testir8ydgnensional analysis.
The study included 66 athletes who were diagnosed as having eittsrbtle, or frank
scapular dyskinesia during weighted flexion and abduction motions. Pebplavere
diagnosed with frank dyskinesia showed less scapular upward rotagm clavicle
elevation and greater clavicle protraction at rest and during matioomapared to people
without dyskinesia. However, no association was found betweempeesé dyskinesia
and shoulder pain or patholdgy The depressed clavicle and shoulder girdle was similar
to the ‘SICK’ scapula described by Burkhart and colleafuies throwers. Though
scapular winging was observed by the raters in people witkirshgsa, no differences
were found in scapular external/internal rotation. This may be dtleetonherent high
variability for this motion within the population. Another reason forbilg to find
differences may be attributed to analysis of motion atdidhéngles of elevation. The in-
coordination or dyskinesia may be more motion associated rdtlaer positional
information. A different analysis approach such as considering despknts over a
range of motion may be required to make more valid comparisons\owhe present
study presumed that visible dyskinesia in scapular motion couldedgerded as a
screening tool to clinically differentiate between patients Wwad more motion related
shoulder impingement mechanisms from patients who had more anatotiisa#

change related mechanisms. Also, the same visual screening@a$o exclude healthy
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people who had dyskinesia so as to obtain a more homogenous compariso&d sampl

population.

Association of pain and kinematics and muscle activity for motor control

The effect of pain on strength, range of motion and functional statpatients
has been studied in shoulder patients by the use of subacromiabmge®ain is known
to cause inhibition of muscles, thus producing apparent wedkheBallantyne et at’
reported reduced EMG levels in swimmers with painful shoulders.YBgay and
colleague® studied patients with impingement syndrome and/or rotator cuff befose
and after subacromial lidocaine injection. They found an improvementeinggh and
range of shoulder motion after injection. Interestingly, the row@iffrtear patients also
showed improvements in strength which suggests that the loss raftktieeen at pre-
injection may be due to pain induced muscle inhibition rather than wsleficits
alone.

Steenbrink and colleagué® studied EMG activity levels in shoulder muscles
during isometric contractions in multiple arm elevated positioneyTfound that
shoulder adductors were more active before a subacromial lidonggogan which may
contribute to decreased abduction force and range of motion. This cdiantioh
adductors during arm elevation was interpreted as a stratedybyséhe patients to
decrease the superior humeral head migration and subsequent paipalfhugas an
important contributor to altered motor activity seen in patients. Anateent studi/
focused on the kinematic changes observed before and after sub&enpaesteon in
patients with rotator cuff tears. These authors studied 3-dimehsscapular and
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humeral rotations. They calculated a regression line for humerkalt®n with scapular
upward rotation across different phases of elevation and found tipalaceontributions
decreased after subsidence of pain due to lidocaine injectisna Ipossibility that pain
causes selective inhibition of muscles (GH rotators, Serratesi@htand thus forces
patients to use alternative strategies and muscles to etheatarm. These results were
further supported by Scibek et '&f. when pain was associated with changes in
scapulohumeral rhythm in subjects with rotator cuff tears.

There are many hypotheses which describe the effect mfgmamotor control.
Some commonly proposed mechanisms include changes in kinestheticossnsibw
reaction times, motor neuron/cortical inhibition of muscles and pailiced fear
avoidanc&'. Though there is inconclusive evidence to support one mechanism over
another, it is generally believed that there is an associatinvebe pain and altered

motor controf.

Mechanistic connection between motor control and kinematics
The reason why motor control could be considered as an important camtribut

towards altered kinematics in people with shoulder impingemenéseiathe possibility
that it leads to inadequate scapular stabilization. It can be legndd that if the
scapular muscles have a delayed activation as compared to thee mpowers of the
humerus (deltoid and supraspinatus), the latter will exert aseastion on the scapula.
A reverse action of the deltoid may pull the scapula into antalicantd downward
rotation which is opposite to the normal pattern of scapular motion ndedeccur
during humeral elevation. An unstable scapula will also affect the efficartbye rotator
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cuff muscles. If the rotator cuff muscles are not able to gém@dequate torque against
the increasing activity of the deltoid, they will not be ableeist the superior migration
of the humeral head potentially causing further reduction ofstiiscromial space.
Inadequate scapular stabilization against the thoracic curvatbieh is probably
visualized as an increased prominence of the medial scapular badier inferior angle
can be considered as an increase in relative scapular intetatan or anterior tilting.
Though scapular internal rotation is relative glenohumeral exteotation which is
essential during arm elevation, this motion can bring the postdenoid closer to the
humeral head potentially precipitating posterior impingement problaitit®ugh these
are purely mechanical speculations of the possibilities, imortant to identify the
possible association of motor control and shoulder impingement probldnssstudy
aims to find the relation, if any, between kinematic patteEMG muscle activity
amplitudes and latency differences between healthy controlpemgole with shoulder
impingement. Though this will not help to identify what exactlyses shoulder
impingement problems, the results could help to identify stratefgiesmproved

treatment of patients.
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CHAPTER 3
RESEARCH METHODS

Subjects

The study used fliers and advertisement on the university gespospital, and
other possible public places to publicize the study. Initially a acuenee sample of
subjects with impingement were screened and included in the Stoehealthy control
group was comprised of individuals who were matched for age, gendehaand
dominance with the group of individuals with shoulder impingement. diffult to
obtain a sample if we want to match for each variable exaatlyidually; hence the
matching was done in a way to keep the groups similar and avoidgaifycant group
differences.

It is known that not all subjects presenting with shoulder impiegeémould have
motion related pathology, hence the subjects were screenedsitde \8capular motion
abnormality or dyskinesia. Dyskinesia was defined as an immat@necessive elevation
or protraction or non-smooth motion, or the posterior displacement of tti@lrberder
and/or inferior angle away from the thorax during arm elev&fioBubjects were tested
during arm elevation and lowering in the sagittal plane withvatitbut a 2-3 Kg weight
in hand for a maximum of 10 repetitions. Subjects were classifiegither having or not
having dyskinesia. No distinction was made between subtle and frakinesia. The
people presenting with shoulder pain were included in the study yif dhecessfully
satisfied the following inclusion criteria (Appendix 1):

1. Full range of motion (up to 150°) at the shoulder joint as measured

goniometrically during flexion.
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2. History of pain or tenderness at the shoulder joint (C 5 dermatom#) tipe
deltoid insertion for at least 6 weeks before participation in ttheyyswhich was
not associated with any traumatic insult to the shoulder joint.

3. A positive test for at least 2 of the following clinical diagnostic tests:

a. Neer impingement test.

b. Modified Hawkins Kennedy test (internal rotation of arm in 9@Vvated
position in scapular plane elevation).

c. Elicitation of pain with passive humeral external rotation atatien of
90° (posterior impingement test).

4. Elicitation of pain during any 1

a. Jobe’s (empty can) test.
b. Resisted humeral external rotation at elevation of 90°.
c. Active motion (painful arc of motion).

5. Visible dyskinesia on the painful side seen during screening as descrdwed ab

6. Ability to perform arm elevation with a 3 Kg weight in hand foresst 10-12
repetitions.

7. No obvious crepitus as determined by the examiner while performisgjvpa
motion.

8. No evidence of adhesive capsulitis such that there is no loss\# aaotil passive
range of motion especially in the direction of axial rotationelgvated arm
positions.

Subjects without any shoulder pain or pathology were included ifrthdyfull (up to

150°) pain-free range of motion at the shoulder joint as measured guinaaity during
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flexion, no current shoulder joint pain or tenderness, no history of paireadédrhess in

the shoulder joint (C5 dermatome up to deltoid insertion) lastingntoe than 2 days,

internal/external rotation range of motion grossly within norhmaits and no scapular

dyskinesia at least while raising or lowering their armhait an additional weight held

in hand.

Subjects were excluded if they had

1. History of

a.

b.

C.

d.

Fracture of the clavicle, scapula or humerus
Dislocation of the AC or glenohumeral joint
Full thickness rotator cuff tears.

Diagnosed glenoid labral tears/SLAP lesions

2. Age below 18 and above 60.

3. Pain, tingling or burning sensation in distal upper limb region consistéh

cervical radiating symptoms.

4. Neurological disorder such as traumatic brain injury, stroke, pedpmerve

injury or compression affecting the tested upper limb, myastlgraias, spinal

cord injury, motor neuron disorders etc.

5. Fixed kyphosis or diagnosed scoliosis.

6. Body mass index (BMI) in Kg/fn> 28

\‘

. Known tape allergy.

With these criteria the study tried to focus on individuals witbulder impingement

syndrome which is related to repetitive motion rather than tracnmgury to the

shoulder joint. The other information which was collected for thdystncluded hand
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dominance using the Oldfield’s hand dominance test (Appendix 2), suljestisy of
involvement in overhead work and sports activity; and any investigdiagnostic tests

that the symptomatic group subjects had undergone previously (Appendix 3).

Power analysis

The means and standard deviations for the absolute latency obtanedht
pilot data (5 healthy subjects) were used to estimate thesssgesample size with an
alpha level of 0.05 and power of 80%. Due to the lack of any availaldelaian for
sample size estimation for repeated measures ANOVA witB $Aatistical analysis
software), the sample was estimated for a 2 sample ANOMV#h & expected effect of
33% change for the subjects with impingement as compared tdhealbjects and
within group standard deviation of 83 msec. (largest amongst all musclesiple 4 24
per group would be required.

The sample size estimation for finding group differences fotiveltatencies was
done after collecting data from 10 subjects with shoulder impingenmeht ehealthy
subjects from pilot data. The within group standard deviation of 63 msec. washiskd w
was an average of the standard deviations for the three makatiger latencies. If we
would observe a 33% change from these numbers in predicted directionsageec
latency for UT and increased for LT and SA) for the subjects with impingemsaut)gle
of 24 in each group would be adequate to find group differences Thisessizgis also
adequate as shown by earlier literattfr show differences for the kinematic and EMG

data.
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Another estimation which was performed was to find the sangeeusing data
from previous literature for finding group differences for absoluisate latency. If the
study was to be replicated exactly and the means and stard@tans as found during
the previous work® were to be used for sample size estimation, a sample of 18tsubjec
per group would have been required for finding group differences with afgh@5 and
power of at least 80%. Based on this set of power calculations, the targeteel Siaepf
24 per group was used.

Subject Information

Fifty five subjects were recruited for data collection. Theadeom 49 subjects
was included in the study out of which 25 had no history of shoulder paatloology
and 24 subjects had a history of shoulder impingement. Data from 4 sudgeldsot
be used because of excessive noise in the EMG data; one sobjdah@t complete the
trials after repetitive motion due to pain; and data collectardcnot be completed for
one subject due to technical issues (Figure 3.1).

The average age of the healthy subjects was 32.2 (9.8) years and1359)9
years for the subjects with impingement (Table 3.1). The numbienadles was 13 in
the healthy group and 10 in the impingement group. There were no siginijicap
differences found for the demographic variables (Table 3.1). The D&8kés from the
healthy subjects was 1.7 (range: 0-10.8) as compared to 16.8:(BaBde 35) for the
subjects with impingement. The DASH score ranges from 0 to 1@0amigher number
suggesting increased functional limitations. The average Penrdsehaabre (out of 60)
was 59 for the healthy subjects as compared to 49 for the subjéctsnpingement.
Eleven of the subjects with impingement reported a history of bewmgived with
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medium to high levels of competitive sports and 3 subjects repdtieg heavy weights
overhead for work. Amongst healthy subjects, 4 subjects reportedipgsiig in
medium to high competitive levels of sports. The range of time $inset of symptoms
before being tested was 6 weeks to 14 years (mean * standartiodewi2.6 + 4.13
years, n=15). None of the subjects reported taking anti spasmodicsatenrelaxant
drugs. Twelve subjects with impingement (50%) reported havirigudtly sleeping on
the affected side and 7 subjects with impingement (28 %) repwodieidg at night due to

pain and discomfort in the shoulder.

Instrumentation

Kinematic data

Kinematic data was measured using the Flock of Birds (FORweae?® and
MotionMonitor software (Innsport Sports Technology, IL). This electigmeic motion
tracking system allows simultaneous collection of position and tatien information
from up to 7 sensors at the sampling frequency of up to 144Hz. The system has a reported
accuracy within a range of 1.2 m from the transmitter to be 1.8rominmean square
(RMS) for static position and 0.5° RMS for static orientation ofglesor. The (mini-
bird) sensors are small with dimensions of 24 mm x 29 mm x 6.6 mntaridin 3
electromagnetic coils orthogonal to each other. One of the seissattached to a stylus
with known offsets to digitize anatomical landmarks for building jthet coordinate
systems.
The MotoinMonitor software is a data acquisition tool which helps toessdhe
kinematic data synchronously with data captured from EMG amdlifit provides an
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immediate animation and graphical display of the tracked motieh later allows
exporting data using various kinematic descriptors of rotationiceatand Euler angle

sequences.

EMG data

Myoelectric signal data was captured using the EMG sygqfEnerapeutics
Unlimited, lowa City, 1A, USA). Silver/silver chloride bipolactave circular electrodes
of diameter 8 mm and an inter-electrode distance of 2 cme uwsad for collecting
electrical signals from the muscles with an on site gain ofifBBs. The signal was
further amplified using an adjustable gain setting, input impedancd®MOhms at
100Hz, CMRR of 87dB at 60 Hz, and noise <2.0 microvolts RMS referregpta. iThe
signals from the onsite electrodes were filtered by the &erplising a high pass filter of
20 Hz to reduce cable artifact.

This raw EMG was sampled at the rate of 2500 Hz using a 16 chatihélbard
and MotionMonitor software. Raw signals were monitored on an oscillogtegéonix
Inc., OR, USA) throughout data collection. To remove noise signdliscted due to
electromagnetic pulses of the Flock of Birds system, the EM®Gsignals were filtered
using 8 notch filters after calibrating for them in MotionMonisaftware. The process
enables identification of the frequencies of the FOB that cartecremase in the EMG

signal and notch filters those frequencies from the recorded EMG nacsioiey.
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Procedure

The subjects were initially screened by a phone interview aad danically to
confirm either their inclusion or exclusion from the study. An iimfed consent was
signed by all subjects that delineated the risks and benefiteiofparticipation in the
study (Appendix 4). Information regarding history of overhead work, athlet
participation, any past clinical information on shoulder pathologwelsas the DASH
(Disabilities of the Arm, Shoulder and Hand) functional status medgpendix 5) and
Penn shoulder scores (Appendix 6) were collected.

Surface EMG electrodes were placed over upper and lower fibdrapazius,
serratus anterior and anterior deltoid on each subject. For eacdhe ofollowing
descriptions, the electrodes were placed parallel to muschs sleh that the described
point lay between the two electrodes used for that muscle. For tygpezius, the
electrode was placed over a point 2 cm lateral to the midpointlioe gining the C7
spinous process and tip of the acromion pro¢e¥s For lower trapezius, the arm was
elevated in scapular plane abduction to about 125° and the electrodeaeexs pidway
between the inferior angle of the scapula and the T7 spinous pfot¥s§or serratus
anterior, the electrode was placed over thénfercostal space, just anterior to the fibers
of latissimus dorsi, after the subject elevated the arm up to 125€ajpular plane
elevatior?’. This position was preferred over th& Bitercostal space as there is less
subcutaneous tissue over this site, less chance of cross talk fobanape major or
latissimus dorsi and lower fibers are mostly involved with the echesapular kinematic
parameters of the study (scapular upward rotation, posteriontilteaternal rotation).
For recording electrical activity from anterior deltoid, thectlode was placed 2 finger
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breadths below the acromion pro®&sa reference electrode was placed over the ulnar
styloid process of the contralateral arm. The position of atiteddes (Figure 3.2 a and b)
was confirmed by asking the subject to perform resisted caotracdf the muscles to
make the contraction visible. Also, crosstalk from neighboring msiseées checked by
monitoring the oscilloscope signals while asking the subject tonperpecific action to
activate nearby muscles and not the muscle to be tested.

For normalization, the EMG data were collected over 2 trialsnvthe subject
performed maximum voluntary contraction (MVC) against manuabktese for 3
seconds. The mean of the activity for the peak moving window of 50 masased for
normalizing. Baseline activity was measured as the minimura 60 msec. moving
window average computed from the rest file and was subtractedtifieBMG activity
as there was potential interference from the electromagh&ick of Birds system.
Adequate rest periods of 30 seconds were given between trials tb fatiguing the
muscles. For upper trapezius, the subject was asked to raisarthan the direction of
flexion at an angle of 60° against resistance applied at the dpgar arm while in a

sitting position with the back stabiliz8d%* 1%

(Figure 3.3 a). The lower trapezius MVC
was recorded in a prone position when the subject elevated and holyzabthicted
their arm at 90° of elevation against resistance applied tdisted arm?® (Figure 3.3 b).
Resistance was applied to the distal arm for recording the ¥twGerratus anterior
when the subject performed scapular protraction (punch motion) at @@maglevation
in flexion (elbow flexed) (Figure 3.3 c). Resistance was agdpio the distal upper arm
when the subject performed arm elevation at 60° for recording k¥ @nterior fibers of

the deltoid?® (Figure 3.3 a). The 60° elevation angle is the midpoint of thgeraeing
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tested. Also, it was anticipated there would be less chancelwfe@ muscular effort or
muscle inhibition due to pain at lower elevation angles for the dsbjeath
impingement. Pain scores using the NPR scale (Appendix 7) wéeetedl during each
trial of MVC testing.

The electromagnetic sensors for tracking trunk motion wereeglaver the
sternum, over the distal acromion for the scapular sensor and arnaofiastic cuff
worn over the distal arm for tracking humeral motion (Figure)3.Plaen notch filters
were calibrated for removing the noise obtained due to the elexjraatic train of pulses
from the transmitter.

The subject stood in a “relaxed” standing position while cergaatomical
landmarks were digitized to create the anatomical coordinateef. This allowed
transforming the data obtained from sensor tracking to more ngdahenatomically
based joint coordinate systems (J&8)The trunk JCS was defined by digitizing the
following points: spinous process of C7 vertebra (C7); spinous proceB8 wértebra
(T8); deepest point of suprasternal notch; and the most caudal paiipihofd process.
The scapular JCS was defined by palpating: a point on the mediak lwdrthe scapula at
the level of the spine also called the root of the spine; the miastor point on the
inferior angle of the scapula; and the posterolateral acromiongsto€kee humeral JCS
was defined by palpating the lateral and the medial epicondyies dfumerus (Appendix
8). The center of the humeral head was estimated by moving rthéhesugh various
small arcs of motion to define the pivot point using an optimization techitque

After digitization, the subject was instructed to stand in a akrést position for
collecting a kinematic description of the rest posture with thes aelaxed at their side.
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The attachment sites of the pectoralis minor muscle wereal@gized in their respective
sensor frames. The coracoid process was digitized in the scapular sensaarichthe 4
rib attachment site was digitized in the trunk sensor ffarii@en, the subjects practiced
elevating their arm through their full range of motion in front of their bguby@imately
in the sagittal plane at a speed such that it took 2 secondsvideetbeir arm and 2
seconds to lower it. The subjects received a verbal command taadhe wich was
followed by a light signal. They were instructed to move as s@othey saw the light
signal. Instructions were given to the subject to relax coniplbefore each trial as the
EMG signal before the trigger was used as baseline datatémcyacalculations. The
subjects were also informed that the time between the 2 sifyaalsal and light) may
vary from 0.5 seconds to 4 seconds. This would reduce subject’'s anticifmatffect the
reaction time. Also, the subject was informed about ‘catch 'trilés means that the
light signal may not trigger at all which avoids the effect agfing fore-periods
(increasing anticipation of the subject with delay in cue causngedsed reaction times)
affecting the reaction timt®. Subjects were not constrained to assume any forced
rotations of the arm and were instructed to move in their natvagl The loaded and
unloaded trials were randomized using a coin flip. In case of loaded tinlsubject was
given a weight in hand between 2 and 4 kg (according to their BMI mndeagth)
(Appendix 9). Five trials of each condition were recorded. Aftanpleting both sets of
loaded and unloaded trials, the subjects raised and loweretestent arm 10 times with
the weight while no data was collected. This was followed by dallection for 5 trials
continuing with the weight in hand. Information regarding any pain anordisct was
noted after each trial; the subjects rated their pain on @&meah pain score (Appendix

54



7). Also, the subjects were asked to rate their perceived @xeni the Borg’s scale of

perceived exertion (RPE) after each trial (Appendix 7).

Data reduction

The kinematic data was sampled at 100 Hz. The MotionMonitor softwase
used to define the JCS for the scapula, humerus and trunk using tirediihdmarks
following the 1ISB recommended prototdl The sensor data were transformed to the
anatomical reference frames to allow clinical interpretatfoifhe anatomical X axis was
pointing forwards, the Y axis upwards and the Z axis laterally anatsvfor the right side
data analysis. The axes orientation for the left side was ebtasigch that the X axis
points backwards, Y axis upwards and the Z axis laterally outwan@sds the left side.
Euler angle sequences were used to describe the position andtmeaf the segment
at each frame following the ISB prototdlexcept for the humeroscapular descriptions.
Appropriate conversions for the left sided data were made fdrefudalculations. The
YX'Z™ sequence was used to describe the scapular motions regipect to the trunk
reference frame. It described the rotations in the order efnialf external rotation,
followed by upward/downward rotation and anterior/posterior2%iltThe humeral
motions were described with reference to the trunk and scapbk.fdrmer was
described using the ISB recommended YX'Y” sequence which defmegplane of
elevation, elevation angle and then the axial rotation of the humiEhniss sequence is
limited by issues of singularity near positions of rest and digdl/ation and hence an
alternative sequence was used to describe the humero-scapulan.nidtat was
described by the X'Z'Y” sequence which defines the rotations é dider of arm
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elevation, plane of elevation (horizontal adduction/abduction) and then raxaion
(Appendix 8). The length of the pectoralis muscle was calcuéstedEuclidean distance
between the two attachment sites. It was then normalizdeetbetight of the individual
for subsequent data analysis.

The scapulohumeral rhythm was determined by calculating the efopdine
using linear regression across glenohumeral elevation and scapulard rotatiof?".
The slope was calculated in 30 degree increments (30°-60°, 60°-90° and 90&420°)
well as from 30° to 120° of the elevation phase. The average value finaisSvas used
for all analyses.

The EMG data were sampled at 2500 Hz and then filtered by aédew filter
with a cut off at 500 Hz using the MotionMonitor software. Also, da& were filtered
for electromagnetic noise due to the FOB system using thbratald notch filters.
MATLAB was used to full wave rectify and further smooth the detiag a 50 Hz low
pass 7 order Butterworth filter. For calculation of muscle latencysdiae EMG was
calculated as the average of the 50 msec. before the lgiertriThe evaluation of onset
of muscle activity was calculated by using the algorithneiilesd by Hodges & Buif®.

It identifies the point where the mean of a moving window of @#ecutive frames (25
msec.) exceeds the baseline activity by 3 standard deviatiaieh @&nset time was
checked visually to identify EMG trials disrupted by heart lmeaither motion artifacts.
The onset time was accepted only if the muscle maintained tadiiigher than the
threshold level in subsequent windows (Figure 3.4). The relative YyatdridT, LT and
SA was calculated as a difference of their latency hatidf anterior deltoid. The onset
of a muscle was termed as feed-forward if it had an onsetebefarp to 50 msec. after
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the onset of anterior deltoid which is the prime mover (Appendix 10). IMlumtset
before 50 msec. can not occur in a reaction to perturbation due teett®mlechanical
delay?.

The switch off or the deactivation time for each muscle wagifdsl in a similar
way. The mean of 250 consecutive samples (100 msec.) was calctoatetthé point in
time when the humerus was at a 120° elevated position during arm fdgwdihe
deactivation time was identified when the mean of this moving wingas lower than
or equal to the sum of mean of the baseline activity and 3 sthddaiations. Again, the
muscle was only considered deactivated if the muscle acaftity the switch off time
continued to remain lower than the set threshold level in the subsequér{BR0Omsec.)
windows. The corresponding humerothoracic elevation angle was rdcfandéurther
analysis. In cases when the deactivation of muscles could nalebgfied at all, the
lowest humeral elevation angle was considered as the anglediysia (Figure 3.5).
Each trial result was checked visually for motion artifact@se due to the heart beat. In
the presence of visible artifact, and if possible the algorittas mn for the windows
after the artifact. The trials were not used if such atdfaeere suspected to affect the
outcome especially when the artifact occurred in the 50 mseelitwindow period or
visually occurred to coincide with muscle activation (Figure 3.6a, b).

For quantification of the EMG data across the range of motion, &zen raf the
EMG activity over 30° increments (30°-60°, 60°-90°, 90°-120° ) was calcul&tdal
wave rectification and filtering. The baseline activity as snead during the 50 msec.

moving window average from the rest file was subtracted frosn Tiiien voltage values
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were normalized individually to the maximum of the mean musatleity obtained over

a 50 msec. moving window during the 2 normalization trials.

Validation of the Serratus Anterior Surface Sensor

Research methods: In a sample of 5 subjects with no histoshailder pain or
pathology, an additional experiment collected serratus anterior exyoelactivity using
both fine wire electrodes and surface electrodes. Data from 3 amlésfemales with an
average age of 35.6 years; height = 171.7 cms ; weight = 77.5KgsMire 5.7 were
collected. All were right hand dominant and the dominant side wgedten all subjects.
The fine wire was inserted over th8 6r 7" rib and the surface electrode was attached
over the ¥ intercostal space at the mid-axiallry line just anterothe latissimus dorsi
muscle, after the person elevated the arm up to 125° in scapular |saagoe®. The
connections of the fine wire to the preamplifier were not in optcoatact for the data
collection of first 2 subjects and were subsequently changeitiddast 3 subjects. The
activity of latissimus dorsi (LD) was collected by a soefeEMG electrode placed 3
finger breadths distal to the inferior angle along the postexitlary fold parallel to the
lateral scapular bord&f. A reference electrode was placed over the ulnar styloid gsoce
of the contralateral arm.

For normalization, the EMG data was collected over 2 trials wh#esubject
performed maximum voluntary contractions against resistance feec®nds. The
maximum of the average moving window activity over 50 msec. wads fmethe
normalization reference. The MVC for the serratus anteria eadlected as described
earlier. For latissimus dorsi, the subject was asked to penfesiated adduction and
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extension of the arm while maintaining medial rotation starfmogn an adducted,
extended and medially rotated position. Resistance was applied to therdistal a

The procedure for motion trials (verbal cue followed by light cee)ained the
same as for the full experiment. Data were recorded for unlaatktbaded trials while
the subject raised their arm in front of their body approximatethe sagittal plane. In
two subjects unloaded trials while maintaining humeral externaltioat were also
collected.
Data analysis: The EMG data was filtered and smoothed ashasspreviously except
that the fine wire EMG data were low pass filtered at 1000nidtead of 500 Hz. The
latency for serratus anterior was estimated by the samputemalgorithm explained
earlier. The similarities between signals were assdss#te method used by Marshall &
Murphy*?°. This study*® compared the cross correlation coefficiétitas obtained by
correlation of a signal with itself (auto-correlation) and wahother signal. Auto-
correlation yields a correlation of 1 and time lag of 0. Thescamrelation of two
different signals gives an estimate of similarity. In therent study, the auto-correlation
for surface serratus activity was estimated using theriXéunction in MATLAB (The
Mathworks, MA). Additionally, cross correlation was calculated eetw signals of
latissimus dorsi activity and that of serratus anteriorvidigtias collected by surface
(Xcorr Lp-sasurfacd @nd fine wire electrodes (Xcorb-safine wire)-  FOr quantification of the
EMG data across the range of motion, the means of the EM@tyctver 3 successive
windows each of 30 percent of the motion were calculated aftewéwle rectification
and filtering. These values were normalized individually to theOMd expressed as a
percentage of MVC.
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Data Analysis

The study primarily intended to determine if group differeneested for latency
across the different conditions. The dependent variables for the wir@ythe muscle
absolute and relative latencies of UT, LT, and SA; humeral elevation anggemamding
to the time when the muscles were deactivated; scapularl@amochgmeral 3-D angular
kinematics; and normalized EMG activity of UT, LT and SA. The inddpat variables
were the groups (subjects with and without impingement), conditions (udlcad€ed
and after repetitive motion), angles of arm elevation for kinenaatalysis (rest, 30°,
60°, 90° and 120°), phases of motion (elevation and lowering), and motion increments of
arm elevation and lowering for EMG analysis (30°-60°, 60°-90°, 90°-120°,-920°
90°-60° and 60°-30°). Amongst these factors, the group was a betweeatsdiagtor
and the others were within subjects factors. This necessitatedse of mixed model
ANOVAs. The level of significance was 0.05 for all tests.

Any differences between groups for age, height, weight, BMI amthalzed
pectoralis minor length, were tested using 2 sample t-t@bis. difference between
groups for Borg's scale of exertion and average velocity fevagion and lowering
phases were estimated by a 2 way mixed model ANOVA acrasgp gand condition
(unloaded, loaded and after repetitive motion). In case of sigmificéeractions, the
effect of group was analyzed using the Tukey-Kramer post-hoc @alfs2-way
interactions. The differences between groups for categoridables such as distribution
of gender, hand dominance, or tested side were done using chi squares analysis.

For all variables, the within subject trial to trial relialyiliwas tested by
calculating the ICC (intraclass correlation coefficief)odel 3 and type (3, 1)) and
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SEMs (standard errors of measurentéht)Appendix 11). After reliability testing, the
mean of all available trials for each subject and condition wad & subsequent
analyses.

Prior to performing further statistical tests, the assumptiohsparametric
statistics were tested. The normality of each variable farh eeell (condition
combination) in a 2 or 3 way ANOVA was tested using measurskesfness, kurtosis
and standard normality tests (Shapiro-Wilk, Kolmogrov-Smirti8vif the data were not
normally distributed, attempts were made to transform the Hadata transformations
failed to render the data normal, outliers were identified using bmg-plhe data from a
subject was identified as an outlier if it was more than 3githe inter-quartile range
lower than the first quartile or 3 times the inter-quartd@ge higher than the third
guartile. The data were re-analyzed for normality without theessitland if assumptions
of normality could be satisfied, the outliers were removed foresjuent analyses of the
data. If the normality assumptions could not be satisfied evenraftewval of outliers,
non-parametric statistics were performed for that variable.

For hypothesis testing, generally 2 or 3 way mixed ANOVA model® used. In
the case of significant interactions in a 2 way ANOVA, thiéofv up comparisons were
made using Tukey-Kramer adjusted post-hoc analysis of 2-wagatitars (comparisons
at each level of interacting factors). In the case of sigmti@ way interactions in a 3
way ANOVA, either the analysis was done at each level of #ie factor of interest by
multiple 2 way ANOVAs or the effects were analyzed at gatdracting factor using
contrasts. In the case where main effects of condition, phas@natrement or angle
were significant, follow-up pair wise comparisons were made using Tuleydfrtests.
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Hypotheses were tested in the following manner:

1. Hypothesis 1 This hypothesis predicted group differences for presence df fee
forward contractions of scapular muscles. This was tested dukicly the relative
latency for UT, LT and SA during each condition. If the onset before or up to 50
msec. after the onset of anterior deltoid, it was termed exb flmward. The total
number of trials across subjects for each condition when the mussied feed
forward contraction were counted and entered into a 2x2 chi squareGhbkxjuare
analysis was run across groups and individual muscle for all cond({tiofsaded,
loaded and after repetition motion) separately.

2. Hypothesis 2This set of hypotheses predicted differences in absol@ecias and
were tested by using a 2 way mixed model ANOVA across groups
(healthy/impingement) and conditions (unloaded, loaded and after ti@petor
each muscle (UT, LT and SA) separately. Subhypothesis a testedain effect of
group. In the presence of significant interactions with group, fleetef group was
analyzed by follow-up pair-wise comparisons using Tukey-Kraadgrsted post-hoc
analysis of 2-way interactions.

Subhypothesis b tested the effect of condition, with a specifiayise difference
predicted. In the presence of significant interactions with camditihe effect of
condition was analyzed by follow-up pair-wise comparisons using Tukeag&r
adjusted post-hoc analysis of 2-way interactions.

Subhypothesis c tested the effect of condition (loading) on the L®luabs

latency, with a specific pair-wise difference predicted.him presence of significant
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interactions with condition, the effect of condition was analyzgd ukey-Kramer
adjusted post-hoc analysis of 2-way interactions.

3. Hypotheses 3This set of hypotheses tested relative latencies of scapuiscles
across groups and conditions. Subhypothesis a predicted latencyndéferacross
muscles. Group differences were still of interest, but not hypatugksiThis
subhypothesis was tested using a 3 way mixed model ANOVA aalosaiscles
(UT, LT and SA), conditions (unloaded, loaded and after repetition) and sgyroup
(healthy/impingement). In the case of significant 3 way ictevas, the effect of
muscle (recruitment order) which was of main interest wstedefor each group
separately. In the case of subsequent 2 way interactions wghblen the effect of
muscle was analyzed by Tukey-Kramer adjusted post-hoc amabfsi2-way
interactions.

Subhypothesis b predicted an interaction between group and condition and
subhypothesis ¢ predicted a main effect of group. These werd testg a 2 way
mixed model ANOVA across groups and conditions (unloaded and loadedtand af
repetitive motions) for each muscle (UT, SA and LT) separatelfthe case of
significant interactions the effects of group or condition werdyaed by follow-up
pair-wise comparisons using Tukey-Kramer adjusted post-hoc analf/s2-way
interactions.

4. Hypothesis 4This hypothesis was tested by multiple 2 way mixed modeD¥XA
for the humeral elevation angle of deactivation across groups hHjealtd
impingement) and conditions (unloaded, loaded and after repetitive moticegdior
muscle separately. The hypothesis predicted a main effepbop and significant
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interactions between groups and conditions. In the presence of significa
interactions, the effects of group or condition were analyzedlkey-Kramer
adjusted post-hoc analysis of 2-way interactions.

5. Hypothesis 5 This hypothesis predicted an effect of group for the kinematic
variables under the unloaded condition (group x condition interaction). This
hypothesis was tested by a 3-way mixed model ANOVA  &crgsoups
(healthy/impingement), conditions (unloaded, loaded and after repetitomg)
elevation angles (30°, 60°, 90° and 120°) for each 3-dimensional scapuldnevaria
(Scapular internal/external rotation, upward/downward rotation), atross the
phases (elevation/lowering) separately. In the presenceroficagt interactions of
group with angle or condition, the effect of group was tested across egeltaad/or
condition using contrasts. In the presence of only 2 way interactions or thcsigci
determine any group differences during unloaded conditions, the effegbupb,
condition or angle was analyzed by Tukey-Kramer adjusted positadgsis of 2-
way interactions.

6. Hypothesis 6The hypothesis predicted group differences for scapulohunmgtaim
after repetitive motion (group x condition interaction). The hypotheasstested by a
3 way mixed model ANOVA across groups (healthy/impingement), dondit
(unloaded, loaded and after repetition), and angle increments. The dependant
variables were the slope of the line from a regression of glenashlLgievation and
scapular upward rotation. In the presence of significant interactibgsoup with
angle increment or condition, the effect of group was tested aeagksangle and/or
condition using contrasts. In the presence of only 2 way interactidnsspecifically
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find differences in the condition after repetitive motion, the otffeof group or
condition were analyzed by Tukey-Kramer adjusted post-hoc anadysisway
interactions.
7. Hypothesis 7Subhypothesis a predicted group differences for SA musadlatyaeind
was tested by a 3 way mixed model ANOVA across motion inenésn(30°-60°,
60°-90° and 90°-120°), groups (healthy and impingement) and conditions (unloaded,
loaded and after repetitive motion) for each phase (elevation ewdrihg)
separately. In the presence of significant 3 way interactatisgroup, the effect of
group which was of primary interest was tested at each dévke interacting factors
(condition or angle) using contrasts. In the presence of only 2 weraatibns, the
effect of group, condition or angle increment was analyzed by Tkkayer
adjusted post-hoc analysis of 2-way interactions.
Subhypothesis b predicted group differences for LT activity inadvering phase
only. It was tested using a the 3 way mixed model ANOVA aamosison increments
(120°-90°, 90°-60°, and 60°-30°), groups (healthy and impingement) and conditions
(unloaded, loaded and after repetition) for the lowering phase. In tlsenpee of
significant interactions with group, the effect of group which wasriofary interest was
tested at each level of the interacting factors (conditionngteaincrement) using
contrasts. In the presence of only 2 way interactions, the effegtoup, condition or
angle increment was analyzed by Tukey-Kramer adjusted postsadgsis of 2-way

interactions.
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Covariate analysis

The following were considered as possible covariates: Age, Bbtnalized
pectoralis minor length, pain level measures using a NPR d®alg;s scale index,
DASH scores and the speed of motion calculated as average hwalecty for
elevation and lowering phases. Correlations were computed betiveedependant
variables and covariates. In cases, when the correlation ceetf$ievere significant and
above 0.5 or showed patterns of group differences, the covariate wasddta further
analysis using ANCOVA (analysis of covariance), othervise covariate was dropped
from further consideration. When retained, the interaction of the ctevamgh all the
factors in the 2 or 3 ways ANOVAs were checked for signifiearin the case of no
significant interactions, the main effect of the covariats alao tested. If the covariate
showed a significant interaction with any other factor, it wasegewithin that factor for
the analysis. The interpretation of results was done with ahdwy the covariate in the
model. For conditions where the presence of the covariate did not resaly
substantive change in the interpretation of results (p value not olgagignificantly), the

simpler model without the covariate was used.

Additional Exploratory Analyses

1. Effects of trials The effects of trials on muscle latency were tested usinwgy

mixed model ANOVAs across group and trial for each condition atgdgr The
effects of trials on kinematic variables were tested usimgay-mixed model
ANOVA across group (healthy and impingement), angle of el@vaB0°, 60°,
90° and 120°) and trial for each condition and phase separatelhe lrase of
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significant 3 way interaction, the effect of trial was tdsdéeach angle separately
by 2 way ANOVAs. In the case of significant 2 way intei@asi, the effect of
trial was analyzed by Tukey-Kramer adjusted post-hoc analysi2-way
interactions.

. Relaxed standing position differencdsie relaxed standing posture was recorded

at the beginning and end of the data collection sessions. The kineaugables
were tested for group differences in the initial and final pmsstindividually by
2 tailed 2 sample t-tests. Also, the scapular and glenohumeral&tinerariables
at the initial rest position were compared with those at thérigsaposition using
2 way mixed model ANOVA across group and time of collection (initial/final).

. Peak elevation kinematic differencehe scapular and glenohumeral kinematic

variables were determined at peak elevation of each trial. Thbaghare known
errors associated with surface tracking of scapular kinematic varfalales there
were different peak elevation angles for each subject and dttaeinpts were
made to find differences which could be important for describing mestieani
causes of internal impingement. The kinematics at peak elewaéimnanalyzed
across groups and conditions by a 2 way mixed model ANOVA. In the ala
significant interactions, the effect of group was analyzed uSingey-Kramer
adjusted post-hoc analysis of 2-way interactions.

. Glenohumeral kinematic variable§he 3D kinematic variables of glenohumeral

plane of elevation, angle of elevation and axial rotation westedefor group
differences across conditions (unloaded, loaded and after repetitii@a)nand
elevation angles (30°, 60°, 90° and 120°) by 3 way mixed model ANOVA for
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each phase (elevation and lowering) separately. In the presersigndicant
interactions of group with angle or condition, the effect of group v&isdecross
each angle and/or condition using contrasts. In the presence yof2onay
interactions, the effect of group, condition or angle was analyzedukgyT
Kramer adjusted post-hoc analysis of 2-way interactions.

EMG analysis of upper trapezius activiffhis was tested by a 3 way mixed

model ANOVA across motion increments (30°-60°, 60°-90° and 90°-120°),
groups (healthy and impingement) and conditions for each phaseti(aieaad
lowering) separately. In the presence of significant 3 wagractions with group,
the effect of group, which was of primary interest, was testeshch level of the
interacting factor (condition or angle) using contrasts. In theepoesof 2 way
interactions, the effect of group, condition or angle increment walkyzed by
Tukey-Kramer adjusted post-hoc analysis of 2-way interactions.

. Analysis of fine wire EMG of serratus anterior as compaoesutface The cross

correlation coefficients for Xcoflb-sa sufaceWere compared to that of Xcqrs.sa
fine wire descriptively. The latencies as estimated by fine wire and sulltteodes
for serratus anterior were compared descriptively. The musdigity as a
percent of maximum voluntary contraction was described for ilatissdorsi and
serratus anterior across 30% of motion increments for the elevation phase.

Logistic RegressianAll the kinematic variables, and the normalized pectoralis

minor muscle length were included in a logistic regression sisalywhich
modeled the log of odds of being in the impingement group for theaded
condition. These analyses were done at 30°, 60°, 90° and 120° of humerothoracic
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elevation angles. This is similar to a multiple regressiaadeh with the log of
odds as the dependent variable. No interactions were tested. Thataklsf all
the variables with a significant Wald’'s chi square were aealyto find the
direction of differences between groups.

8. Group comparison of variancé&he variances for relative muscle latencies during

the unloaded condition were tested for equality across groups by adedeFs
test. The analysis was done with and without the outliers for each muscle.

9. Analysis of subgroups within impingement group:

a. The subjects with impingement were sub grouped based on the history
provided by the subjects and the clinical examination. They were divide
based on the clinical impressions of the investigator into eithendpavi
mainly internal or mainly subacromial impingement or a combinaifon
symptoms. The subjects who possibly only had internal impingement were
identified if they had a history of participating in overhead sports
(volleyball, baseball, or cricket), were relatively youngersgl than 40
years of age), had pain terminally with elevation, or tested pesitith a
posterior internal impingement test. Subjects who possibly had only
subacromial impingement were identified if they tested negativeéhe
above mentioned criteria. If they had an ambiguous history and
presentation to clearly differentiate them into these categai either
internal or subacromial, they were sub grouped as ambiguous. The
scapular kinematic variables were analyzed descriptively ler
conditions and both phases separately.
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b. The subjects with impingement were also sub grouped based on the level
of involvement as indicated by the DASH scores. Subjects withHDAS
scores equal to or higher than 20 formed the high involvement sub group
and subjects with DASH scores less than 20 formed the low involvement
sub group. The scapular kinematic variables were analyzed destyiptive

over all conditions and both phases separately.
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10.CHAPTER 4
RESULTS
Reliability analysis
The ICC and SEM results are provided in Table 4.1 and 4.2 The ICCs for scapular

internal/external rotation ranged between 0.90 - 0.98; for scapulaardiprotation
between 0.80-0.90 and for scapular tilt between 0.87 — 0.98. The SEMEKmematic
variables were below 3.5°. The ICCs for scapular muscle laten@ee very low owing
to the very high variability between trials. All ICCs foelative latencies across
conditions and groups were less than 0.3. The ICCs for absolute latengyperf
trapezius ranged from 0.17 to 0.50; for lower trapezius ranged from 0.20 tarn@l 46r
serratus anterior ranged from 0.13 to 0.41 (Table 4.2 ). The SEMbdolute latency of
muscles ranged from 96 to 164 milliseconds and the SEMs forveelatency ranged

from 73 to 135 milliseconds.

Trial to trial analysis

The trial did not have a significant effect on any absolute lative muscle
latency parameters. For kinematic variables, trial had a signifeffect for analysis of
scapular upward rotation, glenohumeral elevation and plane of elewatihe unloaded
condition. The first trial was significantly different from thest three trials with an
increase in scapular upward rotation, decrease in glenohumeraticglesagle and
shifting of plane of elevation away from the sagittal plane. diferences in angular
values were all less than 1.8°. These trends in differences féuntmatic parameters
were captured by the condition effect as well and hencestratzonalized to use the
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average of the 5 trials for each condition. Average data from IS wias used for all
subjects for analysis of kinematic and EMG variables excegafency analysis when

some trials were discarded due to artifacts.

Covariate analysis results

Multiple correlations were calculated between demographic vasiadee,
height, weight and BMI ), average pain scores during each conditioragavBorg’s
scale score during each condition, average velocity of motion duringtiele and
lowering, height normalized pectoralis minor muscle length and thendapevariables
(muscle latency and kinematic variables) (Appendix 12.A-F). The nizedgoectoralis
minor muscle length was the only variable with consistent modeoatelations (<0.5)
(Table 4.3) for the analysis of scapular internal/external ootadind scapular tilting
across groups. However, although the covariate was statissaatificant, its inclusion
in the model did not change the significance of other variables $0 esange the
interpretation of results. Hence simpler models without the cdeanviere retained
(Appendix 13).

As the glenohumeral plane of elevation showed significant group diffese the
humerothoracic plane of elevation at 90° was also checked to detefnitifed any
significant correlations with other kinematic variables (ApperidhG). However, due
to low correlation values, it was not retained for further ANCOVA analysis.

Descriptive data (means/standard deviation) for all dependeablesiby group

and condition are presented in Tables 4.4.1 t0 4.4.6
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Results of Hypothesis Testing
Hypothesis 1

There were trials dropped due to presence of cardiac or motidactatior
estimation of muscle latency. The total number of lost triatschlculating relative
latency was approximately 8 for upper trapezius, 10 for lower tiegpemnd 15 for
serratus anterior across conditions (Table 4.5).

The data for relative latencies for muscles showed outliershwdifflected the
normality of data and prevented effective transformation. Anabysielative latency
data after removal of outliers allowed us to perform paramstatistics and hence data
from 2 subjects (different for each muscle) were excluded. Sdotaé number of
healthy subjects included was 24 for upper trapezius and lowezius analysis and 23
for serratus anterior analysis whereas the total number ofcssiljgh impingement was
23 for all upper and lower trapezius analysis and 24 for serratus anteri@isnaly

Results for these analyses are presented in Table 4.4.3. The rtgmezius
showed feedforward contraction during 76% of unloaded trials in ssbjeth
impingement, which was significantly higher than 57% of triatshiealthy subjects (chi
square = 9.44, p = 0.002). Similarly lower trapezius showed feedfdreartraction
during 63% of unloaded trials in subjects with impingement which sigsificantly
higher than 46% of trials for healthy subjects (chi square = 660.01).In trials after
repetitive motions, serratus anterior showed feedforward contractiomg @%% of trials
in healthy subjects which was significantly higher than 73%riafstin subjects with
impingement (chi square = 4.67, p = 0.03). All other condition comparisonsnetre
significantly different between groups (Table 4.4.3).
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Hypothesis 2

The data for absolute latencies were not normally distributed; heabsequent
analysis on absolute latency data was done after a log traasfummResults for these
analyses are presented in Tables 4.4.1, 4.6.1, 4.6.2 and Figures 4.1a-c.
Hypothesis 2 a

This hypothesis predicted differences between groups. There wergniacant
differences between groups for upper trapezius absolute latencpb$bkite latency of
lower trapezius showed a significant group by condition interactibn=(2/94; F-
ratio=3.11; p = 0.049) However, follow up analysis did not find significaffiérénces
between groups at each condition (Table 4.6.2)

The absolute latency of serratus anterior approached signifi¢aned.12) for
group differences. The serratus anterior average absolute ylailensubjects with
impingement was 283.44 msec. as compared to 245.5 msec. in healthgtssubj
Subjects with impingement showed a trend toward delayed recruitofiesg¢rratus
anterior as compared to healthy subjects.

Hypothesis 2 b and 2 ¢

The hypothesis 2b predicted effects of condition and there were camifi
differences for absolute latencies of all three muscles. bkelw#e latency for upper
trapezius increased significantly after repetitive motion (3&1séc.) as compared to the
unloaded condition (282.8 msec.) for both groups (df = 2/94; F-ratio = 494.@21).
The absolute latency of upper trapezius during the loaded condition (3083 mas

not significantly different from the other two conditions.
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There was a significant interaction of group and condition (p = 0.04@n&dysis
of lower trapezius. The absolute latency for lower trapezius assdefrom the unloaded
condition (339.2 msec.) to the loaded condition (242.1 msec.) in healthytsudgeeell
in subjects with impingement (from 325.4 msec. to 265.1 msec.). Howeveahdbkite
latency for lower trapezius was decreased significantly fileenunloaded condition to
the condition after repetitive motion (248.1 msec.) for healthy ssbgedy and not for
subjects with impingement. There were no significant differerfoesthe variable
between the loaded and after repetitive motion conditions across tmitpsg(Table
4.6.2).

The absolute latency for serratus anterior significantly deetkan the loaded
condition (248.4 msec.) and in the condition after repetitive motion (257.6.)nese
compared to the unloaded condition (288.4 msec.) for both groups (df =F/8do =
7.61; p = 0.0008). There were no significant differences between thedla@ndition

and after repetitive motion condition (Table 4.6.2).

Hypothesis 3
Hypothesis 3 a
Results for these analyses are presented in Table 4.7.1, 4.7.2 ares Bigua-c.
The hypothesis predicted a muscle order effect for recrottwfescapular muscles. A 3
way ANOVA was performed for relative latencies of scaputaiscle across group and
condition after excluding data from 6 subjects (2 outliers for eaddtle). There was a
significant interaction between muscle recruitment and conditior @lfL64; F-ratio =
14.57; p<0.001). The serratus anterior (18.2 msec. after deltoid) and upper trapezius (17.7
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msec. after deltoid) were recruited significantly before lotkegpezius (64.6 msec. after
deltoid) for the unloaded condition. There was no significant differentweeba upper
trapezius and serratus anterior relative latency for the detbeondition. In the loaded
condition, the serratus anterior (2.4 msec. after deltoid) and loamezius (8.8 msec.
after deltoid) were recruited significantly before the uppapdrius (60.3 msec. after
deltoid) (p<0.05). This order of recruitment continued in the condition edfmatitive
motions with the serratus anterior (3.7 msec. before deltoid) and toapezius (22.2
msec. after deltoid) getting recruited significantly before upper trapédu® msec. after
deltoid) (p<0.05). There were no significant differences betweenr Itrapezius and
serratus anterior relative latency in loaded and after itigemotion conditions (Table
4.7). There were no significant differences in the order of muscle reentitsetween the
two groups.
Hypothesis 3 b

Results for these analyses are presented in Table 4.4.2, 4.8.1, 4.8.2 aes Figu
4.2 a -c. The hypothesis predicted an interaction of group and conditicacfoneiscle.
The lower trapezius interaction came close to significance wvit 0.08. There was a
significant main effect of condition for upper and lower trapezius.rélaive latency of
upper trapezius significantly increased from the unloaded (19.2 imskere deltoid) to
the loaded condition (71.7 msec. after deltoid) in both groups. The relaterecy of
lower trapezius significantly reduced from the unloaded (65.1 msec.d#ftoid) to the
loaded condition (6.8 msec. after deltoid) (p<0.05) in both groups. The saargum®r

showed a strong trend (p = 0.052) of decreasing relative lateaoy the unloaded
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condition (18.7 msec. after deltoid) to the loaded condition (5.6 msec.dafterd) in
both groups (Table 4.8.2).
Hypothesis 3 ¢

The hypothesis predicted a group difference between relativeyaté muscles.
No significant differences were found between groups for any of thestles (Table
4.8.1). However, the upper trapezius data was analyzed for eaditian separately.
This was done because the upper trapezius showed a high basehity actall
conditions with weight held in the hand and hence the activatioret@sted by the
algorithm (compared to a higher baseline) was delayed. Subsequtectiyld be argued
that the muscle was active even before motion began. The 2 sateptefdr upper
trapezius relative latency during the unloaded condition showed a diffeience (t-
value=2.95; p = 0.005) for the subjects with impingement (4.24 msec. beturel)de
recruiting their upper trapezius significantly earlier thanlthgacontrols (42.7 msec.

after deltoid) (Table 4.4.1).

Hypothesis 4

Results for these analyses are presented in Table 4.9.1 and 4.9.8uaed Ei3a,
4.3b and 4.3c. This hypothesis tested the group difference for humeocnthangle
corresponding to deactivation of muscles across conditions. The humetathora
elevation angle where serratus anterior was deactivatedigracantly higher (~9°) in
the subjects with impingement (36.4°) as compared to healthy coroi¥) across all
conditions (df = 1/47, F-ratio = 6.69; p = 0.013). There was also aisgntiimain effect
of condition such that the serratus anterior muscle was deactivated later in the
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range of arm lowering in the loaded condition (27.6°) and the conditionrafietitive
motions (29°) as compared to the unloaded condition (39.6°) (df = 2/94; Fra@Md;
p<0.001) in both groups. There were no group differences for humerothoGdtiat
angle associated with muscle deactivation of upper and lower iiapélowever, there
was a significant condition main effect with both muscles showiggfEeantly lower
humerothoracic elevation angles before deactivation during thedoamhdition (~20°)

and after repetitive motions (~15°) as compared to unloaded trials (p<0.0% {Ta.a).

Hypothesis 5

Descriptive results for these analyses are presented in Zalbldsand 4.4.5. The
ANOVA results are described in Table 4.10.1 & 2 (elevation) and 4.12XI&wering)
and Figures 4.4 a-f.

Scapular Internal/External Rotation

No significant interactions were found between normalized peconainor
length and any of the factors in the 3 way ANCOVA for scapuiléermal/external
rotation during the elevation phase. Normalized pectoralis mingtHevas a significant
covariate but the interpretation of results did not change withrésence in the model.
Hence, the simple model was retained without the covartdde significant group
differences were found for scapular internal/external rotatiomgwlevation of the arm.
There was a significant 2 way interaction between condition agie af elevation (df =
6/282; F-ratio = 20.02; p<0.001) such that scapular internal rotationgdimenunloaded
condition was significantly less than scapular internal rotatiomguahe loaded and after
repetitive motions at 30°, 60° and 90° of humerothoracic elevation. Theee weer
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differences between the loaded and after repetitive motion comgliéit all angles. The
scapular internal rotation position at 30° was significantly lo(@4dr96°) than at 60°
(37.55°) and 90° (38.35°) across all conditions. The scapular internabmnofaisition
was different (~2°) between 60° and 90° only for the unloaded condition.cépelar
internal rotation position at 120° was less (~3.2°) than that at 90° ofrbtimaeacic
elevation for all conditions.

During the lowering phase, normalized pectoralis length had a symifi
interaction with angle of elevation and hence it was nestdd avigle for ANCOVA
(Appendix 13). The inclusion of the covariate did not change any retatjpn of results
and hence it was not retained in further analysis and a simplerl mitheut the
covariate was used. No significant differences were found betgreeps. However, the
condition and angle of elevation factors demonstrated significant effaicts. Scapular
internal rotation during the unloaded condition (34.3°) was significantly tless
scapular internal rotation during the loaded condition (36.8°) and therafietitive
motion condition (37.1°) (df = 2/94; F-ratio = 11.24, p<0.001). The scapula was in a
significantly less internally rotated position at 120° (33.3) aspeved to other angles
(Table 4.11.1& 2 and Figures 4.4 a and b). Also, there was more intetatabm at 60°
(37.8°) as compared to that at 30° (35.9°) of humerothoracic elevation.

Scapular Upward Rotation

There was a significant 3 way interaction between group, condiiordegrees
for the analysis of scapular upward rotation during the elevatiore fldds= 6/282, F-
ratio = 2.47; p value = 0.024). The follow up pair wise comparisons showethéa
groups were closest to demonstrating significant differerarehié unloaded condition at
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120° of humerothoracic elevation (p = 0.076) with the healthy subjrotgirsg higher
(~3.35°) scapular upward rotation than subjects with impingement. The acapulard
rotation at 60° and 90° was significantly lesser (~2.5°) during the unlaamelition as
compared to the loaded condition for the healthy subjects and at 9a2@hdor the
subjects with impingement (~3°). The scapular upward rotation in kealthjects
showed no significant differences between the loaded condition arwbriléion after
repetitive motion at all angles whereas the scapular upwartioroduring the loaded
condition was lesser (~2°) than that the after repetitive motion tommdh subjects with
impingement at 60° and 90° of humerothoracic elevation. For both groupsathdasc
upward rotation during the unloaded condition was significantly lowen free condition
after repetitive motions at 60°, 90° and 120° of humerothoracic elevation.sAalos
conditions and both groups, the scapular upward rotation increased from 30°%tq4.9°)
120° (35.6°) of humerothoracic elevation (Table 4.10.1 & 2, Figure 4.4 c).

During the lowering phase, there was a significant interat@ween condition
and angle of humerothoracic elevation (df = 6/282; F-ratio = 12.01<p.601). The
scapular upward rotation was significantly higher (~1-2°) dutimggunloaded condition
as compared to the loaded and after repetitive motion condition at B0fna&rothoracic
elevation for both groups. The scapular upward rotation during the loadedmondis
lower (~1.5°) that that during the condition after repetitive motidn80&4 and 90° of
humerothoracic elevation. The scapular upward rotation during the unloadetiocondi
was higher (~2°-2.5°) than that during the condition after repetitotom at 30° and

120° of humerothoracic elevation. Across all conditions and both groups, apelac
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upward rotation decreased from 120° (36.2°) to 30° (5.3°) of humerothoracic @tevati
(Table 4.11.1 &2, Figure 4.4 d).
Scapular Tilt

The data was not normally distributed for scapular tilting, desitattempted
transformations (squares, cubes, exponential, log, inverse, squareFrmtata from 3
subjects (2 subjects with impingement and 1 healthy) were suthed hence were
removed from further analysis which then rendered the data to have a normnialtchstr
Normalized pectoralis minor length showed a significant intemactvith angle of
elevation for only elevation phase analysis. When considered as aatmvé was
subsequently nested within angle. However, the inclusion or exclusioorofalized
pectoralis minor length in the statistical model, although a fagnt factor, did not
change the interpretation of results for group differences. AINEOVA result is
included in Appendix 13.

For the analysis of the elevation phase without the covaraatsignificant
interaction between condition and angle of elevation (df = 6/264ti¢--+a4.52; p
<0.001) was present. The scapular tilt during the unloaded condition was not sidgificant
different from that during the loaded conditions at all angles. Howewter repetitive
motion, there was significantly more anterior tilt as compaoetthe loaded condition at
90° and 120° of humerothoracic elevation (p<0.05). Under all conditions thera was
significantly increasing posterior scapular tilt from 30° (9%aiot tilt) to 120° (2.12° of
posterior tilt) of humerothoracic elevation (Table 4.10.1 &2, Figure 4.4 e).

The 3 way ANOVA for the lowering phase analysis similarlyowed a
significant interaction between condition and angle of elevatiors (6f264; F-ratio =
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4.14; p<0.001). The scapular tilt during unloaded and loaded conditions showed a
significantly less anteriorly tilted position as compared to dfter repetitive motion
condition for 60°(~1.1°), 90°(~1.5°) and 120°(~2°) of humerothoracic elevation. The
scapular tilt during the unloaded condition was not significantly reéiffiefrom the loaded
conditions at all angles except at 30° of elevation with the scapatarior tilt being
significantly higher (1.4°) during the loaded condition. Follow up pasevwdomparisons

for angle effects showed that the scapula assumed an inctgaamtgriorly tilted
position while lowering the arm across all conditions (from ~4° postéit to ~9°

anterior tilt) (Table 4.11.1 &2, Figure 4.4 f).

Hypothesis 6

Results for these analyses are presented in Table 4.12.1 and 4.12.2arkad b
data was analyzed on log transformed data. For elevation phassignalgignificant 3
way interaction was found between factors (df = 4/180; F-rai®%; p = 0.034). Hence
pair wise comparisons were made using contrasts. During theamiant between 30° to
60° and 60° to 90° of arm elevation, the slope significantly decreasedhisoonloaded
(2.63) to the loaded (1.75) condition and after repetitive motion (1.66) comddr
healthy subjects signifying increased scapular contribution. &imilfor subjects with
impingement the slope for the unloaded condition (1.75) was signifidasdythan that
for the loaded condition (2.60) and the after repetitive motion condition (INEB).
significant differences were found between the loaded condition andftér repetitive
motion condition across all increments and both groups. No differencessayroups or
conditions were found for the 90° to 120° increment.
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Additional analysis on slope for elevation phase from 30° to 120° also dhawe
significant interactions but showed significant differences betwédee unloaded
condition (2.40) and the other 2 conditions (1.89 and 1.81). The scapulohumeral rhythm
values during the loaded and after repetitive motion conditions mardifferent from

each other (Table 4.12.2b).

Hypothesis 7

A log transformation was used to result in a normal distribution ®&.da
Descriptive results for these analyses are presented in Zdbte The ANOVA results
are described in Tables 4.13.1 & 2 (elevation) and 4.14.1 & 2 (loweaumg) Figures
4.5a-C.
Hypothesis 7 a

This hypothesis predicted group differences for serratus angatierty. During
the elevation phase, there was a significant interaction betwssltion and motion
increment (df = 4/188; F-ratio= 30.13; p<0.001). Follow up pair wise cosgrei
showed that the unloaded condition was different from the loaded andegdtditive
motion conditions at all increments (~25%) and the serratus andetiity during the
loaded condition was significantly lower than that after repetitnotions for the 30°-60°
increment (3.5%). There were no significant group differencesséoratus anterior
activity (Tables 4.13.1 & 4.13.2).

For the lowering phase, there was a significant interactiondegtwondition and
motion increment (df = 4/188; F-ratio = 9.18; p<0.0001). Follow up pair wise
comparisons showed that the unloaded condition was different from thexllaad after
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repetitive motion conditions at all increments (~13%) and the sergaiterior activity
during the loaded condition was significantly lower than that aépetitive motion for
the 60°-30° increment (<2%). There were no significant group diffese@oeoss
conditions and motion increments (Tables 4.14.1 & 2, Figure 4.5a).
Hypothesis 7 b

The hypothesis predicted a group by condition interaction for therltapezius
activity during the lowering phase. There was a significantaot®n between condition
and motion increment (df = 4/188; F-ratio = 13.34; p<0.001). Follow up pair wise
comparisons showed that the unloaded condition was different from thexllaad after
repetitive motion conditions at all increments (~16%). There weyesignificant
differences between the loaded condition and the condition aftertirepe@tiotions and

no significant differences between the groups (Tables 4.14.1 & 2, Figure 4.5b).

Summary of Hypothesis Testing

Hypothesis 1 Under all conditions, the latencies of scapular muscles (upgegzus,
lower trapezius and serratus anterior) as compared to antertorddelill show a
feedforward contraction only for healthy subjects and not for peopieinvpingement
syndrome. This hypothesis was partially supported for the affeetitive motion
condition for serratus anterior relative latency where there \aesignificantly higher
percentage of feed forward contractions in healthy subjects as m@htpasubjects with
impingement. Significant group differences were also found forughger and lower
trapezius muscle during the unloaded condition but were in oppositeiafiréct the
hypothesis.
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Hypothesis 2:

Hypothesis 2 aThe absolute latency of serratus anterior and lower trapeziube

significantly higher in people with impingement as compared tdteaddividuals. This

hypothesis was refuted. Serratus anterior absolute latency apmtasighdicance for

group differences in the direction as expected with healthy salgkotving lower values
than subjects with impingement.

Hypothesis 2 bThe absolute latency of all muscles will be significantlyaget in both

groups after repetitive motion as compared to the unloaded conditionhylfoghesis

was partially supported. The absolute latency of upper trapezivsased after the
repetitive motion condition whereas absolute latency of lower zrapedecreased
significantly in the loaded and the after repetitive motion conditionhealthy subjects
and absolute latency of serratus anterior decreased in both grahpdoaded and after
repetitive motion conditions.

Hypothesis 2 clLower trapezius absolute latency will decrease with loadshngompared

to the unloaded condition of the arm in both groups. This hypothesis was sdpbrn
absolute latency of lower trapezius decreased in both groups dueihgatded condition

as compared to the unloaded condition.

Hypothesis 3

Hypothesis 3 a: The serratus anterior activation will be followed by a siggmtly

slower activation of upper trapezius and then by lower trap@zibealthy individuals
under all conditions. This hypothesis was partially supported. The ofdenuscle
recruitment for the unloaded condition was serratus anterior and ugpezits followed
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by lower trapezius for both groups. For the other two conditions, theiseanterior and
lower trapezius preceded upper trapezius activation for both groups.

Hypothesis 3 bUnder the loaded condition, the relative latency of scapular musitles

significantly decrease as compared to the unloaded condition for tsubjeth
impingement. This hypothesis was partially supported. The relédtemcy of upper
trapezius increased and lower trapezius decreased in the loadetlonsntbr both
groups.

Hypothesis 3 cAcross conditions, there will be a significant delay in reéatatency of

serratus anterior and lower trapezius and significantly shaetative latency of upper
trapezius in people with impingement as compared to healthy sibjdus hypothesis
was partially supported. The relative latency of upper trapezasssignificantly less in
subjects with impingement as compared to healthy subjects. The hsipatlees refuted

for lower trapezius and serratus anterior analyses.

Hypothesis 4The angular value of humeral elevation when each scapular muildie

deactivated will be significantly lower in healthy subjeastscompared to people with
impingement. The difference between groups will be significargbsdr for loaded
conditions and after repetitive motion. This hypothesis was pgrisalpported. The
humeral angle corresponding to the muscle deactivation was highsgrfatus anterior

across all conditions in subjects with impingement as compared to healthgtsubje

Hypothesis 5:Under the unloaded condition, there will be differences observed in
kinematic descriptors for scapular tilt, internal rotation and ugwatation between
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subjects with and without impingement. Subjects with impingemehshaw decreased
upward rotation, increased internal rotation and decreased postérfiibith elevation
and lowering phases. This hypothesis was refuted. The subjects didowsignificant

differences for scapular kinematic variables between groups adrossaditions.

Hypothesis 6After repetitive motions, the scapulohumeral rhythm will showedtffices
across groups such that increased scapular contribution will beirseseibjects with
impingement after repetitive motion. This hypothesis was (igrteupported. The
scapulohumeral rhythm showed differences with an increased scapuiabution in the

after repetitive motion condition for both groups.

Hypothesis 7

Hypothesis 7 atUnder all conditions serratus anterior will show significantlgrdased

activity as a magnitude percentage of referenced contractionneeon increments
from 30°-60°, 60°-90° and 90°-120° in subjects with impingement as compared to
healthy subjects. This hypothesis was refuted. The musclétyacii serratus anterior did

not show significant group differences for elevation or lowering phases.

Hypothesis 7 bThe lower trapezius will show significantly decreasedvigtin people

with impingement as compared to healthy subjects during the ilmyvphase for the
unloaded condition. This hypothesis was refuted. The lower trapeziwgyadid not

show significant group differences during the lowering phase across conditions.
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Additional Exploratory Analyses

1. Relaxed standing position differenceshere were no significant differences between
groups in the scapular kinematic variables during the relaxed irsapdsition as
measured before or at the end of the data collection protocol (Tablg Zh&
glenohumeral elevation angle was significantly different betw groups with the
subjects with impingement showing significantly higher GH dlemaangle (10.1°) as
compared to healthy subjects (5.4°) (p = 0.02) in the initial rdlastanding position.
There were no significant differences between the ininhdl ffnal rest position data for
the scapular internal/external rotation, scapular tilt, glenohurpknae of elevation and
axial rotation values. However, the final rest position data haufisently less scapular
upward rotation averaged over both groups (2°) than the initial restopositiso, the
glenohumeral elevation was significantly less elevated initlaérest position (~2°) than

in initial rest position data.

2. Peak elevation kinematic differencesResults for these analyses are presented in
Tables 4.16.1 & 2. There were no differences between the groups feathdas upward
rotation and tilting at peak humerothoracic elevation. The scapulanahexternal
rotation showed a trend toward difference (p = 0.07) with the ssbjettt impingement
showing more internal rotation (31°) than healthy subjects (25.7°). These a
significant effect (p<0.001) of condition across both groups for scapitlawith tilt
position during the unloaded and the loaded conditions being significantlyposterior

(~6-7°) than during the condition after repetitive motions (3.1°).
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There was a significant effect (p = 0.006) of condition across bwinpg for
glenohumeral elevation with the unloaded condition showing significantly moratielev
(100.3°) than the loaded condition and condition after repetitive motions (~97®.The
was a significant interaction between group and condition for ahalysis of
glenohumeral plane of elevation. The groups were different aftereffegitive motion
and loaded conditions with the subjects with impingement closer tocépeilar plane
(~6-9° anterior to the scapular plane) than healthy subjects (~11.&fioartb the
scapular plane). There was a significant effect (p<0.001) of conditiross both groups
for glenohumeral axial rotation with the unloaded condition showing signifly less
external rotation (56.8°) than the loaded condition (60.1°) and condition aftéitivepe

motion (59.2°).

3. Glenohumeral kinematic variables
Descriptive statistics results are described in Tables 4.4stiltRdor these analyses are
presented in Tables 4.17.1 & 2 (elevation) and 4.18.1 & 2 (lowering) and Figure 4.6 a-f.

a. Glenohumeral angle of elevatiofhere was a significant interaction between

condition and angle of elevation (df = 6/282; F-ratio = 33.26; p value = <0i@0fh)e

analysis of the elevation phase. Follow up analysis showed thaglémohumeral

elevation was higher (~4-5°) during the unloaded condition as compatédttduring

the other 2 conditions at 90° and 120° of elevation. There was no diffdretvoeen the

loaded condition and after repetitive motion conditions at all angles (Tables 4.17.1 & 2).
There were also significant interaction effects between dond#nd angle of

elevation (df = 6/282; F-ratio = 26.74; p value = <0.001) during the lowgrhase.

89



Follow up analysis showed that the glenohumeral elevation was lower (~2°-5°) thaering
unloaded condition as compared to the other 2 conditions at 30°, 60° and 120° of
humerothoracic elevation. There were no differences between thel loaddition and

after repetitive motion conditions at all angles (Tables 4.18.1 & 2)

b. Glenohumeral Plane of elevatioburing arm elevation and lowering, there was a

significant group effect and a significant interaction between tondand angle of
elevation. During both phases, the subjects with impingement hadithesignificantly

less anterior to the scapular plane as compared to the healijects (~5-6°). For both
phases, the glenohumeral plane of elevation during the unloaded condition was
significantly more anterior (~2° to 10°) to the scapular planeocagpared to the other 2
conditions at all angles. The plane of elevation was significanore anterior (1.5°)
during the loaded condition as compared to the condition after repatibtion for the
elevation phase (Tables 4.17.1 & 2). The loaded condition and afteitivepetotion
condition were not different from each other for any angles duhagowering phase
(Tables 4.18.1 & 2).

c. Glenohumeral axial rotatiorFor the elevation and lowering phases, there was a

significant interaction between condition and angle of elevation.heoelevation phase,
the axial external rotation during the unloaded condition wasfisignily lesser than that
during the other 2 conditions at 30° (~10°) and 60° (~5°) of elevation. Theeaxeahal
rotation was greater (~2 °) during the loaded condition as comfmatkd after repetitive
motion condition at 90° and 120° of elevation (Tables 4.17.1 & 2). For theitgver
phase, the external rotation during the unloaded condition was significantly3ésk0¢y
as compared to the loaded condition at all angles but it was sagnifi less as compared
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to the after repetitive motion condition only at 30° (9.1°) and 60° (5.6%ew@&on. The
axial rotation progressively increased with increasing aawagbn across all conditions

and phases. There were no significant group differences (Tables 4.18.1 & 2).

4. EMG analysis of Upper Trapezius The results for these analyses are presented in
Tables 4.13.1 & 2 (elevation) and 4.14.1 & 2 (lowering) and Figure 4.5 cardlgsis
was performed on log transformed data after the data fromulmpecs was excluded. It
was an extreme outlier due to considerably weak contraction dtwenggcording of the
MVC. There was a significant interaction between condition andomaticrement (df =
4/184, F-ratio=12.29; p-value<0.001). Pair-wise comparison showed that thee muscl
activity was significantly less (~25-30%) during the unloadedoaspared to the loaded
condition and after repetitive motion condition at all increments. |daded condition
was not different from the after repetitive motion condition Far 90°-120° increment.
The upper trapezius muscle activity significantly increase@%3$ from 30°-60° to the
60°-90° increment across all conditions. The muscle activity wassigoificantly
different between the 30°-60° and 90°-120° increment for the loaded andepkditive
motion condition. There were no significant group differences (Tables 4.13.1 & 2).

For the lowering phase analysis, the muscle activity wasfisgnily less (~13%)
during the unloaded condition as compared to the loaded condition and the afte
repetitive motion condition at all motion increments. There were goifisiant
differences between the loaded condition and the after repetittien condition. There

were no significant group differences (Tables 4.14.1 & 2).
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5. Analysis of fine wire EMG of serratus anterior The latencies between the surface
and fine wire EMG signals were estimated for 2 subjects ortlyeakaseline activity was
visually determined to be excessively high in the other subjeletslatency as estimated
by the surface signal was consistently delayed in one subjean(10 msec.; range: 5-25
msec.) as compared to the fine wire signal. For the second tsiubgaverage difference
between the latencies was close to zero but the differanged between -32.4msec. to
38.8msec. The cross correlation coefficients were analyzed for dcsubj he data from
one subject could not be analyzed for cross correlations as thera lwose connection
between the fine wire and preamplifier electrode and the activiting arm lowering
was not collected. The cross correlation coefficients werdagirbetween Xcorgp.sa
surface(0.79) and Xcortp-sa finewire (0.78) (Appendix 14, Figure A)The percentage MVC
activity of latissimus dorsi averaged across all subjects during the unloadedocowds
1.3%, 2.7% and 3.5% across motion increments respectively. The percéfivdye
activity of latissimus dorsi averaged across subjects durimgptbaonditions was 1.8%,

3.6% and 6% across motion increments respectively (Appendix 14).

6. Logistic RegressionFor the unloaded condition at 60° of humerothoracic elevation,
scapular tilt, scapular upward rotation, glenohumeral elevation and glenohpiaaeabf
elevation showed significance for predicting group differences €§ahll9a and b). The
probability of being in the impingement group was significantlg iéshe subjects had
an increased scapular anterior tilt (chi square = 6.8, Odds=&i84; p value = 0.009)
and more anterior plane of elevation (chi square = 8.3, Odds ratio =@vlue =
0.004), and greater if they had decreased scapular upward rotatiorgijene s 5.7,
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Odds ratio = 3.62; p value = 0.017). These directions of differenceasestent with
the descriptive results of the variables (Tables 4.4.4 & 5) prdlgability of being in the
impingement group was also significantly higher if the subjectd ha lower
glenohumeral elevation (chi square =5.25, Odds ratio = 3.3; p value= 0.02) which was the
only outcome which did not agree with the descriptive result for \theable.
Descriptively, the subjects with impingement showed a higher glersialiralevation
angle. This difference may be explained by the strong associagitween this variable
and scapular upward rotation. As both were included in the modekttheate of the co-
efficient for glenohumeral elevation was affected by scapupavard rotation. The
scapular upward coefficient can be interpreted as the influenseapular upward
rotation after adjusting for glenohumeral elevation.

For the unloaded condition at 90° of humerothoracic elevation, scapylandlt
glenohumeral plane of elevation were retained in the model. Thebgrgbaf being in
the impingement group was significantly lower if the subjectsamhcreased scapular
posterior tilt (chi square = 3.87, Odds ratio = 0.66; p value = 0.049) arel antarior
plane of elevation (chi square = 6.83, Odds ratio = 0.85; p value = 0.009).

For the analysis at 30 and 120 degrees, no kinematic variable cairgudsh

group differences significantly (Appendix 15).

7. Group comparison of variances The result of this analysis is described in Table
4.20. No significant differences were found between the varianceppar trapezius
relative latency with or without the data from 2 subjects whichewsdnsidered as
outliers.
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Significant differences were found between the variances of loejeezius both
with and without the data from 2 subjects which were considered leer®@p = 0.006
and p<0.001). The variance of the healthy subjects was higher (&D.4 versus 72.4
with all subjects; and 92.8 versus 39.4 without outliers) than thaubjects with
impingement.

Significant differences were found for serratus anterioriveldatency variance
only in the condition after removing data from 2 outliers (p = 0.0ig Jubjects with
impingement had higher variance (SD = 78) than healthy subjects (SD=44).

8. Analysis of sub groups within the impingement group

a. Based on type of impingemenithe results of this analysis are described in Appendix

16 a. Seven subjects were included in the sub group who possibly presehtedlyvi
internal type of impingement, 8 subjects were included in the subgroupaglsly
presented with only subacromial type of impingement and the remd&niveye sub
grouped as ambiguous. The internal impingement sub group presented igtecript
with a more internally rotated scapular position (~3-4°) than tlaéthyeand other
subgroups during both phases and all conditions and angles. All impingeubent s
groups presented with lesser scapular upward rotation (~2-3f) ttiea healthy

subjects for the unloaded and loaded conditions. Slightly larger diffese(~5-6°)

were found for the unloaded condition during the lowering phase. However, the

subacromial only sub group presented with higher scapular upward rotatisn
than the healthy group for the after repetitive motion condition. ihbernal
impingement only subgroup had higher (~3-4°) posterior tilt than atlf@ngement
sub groups and the healthy subjects at 120° for both phases durindode&ednand
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loaded conditions. The subacromial impingement only and ambiguous sub groups
presented with lesser scapular posterior tilt (~2-3°) than théhlgealbjects for the
after repetitive motion condition.

. Based on level of involvementhe results of this analysis are described in Appendix

16b. Scapular internal rotation was not different between the subgidoupg both
phases and all conditions except the after repetitive motion camaitien the lower
involvement sub group had higher internal rotation than the other subgroup (~3-4°)
The lower involvement sub group also tended to have lesser scapular uptationh
across all conditions and phases as compared to the high involvementTgrerg.
were some differences at 120 degrees for scapular tilt vah28y \With the lower

involvement sub group showing less scapular posterior tilt (Appendix 16 b).
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CHAPTER 5
DISCUSSION

Validity of surface electrodes for serratus anterior EMG

The current study found that a surface EMG electrode provides a giimate of
serratus anterior muscle activity. The latissimus dorsviactacross motion increments
during elevation of the arm in the unloaded condition (1.3-3.5%) and loaded conditions
(1.7-6%) was insignificant as compared to serratus anteriaitact-24% for unloaded
and 10-37% for loaded condition). Hence any cross talk from latisgilonss, even if
present in the surface EMG electrode signal for serratusi@anteould be minimally
affecting the interpretations. The cross correlation (~0.8) betweehatissimus dorsi
signal and the fine wire electrode signal of serratus antsuggests that there is co-
contraction of muscles rather than cross talk. These valuesrala $o those obtained
for the cross correlation values between latissimus dorsi anccsws@ratus anterior
signal (Appendix 14). There were some differences observed iatéreies as estimated
by the fine wire and surface electrode (mean differencd® fsec.). These would be
predictable as the signal is picked up by the fine wire eldetearlier than the surface
electrode. However, a few trials also found a delayed estimatfitatency in the fine
wire signal as compared to the surface which could be attriboitiée tdifference in the
baseline activities of the signals. Overall differencestenigies were quite small relative
to the within subject trial to trial variability and the betwesubject variability,
suggesting surface electrode use is not a substantive contributor to the wagaeéiit

A definite advantage of fine wire electrodes would be a velgtiesser effect of
cardiac artifacts in the signal. However, there are chaltemgh maintaining proper
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contact with the preamplifier throughout the range and number of. tAdds, the
electrode wires can move during the course of the movement or repibated

movements, altering the pickup area.

Comparison with past studies

The current study explored the possibility of differences in raustency and
deactivation time in people with and without impingement which maguggestive of
differences in motor programs and may suggest any meckamistiion to development
or aggravation of shoulder impingement. As previously indicated, thererdy a few
studies with comparable data for shoulder muscle latencies.

Comparisons of absolute latency of scapular muscles as reported by Wadsworth e
al>? to the current study are difficult to make due to differenceshe method of
estimation of latency. Wadsworth et”alestimated latency from the time of onset of
motion in contrast to a light cue. They found that serratus antgasrrecruited after
upper trapezius and followed by lower trapezius activation in healtmgrols. The
current study found that there were no differences between amtivdtserratus anterior
and upper trapezius in the unloaded condition. The lower trapeziusristtity’” was
activated approximately after 15° of humeral elevation. No atteraptmade to make a
similar comparison in this study as it is known that people ofrdiftesizes and body
mass have a different initial position at rest. However, comsistgh the earlier study,
the current study found that lower trapezius was activated #feerother scapular
muscles. The Wadsworth stddyound a significantly higher between subject variability
in subjects with impingement. The current study found a differencariance only for
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lower trapezius and serratus anterior. However, the resultovi@r trapezius are in
contrast to those found by Wadsworth et’als the current study found a higher between
subject variance for healthy subjects. When data from the adjsstegble (after
removing outliers) was analyzed, the serratus anterior variamcsubjects with
impingement was higher than healthy subjects concurring withethéts of Wadsworth

et al®® The current study did not find any differences in the within sulfjgat to trial)
variance as measured by SEM and ICC values across the two gvbapscompared
descriptively.

The study of Moraes et adl.used a light cue to calculate absolute latency of
trapezius and serratus anterior and hence the results areppoopriate to compare to
the current study. The values obtained from their study and thentstuely yield similar
results for the data from healthy subjects for the onset of upgeezius and serratus
anterior. The current study found 299 + 84 msec. as compared to 280 + 70apsded
by Moraes et ai’ for upper trapezius absolute latency in healthy subjects; and 236 +
msec. as compared to 320 £ 50 msec. for serratus anterior abatdueylin healthy
subjects. The values for subjects with impingement were notstaiswith Moraes et
al*° reporting 540 + 120 msec. and 630 + 130 msec. for the upper trapedissraatus
anterior absolute latency. The current study found much lower valtles3%l + 174
msec. for upper trapezius and 327 = 136 msec. for serratus antsobuta latency in
subjects with impingement. Moreas et &lfound that lower trapezius on average
activated nearly 1-1.5 seconds after the light cue. The current didchot find such
delayed responses. There were 2 subjects in the current studyathaubstantially

higher values that rendered the data not normal and hence thewedlataxcluded. Their
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average lower trapezius absolute latency values during the unloawi@gition were 560
msec. and 902 msec. If these two subjects were to be included, thgeaatisolute
latency for the groups would increase in healthy subjects from 363eg. to 379.3
msec. (~23 msec. difference) and in the impingement group from 334338
msec.(~9 msec. difference). These adjusted average valustillammall as compared to
the results from Moraes et Al. This may be due to a difference in electrode placement
site for lower trapezius. Moraes efauised visual inspection and site of maximum bulk
to place their electrode which may have been different fronsiteeused in the current
study (between the spine and inferior scapular angle) affetintatency results. These
differences could also be attributed to a slower speed of elevetezhin the Moraes et
al>® investigation as they asked the subjects to move with aaletited comfortable
speed.

Moraes et af° did not find any group differences possibly due to inadequate
power owing to a sample size of 10 subjects in each group. In thenttgtudy the
serratus anterior showed a trend for group differences (p = 0.07%)petdple with
impingement tending to show a delayed contraction. The current daadfaded to find
significant group differences because the muscle latencies averlgzed across all
conditions which increased the between subject variance. The otheertiéebetween
the two studies is that the current study descriptively foundyarlavithin group between
subjects variability for serratus anterior absolute latency (+vi$£c.) in healthy subjects
and a smaller within group between subjects variability for lotkgpezius absolute

latency (118 msec.) as compared to 410 msec. for the subjects with impingement.
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To find any effect of hand dominance, both earlier stddi#compared side to
side differences in subjects and did not find significant differehetween the sides of
both groups. The current study did not look at evaluating latency forsimel of the
subjects. However, there were equal numbers of right and left dansobjects and
equal numbers of dominant and non-dominant sides tested in both groups.otids w
remove the possibility of hand dominance affecting the current results.

The anterior deltoid absolute latency was estimated by HodgeRiaghardsotf
in a study to investigate spine muscle latency. They had foundcantieltoid to be
active around 188 msec. after a light cue. This is less thanéneydound in the current
study (281.5 msec. averaged over both groups). One of the reasons may be adlifieren
the method for data analysis. Hodges €f aised an increase of 2 standard deviations
from baseline as the threshold to define activation whereas thentstudy used the
criteria of 3 SDs. Another reason for the longer latency coale been that people with
shoulder pain would tend to be slower to react overall as a protptireemenon may
be due to muscle guarding and pain. However, the current study dobsertve group
differences for anterior deltoid latency (294.5 msec. in the impiegé group versus
265.1 msec. in the healthy group). The variability in the current stiadymuch higher
than that reported by Hodges efaivho performed 10 repetitions in their experiment
and took an average of 10 trials. This possibly decreased the Myriafomuscle latency
for all studied muscles in their stddyOnly 5 trials of motion were collected under each

condition in the current study.
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Interpretation of results

Within and between subject variability

Trial to trial variability was estimated using ICCs (3,ab[d SEMs. The trial to
trial ICC values have never been previously reported for muatdacy data. These
reliability values were found to be extremely poor across comgit{(ICC values <0.3)
which indicates high within subject or between trial variabilby both groups. The
standard errors of measurements were approximately 100 msedl felative muscle
latencies. There was no pattern of trial variation, howevéh, ma statistical significance
observed for trial for any latency parameter.

The high variability between trials can be explained partiafiythz following
factors. The electromagnetic system created electricaifénénce with the EMG data
collection. Though multiple notch filters were used, the possibilityaotlom artifacts
due to the electromagnetic system can not be completelyededaother phenomenon
observed in the current study was that muscles occasionally sleogm@at of minimal
activity after which the same muscle showed activity less tiw defined threshold. The
muscle then activated to show continued contraction and maintaineitlydmtiyond the
threshold (Figure 5.1) throughout the rest of the motion trial untke#ctivated. The
onset of the muscle was defined in the current study as teeafter which the muscle
maintained contraction beyond the threshold for a continued time peoddlde $bserved
phenomenon would not identify as muscle activation for the initial “Sgdirtninimal
activity. Such a phenomenon has not been described in any of thee nfatency
literature but anecdotal confirmation of similar behavior was ndtealigh discussion
with other researchers. As it is a possibility that othadies have ignored such a
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phenomenon and have estimated latency at the initial point when thée elisws the
first spurt of activity, their latency estimates would be lowan that found by the
current stud$f. It can be argued that if latency is only an indication of a nyimgram,
the first spurt of activity should be considered. But in the curremys we defined
meaningful activation of a muscle only as the point after whichaibtained its activity
beyond the threshold. This may have also affected our analysitsreg increasing the
within subject variability. As the variability is large, tagiaverages across trials ensured
that the mean represents the behavior of the muscle more apprgphatean individual
trial. However, a higher number of trials per condition would have ensureelter
representation.

This high variability between the trials may suggest that dheesmotion may be
performed using different recruitment strategies. This sugtfestsither there is a lack
of a fixed motor control program governing the recruitment ordehesetis a flexibility
of using different orders that allows subjects to avoid detrimezitatts of overuse.
Usually motor programs have relative timing as an invariargnpater such that despite
changes in the overall speed and force, there are no changes in thef ardents®
Wadsworth et al. reported a higher variability in the symptongabap as compared to
the healthy group and the current study found similar differencesefoatus anterior and
contrary results for lower trapezius. Wadsworth ef?adpeculated that the high
variability would increase the risks for injury in subjects who exposed to repetitive
trauma. The effects of increased variance between triatis neebe addressed in future

studies. With lack of differences for consistent patterns otiteeent order in subjects
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with and without impingement, it is difficult to conclude on the asgion of high
between trial variability and pathology.

Lower Trapezius absolute latency

The lower trapezius absolute latency showed group by conditionatberavith
the unloaded condition significantly later than the after repetitisgéon condition only
for the healthy subjects. The subjects with impingement failedhtiw the earlier
recruitment of lower trapezius for the after repetitive motommdition. But on the
contrary, the chi square analysis revealed that people with immperdehad a
significantly higher percentage of feedforward contractiofowkr trapezius during the
unloaded condition. It may be possible that people with impingement sisategy of
using the upper and lower trapezius earlier in unloaded conditionfthydsabjects,
however, tend to use the muscle earlier with increased chalbéniffeng a weight after
having performed repetitive motions. This change was not seen in pedle
impingement which may be suggestive that they can not make thesamgcadjustments,
perhaps because they fatigue the muscle. Cools'® dbund the reaction time for
activation of lower trapezius in healthy volunteers before and aftatiguing protocol.
They found after fatigue that there was an increase in hatimcall other fibers of
trapezius except the lower trapezius. The current study also fbahdbwer trapezius
was recruited earlier after repetitive motion in healthy subjeEbaugh et af® studied
the effects of a fatiguing protocol involving some static and sdgmamic tasks on
scapular muscles of healthy individuals and found that the lowerztuspauscle did not
show any EMG signs of fatigue with activities involving nagsthe arm. Histologically,
the lower trapezius has a higher percentage of type ligudatesistant type of fibers
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whereas the descending component of upper trapezius has a highetagercé type 2
fibers*# 133 |t can be speculated that people with impingement tend to fatiguéother
trapezius due to earlier activation with less stressful tastisfail to recruit this muscle

earlier after performing repetitive motions as seen in healthyabje

Exploratory analysis

There are no published studies as yet which have studied relawneiés of
scapular muscles as compared to the prime mover. The cuuidgtdid not find any
differences between the groups for upper trapezius latemogsaconditions. However,
there was a significant difference between the conditions satlihe muscle was found
to be delayed in conditions with a weight in hand. This happened betteuseuscle
showed a higher baseline activity when a weight was heldnd, lthus increasing the
threshold to determine activation. This may have happened to statiizehoulder
girdle against the downward pull of the weight. Hence the complgeritam which
used the standard deviation from the baseline activity found a craddigddelayed onset
(Figure 5.2). Some other strategies which may be used to &stism@ncy in data with
high baseline activity could be increased smoothing or using a limeshold (1 SD
instead of 3 SD). Though these strategies would yield resultsrdimghat obtained by
visual estimation, it can also be argued that these paranisteo®thing or threshold
levels) should be the same across all muscles and groups in asisar@bnversely, it
can also be argued that the muscle is already active beftiegingi the movement.
Hence, this study explored the possibility of differences in upmgyezius relative
latency during the unloaded condition only. A two sample t-test wésrped between

104



groups and a significant difference was found such that people withgement showed
a significantly lesser upper trapezius relative latencyn thaalthy subjects (Table
4.4.2/Figure 4.2a). This earlier latency of upper trapezius is conconddntesults of
many earlier studies which have shown higher amplitude of activityper trapezius in
people with impingement® 3 It is possible that people with impingement depend on
their upper trapezius to elevate their clavicle in an attempteteate their arfi*. This
may be indicative of a different motor strategy used by people with impingement

One of the other reasons for not being able to find group differeacesldtive
muscle latency was that the power analysis was initially deitie variance for the
unloaded condition only. However, the final analysis included muscle iasefar all
conditions which substantially increased the pooled standard deviationrdap g
comparisons (Table 4.4.2). Hence additional exploratory analysipevissmed only for
the unloaded condition for lower trapezius and serratus anterior as well.

The group differences as identified by a 2 sample t test approachedargrefi(p
= 0.053) for lower trapezius relative latency with the subjedts wpingement showing
an earlier activation (44.3 msec.) as compared to healthy suf@édsmsec.). This is in
concordance with the chi square analysis performed on trials shdealgforward
contraction.

The groups did not show a significant difference during the unloaded oconditi

for serratus anterior relative latency.
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Deactivation Times of Scapular Muscles

Very few studies have investigated muscle deactivation tiDesctivation time
is estimated by computer algorithms similar to those useditoags latency. Radebold

et al'®

used an algorithm which estimated muscle deactivation of spexar$ and
extensors as the first frame of the moving window averagétahsec. when activity
reduced by the defined threshold of baseline plus 1.4 SD. The'$tudged a larger
window width than that used for estimating onsets (25 msec.). Wais¢sba moving
window width of 25 msec. for calculating the onset but using the samiéh vior
estimating deactivation time was resulting in considerablyeeaktactivation than would
be made by visual estimation. Hence the window width was incdréaseD0 msec. The
algorithm was then run for another 2000 windows after the first t@eteeduction in
muscle activity below threshold (baseline plus 3 SD) to conipl&esure that the
muscle activity continued to be below the threshold.

All muscles showed contraction longer until the arm was lowerddeium the
condition with a weight in hand. This may show that during lowerinchefarm, the
scapular muscles need to control the scapula against the contingjng tdrthe deltoid
which would be increased in the weighted conditions. The serratusoargbawed a
group difference across all conditions such that people with impingedeactivated the
muscle significantly earlier in the range of elevation. Thisnisagreement with the
clinical finding of the current study and earlier stutfiehat dyskinesia was mostly
present in subjects with impingement in the lowering phase, edpeatiédwer elevation
angles. Biomechanically, the possibility of impinging the sspreatus tendon against
the acromion is greatest at lower elevation angles (~30-40° of rbthoeacic
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elevation§®. At higher angles, the tendons are rotated past the acromion amisth®re
bone to bone (humeral lateral edge to acromion) approximation. Thauserderior is
believed one of the most important muscles for scapular mobilitg@mrof’ °> ***and
its earlier deactivation during lowering of the arm maydafseapulothoracic motion in a
detrimental way. The lack of posterior tilting and upward rogatiorques normally
produced by serratus anterior may alter scapular kinematicsvay as to cause further
impingement of the rotator cuff tendons.

The current study provides a unique opportunity to look at kinematics
simultaneously with muscle activity. During the eccentric plha&®th groups, there was
an increase in scapular anterior tilt and internal rotationiposiafter repetitive motion
which is consistent with the finding of observing increased dyskir@sprominence of
the scapular medial border/inferior angle. However, the musateed to continue their
contraction longer in this condition after repetitive motion which sedm be
contradictory to the kinematic result. The serratus anteriorti@®nly muscle which
showed a group difference for deactivation which can partly exph@nchanges in
scapular kinematic parameters for that group. It is a posgibilét scapular kinematic
position variables studied at 30 degree increments of 120°, 90°, 60° arare30ot
sensitive for finding group differences whereas muscle humeghk aorresponding to
deactivation times is a more sensitive indicator. The only variabich came close to
showing group differences was scapular upward rotation in the d@ccphase (p =
0.12). It is a possibility that scapular variables may show difie¥s before and after

scapular muscle deactivation times (especially serratusriahtevhich is visibly
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observed as dyskinesia but this phenomenon can not be estimated byi@gbosit
kinematic analysis at 30 degree intervals.

Very few studies which have used muscle latency as an indicateraluating
motor control programs have tried to relate latency changestbanistic reasons for
development of pathology. The literature concerning delayed aotividr certain core
stabilizers of the spine has found that such delayed responses are presebicklpain
subjects regardless of the nature of pathdfodywas argued that the delayed activation
of the stabilizing muscles left the spine unprepared for therreadt perturbatiorts’.
However, the muscles do activate even though late and so it is togionbhued
argument as to how the delay of activation in microseconds malyamistically affect
the stability of the spinal structures. It is a possibilityt tthas delay in activation is
indicative of the altered motor programs used by people witl?péiis difficult to draw
parallels in studies of scapular kinematics for more than onemrredhe scapular
muscles are not static stabilizers of the scapula but tleesegponsible for both stability
and the correct mobility of the scapula. Their delayed or eativation may or may
not be related to mechanistic causation of shoulder impingementadyube suggestive
of the changes in motor control programs caused by pain. To rfumtrestigate such a
scenario, it may be more meaningful to study the latency of esisclsubjects with
impingement after removing pain by anesthetic injections.

The association of altered motor programs and pathology also nedds to
addressed in future studies. The presence of differences dmetsubjects with and
without impingement for muscle recruitment or deactivation patiedisates alteration
in the motor control strategies. However, it can not be conclutiether these changes
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are causative mechanisms or compensatory changes. It is pdhsibkhese changes
cause certain changes in the scapular kinematics such as toonusgpthe potential
space for the rotator cuff tendons. However, it is equally posHibleeither pain or
fatigue associated with repetitive use brings about these ehaing subjects with
impingement as compensatory strategies.

The current study has hypothesized that failure to recruipttv@mal scapular
group of muscles before the prime mover or anterior deltoid could tedickack of or
alteration of motor control strategies. However, the results atelithat subjects with
impingement tend to recruit the trapezius muscle earlier thahehiéhy subjects. This
may also suggest alterations of the motor program such that gesgaggyer reliance or
earlier activation in certain muscles. The motion of raising Bbwering the arm is
accomplished by a coordinated and organized muscle activity inaigtahe relative
balance between the muscle groups. The over reliance on one group t& owsc
others affects this intricate balance and suggests alteratiordindteaomplete failure of

a motor program.

Kinematics

Reliability and trial effects

Very good to excelleht' ICCs (3, 1) were found for all scapular kinematic
measures indicating high trial to trial reliability. The high&EM values (beyond 3°)
were found for scapular upward rotation (Table 4.2). The effectiaf was also
calculated using a repeated measures ANOVA with trialveishen subject factor. It was
significant in both concentric and eccentric phases for scapular rdipmeation;
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glenohumeral elevation and glenohumeral plane of elevation such that \ese
differences from the first to the third trial onward in the unloadendition (1-2°). As
this can be interpreted as an effect of performing repefiiogon also captured by the
effect of another condition, no further analysis was done. If the amalese to be
performed between the first 2 trials of the unloaded condition and th&erepetitive
condition, the differences in the conditions would have increased gl{gtitt). Average

data from all trials were used for statistical analysis.

Scapular kinematics

Correlations between various demographic factors such as age, hagt and
BMI and scapular kinematic variables were calculated. Theselatons tended to be
very low (Appendix 12 F) and showed no pattern between groups orioarafitd hence
were not further considered as covariates for further analysishé\plane of elevation
was different between groups, correlations were estimated bethe@lane of elevation
at 90 degrees of humerothoracic elevation and kinematic varialpperidix 12 G). The
only strong correlation which was observed was with glenohumeral plaekevation
which is a variable which depends on humerothoracic plane of elevatibscapular
internal/external rotation. And so, it was not retained for further analysis

The current study found a non significant pattern of decreased upeatatibn
(~2-3°) in subjects with impingement across all conditions, espeaiahigher elevation
angles. There were no group differences for scapular intextalhal rotation and tilting.
However, the subjects with impingement showed a tendency for higleenal rotation
at peak elevation (Tables 4.16.1 & 2). Also, logistic regression siaafiowed that the
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subjects with impingement tended to have lower scapular upward rosatibimcreased
anterior tilt at 60° for the unloaded condition.

The lack of larger scapular differences might be attributetheodifference in
plane of elevation for the groups. Though the groups were instructed to raisentisain a
flexion, it was found that subjects with impingement raised them closer to the
scapular plane than true flexion. Also, subjects from both groupedirdivay from
flexion (sagittal plane) when challenged with weight in harite possible explanation
for this phenomenon is that glenohumeral muscles would be most effoieimgy
scapular plane elevation and hence when challenged with a weiglegtsulpuld tend
to move closer to this plane. It may also be a compensatory techriqdeby subjects
with pain to move away from positions of impingement. Multiple cati@hs of humeral
plane with other kinematic variables were calculated but aswkey very low and did
not tend to show any pattern, humeral plane was not considered amiatedwor further
analysis. This suggests that the planar elevation difference bejwmgrs cannot explain
a lack of group kinematic differences for other variables.

The functional rating scores for the subjects with impingeni2A6H=16.8 and
Penn shoulder score=49.1) indicate that the level of symptomatic inv@hesas not
very high. The highest possible DASH score is 100 (more dystumctind a highest
possible Penn shoulder score is 60 (less dysfunction). It is a ihos#iat the subjects
with impingement did not experience much pain and discomfort (avélB&escores-1
to 2.3 across conditions) during the motion trials. If the symptomadigpghad subjects
who were more severely involved, it might have helped to find morefisant group
differences.
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Lastly, lack of homogeneity amongst groups can not be denied. Thetswiic
impingement included those who may have either had subacromial snpang or
internal impingement, or both types together. No investigation was @ooonfirm the
site of impingement and the lack of objective clinical methodsHisr differentiation
could result in having a group of subjects who had different mechanisms or
compensations related to shoulder impingement. In the current studyplamaty
attempt was made to subgroup the subjects based on history anaal ebamination.
As the numbers of subjects in each sub group was low, it was diffccplerform any
statistical analysis on the subgroups but the data was analyzegiiesy. There were
some small differences within the sub groups with subjects behalgidly different
than the whole impingement group so as to attenuate any sighifoaup differences
with the healthy subjects. In the presence of subjects who doaNé different
mechanisms for development of impingement, an analysis on the mealts tend to
dilute any group differences if present. A possible mechanistiorfavhich could be
associated with subacromial type of impingement is an inaeastrior tilt*® and a
possible explanation for internal type of impingement could be dedressapular
upward rotation. If the symptomatic group had a combination of subjétioth type
of impingement, it is a possibility that the whole group did not behave in a consgisent
to be significantly different from the healthy subjects.

Also, earlier studies have found contradictory results regardoupdifferences
for scapular kinematics. Studies have found either a decréaSat increased upward
rotation® in people with impingement as compared to healthy controls. Somesst/di
did not find any group differences. Also, scapular tilt results have been contragiitor
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some studies showing a decrease in posteridf fift 2’ and one other study showing
increased posterior tift These disparities in results signify differences in the penple
with impingement move. Their disparities have been associatbddifierences in the
compensation or causation mechanisms of impingement, different techrofuata
collection (radiography versus electromagnetic versus aftctystems versus Moire
technique), different motions (multiple static versus continuous), different subject
samples (only males versus both genders). So future studiesoredi¢ss this issue of
finding objective ways to differentiate subjects based on theichamsms of
impingement and clinicians need be careful to apply the resulésedrch studies which

may have included subjects with these different mechanisms of impingement.

The effects of weight on kinematics

There have been various studies which have studied scapular kirgenmatic
unloaded versus loaded conditi®hS. DeGroot' studied the scapular positions and
scapulohumeral rhythm in 7 static positions from initial (0°) to peak elevat&t) with
multiple weights in hand (0, 0.9, 1.9 and 2.9 Kgs). They did not find any diffesein
any 3D positions or scapulohumeral rhythm with load in hand. The sulijetteir
study! held static positions for prolonged periods as the examiners eulfat
anatomical landmarks in various positions. The authors speculatedhéhdack of
difference across conditions was due to the high variabilitygitehiangles which was
due to difficulty in palpating landmarks and difficulty of subjecthi¢dd static elevated
positions. Doody et & used goniometry to estimate the scapulohumeral rhythm with
and without a weight in hand. The stflgund that the scapular contributions increased

113



during the biomechanically most challenging interval (60°-90°) andhe loaded
condition. Ludewig et a? studied the effect of load in people with and without
impingement. They found that a load in hand had a significant interaction with either
group or angle of elevation only for scapular internal rotation $hah people with
impingement showed more internal rotation in loaded conditions than th#yhea
subjects. Pascoal et ‘4. investigated the effect of loads (0 to 4 Kgs) on scapular
positions in 3D in 3 different planes (flexion, scapular plane and cornplaale
abduction). They found increased scapular upward rotation in the loadedaronalit
abduction and flexion. McQuade et®aistudied the effect of load on scapulohumeral
rhythm and found that the scapular contributions increased with Idedlynin the range

of motion (up to 40%). The current study found that scapular upward rotati@ased
significantly at higher angles (60°, 90° and 120°) and internal rotatmeased (at 60°
and 90°) with load in hand. The current study observed an increase irdupteion as
measured as position change across conditions and as a change in scapalohume
rhythm. There was an increased scapular contribution in loadedioosdiis compared

to the unloaded conditions. The trends in the current study of inagreasapular upward
rotation agree with those observed with earlier std%{8sThe current study results are
different from those obtained by Ludewig etafor the current study did not find group
differences or interaction with load conditions. The differenoekinematics observed
between unloaded and loaded conditions in the current study are amgffgeaf 2-3°. The
effect of load is analyzed in a 3 way ANOVA across group, ¢mmdand degrees and
hence the effect of load was calculated averaged across both gnowgassing the
sample size to 49. This is larger sample size than other pré¥ibssidies and hence the
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current study found small differences between conditions which pesgibly missed in

other investigations.

The effect of fatigue

Many studies have looked at the effect of fatigue on scapular &tresn The
study by McQuade et &° asked subjects to raise their arm with weight for multiple
repetitions till they could not continue further and checked fatiyudecrease in MVC.
Ebaugh et at’® used a fatigue protocol with multiple activities till the sabjcould not
continue or showed compensatory strategies and analyzed medianfpmuency in
data analysis to confirm effects of fatigue. The study &gi €t af®® used an isokinetic
dynamometer and measured torque to check fatigue in glenohumeralabxétators.
Ebaugh et at’® reported that the fatiguing protocol used in their study causeebsed
scapular upward rotation (at 60°, 90° and 120°), external rotation (at 90° and A@0°) a
clavicle retraction (at 60°, 90° and 120°), and decreased humeral external rotagon. S
colleague® found that the scapular kinematics did not differ between impiegeand
healthy groups before a swim practice but there were signifieductions in scapular
upward rotation at 45°, 90° and 135° after practice in persons with igrperyg.
McQuade et at’® found that subjects demonstrated increased scapular contributions
during arm elevation after a fatiguing protocol. Tsai éf%found decreased posterior
tilting (up to 90°), external rotation (up to 120°) and upward rotation (up°jo BBere is
a difficulty in comparing the results from the current studyhwite earlier studies as the

after repetitive motion trials were collected with a weigh hand. Also, it can not be
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conclusively said that subjects perceived fatigue and for whichlesuas it was not
measured.

The trends for scapular kinematics from unloaded to loaded condibotiawed
in the after repetitive motion condition. If the experiment werbd designed to find the
effect of fatigue on muscle latency, the subjects would have ndeddd multiple
repetitions till they no longer could continue, include some meankeuking reduction
in strength (dynamometer) or change in median power frequencguradatency after
fatigue with no load in hand and subsequently analyze how diffenestles fatigued to
the activity and associate that with changes in latency. Thentustudy limited the
number of repetitions to avoid further irritation to the subjecth wéin. The effect of

fatigue could be investigated in future studies.

Pectoralis Minor length

The correlations between normalized length of the pectoralis mmbs@apular
kinematics showed a pattern such that correlation coefficientse wegative with
scapular internal/external rotation and positive with scapular Tilis indicated that
increased pectoralis minor rest length was associatedegghscapular internal rotation
and greater posterior tilt as would be assumed by its anatoatignment’. The height
normalized pectoralis minor length was retained as a covaaatcépular tilt analysis
between groups and conditions. The covariate had a significant maict effid a
significant interaction with angle of elevation and hence it mested within the factor.
This also showed significant effects signifying that theceftd pectoralis length differed
across elevation angles but did not affect analysis of groupadiffes (Appendix 13). In
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the current study subjects were excluded if they had postural kgphesstimated by
visual examination, and hence larger differences in pectoralis rfength were not
present. However, the significant interactions of the muscle Hewgh the scapular
variables suggest that it should be an important factor to considértdéire studies and

physiotherapeutic interventions for shoulder impingement patients.

Glenohumeral Kinematics

The subjects were instructed verbally to raise their armant fof their body
(approximately in the sagittal plane) and no other means wereaugadle them strictly.
The people with impingement raised and lowered their arm on argav2ta anterior to
the scapular plane, whereas the healthy subjects raisedrheareund 26° anterior to
the scapular plane. Theoretically, this difference could occur dudidnges in the
scapular plane, or humerothoracic plane of elevation. An analysishgasdone to
determine any group difference of humeral plane at 90° in the thoederence frame.
Subjects with impingement moved further away from the true abgtane with a
difference of 8° during the unloaded condition and ~4-5° differenihguihe loaded
condition. There were no scapular internal rotation differences ebatwgroups
suggesting that the difference in glenohumeral plane of elevatisnpvesent due to
lifting the arm in a plane away from the sagittal plane. Thigsy be a
protective/compensatory mechanism used by people with pain to avoid paiofel
positions. Most impingement te§ts *%intend to increase the contact of rotator cuff
muscles either with the coracoacromial arch or glenoid ircieX. It is therefore a
possibility that subjects tend to avert these positions by moving fraa true sagittal

117



plane elevation. However, the healthy subjects also drifted towsedscapular plane in
loaded conditions and it is possibly mostly due to increasing theieaty of
glenohumeral muscles.

Recently another study (unpublished) found that subacromial volume dstreas
most substantially during arm elevation in the scapular plane hutheral internal
rotation. During flexion, possibly posterior translation protects agamgingement. It
can be speculated that the tendency of subjects with impingémerdve closer to the
scapular plane is a contributory mechanism to the development ofqepthbleither of
these possibilities can be proven by the current or previous studietitare studies
could investigate the association of plane of elevation and pathology.

Summarizing the glenohumeral kinematics from the current stsigpificant
interactions were present between condition and angle of elevatiall fgenohumeral
variables such that there was a decreasing glenohumerai@eaagle (indicating more
scapular contribution), decreasing plane of elevation (indicating mewiay from true
flexion) and increasing external rotation in the loaded condition amd edpetitive

motions as compared to the unloaded condition.

Clinical Implications

The current study observed some group differences between peitipland
without impingement. The results could help physical therapists ts fiheir treatment
for improved scapular control during the eccentric lowering phapatiants by training
of the serratus anterior muscle to maintain its contraction lomgerthis muscle is
believed extremely important for maintaining correct scapulaiomodn the trunk,
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training of this muscle especially in the lowering phase migigrove the kinematic
behaviors such as reducing dyskinesia. This could be achieved bysasieg EMG

feedback techniques such that patients learn to maintain theiremadolity as they
lower their arm. As studies have found that greater rotator apgfoximation to the
acromial undersurface occurs at lower elevation afiglesntrolling scapular mobility
during arm lowering could possibly decrease rotator cuff impingeriaetcurrent study
did not include high speed motions such as throwing where the strongartrecc
contractions of the glenohumeral muscles might pull the scapulefurtto undesirable
positions (anterior tilt/ internal rotation) in the absence of l&alg forces from serratus
anterior.

A phenomenon previously noted by previous investigators is an indraaseof
upper trapezius in subjects with shoulder impingefient This is kinematically
associated with an increase in clavicle elevation. It iomnton clinical finding to
visually observe patients attempting to shrug the shoulder weNateig their arm. The
current study did not find group differences for muscle activity but fogralip
differences in relative upper trapezius latency with subjsittsimpingement recruiting
the muscle earlier than controls. Physical therapists coulddsynaitempting to train
patients with impingement to voluntarily reduce their upper trapexitigity before and
during arm motions. This could be initiated by first making the stdbjperceive the
difference of the relaxed versus contracted state of umgegius. Then training initially
could be started with EMG biofeedback as subjects could be taughéintain a low
activity in upper trapezius as the arm is elevated. Then theecbell could be increased
with increasing speed of motion or adding a weight and continuing totamailower
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activity of the muscle. This could be complemented with visualf@ek from mirrors or
tactile feedback such that subjects would recognize their fahibplder shrugging
(clavicle elevation) motions while moving their arm in space.

Physical therapy approaches to treatment for impingemenectsbjnvolve
strengthening of serratus anterior, trapezius, and other rotatomagtfles but in most
case$® * 4% 139the amount of weight or repetitions are not adequate for muscle
hypertrophy based strength changes. The strength changesatassagith muscle
hypertrophy occur when muscles contract against resistance leqtitca80-90% of one
repetition maximum for multiple repetitions (8-1¥) But usually the recommended
exercises for shoulder impingement rehabilitation includes 3§13 repetitions with a
moderately low weight (variable as used in previous studies), pleulingle isometric
holds with or without weight, exercises against body weight (ppsh-or theraband
exrercise¥’. These exercises are recommended either daily or inoses&-3) per
week? It is evident that the recommended exercises are modefatelyintensity
exercises not intended for muscle hypertrophy. The approach ddilitatian should
consider modification from strength training such that the outcomeherapy is not
focused on changes in strength but rather changes in movement pattemsscle
behavior and building the appropriate motor program. Physical therapidgtsuse EMG
biofeedback measures to train patients to use their serratuoaand learn to relax and
use less of upper trapezitis™® Additionally, endurance training exercises should be
considered for the lower trapezius muscle, because the subjdctisngihgement failed

to recruit the muscle after the repetitive motion condition as @gnleealthy subjects
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which possibly can be explained by lack of endurance. This enduraimuiag might be
achieved by considering exercises with multiple repetitions and low itytensi

The results of the current study also support continued therapeutis &t
stretching the pectoralis minor muscle. Although not associatbdgnoup differences,
this muscle was again seen in the current study to be assbwidlh scapular tilting and
internal rotation in directions that are presumed detrim@ntal

There was a trend towards less upward rotation (~3°) in peoplempihgement
as compared to controls especially at higher angles. Some aspleordate® '’ that it is
a compensatory mechanism used by patients to increase the subbspame whereas
others consider it to be a mechanism which causes impingemeetlliging the space.
Although the impact of altered scapular upward rotation has been agelcah, only one
published study has assessed the association of altered scapwdes upation and the
subacromial spaté Karduna et al’ attempted to measure the displacement of the
humeral head toward the acromion in various scapular orientationsaidaaeric study
and found that an increase in upward rotation was associated witlaskxtrgpace for
superior displacement. However, there were concerns with integptbese results due
to not having a standard starting position for all comparisons inullg. shlso, the most
approximation occurring at the tested 90° position is likely contadt thié lateral
humerus instead of the rotator cuff tenddnSo, it can not be conclusively proven from
the study if a decrease in scapular upward rotation is detamentot. Also, it is a
possibility that changes in scapular upward rotation at higheesunglelevation affects
the contact of rotator cuff tendons with the glenoid which is nostyetied. If improving
the magnitude of upward rotation in impingement subjects is gpthgia goal, strength
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training of the serratus anterior might help to avoid the reduatiopward rotation seen
in the current and previous studfe$’ and thus help to reduce possible abrasion against

the glenoid or coracoacromial arch.

Limitations of the current study

The current study has several limitations. One of the limitatwas the loss of
trials due to cardiac or motion artifacts (Figure 3.6a and baverage across conditions,
the number of lost trials in each group for upper trapezius wWas lbwer trapezius was
10 and for serratus anterior was 15. The muscles were close dbestewall and hence
cardiac artifacts were observed in many trials. This #imally could be reduced in
future studies by using fine wire electrodes instead of surédectrodes especially for
serratus anterior. The surface EMG signal quality detéesran the presence of high
subcutaneous tissue or fat which could as well be avoided by usingifanelectrodes.
Hence only subjects with BMI less than 28 were included in they.stdevertheless,
there are difficulties with using fine wire electrodes matato difficulty in maintaining
the electrode connections with the preamplifier and fixed elecspdeing over many
trials especially as the arm makes contact with the ebketwires at lower elevation
angles. Also, the number of trials recommended should be higher tlearcénalition to
provide a more representative average value. Other studies intregtigascle latencies
have used up to 10 tridfs As the current study was looking at more than one condition
involving lifting weight for multiple repetitions (up to 15), the numbertiohls per
condition was limited to 5 to avoid risk of further irritation and pfinsubjects with
impingement.
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Surface tracking for kinematic descriptors is prone to error duskin slip.
However, only subjects with BMI less than 28 were included in amptte®o reduce this
error. There were no differences for weight or BMI betwadsests in both groups and
hence any error associated with surface skin slip can be caatiden-systematic and
random. It would not create group differences but it may obscure thase&lo exist.
With the exception of the analysis at peak elevation, the remgaamalysis was limited
to 120° of humerothoracic elevation below which the errors assoeidtedkin slip are
les$?.

There were no data collected in the current study for clavioutdion and hence
no acromioclavicular motion data available. The scapular motionanmithnk reference
frame is not true anatomical joint motion. Actual sternoclavicaket acromioclavicular
joint motion might help to better understand the associated chamgesscle activities.
For example, a change in upper trapezius activity directipgett the sternoclavicular
joint could be directly associated with the change in the kinematicthat joint.
However, accurate surface tracking of the clavicle has talidnd reliability
limitations™. Also, for making comparisons to published literature, most past studies
investigated the scapulothoracic motions and it was considered apgdpritudy the
scapula in a trunk reference frame.

The speed of motion and plane of elevation were not strictly cadratl this
study. There were no differences found in the speed of elevatiwadregroups, nor any
moderate or strong association of speed with the dependent \&aapfeendix 12 B, C

and E).
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There was a significant difference in plane of elevation b&tvgeoups. Hence it
was considered as a covariate for kinematic analysis. It did wetdngnificant impact on
the interpretation of results and hence was not retained in further analysis

The electromagnetic system can interfere with the EMG aakection. Multiple
notch filters were used to remove noise artifact. Also, the dsbyeere positioned in
such a way that the electrodes were at a maximum possibéenaisaway from the
electromagnetic system. However, for obtaining data from subjetttisa higher BMI,
higher gains were used which amplified the signal as wellhasnbise from the
electromagnetic system. This interference could affectaiemcy estimation as it may
cause intermittent artifacts in the signal. Another possibleddsdage of the
interference could be inaccuracies in the analysis of mustiatya¢up to 5%). Along
with notch filters, the baseline activity magnitude obtained from rdet file was
subtracted from the activity files. It would be impossible toembllelectromagnetic
kinematic data simultaneously with EMG data without having thes#ations and
appropriate measures were taken to avoid any systematis dretween groups or
conditions with the data analysis.

The position for estimating the maximum voluntary contractions was ao6@°
of humerothoracic elevation in an attempt to avoid the painful araGghwihas been
traditionally defined as the range when pain due to subacromial inmpamgeis
experiencetl However, some of the subjects with impingement experiencediini
pain (average NPR score ~2; range = 0-7) which would affeat ta@ability for
producing strong voluntary contraction. This would cause higher estimaf their
muscle activity as a percentage of MVC and might affeougrcomparisons as the
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percentage of MVC would tend to be higher in subjects with impingenmat
demonstrated a weaker MVC.

Finally the motions tested in the current study may not besseptative of
functional or overhead sports tasks and hence generalization df fesother motions

and conditions needs to be done cautiously.

Future Implications of current study

The results of the current study may help to improve future stwdiesh intend
to investigate muscle latency of scapular muscles and investilist relationship of
motor control and pathology. There can be ways in which to avoid sexetake
limitations observed in the current study. The protocol changes wdocid be
considered to decrease within subject variance include increasimymhiger of trials,
reducing loss of trials due to cardiac artifacts by using Wire EMG and collecting
kinematic data using either a camera system or imagiolgnicpie instead of an
electromagnetic system to avoid interference. In addition, sslgecid be matched on
exposure along with other variables such as hand dominance, height, weight, etcetera.

The lack of a precise clinical criterion to identify dyskiaesi subjects limits the
ability to include only those subjects who have impingement due toomoti
abnormalities. Subjects can have impingement due to anatomical abhesnfaboked
acromionj® or secondary to instability. It is a possibility that theugr of subjects with
impingement was heterogeneous and thus as many clear and ocogsmi@ differences
were not obtained. Future studies need to address the issued teldeveloping valid
and reliable clinical measures for assessing motion refs#tblogies in the shoulder.
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Also, it should be acknowledged by clinicians that not all patients whoulder
impingement would have motion related pathology or that they wouldndgmositively
to therapy focused at corrections of scapular motions. And henoagatithe inclusions
criteria, a positive scapular muscle assistance test ($4a)ld be included. The test is
considered positive if the patient perceives reduction in symptdiesthe examiner
assists the scapula into more posterior tilt and upward rotation.

There is also a lack of validated and confirmed clinical testdifferentiate
internal and external impingement subjects. The current study @ieiricluded both
types of subjects and it is a possibility that people with diffetypes of impingement
have different underlying mechanisms for the development of the patholbgge
differences and their associated mechanisms or compensationsonkeedunderstood
further by future studies.

However, the results of this study can form a basis for funtivestigations. The
effect of pain on motor control strategies could be studied. Itlisvied possible to
alleviate pain in subjects with true subacromial impingementusing subacromial
injections. Muscle latencies and deactivation times could be studm@ laed after such
injections. As another line of investigation, the latencies coulduakest only in healthy
individuals between those who have dyskinesia and those who do not to inge$tiga
latency and muscle deactivation times differ in people wittefit kinematic patterns.
Also, this study could be expanded to determine latency differancestator cuff
muscles.

Similar studies could also be completed using different populations such a
subjects with rotator cuff tears. Other motions and speeds of matida loe tested for
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finding differences in motor control strategies. Future studies cowdstigate the effect
of any intervention (exercises, biofeedback training) on mustdadg and kinematics
and investigate if interventions translate to relief of symptand impaired functional
status in patients.

Summary and Conclusions

The study examined the differences of muscle latency, muscleivkgamt times,
scapular kinematics and associated muscle activity in peogieawtt without shoulder
impingement. The data from 25 healthy subjects and 24 subjects atlder
impingement was included. The study was done under three diffeomafitions:
unloaded, loaded and after repetitive motions. The muscle latency of the scapalasmus
was analyzed with reference to an external light cue andet@adtivation of anterior
deltoid. The humerothoracic angle corresponding to the deactivatierfdmall muscles
was evaluated. Also, scapular and glenohumeral kinematic variabltesanalyzed for
the elevation and lowering phase. Simultaneously muscle activity parcentage of
MVC was described for the elevation and lowering phase. There meedifferences
between the groups based on demographic variables. The results optitieebis are
summarized at the end of the results section.

The study also validated the use of surface electrodes fordneg the serratus
anterior muscle activity. The results of the study helped to fgdhtt the variability of
muscle latency is variable between trials even for healtiyects. This was shown by
the low ICC and high SEM values. This is in contrast to the goeddellent reliability

values for the kinematic variables analyzed at 30 degree increments.

127



The subjects with impingement showed an earlier activation of uppmkrdcaver
trapezius for the unloaded condition and later activation of serrasoanh conditions
after repetitive motions. The subjects with impingement also dhome earlier
deactivation of the serratus anterior muscle across conditiccmrgsared to the healthy
subjects. This has important clinical implications as motionteglabnormalities or
dyskinesia is a phenomenon better perceived during the loweringspidse, subtle
changes in the scapular kinematics at lower angles couldt dffecproximity of the
rotator cuff tendons to the acromion.

Across all conditions, all muscles showed an earlier activatighaadelayed
deactivation during the conditions with weight in hand. The condition edfestitive
motions did not significantly contribute to show group differencesem@xdéor lower
trapezius absolute latency which decreased in healthy subject®tbiunt subjects with
impingement.

The predictors for group differences for kinematic variables weapular upward
rotation, scapular tilt and glenohumeral plane of elevation arndietied by logistic
regression at 60°. The subjects with impingement showed lesser scapulard
rotation, more anterior scapular tilt and a less anterior plaakewétion. The loaded and
the after repetitive motion condition showed differences from the urdoami@lition for
almost all variables. The scapular upward rotation increasedrpogtlt decreased and
internal rotation increased. The glenohumeral plane of elevatiormbeless anterior
with the conditions with weight in hand in both groups. The muscle actlefiped as a

percentage of MVC did not show group differences across conditions.
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TABLES

Table 3.1 Descriptive statistics for the demographic variables and fuhonal rating

scores

Healthy (n=25) Impingement (n=24) P value
Age 32.20 (9.8) 35.09 (12.5) 0.38
Gender 13 Females, 12 Males 10 Females, 14 Males 0.47
Height (cms) 171.50 (8.5) 173.77 (10.3) 0.41
Weight (kgs) 67.85 (9.9) 70.85 (11.2) 0.33
BMI 23.16 (2.6) 23.34 (2) 0.78
Hand Dominance | 23 Right Sided 23 Right sided 0.58
Tested Side 8 Left, 17 Right 7 Left, 17 Right 0.83
DASH scores 16.84 (9.6) 1.67 (3.1) <0.001
Penn Shoulder Score49.1 (6.5) 59.1 (1.8) <0.001
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Table 4.1 ICC and SEM for scapular kinematic variables

Variable Condition | Group Phase ICC SEM
Scapular Unloaded | Healthy Elevation 0.94-0.95 1.5°-2.2°
Internal/External| Unloaded | Healthy Lowering 0.90-0.92| 2.2°-2.6f
Rotation Loaded | Healthy Elevation | 0.90-0.92] 2.1°-2.8f
Loaded Healthy Lowering 0.93-0.94 1.7°-2.7¢
ARM Healthy Elevation 0.91-0.97 1.4°-3.0°
ARM Healthy Lowering 0.94-0.95 2.0°-2.8°
Scapular Upward Unloaded | Healthy Elevation 0.84-0.91 1.8°-2.9°
Rotation Unloaded | Healthy Lowering 0.80-0.83| 3.1°-3.5f
Loaded Healthy Elevation 0.85-0.88 2.1°-2.3¢
Loaded Healthy Lowering 0.86-0.90 2.3°-2.47
ARM Healthy Elevation 0.88-0.90 1.9°-2.5°
ARM Healthy Lowering 0.87-0.90 2.7°-3.2°
Scapular Tilt Unloaded| Healthy Elevation 0.95-0.98 1.6°-2.0°
Unloaded | Healthy Lowering 0.91-0.97 2.2°-2.6
Loaded Healthy Elevation 0.95-0.98 1.6°-2.1F
Loaded Healthy Lowering 0.94-0.97 1.8°-2.0F
ARM Healthy Elevation 0.97-0.97 1.5°-2.1°
ARM Healthy Lowering 0.95-0.98 1.7°-2.2°
Scapular Unloaded | Impingement Elevation 0.94-0.95 1.8°-2.4°
Internal/External| Unloaded | Impingement Lowering 0.94-0.96 2.0°-2.3°
Rotation Loaded Impingement, Elevation 0.93-0.98 1.4°-3.2°
Loaded Impingement| Lowering 0.94-0.97 1.7°-2.9°
ARM Impingement | Elevation 0.94-0.97 1.8°-2.1
ARM Impingement | Lowering 0.94-0.97 1.9°-2.71
Scapular Upward Unloaded | Impingement Elevation 0.86-0.89 1.8°-2.7°
Rotation Unloaded | Impingement Lowering 0.90-0.93 2.3°-3.0°
Loaded Impingement, Elevation 0.90-0.91 2.0°-2.6°
Loaded Impingement, Lowering 0.89-0.90 2.7°-3.3°
ARM Impingement | Elevation 0.90-0.93 2.2°-2.61
ARM Impingement | Lowering 0.90-0.92 2.4°-2.99
Scapular Tilt Unloaded| Impingement Elevation 0.91-0.96 1.6°-2]7°
Unloaded | Impingement Lowering 0.87-0.96 2.3°-2.8°
Loaded Impingement, Elevation 0.93-0.96 1.7°-2.8°
Loaded Impingement, Lowering 0.93-0.97 1.9°-2.6°
ARM Impingement | Elevation 0.95-0.98 1.9°-2.5
ARM Impingement | Lowering 0.91-0.98 2.4°-2.69

Where, ARM = after repetitive motion condition
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Table 4.2 ICC and SEM for latency

. . SEM (in
Variable Condition Group ICC msec.)
Unloaded | Healthy 0.17 121.7
Loaded Healthy 0.49 118.5
Upper Trapezius ARM Healthy 0.50 142.6
(Absolute latency) Unloaded | Impingement 0.35 118.5
Loaded Impingement 0.36 114.2
ARM Impingement 0.26 123.5
Unloaded | Healthy 0.20 159.6
Loaded Healthy 0.42 96.0
Lower Trapezius ARM Healthy 0.27 144.5
(Absolute latency) Unloaded | Impingement 0.28 135.7
Loaded Impingement 0.41 97.0
ARM Impingement 0.46 124.6
Unloaded | Healthy 0.22 129.7
Loaded Healthy 0.39 109.9
Serratus Anterior ARM Healthy 0.13 155.4
(Absolute latency) Unloaded | Impingement 0.25 164.2
Loaded Impingement 0.41 108.0
ARM Impingement 0.29 136.4
Unloaded | Healthy 0.13 101.0
Loaded Healthy 0.30 121.6
Upper Trapezius ARM Healthy 0.29 112.5
(Relative latency) Unloaded | Impingement NS 78.9
Loaded Impingement 0.16 102.7
ARM Impingement 0.13 79.7
Unloaded | Healthy 0.20 135.2
Loaded Healthy 0.17 103.0
Lower Trapezius ARM Healthy 0.43 95.3
(Relative latency) Unloaded | Impingement NS 98.0
Loaded Impingement 0.20 92.1
ARM Impingement 0.29 105.3
Unloaded | Healthy NS 80.3
Loaded Healthy NS 110.7
Serratus Anterior ARM Healthy NS 73.4
(Relative latency) Unloaded | Impingement 0.17 117.0
Loaded Impingement NS 122.4
ARM Impingement 0.12 111.2

Where, NS = non significant F-ratio for the one way ANOVA,

ARM = after repetitive motion condition.
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Table 4.3 Correlation coefficients between scapular kinematic variables dmormalized
pectoralis minor length

. Angle Scapular Scapular Scapular
Group Condition | of . IR/EpR URp it P
elevation
30° -0.37 -0.06 0.40
60° 20.36 0.07 0.41
Unloaded g3 20.32 0.14 0.43
120° 0.23 0.19 0.35
30° 20.37 0.12 0.38
60° 20.33 0.11 0.41
Healthy | Loaded g5; 20.32 0.14 0.42
120° -0.25 0.05 0.39
After 30° -0.27 -0.14 0.39
repetitive |00 0.21 0.06 0.40
e [90° 0.14 0.00 0.40
120° 0.13 20.09 0.35
30° 20.24 0.21 0.21
60° 20.29 20.26 0.33
Unloaded 553 20.37 20.20 0.41
120° -0.44 -0.05 0.45
30° 20.27 20.01 0.35
Impingement Loaded 60° 0.29 0.01 0.46
90° 20.34 0.05 0.54
120° -0.39 0.19 0.55
At 30° 20.35 0.12 0.29
repeertitive 60° 20.36 20.08 0.40
e [90° 20.42 -0.04 0.47
120° 20.48 0.02 0.48

Where, Scapular IR/ER = Scapular internal/external rotation and
Scapular UR = Scapular upward rotation
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Table 4.4.1 Mean and confidence limits for absolute latency of muscles (inliseconds)

Muscle

Group

Unloaded condition

Loaded condition

After repetive
motion condition

Upper trapezius

Healthy (n=25)

286.89 (262.4-31.9)

298.32 (272.8-326.2)

301.21 (275.5-329.8)

Impingement
(n=24)

278.92 (254.6-305.8)

318.55 (290.8-348.8)

343.33 (313.4-376.1)

Lower trapezius

Healthy (n=25)

339.22 (310.8-370.2)

242.10 (221.8-264.2)

248.06 (227.3-270.7)

Impingement
(n=24)

325.40 (297.6-355.8)

265.08 (242.4-289.8)

297.62 (272.2-325.%)

Serratus anterior

Healthy (n=25)

273.83 (253.4-295.9)

229.39 (212.3-247.9)

238.03 (220.3-257.2)

Impingement
(n=24)

303.84 (280.7-328.9)

268.95 (248.5-291.1)

278.64 (257.4-301.8)

Anterior deltoid

Healthy (n=25)

251.54 (235.6-268.8)

237.14 (222.1-253.2)

247.44 (231.8-264.2)

Impingement
(n=24)

277.97 (260.0-297.2)

262.47 (245.5-280.8)

284.58 (266.2-304.2)

Note: Different letters (‘a’, ‘b’) are assigned to signify differenceoas conditions (p<0.05). Hence, assignment of the same letter
signifies no difference between the conditions and assignment of lett8jss{gmifies no difference relative to either ‘a’ or ‘b’.
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Table 4.4.2 Mean and standard deviation for relative latency of muscles

Muscle Group Unloaded Loaded After
condition condition repetitive
motion
condition
Healthy ("=24) | 45 69+61.8 | 8535+988 | 67.99+89.8
Upper trapeziug Imoingement
(23 424+458 | 58.12+70.8 | 61.64+488
Healthy ("=24) | g5 63+928 | 0.01+67.8 | 12.41+19%
Lower trapeziug Imoingement
(me23) 4431+394 | 1355+65.2 | 22.20+92.9
Healthy ("=23) | g gg+443 | -305+64 | -12.82+434
Serratus
anterior I(rrr::péréllg)jement 2858+778 | 1432+758 | 152+67.8

Note: Different letters (‘a’, ‘b’) are assigned to signify differeneesoss conditions
(p<0.05). Hence, assignment of the same letter signifies no differeeechethe

conditions.

* signifies group difference (p <0.05) for a condition.

Table 4.4.3 - Percentage of trials with feed forward contractions

Muscle Group Unloaded Loaded After
condition condition repetitive
motion
condition
Healthy (n=24)| 56 6404 45.45 % 53 .04 %
Upper trapeziug Imoingement
'PINg 76.15 % 48.54 % 49.54 %
(n=23)
Healthy (0=24) | 45 4504 74.07 % 72.64 %
Lower trapeziug Imoingement
'PINg 62.73 % 69.23 % 66.36 %
(n=23)
Healthy (n=23)| 27 7594 74.51 % 85.15'%
Serratus
anterior I(rrr::péréllg)jement 69.90 % 71.85 % 72.90'%

* signifies group difference for a condition (p <0.05).
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Table 4.4.4 Mean and standard deviation for scapular kinematic variables duringl@vation and lowering phases

Condition | Phase Angle Scapular IRER Scapular UR Scapular tilt
Healthy Impingement Healthy Impingement Healthy Impingement
(n=25) (n=24) (n=25) (n=24) (n=24) (n=22)
Unloaded | Elevation | 30° 33.09° (6.29)  32.02° (7.4°) -5.84° (5.8°) -4.24° (4.6°) -9.24° (6.3°) -8.78° (3.8°)
60° 36.05° (6.9°)| 34.88° (8.0° -14.68° (6.1°) -13.04° (5.5°) -6.08° (7)3°) -5.26° (4.6°)
90° 37.55° (7.8°)| 36.88° (8.6° -25.72° (6.7°) -22.82° (6.83°) -3.30° (9/5°) -1.96° (6.2°)
120° 34.65° (8.6°)| 35.32°(9.8° -35.28° (6.7°) -31.93°(7.9°) 2.41°(12.3°) 3.36° (8.6°)
Lowering | 30° 35.09° (7.5°)] 33.26° (7.79) -9.14° (6.70) -5.01° (7.8°) -8.23° (6}3°) -7.70° (4.8°)
60° 36.37° (7.5°)| 35.31°(8.4° -19.78° (7.2°) -15.43°(8.8°) -4.63° (8/6°) -3.98° (6.5°)
90° 35.48° (8.1°)| 35.21°(9.0° -31.09° (7.3°) -25.44°(9.8°) -0.77°(11.8°) 0.25°(8.1°)
120° 31.32° (8.8°)| 32.27°(10.19) -37.90°(7.3°) -33.28°(9/1°) 4.01°(13.2°) 5.90° (9.3°)
Loaded Elevation | 30° 35.74° (6.69)  35.77° (8.5°) -5.38° (5.1°) -3.68° (59°) -8.65° (6.2°) -9.13° (4.1°)
60° 37.98° (7.7°)| 38.58° (9.4° -16.62° (5.7°) -13.95° (6./°) -4.94° (7]2°) -4.74° (4.8°)
90° 38.17° (8.1°)| 39.26° (10.79) -28.22° (5.7°) -25.72°(7.4°) -1.98° (9|7°) -1.30° (6.8°)
120° 33.97° (9.5°)| 36.16° (11.79) -36.65° (6.4°) -35.24°(8)6°) 2.63°(12.5°) 3.35° (8.7°)
Lowering | 30° 36.97° (6.3°)] 36.95° (9.19) -5.33° (6.5f) -2.73° (7.8°) -9.79° (616°) -8.99° (4.7°)
60° 38.55° (7.4°)| 39.01°(10.19) -17.89°(6.6°) -15.14°(8.7°) -4.95° (8|5°) -3.70° (6.1°)
90° 37.47° (8.7°)| 38.11°(11.17) -29.52°(6.0°) -26.66° (9.1°) -0.97°(11.5°) 1.23° (7.8°)
120° 32.86° (10.3°) 34.37°(11.4%) -36.59° (7.2°) -35.49°(9/6°) 3.61°(12.8°) 5.75° (8.5°)
After Elevation | 30° 36.50° (7.8°)  36.63° (8.39) -5.14° (5.6°) -5.23° (6.6°) -9.61° (6,.7°) -9.15° (6.3°)
repetitive 60° 38.39° (8.2°)| 39.43° (9.1° -17.29° (6.0°) -15.97° (6.8°) -6.49° (7)9°) -5.78° (6.5°)
Motion 90° 37.86° (8.3°)| 40.38°(10.49) -29.67°(6.1°) -27.73°(7.6°) -4.06°(10.7°) -3.61°(8.0°)
120° 33.37°(9.7°)| 37.25°(12.19) -38.04° (7.7°) -36.60°(8/8°) 0.45°(12.6°) 0.55°(1D.9°)
Lowering | 30° 36.49° (8.4°)] 37.01° (8.49) -5.66° (7.77) -4.03° (7.7°)  -10.57° (71.2°) -9.65° (6.4°)
60° 38.57° (9.1°)| 39.20° (9.6° -18.90° (8.1°) -16.65° (8.0°) -5.86° (9/1°) -5.09° (1.3°)
90° 37.64° (10.2°) 39.08°(10.8Y) -31.06°(7.9°) -27.82°(8/4°) -2.33°(11.6°) -1.11°(8.8°)
120° 32.98° (11.0°) 35.92°(12.07) -38.09°(8.1°) -35.93°(9)2°) 2.13°(13.1°) 3.01°(10.1°)
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Table 4.4.5 Mean and standard deviation for glenohumeral variables during elevat and lowering phases

Condition | Phase Angle Angle of Elevation Plane of Elevation Axial Rotation

Healthy Impingement Healthy Impingement Healthy Impingement
(n=25) (n=24) (n=25) (n=24) (n=24) (n=22)

Unloaded | Elevation| 30° -21.39°(6.7°) -24.85° (5.2°) 23.26° (7.2°) 17.88°(6.1°) -6.91° (14.4°) -9.90° (17.0°)
60° -42.32° (7.6°) -45.52° (7.1°) 36.27° (7.8°) 29.61° (7.5°) -25.41° (15.4°) -27.33° (17.5°)
90° -67.26° (7.8°) -68.97° (7.9°) 36.78°(8.0°) 29.74° (8.9°) -44.59° (16.3°) -43.84° (17.9°)
120° -88.31° (6.6°) -89.82° (8.2°)) 25.63°(8.9°) 21.12°(9.8°) -54.92° (16.1°) -52.22° (17.1°)
Lowering | 30° -17.51° (8.5%) -23.36° (7.9°) 21.64° (7.9°) 17.63° (7.2°)] -2.82° (16.7°) -6.01° (16.4°)
60° -35.36° (8.9°) -42.01° (11.2°) 37.25° (9.0°)] 31.55° (7.7°) -19.61° (17.0°) -22.65° (17.6°)
90° -60.43° (7.7°) -65.68° (12.9°) 39.64° (9.9°) 33.62° (8.9°) -40.28° (17.8°) -39.07° (17.8°)
120° -85.49° (7.1°) -88.39° (9.4°) 27.71° (10.8°) 24.86° (10.5°) -53.93° (16.6°) -50.16° (16.4°)
Loaded Elevation| 30° -22.91° (6.0°) -25.72° (6.6°)) 19.70° (8.4°)) 15.75° (7.5°) -16.77° (15.4°) -19.87° (17.7°)
60° -41.54° (6.8°) -45.48° (7.5°) 28.76° (9.4°) 23.78°(8.7°) -30.96° (5.5°) -34.89° (16.8°)
90° -62.99° (6.0°) -65.44° (7.8°) 28.04° (9.3°) 22.98° (9.7°) -44.98° (16.2°) -46.69° (16.9°)
120° -85.00° (5.9°) -85.30° (8.2°) 19.62° (9.5°) 15.68° (10.5°) -55.41° (16.3°) -54.31° (16.9°)
Lowering | 30° -23.84° (7.5°%) -26.15° (7.8°)] 16.51°(8.1°)] 12.30° (9.2°) -13.51° (14.9°) -16.75° (16.4°)
60° -40.41° (8.0°) -43.93° (9.2°) 27.29°(9.2°) 22.45° (8.2°) -26.80° (15.7°) -29.19° (17.7°)
90° -61.39° (6.7°) -63.64° (9.6°) 29.04° (10.0°) 23.99° (9.5°) -43.19° (17.7°) -42.00° (17.2°)
120° -85.11° (7.3°) -84.76° (9.1°)] 21.28°(10.3°) 17.57° (10.8°) -56.24° (17.0°) -53.27° (16.6°)
After Elevation | 30° -23.41° (6.3°) -24.40° (7.9°)) 20.57° (7.9°)) 15.70° (8.6°) -16.48° (14.9°) -19.00° (16.9°)
repe_titive 60° -41.67° (6.5°) -43.91° (9.4°) 28.79° (9.4°) 23.19° (10.0°) -29.62° (15.1°) -33.51° (16.2°)
Motion 90° -62.42° (5.8°) -63.64° (10.0°) 27.25° (9.7°) 21.80° (10.6°) -42.30° (15.7°) -45.10° (17.3°)
120° -83.89° (6.0°) -83.82° (10.8°) 18.66° (9.9°) 13.68° (11.5°) -53.02° (15.8°) -52.29° (18.3°)
Lowering | 30° -23.47° (8.8% -25.42°(8.1°) 16.42°(8.5°) 12.42° (9.4°) -11.75° (15.2°) -15.44° (16.4°)
60° -39.88° (9.1°) -43.01° (9.9°) 27.40° (9.7°) 22.25° (10.0°) -25.14° (16.3°) -28.34° (16.8°)
90° -60.70° (7.4°) -63.24° (11.0°) 29.29° (10.4°) 22.91° (10.6°) -41.67° (18.2°) -41.37° (17.6°)
120° -84.05° (7.2°) -84.74° (11.3°) 21.36° (10.8°) 15.90° (11.3°) -54.70° (17.8°) -51.59° (17.6°)
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Table 4.4.6 Mean and standard deviation for muscle activities during elevation arildwering phases

Condition | Phase Motion Upper Trapezius (%) Lower Trapezius (%) Serratus Anterior (%)
Increment
Healthy | Impingementf Healthy | Impingement Healthy | Impingement
(n=24) (n=24) (n=25) (n=24) (n=25) (n=24)
Unloaded | Elevation 30°-60° 15.34 (8.7) 19.97 (8.3) 22.04 (16.3) | 24.72(16.0) | 14.66 (10.0) | 17.73(10.4)
60°-90° 18.8 (10.2) 22.70(9.5) | 29.38(29.0) | 29.04 (18.0) | 21.81(12.0) | 26.09 (14.2)
90°-120° | 19.16(10.2) | 21.36(9.5) | 38.07(33.9) | 34.21(19.4) | 32.73(13.7) | 37.49(21.9)
Lowering | 120°-90° 10.16 (6.0) 11.96 (6.3) 18.05 (12.4) | 19.48 (13.5) 16.64 (8.2) 16.77 (9.1)
90°-60° 7.25 (4.2) 9.80 (6.1) 12.43 (8.0) 13.67 (10.6) 10.85 (6.7) 10.34 (6.3)
60°-30° 4.07 (3.1) 6.13 (4.6) 5.51 (4.5) 6.94 (6.4) 6.18 (4.4) 5.67 (3.4)
Loaded Elevation 30°-60° 38.03 (17.2) | 45.60(24.1) | 57.90(33.9) | 49.85(25.1) | 35.04(17.1) | 38.95(16.4)
60°-90° 45.80 (14.8) | 53.55(24.3) | 71.05(63.3) | 53.47(23.0) | 50.22(18.7) | 57.83(22.1)
90°-120° | 40.06 (15.3) | 46.46(23.0) | 59.82(45.1) | 50.50(21.4) | 56.97 (20.9) | 67.53 (30.6)
Lowering | 120°-90° 22.91 (9.4) 26.51(9.7) | 39.18(20.0) | 38.96 (21.7) | 40.09 (17.5) | 38.87 (19.5)
90°-60° 22.64(8.6) | 25.45(10.0) | 34.42(17.2) | 34.51(22.1) | 31.17 (16.2) | 29.13(14.6)
60°-30° 15.84 (7.6) 17.44 (7.7) | 20.56 (12.1) | 19.45 (14.0) 16.70 (9.3) 14.39 (8.6)
After Elevation| 30°-60° 45.46 (17.5) | 52.80(26.9) | 65.33(53.7) | 50.52(23.9) | 38.49(20.9) | 41.65(15.5)
Repetitive 60°-90° 52.00 (16.9) | 59.35(26.0) | 74.02(66.2) | 55.46(24.6) | 51.96 (16.4) | 59.72 (20.4)
Motion 90°-120° | 43.10(15.8) | 48.78(22.7) | 65.41(55.3) | 50.96 (20.7) | 60.36 (19.8) | 66.75 (26.8)
Lowering | 120°-90° | 23.68 (10.0) | 26.94(10.2) | 37.67(19.7) | 37.18(20.6) | 40.43(19.6) | 36.51(17.7)
90°-60° 22.23(9.0) | 25.26(10.2) | 31.80(16.3) | 32.28(19.7) | 30.72(16.1) | 25.03(10.1)
60°-30° 15.00 (6.8) 17.27 (8.1) 19.45(13.0) | 17.67(12.0) 15.40 (8.1) 12.34 (6.3)
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Table 4.5 Number of trials lost for each muscle across conditions

Condition Upper Trapezius Lower Trapezius Serratus Anterior
Healthy Imp Healthy Imp Healthy Imp
(n=120) | (n=115) | (n=120) | (n=115) | (n=115) (n=120)
Unloaded 7 6 10 5 16 17
Loaded 10 12 12 11 13 17
After
repetitive 5 6 14 8 14 13
motions

Where, Imp = Subjects with impingement;
n = total number of available trials for the condition
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Table 4.6.1 Mixed model ANOVA results: Absolute muscle latency

Dependent Variable Factor DF F-ratio P value
Upper Trapezius Group 1/47 0.42 0.518
(Absolute latency) Condition 2/94 4.04 0.021
Group x Condition 2/94 1.51 0.226
Lower Trapezius Group 1/47 0.65 0.426
(Absolute latency) Condition 2/94 19.47 <0.001
Group x Condition 2/94 3.11 0.049
Serratus Anterior Group 1/47 2.4 0.128
(Absolute latency) Condition 2/94 7.61 <0.001
Group x Condition 2/94 0.31 0.736
Anterior Deltoid Group 1/47 1.87 0.178
(Absolute Latency) Condition 2/94 2.11 0.126
Group x Condition 2/94 0.23 0.798

Table 4.6.2 Tukey-Kramer multiple pair-wise comparison results for 2 way rixed
model ANOVA results: Absolute Latency

Dependent Factors Levels Geometric Significantly
Variable Mean (in different from
msec.)
Upper N 1 282.87 3
Trapezius Condition 2 308.27
3 321.59 1
1 332.24 2,3
Condition 2 253.33 1
3 271.71 1
H, 1 339.22 (H,2), (H,3)
TrL:p"(‘;i'irus H, 2 242.10 H, 1
Group x H, 3 248.06 H, 1
Condition Imp, 1 325.40 Imp, 2
Imp, 2 265.08 Imp, 1
Imp, 3 297.62 -
Serratus 1 288.44 2,3
Anterior Condition 2 248.38 1
3 257.53 1

Where, H = Healthy subjects
Imp = Subjects with impingement
1 = Unloaded condition
2 = Loaded condition
3 = After repetitive motion condition
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Table 4.7.1 Mixed model ANOVA result: 3 way ANOVA for relative muscle latacy

Dependent Factor DF F-ratio | P value

Variable

Relative Muscle Group 1/41 0.13 0.723

latency Muscle 2/82 7.24 0.001
Condition 2/82 0.84 0.435
Group x Condition 2182 3.23 0.044
Group x Muscle 2/82 1.79 0.173
Condition x Muscle 4/164| 14.57 <0.001
Group x Condition x Muscle 4/164 1.45 0.221

Table 4.7.2 Tukey-Kramer multiple pair-wise comparison results for3 way mixed
model ANOVA results: Relative Latency of muscles

Dependent Factors Levels Mean (in | Significantly different
Variable msec.)t from
UT, 1 17.65 (UT,2), (UT, 3), (LT, 1)
UT, 2 60.32 (UT, 1), (LT, 2), (SA, 2
UT, 3 54.79 (UT, 1), (LT, 3), (SA, 3
Muscle x LT, 1 64.56 (LT, 2), (LT, 3), (UT, 1)
Condition LT, 2 8.80 (LT, 1), (UT, 2)
LT, 3 22.22 (LT, 1), (UT, 3)
Relative SA, 1 18.17 LT, 1
Muscle latency SA, 2 241 UT, 2
SA, 3 -3.68 UT, 3
H, 1 47.33
H, 2 20.69
Group x H, 3 18.99
Condition Imp, 1 19.59
Imp, 2 26.99
Imp, 3 29.89

(TNegative sign signifies contraction before anterior deltoid)

Where, H = Healthy subjects

Imp = Subjects with impingement

UT = Upper trapezius
LT = Lower trapezius
SA = Serratus anterior
1 = Unloaded condition
2 = Loaded condition
3 = After repetitive motion condition
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Table 4.8.1 Mixed model ANOVA results: Relative muscle latency

Dependent Variable Factor DF F-ratio P value
Upper Trapezius Group 1/45 3.28 0.077
(Relative latency) Condition 2/90 9.63 <0.001
Group x Condition 2/90 1.22 0.301
Lower Trapezius Group 1/45 0.13 0.720
(Relative latency) Condition 2/90 10.39 <0.001
Group x Condition 2/90 2.55 0.083
Serratus Anterior Group 1/45 1.35 0.251
(Relative latency) Condition 2/90 3.04 0.053
Group x Condition 2/90 0.04 0.960

Table 4.8.2 Tukey-Kramer multiple pair-wise comparison results forindividual 2
way mixed model ANOVA results: Relative Latency of muscles

Dependent Factors Levels Mean (in Significantly
Variable msec.) different from
1 19.23 2,3
Upper Condition 2 71.74 1
Trapezius
3 64.81 1
1 65.07 2,3
Lower Condition 2 6.78 1
Trapezius
3 17.35 1

Where, 1 = Unloaded condition
2 = Loaded condition
3 = After repetitive motion condition
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Table 4.9.1 Mixed model ANOVA results: Humeral angle corresponding to mute

deactivation time

Dependent Factor DF F-ratio P value
Variable
Upper Trapeziug Group 1/47 0.1 0.749
(Deactivation) | Condition 2/94 20.4 <0.001
Group x Condition 2/94 0.59 0.559
Lower Trapeziug Group 1/47 0.56 0.459
(Deactivation) | Condition 2/94 55.73 <0.001
Group x Condition 2/94 0.66 0.519
Serratus Group 1/47 6.69 0.013
Anterior Condition 2/94 26.0 <0.001
(Deactivation) | Group x Condition 2/94 2.25 0.111
Anterior Deltoid | Group 1/47 3.88 0.054
(Deactivation) | Condition 2/94 20.48 <0.001
Group x Condition 2/94 0.92 0.402

Table 4.9.2 Tukey-Kramer multiple pair-wise comparison results formdividual 2
way mixed model ANOVA for the humeral angle corresponding to muscle

deactivation time

Dependent Factors Levels Mean Significantly
Variable different from
Upper N 1 38.22° 2,3
Trapezius Condition 2 23.09° 1
3 22.71° 1
Lower N 1 46.37° 2,3
Trapezius Condition 2 25.99° 1
3 28.60° 1
H 27.72° Imp
Serratus crow Imp 36.40° H
Anterior . 1 39.61° 2,3
Condition 2 27.56° 1
3 29.00° 1
Anterior . 1 28.33° 2.3
Deltoid Condition 2 20.90° 1
3 20.62° 1

Where, H = Healthy subjects
Imp = Subjects with impingement
1 = Unloaded condition
2 = Loaded condition
3 = After repetitive motion condition
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Table 4.10.1 Mixed model ANOVA results: Scapular kinematic variables dung the

elevation phase

Dependent Factor DF F-ratio | P value

Variable

Scapular Group 1/47 0.11 0.737

Internal/External | Condition 2/94 9.26 <0.001

Rotation Angle of elevation 3/141| 15.18 <0.001
Group x Condition 2/94 2.19 0.118
Group x Angle of elevation 3/141] 1.62 0.187
Condition x Angle of elevation 6/282  20.02 <0.001
Group x Condition x Angle of 6/282 | 1.65 0.133
elevation

Scapular Upward | Group 1/47 1.31 0.257

Rotation Condition 2/94 11.13 <0.001
Angle of elevation 3/141| 1557.9%0.001
Group x Condition 2/94 0.59 0.558
Group x Angle of elevation 3/141 0.74 0.533
Condition x Angle of elevation 6/282 21.03 <0.001
Group x Condition x Angle of 6/282 | 2.47 0.024
elevation

Scapular Tilt Group 1/44 0.06 0.802
Condition 2/88 3.39 0.038
Angle of elevation 3/132| 78.14 <0.001
Group x Condition 2/88 0.13 0.882
Group x Angle of elevation 3/132 0.07 0.977
Condition x Angle of elevation 6/264 4.52 <0.001
Group x Condition x Angle of 6/264 | 0.47 0.827

elevation
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Table 4.10.2 Tukey-Kramer multiple pair-wise comparison resultsdr scapular kinematics
during the elevation phase

Dependent Factors Levels | Mean (in| Significantly different from
Variable degrees)t
Scapular Condition | 30°, 1 32.56 (60,1),(90,1),(120,1),(30,2),(30;3)
Internal/External X 60°, 1 35.47 (30,1),(60,1),(60,2),(60,3)
Rotation Angle of 90°, 1 37.21 (30,1),(60,1),(120,1),(90,2),(90,3)
elevation | 120°, 1 34.99 (30,1),(90,1)
30°, 2 35.75 (60,2),(90,2),(30,1)
60°, 2 38.28 (30,2),(120,2),(60,1)
90°, 2 38.71 (30,2),(120,2),(90,1)
120°, 2 35.07 (60,2),(90,2)
30°, 3 36.56 (60,3),(90,3),(120,3),(30,1)
60°, 3 38.91 (30,3),(120,3),(60,1)
90°, 3 39.12 (30,3),(120,3),(90,1)
120°, 3 35.31 (30,3),(60,3),(90,3)
30°, 1 -9.01 (60,1),(90,1),(120,1)
60°, 1 -5.67 (30,1),(90,1),(120,1)
90°, 1 -2.63 (30,1),(60,1),(120,1)
120°, 1 2.88 (30,1),(60,1),(90,1)
Condition | 30°, 2 -8.89 (60,2),(90,2),(120,2)
Scapular Tilt X 60°, 2 -4.84 (30,2),(90,2),(120,2)
Angle of 90°, 2 -1.64 (30,2),(60,2),(120,2),(90,3)
elevation | 120°, 2 2.99 (30,2),(60,2),(90,2),(120,3)
30°, 3 -9.38 (60,3),(90,3),(120,3)
60°, 3 -6.13 (30,3),(90,3),(120,3),
90°, 3 -3.83 (30,3),(60,3),(120,3),(90,2)
120°, 3 0.50 (30,3),(60,3),(90,3),(120,2)

(T Positive number foBcapular Internal/External Rotation signify internal rotation;
positive number for scapular tilt signify posterior tilt)
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Table 4.10.2 continued: Pair-wise comparison results using contrastsfscapular

kinematics during the elevation phase.

Dependent Factors | Levels| Mean (in Significantly different from
Variable degrees) T
Scapular Condition x| 30, 1 -5.84 (60,1),(90,1),(120,1)
Upward Angle of 60, 1 -14.68 (30,1),(90,1),(120,1),(60,2),(60,3)
Rotation elevation 90, 1 -25.72 (30,1),(60,1),(120,1),(90,2),(90,3)
(Healthy subjects) 120, 1 -35.28 (30,1),(60,1),(90,1),(120,3)
30, 2 -5.38 (60,2),(90,2),(120,2)
60, 2 -16.62 (30,2),(90,2),(120,2),(60,1)
90, 2 -28.22 (30,2),(60,2),(120,2),(90,1)
120, 2 -36.65 (30,2),(60,2),(90,2)
30, 3 -5.14 (60,3),(90,3),(120,3)
60, 3 -17.29 (30,3),(90,3),(120,3) ,(60,1)
90, 3 -29.67 (30,3),(60,3),(120,3) ,(90,1)
120, 3 -38.04 (30,3),(60,3),(90,3),(120,1)
Scapular Condition x| 30, 1 -4.24 (60,1),(90,1),(120,1)
Upward Angle of 60, 1 -13.04 (30,1),(90,1),(120,1),(60,3)
Rotation elevation 90, 1 -22.82 (30,1),(60,1),(120,1),(90,2),(90,3)
(Impingement 120, 1 -31.93 (30,1),(60,1),(90,1),(120,2),(120,3)
subjects) 30, 2 -3.68 (60,2),(90,2),(120,2)
60, 2 -13.95 (30,2),(90,2),(120,2),(60,3)
90, 2 -25.72 (30,2),(60,2),(120,2),(90,1),(90,3)
120, 2 -35.24 (30,2),(60,2),(90,2),(120,1)
30,3 -5.23 (60,3),(90,3),(120,3)
60, 3 -15.97 (30,3),(90,3),(120,3) ,(60,1),(60,2)
90, 3 -27.73 (30,3),(60,3),(120,3) ,(90,1),(90}3)
120, 3 -36.60 (30,3),(60,3),(90,3),(120,1)

(tNegativenumber forScapular Upward Rotation signifies upward rotation)
Where, 1 = Unloaded condition
2 = Loaded condition
3 = after repetitive motion condition
30, 60, 90 and 120 = Angle of humerothoracic elevation
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Table 4.11.1: Mixed model ANOVA results: Scapular kinematic variables ding

the lowering phase

Dependent Factor DF F-ratio | P value

Variable

Scapular Group 1/47 0.04 0.838

Internal/External | Condition 2/94 11.24 <0.001

Rotation Angle of elevation 3/141| 17.10 <0.001
Group x Condition 2/94 1.12 0.329
Group x Angle of elevation 3/141 1 0.395
Condition x Angle of elevation 6/282 1.56 0.159
Group x Condition x Angle of 6/282 | 0.53 0.788
elevation

Scapular Upward | Group 1/47 2.43 0.125

Rotation Condition 2/94 1.42 0.247
Angle of elevation 3/141] 1369.61%0.001
Group x Condition 2/94 1.83 0.166
Group x Angle of elevation 3/141 0.62 0.605
Condition x Angle of elevation 6/282 12.01 <0.001
Group x Condition x Angle of 6/282 | 1.05 0.394
elevation

Scapular Tilt Group 1/44 0.25 0.619
Condition 2/88 3.95 0.023
Angle of elevation 3/132| 112.36 <0.001
Group x Condition 2/88 0.14 0.871
Group x Angle of elevation 3/1320 0.17 0.919
Condition x Angle of elevation 6/264 4.14 <0.001L
Group x Condition x Angle of 6/264 | 0.75 0.610
elevation
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Table 4.11.2 Tukey-Kramer multiple pair-wise comparison results foiscapular
kinematics during lowering phase

Dependent Factors | Levels| Mean Significantly different from
Variable (in
degrees)
t
Scapular 1 34.29 2,3
Internal/External| Condition 2 36.79 1
Rotation 3 37.11 1
30 35.96 30,60,90
Angle of 60 37.84 60,120
elevation 90 37.17 120
120 33.29 30,120
30,1 -7.08 (60,1),(90,1),(120,1),(30,2),(30,3)
60, 1 -17.60 (30,1),(90,1),(120,1)
90, 1 -28.27 (30,1),(60,1),(120,1)
120,1| -35.59| (30,1),(60,1),(90,1),(120,2),(120,3)
Condition x 30, 2 -4.03 (60,2),(90,2),(120,2),(30,1)
Scapular Angle of 60, 2 -16.52 (30,2),(90,2),(120,2),(60,3)
Upward Rotation elevation 90, 2 -28.09 (30,2),(60,2),(120,2),(90,3)
120,2| -36.04 (30,2),(60,2),(90,2)
30, 3 -4.85 (60,3),(90,3),(120,3),(30,1)
60, 3 -17.77 (30,3),(90,3),(120,3),(60,1)
90, 3 -29.44 | (30,3),(60,3),(120,3),(90,1),(90,2)
120,3| -37.01 (30,3),(60,3),(90,3),(120,1)
30,1 -7.96 (60,1),(90,1),(120,1),(30,3)
60, 1 -4.31 (30,1),(90,1),(120,1),(60,3)
90, 1 -0.26 (30,1),(60,1),(120,1),(90,3)
120, 1 4.96 (30,1),(60,1),(90,1),(120,3)
Condition x 30, 2 -9.39 (60,2),(90,2),(120,2)
Scapular Tilt Angle of 60, 2 -4.33 (30,2),(90,2),(120,2),(60,2),(60,3)
clevation 90, 2 0.13 (30,2),(60,2),(120,2),(90,3)
120, 2 4.68 (30,2),(60,2),(90,2),(120,3)
30, 3 -10.11 (60,3),(90,3),(120,3),(30,1)
60, 3 -5.48 (30,3),(90,3),(120,3),(60,1)
90, 3 -1.72 (30,3),(60,3),(120,3),(90,1)
120, 3 2.57 (30,3),(60,3),(90,3),(120,1)

(T Positive number for scapular internal/external rotation signify intertedioq;
negative number fagcapular upward rotation signify upward rotation; negative number
for scapular tilt signify anterior tilt)
Where, 1 = Unloaded condition; 2 = Loaded condition; 3 = After rpetmotion
condition and 30, 60, 90 and 120 = Angles of Humerothoracic elevation
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Table 4.12.1 Mixed model ANOVA results: Scapulohumeral rhythm (slope of
regression line) for elevation phase

Dependent

: Factor DF F-ratio | P value

Variable

Slope for Group 1/45 0.22 0.640

scapulohumeral Condition 2/90 48.62 <0.001

rhythm for 30 Motion increment 2/90 1.98 0.143

degree increments| Group x Condition 2/90 | 0.19 0.830
Group x Motion increment 2/90 0.20 0.820
Condition x Motion increment 4/180 11.75 <0.001
Group x Condition x Motion 4/180 | 2.67 0.34
increment

Slope for Group 1/47 0.07 0.797

scapulohumeral .

rhythm from 30 to Condition 2/94 41.68 <0.001

120 degree Group x Condition 2/94 | 1.16 | 0.318

increment
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Table 4.12.2a Tukey Kramer pair wise comparisons results: Scapulohumeral

rhythm (slope of regression line) for elevation phase

Dependent Factors Levels Mean| Significantly different from
Variable
Healthy Condition x 30°-60°, 1 2.63 (30°-60°,2),(30°-60°,3)
(n=24) Motion 60°-90°, 1 2.47 (60°-90°,2) (60°-90°,3)
increment 90°-120°,1| 251
30°-60°, 2 1.85 (30°-60°,1),(90°-120°,2)
60°-90°, 2 1.98 (60°-90°,1)
90°-120°, 2| 2.64 (30°-60°,2), (90°-120°,1)
30°-60°, 3 1.66 (90°-120°,3),(30°-60°,1)
60°-90°, 3 1.77 (90°-120°,3),(60°-90°,1)
90°-120°, 3| 2.67 (30°-60°,3),(60°-90°,3)
Impingement| Condition x 30°-60°, 1 1.75 (30°-60°,2),(30°-60°,3)
(n=23) Motion 60°-90°, 1 2.57 (60°-90°,2) (60°-90°,3)
increment 90°-120°,1| 2.60
30°-60°, 2 2.60 (30°-60°,1)
60°-90°, 2 2.84 (60°-90°,1)
90°-120°,2| 2.11 (30°-60°,2)
30°-60°, 3 1.98 (30°-60°,1)
60°-90°, 3 2.64 (60°-90°,1)
90°-120°, 3| 1.92

Where, 1 = Unloaded condition

2 = Loaded condition

3 = after repetitive motion condition

Table 4.12.2b Tukey Kramer pair wise comparisons results: Scapulohumeral
rhythm (slope of regression line) for elevation phase by 2 way ANOVA

Dependent Factors Levels Mean Significantly
Variable different from
Condition 1 2.40 2,3
2 1.89 1
3 1.81 1

Where, 1 = Unloaded condition

2 = Loaded condition

3 = after repetitive motion condition
30°-60°,60°-90°,90°-120° are motion increments.
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Table 4.13.1 Mixed model ANOVA results: Muscle activity during the elevatin

phase

Dependent Factor DF F-ratio | P value

Variable

Upper Trapezius Group 1/46 1.73 0.195
Condition 2/92 318.63| <0.001
Motion increment 2/92 12.29 <0.001
Group x Condition 2/92 1.81 0.169
Group x Motion Increment 2/92 0.29 0.747
Condition x Motion Increment 4/184 8.19 <0.001
Group x Condition x Motion 4/184 | 1.51 0.201
Increment

Lower Trapezius Group 1/47 0.33 0.568
Condition 2/94 167.16| <0.001
Motion increment 2/94 13.62 <0.001
Group x Condition 2/94 2.5 0.088
Group x Motion Increment 2/94 0.25 0.778
Condition x Motion Increment 4/188 72.02 <0.001
Group x Condition x Motion 4/188 | 4.86 <0.001
Increment

Serratus Anterior Group 1/47 1.77 0.190
Condition 2/94 431.12| <0.001
Motion increment 2/94 141.13 <0.001
Group x Condition 2/94 0.69 0.512
Group x Motion Increment 2/94 0.14 0.866
Condition x Motion Increment 4/188 30.13 <0.001
Group x Condition x Motion 4/188 | 0.85 0.495

Increment
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Table 4.13.2Tukey-Kramer multiple pair-wise comparison results for musde activity
during the elevation phase

Dependent| Factors Levels | Geoms Significantly different from
Variable tric
Mean
(in %)
] (60-90,1),(90-120,1),(30-60,2),
30-60.1 | 1556 (30-60,3)
60-90,1 | 18.51 (30-60,1),(60-90,2),(60-90,3)
90-120, 1| 17.92 (30-60,1),(90-120,2),(90-120,3)
Condition | 30-60,2 | 37.25 (60-90,2),(30-60,1), (30-60,3)
Upper X 60-90. 2 (30-60,2),(90-120,2),(60-90,1),
Trapezius | Motion ' 46.11 (60-90,2)
Increment | 90-120, 2| 39.69 (60-90,2),(90-120,1)
30-60,3 | 44.41 (60-90,3),(30-60,1),(30-60,2)
] (30-60,3),(90-120,3),(60-90,1),
60-90.3 | 51 68 (60-90,2)
90-120, 3| 42.43 (60-90,3),(90-120,1)
30-60.1 | 14.13 (60—90,1),88::;303;)1),(30-60,2),
60-00.1 | 2152 (30—60,1),%28:;%03;)1),(60-90,2),
Condition | 90-120,1| 31.97| (30-60.1).(60-90,1),(90-120,2),
Serratus | x (90-120,3)
Anterior Motion 30-60,2 | 33.46 (60'90’2)'228:%03;)2)’(30'60'1)'
Increment —g5°96.2 | 50.36 (30-60,2),(90-120,2),(60-90,1)
90-120,2| 57.33 (30-60,2),(60-90,2),(90-120,1)
30-60,3 | 37.02 (60-90,3),(90-120,3),(30-60,1)
60-90,3 | 52.31 (30-60,3),(90-120,3),(60-90,1)
90-120, 3| 59.66 (30-60,3),(60-90,3),(90-120,1)

151



Table 4.13.2contd. Multiple pair-wise comparison results for Lower Trapezius
muscle activity using contrasts during the elevation phase

Dependent | Factors Levels | Geometric Significantly different from
Variable Mean (in
%)
i (60-90,1),(90-120,1), (30-60,2
30-60, 1 17.88 (30-60,3)
i (30-60,1),(90-120,1),(60-90,2
60-90, 1 23.02 (60-90.3)
Condition (30-60,1),(60-90,1),(90-120,2
90-120, 1 30.12
Healthy X Motion (90-120,3)
Increment| 30-60, 2 50.46 (60-90,2),(30-60,1)
60-90, 2 58.90 (30-60,2),(90-120,2)
90-120, 2 50.72 (60-90,2),(90-120,1)
30-60, 3 54.31 (60-90,3),(30-60,1)
60-90, 3 60.63 (30-60,3),(90-120,3),(60-90,
90-120, 3 53.91 (60-90,3),(90-120,1)
i (60-90,1),(90-120,1), (30-60,2
30-60, 1 20.22 (30-60.3)
i (30-60,1),(90-120,1),(60-90,2
60-90, 1 24.07 (60-90.3)
Condition| 90-120, 1 28.81 (30'60’1)’((58'1920613)5(90'120’2
Impingement fng"rgtr:]’e”m 3060, 2 | 44.72 (30-60,1)
60-90, 2 49.17 (60-90,1)
90-120, 2 46.86 (90-120,1)
30-60, 3 45.64 (30-60,1)
60-90, 3 50.65 (60-90,1)
90-120, 3 47.30 (90-120,1)

Where, 1 = Unloaded condition
2 = Loaded condition
3 = after repetitive motion condition

30-60, 60-90, 90-120 = Motion Increments
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Table 4.14.1 Mixed model ANOVA results: Muscle activity during the lowdang phase

Dependent Factor DF F-ratio | P value

Variable

Upper Trapezius Group 1/46 2.71 0.106
Condition 2/92 196.33| <0.001
Motion increment 2/92 132.84 <0.001
Group x Condition 2/92 1.07 0.348
Group x Motion Increment 2/92 0.25 0.782
Condition x Motion Increment 4/184  19.77 <0.001
Group x Condition x Motion 4/184 | 0.91 0.460
Increment

Lower Trapezius Group 1/47 0 0.95
Condition 2/94 129.85| <0.001
Motion increment 2/94 175.12 <0.001
Group x Condition 2/94 0.84 0.436
Group x Motion Increment 2/94 0.17 0.844
Condition x Motion Increment 4/188 13.34 <0.001
Group x Condition x Motion 4/188 | 2.17 0.074
Increment

Serratus Anterior Group 1/47 0.55 0.464
Condition 2/94 596.35| <0.001
Motion increment 2/94 391.01] <0.001
Group x Condition 2/94 1.18 0.313
Group x Motion Increment 2/94 1.29 0.279
Condition x Motion Increment 4/188 9.18 <0.001
Group x Condition x Motion 4/188 | 0.30 0.878

Increment

153




Table 4.14.2Tukey-Kramer multiple pair-wise comparison results for musde
activity during the lowering phase

Dependent| Factors Levels Mean Significantly different from
Variable (in %)
(90-60,1),(120-90,1),(60-30,2),
60-30, 1 3.74 (60-30,3)
(60-30,1),(120-90,1),90-60,2),
90-60, 1 7.01 (90-60,3)
Condition | 120-90,1| 9.30 (60-30,1),(90-60,1),(120-90.2),
Upper _ « Motion (120-90,3)
Trapezius Increment 60-30,2 | 15.19 (90-60,2),(120-90,2),(60-30,1)
90-60, 2 | 22.47 (60-30,2),(90-60,1)
120-90, 2| 23.04 (60-30,2),(120-90,1)
60-30, 3 | 14.67 (90-60,3),(120-90,3),(60-30,1)
90-60,3 | 22.04 (60-30,3),(90-60,1)
120-90, 3| 23.42 (60-30,3),(120-90,1)
(90-60,1),(120-90,1),(60-30,2),
60-30, 1 4.61 (60-30,3)
(60-30,1),(120-90,1),(90-60,2),
90-60, 1 9.45 (90-60.3)
Condition | 120-90,1| 14.49 (60-30,1),(90-60,1),(120-90.2),
Lower . « Motion (120-90,3)
Trapezius Increment 60-30,2 | 15.88 (90-60,2),(120-90,2),(60-30,1)
90-60,2 | 29.52 (60-30,2),(120-90,2),(90-60,1)
120-90, 2| 34.28 (60-30,2),(90-60,2),(120-90,1)
60-30,3 | 14.70 (90-60,3),(120-90,3),(60-30,1)
90-60,3 | 27.70 (60-30,3),(120-90,3),(90-60,1)
120-90, 3| 33.05 (60-30,3),(90-60,3),(120-90,1)
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Table 4.14.2continued: Tukey-Kramer multiple pair-wise comparison resuts for
muscle activity during the lowering phase

Dependent| Factors Levels Mean Significantly different from
Variable (in %)
i (90-60,1),(120-90,1),(60-30,2),
60-30, 1 5.03 (60-30.3)
i (60-30,1),(120-90,1),(90-60,2),
90-60, 1 9.31 (90-60.3)
i (60-30,1),(90-60,1),
Condition 120-90, 1} 15.15 (120-90,2),(120-90,3)
Serra.tus % Motion 60-30, 2 13.29 (90-60,2),(120-90,2),(60-30,1),
Anterior Increment (60-30,3)
90-60,2 | 26.83 (60-30,2),(120-90,2),(90-60,1)
120-90, 2| 35.89 (60-30,2),(90-60,2),(120-90,1)
i (90-60,3),(120-90,3),(60-30,1),
60-30,3 | 12.06 (60-30,2)
90-60,3 | 25.07 (60-30,3),(120-90,3),(90-60,1)
120-90, 3| 34.77 (60-30,3),(90-60,3),(120-90,1)
Where, 1 = Unloaded condition
2 = Loaded condition
3 = after repetitive motion condition

60-30, 90-60 and 12®0 = Motion Increment

Table 4.15 Mean and standard deviation for kinematic variables at initial rest psition

Dependent variable Healthy Impingement P-value
(n = 25) (n=24)

Scapular internal/external rotation28.65° (5.5) 28.48° (6.1) 0.92
Scapular upward rotation 2.20° (6.2) 3.00° (6) 0.65
Scapular tilt -12.64° (5.6) -13.29° (5.1) 0.67
Glenohumeral elevation -5.43° (6.4) -10.07° (7.2) 0.02
Glenohumeral plane of elevation| 2 51° (4.4) 2.49° (6.4) 0.99
Glenohumeral axial rotation 3.96° (11.6) 2.50° (15.7) 0.71
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Table 4.16.1 Mixed model ANOVA results: Kinematics at peak humeral elation

Dependent Factor DF F-ratio P value
Variable
Scapular Group 1/47 3.00 0.089
Internal/External Condition 2/94 0.59 0.558
Rotation Group x Condition 2/94 0.64 0.532
Scapular Upwar{ Group 1/47 0.69 0.409
Rotation Condition 2/94 1.10 0.338
Group x Condition 2/94 0.50 0.605
Scapular Tilt Group 1/47 0.15 0.704
Condition 2/94 9.88 <0.001
Group x Condition 2/94 1.12 0.332
Glenohumeral | Group 1/47 0.39 0.534
elevation Condition 2/94 5.45 0.006
Group x Condition 2/94 0.58 0.560
Glenohumeral | Group 1/47 1.41 0.241
plane of elevatianCondition 2/94 9.01 <0.001
Group x Condition 2/94 4.86 0.009
Glenohumeral | Group 1/47 0.86 0.360
axial rotation Condition 2/94 8.28 <0.001
Group x Condition 2/94 1.16 0.317
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Table 4.16.2 Tukey-Kramer multiple pair-wise comparison results forhe kinematics at
peak humeral elevation

Dependent Factors Levels Mean (in Significantly
Variable degrees)t different from
Scapular Tilt Condition 1 6.92 3
2 6.09 3
3 3.11 1,2
Glenohumeral | Condition 1 -100.27 2,3
elevation 2 -97.29 1
3 -97.02 1
Glenohumeral | Group x H,1 12.26 -
plane of Condition H,2 12.05 Imp,2
elevation H,3 11.40 Imp,3
Imp,1 11.62 Imp,3
Imp,2 8.73 H,2
Imp,3 6.07 (Imp,1),(H,3)
Glenohumeral | Condition 1 -56.82 2,3
axial rotation 2 -60.07 1
3 -59.16 1

(T Negative number for glenohumeral elevation signifies elevation;iymsitmber for
glenohumeral plane of elevation signifies anterior to scapular;pi@gative number for
glenohumeral axial rotation signifies external rotation; positivenber for scapular
internal/external rotation signifies internal rotation; negativeber forscapular upward
rotation signifies upward rotation; negative number for scapular tilt sigmifiesior tilt)

Where, H = Healthy subjects
Imp = Subjects with impingement
1 = Unloaded condition
2 = Loaded condition
3 = after repetitive motion condition
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Table 4.17.1 Mixed model ANOVA results: Glenohumeral kinematic varialds
during the elevation phase

Dependent Factor DF F-ratio | P value

Variable

Glenohumeral Group 1/47 1.3 0.260

Elevation Angle Condition 2/94 7.11 <0.001
Angle of elevation 3/141| 3696.8%0.001
Group x Condition 2/94 0.57 0.568
Group x Angle of elevation 3/141] 1.49 0.221
Condition x Angle of elevation 6/282  33.26 <0.001
Group x Condition x Angle of 6/282 | 1.16 0.328
elevation

Glenohumeral Group 1/47 6.14 0.017

Plane of elevation | Condition 2/94 39.04 <0.001
Angle of elevation 3/141| 65.80 <0.001
Group x Condition 2/94 0.40 0.673
Group x Angle of elevation 3/141 0.29 0.834
Condition x Angle of elevation 6/282 28.31 <0.001
Group x Condition x Angle of 6/282 | 0.7 0.654
elevation

Glenohumeral axia| Group 1/47 0.12 0.735

rotation Condition 2/94 | 20.21 | <0.001
Angle of elevation 3/141| 384.96 <0.001
Group x Condition 2/94 0.76 0.471
Group x Angle of elevation 3/141] 1.56 0.202
Condition x Angle of elevation 6/282 44.4 <0.001L
Group x Condition x Angle of 6/282 | 1.13 0.343
elevation
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Table 4.17.2 Tukey-Kramer multiple pair-wise comparison results for ggtnohumeral kinematics during elevation phase

Dependent Variable Factors Levels Mean (in degrees) f Signifidindifferent from
Glenohumeral elevation  Condition x 30,1 -23.12 (60,1),(90,1),(120,1)
Angle of 60, 1 -43.92 (30,1),(90,1),(120,1)
elevation 90, 1 -68.11 (30,1),(60,1),(120,1),(90,2),(90,3)
120, 1 -89.07 (30,1),(60,1),(90,1),(120,2),(120,3)
30, 2 -24.31 (60,2),(90,2),(120,2)
60, 2 -43.51 (30,2),(90,2),(120,2)
90, 2 -64.21 (30,2),(60,2),(120,2), (90,1)
120, 2 -85.15 (30,2),(60,2),(90,2),(120,1)
30, 3 -23.91 (60,3),(90,3),(120,3)
60, 3 -42.79 (30,3),(90,3),(120,3)
90, 3 -63.03 (30,3),(60,3),(120,3),(90,1)
120, 3 -83.85 (30,3),(60,3),(90,3),(120,1)
Group H 26.11 Imp
Imp 20.91 H
30,1 20.57 (60,1),(90,1),(120,1),(30,2),(30,3)
60, 1 32.94 (30,1),(120,1),(60,2),(60,3)
90, 1 33.26 (30,1),(120,1),(90,2),(90,3)
120, 1 23.38 (30,1),(60,1),(90,1),(120,2),(120,3)
Glenohumeral plane of Condition x 30, 2 17.72 (60,2),(90,2),(30,1)
elevation Angle of 60, 2 26.27 (30,2),(120,2),(60,1)
elevation 90, 2 25.51 (30,2),(120,2),(90,1)
120, 2 17.65 (60,2),(90,2),(120,1),(120,3)
30, 3 18.14 (60,3),(90,3),(120,3),(30,1)
60, 3 25.99 (30,3),(90,3),(120,3),(60,1)
90, 3 24.52 (30,3),(60,3),(120,3),(90,1)
120, 3 16.17 (30,3),(60,3),(90,3),(120,1),(120,2)
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Table 4.17.2 continued: Tukey-Kramer multiple pair-wise comparisa results for glenohumeral kinematics during elevation

phase
Dependent Variable Factors Levels Mean (in degrees) T Signifidindifferent from
30,1 -8.41 (60,1),(90,1),(120,1),(30,2),(30,3)
60, 1 -26.37 (30,1),(90,1),(120,1),(60,2),(60,3)
90, 1 -44.21 (30,1),(60,1),(120,1)
120, 1 -53.57 (30,1),(60,1),(90,1)
Condition x 30, 2 -18.32 (60,2),(90,2),(120,2),(30,1)
Glenohumeral Angle of 60, 2 -32.93 (30,2),(90,2),(120,2),(60,1)
axial Rotation clevation 90, 2 -45.83 (30,2),(60,2)(120,2),(90,3)
120, 2 -54.86 (30,2),(60,2),(90,2),(120,3)
30, 3 -17.74 (60,3),(90,3),(120,3),(30,1)
60, 3 -31.57 (30,3),(90,3),(120,3),(60,1)
90, 3 -43.70 (30,3),(60,3),(120,3),(90,2)
120, 3 -52.66 (30,3),(60,3),(90,3),(120,2)

(T Negative number for glenohumeral elevation signifies elevatioraxXial rotation signifies external rotation; Positive numioer f
glenohumeral plane of elevation signifies horizontal adduction)

Where, H = Healthy subjects

Imp = Subjects with impingement

1 = Unloaded condition
2 = Loaded condition

3 = after repetitive motion condition

30, 60, 90 and 120 = Angles of Humerothoracic elevation
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Table 4.18.1 Mixed model ANOVA results: Glenohumeral kinematic variable
during the lowering phase

Dependent Factor DF F-ratio P

Variable value

Glenohumeral Group 1/47 2.14 0.151

Elevation Angle | Condition 2/94 | 1.28 0.282
Angle of elevation 3/141) 2418.y <0.001
Group x Condition 2/94 2.24 0.117
Group x Angle of elevation 3/141 1.66 0.179
Condition x Angle of elevation 6/282 26.74 <0.001
Group x Condition x Angle of | 6/282 | 0.37 0.899
elevation

Glenohumeral Group 1/47 | 4.62 0.037

plane of elevation| Condition 2/94 | 71.73 | <0.001
Angle of elevation 3/141) 78.42| <0.001
Group x Condition 2/94 | 0.14 0.868
Group x Angle of elevation 3/141 0.40 0.756
Condition x Angle of elevation 6/282 18.30 <0.001
Group x Condition x Angle of | 6/282 | 1.47 0.187
elevation

Glenohumeral Group 1/47 0.01 0.907

axial rotation Condition 2/94 | 31.23 | <0.001
Angle of elevation 3/141) 364.0| <0.001
Group x Condition 2/94 | 0.08 0.922
Group x Angle of elevation 3/141 2.68 0.049
Condition x Angle of elevation 6/282 24.13 <0.001
Group x Condition x Angle of | 6/282 | 0.14 0.990
elevation
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Table 4.18.2 Tukey-Kramer multiple pair-wise comparison results foglenohumeral
kinematics during lowering phase

Dependent Factors | Levels| Mean (in Significantly different from
Variable degrees)t
Glenohumeral| Condition x| 30, 1 -20.44 (60,1),(90,1),(120,1),(30,2),(30,3)
elevation Angle of 60, 1 -38.68 (30,1),(90,1),(120,1),(60,2),(60,3)
elevation 90, 1 -63.06 (30,1),(60,1),(120,1)
120, 1 -86.94 (30,1),(60,1),(90,1),(120,2),(120,3)
30, 2 -25.00 (60,2),(90,2),(120,2),(30,1)
60, 2 -42.17 (30,2),(90,2),(120,2),(60,1)
90, 2 -62.52 (30,2),(60,2),(120,2)
120, 2 -84.93 (30,2),(60,2),(90,2),(120,1)
30, 3 -24.44 (60,3),(90,3),(120,3),(30,1)
60, 3 -41.45 (30,3),(90,3),(120,3),(60,1)
90, 3 -61.97 (30,3),(60,3),(120,3)
120, 3 -84.40 (30,3),(60,3),(90,3),(120,1)
Group H 26.24 Imp
Imp 21.45 H
30,1 19.63 (60,1),(90,1),(120,1),(30,2),(30,3)
60, 1 34.40 (30,1),(90,1),(120,1),(60,2),(60,3)
90, 1 36.63 (30,1),(60,1),(120,1),(90,2),(90,3)
120, 1 26.29 (30,1),(60,1),(90,1),(120,2),(120,3)
gg‘é’gﬁmera' Condition »_30:2 | 14.40 (60,2),(90,2),(120,2),(30,1)
clevation Angle of 60, 2 24.87 (30,2),(90,2),(120,2),(60,1)
clevation 90, 2 26.51 (30,2),(60,2),(120,2),(90,1)
120, 2 19.43 (30,2),(60,2),(90,2),(120,1)
30, 3 14.42 (60,3),(90,3),(120,3),(30,1)
60, 3 24.82 (30,3),(120,3),(60,1)
90, 3 26.10 (30,3),(120,3),(90,1)
120, 3 18.63 (30,3),(60,3),(90,3),(120,1)

(T Negative number for glenohumeral elevation signifies elevation;iymsitmber for
glenohumeral plane of elevation signifies horizontal adduction)

Where, H = Healthy subjects
Imp = Subjects with impingement
1 = Unloaded condition
2 = Loaded condition
3 = After repetitive motion condition
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4.19a Logistic regression results: Group prediction by kinematic variabkeat 60
degrees of humerothoracic elevation

Parameter DF | Estimate | Wald's P Odds- | 95% Walds
Chi- value | ratio Cl
square

Intercept 1 84.07 546 | 0.020
Scapular IRER 1 -0.13 331 | 0.069 0.88 0.76-1.01
Scapular UR 1 1.29 565 | 0.017 3.62 1.25-10.46
Scapular tilt 1 -1.08 6.79 | 0.009 0.34 0.15-0.77
GH plane of elevation| 1 -0.71 8.27 0.004 0.49  0.30-0.80
GH angle of elevation| 1 1.20 525 | 0.022 332 1.189.25
GH axial rotation 1 0.02 031 | 0579 1.02 0.96-1.08
Normalized Pectoralis

- D
Minor length 1 0.87 155 | 0.213 2.40  0.61-9.42

4.19 b Logistic regression results: Group prediction by kinematic variabke at 90
degrees of humerothoracic elevation

Parameter DF | Estimate | Wald's| P | Odds- | 95% Walds
Chi- value | ratio Cl
square

Intercept 1 53.58 3.27 0.071

Scapular IRER 1 | -0.09 251 | 0113 091  0.81-1.02
Scapular UR 1 0.65 362 | 0057 192  0.983.7}
Scapular tilt 1 -0.41 387 | 0049 066  0.44-0.99
GH plane of elevation |, -0.16 6.83 | 0009 0.85  0.76-0.96
GHangle of elevation | ;| g 5g 314 | 0076 178  0.94-34
GH axial rotation 1 | 0.00 0.02 | 088§ 1.00  0.94-1.07
Nprmallzed Pectoralis 1 1.02 247 0.116 2.77 0.78-9.9
Minor length

Where, Cl = confidence intervals

163



4.20 Equality of variance test results

Standard Deviation P value Standard Deviation P value
(Absolute latency) (Relative latency)
Healthy | Impingement Healthy | Impingement
(n=25) (n=24)
Upper 61.81 45.53
Trapezius 73.61 103.07 0.09 (n=24) (n=24) 0.156
Lower 92.82 39.37
Trapezius | 12943 72.44 0.007 (n=24) (n=24) <0.001
Serratus 44,18 77.53
Anterior 94.85 77.53 0.33 (n=23) (n=24) 0.010

* indicates group difference (p<0.05)
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FIGURES

'\__ - ,_,) \‘ |‘fu
—~— .
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4 [
Internal Rotation Upward Rotation Posterior Tilting

Figure 1 Scapular motion in 3 dimensions: (A) Scapular internal/external rotatipn; (B
Scapular upward/downward rotation and (C) Scapular anterior/posterior tilt
(Ludewig et al. 2009)
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Excluded (n =12)
Not met inclusion criteria (n = 12) . Healthy subjects
Healthy Subject Group (n = 28) __» | (n=25)
Exclgdeq (n=3) Data used for final analysis
Noise issues (n = 2)
Technical reasons (n = 1)

Enrolled with
g?g?i(ta)islistf/d for signed consent
(n=67) form (n =55) Subjects with Impingement

Impingement Subject Group (n = 27) (n=24) _ _
Excluded (n = 3) —* Data used for final analysis

Noise issues (n = 2)
Could not complete protocol (n = 1)

Figure 3.1 Flow chart showing number of subjects recruited and included in the study
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Upper Trapezius EMG electrode  Anterior Deltoid EMG electrode

Lower Trapezius EMG electrode  Serratus anterior EMG electrode

(@) (b)

Figure 3.2 a and 3.2 bKinematic and EMG electrode set up for data collection
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Figure 3.3 a:Position for recording maximum voluntary contraction (MVC) for upper
trapezius and anterior deltoid.

Figure 3.3 b: Position for recording maximum voluntary contraction (MVC) for lower
trapezius.
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Figure 3.3 c:Position for recording maximum voluntary contraction (MVC) for serratus
anterior.

Serratus Anterior latency plot
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Figure 3.4 Muscle latency estimation using computer algorithm (Appendix 10) (Hodges
and Bui, 1996). The blue line shows rectified and smoothed serratus anterior muscle
activity. The vertical red line indicates the light cue. The firstie@rgreen line indicates
muscle activation whereas the second vertical green line indicates mesciieation.

169



Upper Trapezius latency plot
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Figure 3.5No deactivation of upper trapezius muscle detected for the trial.
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Figure 3.6aPossible cardiac artifact (in circle) affecting result integireh of muscle
onset. The blue line shows rectified and smoothed serratus anterior musdige factine
motion. The vertical red line indicates the light cue. The first vertical greemidicates
muscle activation whereas the second vertical green line indicates meactation.
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Lower Trapezius latency plot
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Figure 3.6bPossible cardiac artifact (in circle) affecting result integireh of muscle
deactivation. The blue line shows rectified and smoothed lower trapezius actbaky
for the motion. The vertical red line indicates the light cue. The first vegtiean line
indicates muscle activation whereas the second vertical green line indicatgde m
deactivation.
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Upper Trapezius Absolute Latency
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Figure 4.1aAbsolute latency of upper trapezius
* signifies difference between the unloaded condition and the loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repettiicn
condition (p<0.05)
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Lower Trapezius Absolute Latency
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Figure 4.1b Absolute latency of lower trapezius.

* signifies difference between the unloaded condition and the loaded condition (p<0.05)
T signifies difference between the unloaded condition and the after repeiitiien
condition (p<0.05)
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Serratus Anterior Absolute Latency
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Figure 4.1cAbsolute latency of serratus anterior.
* signifies difference between the unloaded condition and the loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repettiicn
condition (p<0.05)
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Upper Trapezius Relative Latency
140

H Upper Trapezius (Healthy)

120 1 [ Upper Trapezius (Impingement)
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Figure 4.2aRelative latency of upper trapezius.

* signifies difference between the unloaded condition and loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repettiicn
condition (p<0.05)

8 signifies group difference at a condition (p<0.05)
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Lower Trapezius Relative Latency
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Figure 4.2bRelative latency of lower trapezius.

* signifies difference between the unloaded condition and loaded condition (p<0.05)
T signifies difference between the unloaded condition and the after repeiitiien
condition (p<0.05)
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Serratus Anterior Relative Latency
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Figure 4.3cRelative latency of serratus anterior.
* signifies difference between the unloaded condition and loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repettiicn
condition (p<0.05)
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Upper Trapezius Deactivation
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Figure 4.3aHumerothoracic angle corresponding to deactivation of upper trapezius.
* signifies difference between the unloaded condition and loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repettiicn
condition (p<0.05)
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Lower Trapezius Deactivation
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Figure 4.3bHumerothoracic angle corresponding to deactivation of lower trapezius.
* signifies difference between the unloaded condition and loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repeiitiien
condition (p<0.05)

179



Serratus Anterior Deactivation
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Figure 4.3cHumerothoracic angle corresponding to deactivation of serratus anterior.

* signifies difference between the unloaded condition and loaded condition (p<0.05)

T signifies difference between the unloaded condition and the after repeiitiien
condition (p<0.05)

8 signifies group difference at a condition (p<0.05)
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Elevation Phase
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O— Unloaded (Impingement)
v— Loaded (Healthy)
—A— Loaded (Impingement)
—l— After repetitive Motion (Healthy)
—{1— After repetitive Motion (Impingement)

Figure 4.4aScapular internal/external rotation during the elevation phase.
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Lowering Phase
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Humerothoracic Elevation

—&— Unloaded (Healthy)
O— Unloaded (Impingement)
w— Loaded (Healthy)
—4— Loaded (Impingement)
—il— After repetitive Motion (Healthy)
—— After repetitive Motion (Impingement)

Figure 4.4b Scapular internal/external rotation during the lowering phase.
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Elevation Phase
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Humerothoracic Elevation

—&— Unloaded (Healthy)
O— Unloaded (Impingement)
¥ Loaded (Healthy)
—4A— Loaded (Impingement)
—l— After repetitive Motion (Healthy)
—— After repetitive Motion (Impingement)

Figure 4.4cScapular upward rotation during the elevation phase.
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Lowering Phase
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O— Unloaded (Impingement)
v— Loaded (Healthy)
—4— Loaded (Impingement)
—— After repetitive Motion (Healthy)
—{1— After repetitive Motion (Impingement)

Figure 4.4dScapular upward rotation during the lowering phase.
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Elevation phase

Posterior Tilt

Scapular Tilt
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O— Unloaded (Impingement)
—w— Loaded (Healthy)
A— Loaded (Impingement)
—i— After repetitive Motion (Healthy)
—— After repetitive Motion (Impingement)

Figure 4.4eScapular tilt during the elevation phase.
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Lowering phase
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—4A— Loaded (Impingement)
—— After repetitive Motion (Healthy)
—— After repetitive Motion (Impingement)

Figure 4.4f Scapular tilt during the lowering phase.
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Serratus Anterior Muscle Activity
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—{1— After repetitive motion (Impingement)

Figure 4.5aSerratus Anterior muscle activity.
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Lower Trapezius Muscle Activity
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—{1— After repetitive motion (Impingement)

Figure 4.5bLower Trapezius muscle activity.
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Upper Trapezius Muscle Activity
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Figure 4.5cUpper Trapezius muscle activity.
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Figure 4.6aGlenohumeral angle of elevation during the elevation phase.
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Figure 4.6 bGlenohumeral angle of elevation during the lowering phase.
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Figure 4.6 cGlenohumeral plane of elevation during the elevation phase.
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Figure 4.6dGlenohumeral plane of elevation during the lowering phase.
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Figure 4.6eGlenohumeral axial rotation during the elevation phase.

194



Lowering Phase

o}

-10

-30 External Rotation

Glenohumeral Axial Rotation
g

-50

'60 T T T T
30 60 90 120

Humerothoracic Elevation

—&— Unloaded (Healthy)
O— Unloaded (Impingement)
w— Loaded (Healthy)
—.A— Loaded (Impingement)
—— After repetitive Motion (Healthy)
—{1— After repetitive Motion (Impingement)

Figure 4.6 fGlenohumeral axial rotation during the lowering phase.
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Lower Trapezius latency plot
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Figure 5.1 Spurt of lower trapezius muscle activity to cause inaccurate latency
estimation.
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Upper Trapezius latency plot
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Figure 5.2 Delayed activation and early deactivation detected for upper trapezius due t
high baseline activity.
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Appendix 1

Clinical Exam
(Tested Unilaterally)

Left Right
STANDING
ROM:
Flexion (150° min) WNL Y/N  WNL Y/N
Painful arc unloaded +- +/-
Painful arc loaded (2-4kgs) +/- +/-

Scoliosis screen:

Visual observation:

Scapular resting position:

Flexion:
Medial border: — immature or excessive prominence/ concentric or eccense pha
Inferior angle: — immature or excessive prominence/ concentric anteéicgghase

Flexion ROM with 2-4 Kg wit:
Medial border: —immature or excessive prominence/ concentric or ecqeTdse
Inferior angle: — immature or excessive prominence/ concentric anteicgehase

Ability to perform repetitive motion (15 at least with weight) Y/N Y/N
SITTING
Left Right
Cervical (reproduce shoulder symptoms):
AROM +/- +/-
Quadrant Tests +/- +/-
Compression/Distraction test +/- +/-

Resisted shoulder:

ER —-90° +/- +/-
Abduction-90° +/- +/-
IR-90° +/- +/-

Impingement Signs (if >2):
Neer +/- +/-
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Modified Hawkins/Kennedy
Supraspinatus test (Jobe’s)
Speed’s Test

Yergason’s Test

Yocum Test

Laxity Tests:
Sulcus Test (if >1 cm)
A/P Translation

Special Tests:
Lift Off test
Drop Arm Test
Flip Test
External rotation lag test
O’Briens Test

Pain with Palpation:
Localization (circle if positive):
Supraspinatus Long head biceps
AC joint post shoulder
Crepitus during passive arm motion:
SUPINE
Supine PROM:
IR (@ 90° ABD
ER (@ 90 ABD)
Anterior Apprehension Test:
Fixed kyphosis screen:

Arm length (side to be tested)-
Other:

+/- +/-

+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-
+/- +/-

Coracoid process

+/- +/-
Left Right
+/- +/-
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Appendix 2
Oldfield Hand Dominance Test

APPENDIX ]
Medical Research Council Speech & Communication Unit

EDINBURGH HANDEDNESS INVENTORY

Surname............. e Given Names,

Date of Birth. ... . Sex.. ...

Please indicate your preferences in the use of hands in the following activities by putiing + in the
appropriate cofumn. Where the preference is so strong that you would never try to use the other hand
unless absolutely forced to, pur ++. If in any case you are really indifferent pur + i both columns.

Some of the activities require both hands. In these cases the part of the task, or object, for which hand
preference is wanted is indicated in brackets.

Please try to answer all the questions, and only leave a blank if you have no experience at all of the
object or task.

LEFT RIGHT

T o o
2 | pawiee | o

— ; — _;h;;i:g_ S (R — F—

_._.4__ _S_r;;:____..___m._____ S

5 Tonth_b_r-u:l-.-qh“ I Y

& B Knife (without fork) I

- _Spoon e

__fi_ Broom (upper hand) B

9 Striking Match (match) T

i 10 Opening box (lid)} T

- i -——Q-h;c-:ix_f_oot do you prefer to kick with? T

__lr - Which eye do you use wf;-n_:JSi—rLg only gne? .

‘ L., ‘ l Leave these spaces blank |7D-EEIIE.| __________ _'

MARCH 1970
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Appendix 3

Subject Questionnaire Form

Name

E-mail address

Phone

Age
Height
Weight
Gender

Optional information-

Ethnic category (check one):

Racial category (check one):

Hispanic or Latino
Non-Hispanic or Latino

American Indian/Alaska Native
Asian
Native Hawaiian or Other Pacific Islander
Black or African American
White
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Subject Questionnaire Form

Do you consider yourself left or right-handed? L/R
Side to test
Do you have a history of skin sensitivity or skin allergies, especiallytagie?  Y/N

Do you have any other diagnosed medical condition? Y/N
(Lupus, RA, MS, brain injury, spinal cord injury, MND, myasthenia gravis, Stroke,
Nerve injury)

Do you have a history of performing overhead work activities? Y/N
If yes: What occupation(s)?

What activities?

How often? (how much during workday?)

For how long? (years & months)

Have you played competitive or recreational sports within the last 5 years? Y/N
If yes: which sport(s)?

What level of competition?

How often? (per week)

For how long? (years & months)

Have you ever injured your shoulder(s)? Y/N
Has your injury occurred in the past 2 months? Y/N
When was the injury or onset of symptoms?

If yes, what was the type of injury:

Labral tear Y/N L/R
Glenohumeral joint dislocation Y/N L/R
AC or SC joint instability YN L/R

What if any stabilization was performed?

What if any displacement was noted?

Fracture: collarbone (clavicle) Y/N L/R

Upper arm (humerus) Y/N L/R

Shoulder blade (scapula) Y/N L/R

Shoulder tendonitis Y/N L/R

Shoulder impingement Y/N
L/RRotator cuff tears Y/N L/R
Shoulder bursitis YN L/R
Scoliosis Y/N L/R

Shoulder strain YIN LR

Other:
Describe injury (ies):
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Have you ever had surgery on your shoulder(s)? Y/N L/R
If yes, describe:
Are you currently experiencing pain in your shoulder(s)? Y/N L/R
If yes, mark location

.

If yes, describe Type-

Duration-
Intensity-

Aggravating factors-

Relieving factors-
If yes, do you have difficulty in sleeping on affected side? Y/N
If yes, do you wake up in night due to pain in shoulder? Y/N

Are you currently experiencing any neck pain? Y/N L/R
If yes, describe:

Are you currently experiencing any arm pain, numbness or tingling? Y/INR L/
If yes, describe:

Are you currently receiving any treatment for your shoulder(s)? YIMR
If yes, describe:

Are you currently receiving any treatment that includes narcotics oisf@agmodic)
muscle relaxant drugs? Y/N
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Appendix 4
CONSENT FORM

Scapular muscle latency, shoulder kinematics ansclawactivity in people

with and without shoulder impingement

You are invited to participate in a research study of human shoulder motion. You were
selected as a possible participant because you contacted one of the ivestight

either you had a normal shoulder without any past or current problems or you have a pas
shoulder problem. We ask that you read this form and ask any questions you may have
before agreeing to be in the study.

This study is being conducted through the Department of Physical, Medicine and
Rehabilitation Sciences by Vandana Phadke, BPT.

Study Purpose

One of the purposes of the study is to identify the differences in muscldiactizmad
deactivation patterns between people with and without shoulder impingement. This
would give us information about the differences, if any exist, for the motor control
strategies between the groups. The conservative and exercise treatrs@pufder pain
are based on the assumptions about how the shoulder actually moves and are usually
targeted at strengthening and stretching soft tissue structurestutlyisxgl provide
combined information about the way our shoulder bones move, muscle activation and
deactivation patterns and muscle activity through out the range of motion. Aasedr
understanding of these issues will allow for improvements in exercise prodesigaed

to increase shoulder function for people with these shoulder problems.

The second purpose of the study is to find the effects of having a weight in hand and
repetitive motion on the shoulder joint motion and related muscle activity paramete

Study Procedures
If you agree to participate in this study, we would ask you to do the following:

1. Provide background information to the investigator (age, height, weight; history
of shoulder surgery, pain, or injury; and functional limitations).

2. Complete a questionnaire about routine activities using your arm, any history of
shoulder problems, regular athletic activities (for example, throwing), aadia
health questionnaire.

3. Receive a clinical screening of your shoulder motion, tenderness, and muscle
function.
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4. Have motion sensors (about one inch square each) taped to the skin over your
shoulder blade and the top of your breast bone, a plastic arm brace strapped to
your arm just above the elbow, and up to five muscle sensors taped to the skin
over your shoulder muscles.

Contract certain muscles for brief periods (30-60 seconds) in specific positions.
Perform active motions lifting your arm from your side to up overhead, within a
comfortable amount of motion for you after you receive a visual light cue to
move.

7. Perform active motions lifting your arm from your side to up overhead with a
weight (up to 4 Kgs) in hand within a comfortable amount of motion for you after
you receive a visual light cue to move.

8. Photographs and videos will be taken during the experimental procedure. The use
of such photographic data is for research purposes only. They will not be
published without your consent. Photos will not include your face without your
consent.

All sensors will be removed at the end of the data collection session. The testimgptioe
involve any invasive procedures. You will be asked to participate for one sessimn las
up to two hours.

oo

Risks of Study Participation

The study has the following risks. First, a foreseeable risk or discomfartitasya

subject is minor skin irritation (possible redness from tape removal) due to the
application and removal of the motion or muscle activity sensors. This discomfort would
be comparable to the removal of a bandage taped to the skin. Second, this testing may
result in mild muscle soreness from contracting muscles. Third, you will be &ske

stand for up to 45 minutes during experiment which may cause tiredness or fainting due
to pooling of blood in the legs. However, if required, you will be allowed to move or sit
on chair even after when the sensors are fixed to avoid these risks. Finatlystihcs

may involve risks to you that are currently unforeseeable.

Benefits of Study Participation

There are no immediate benefits to you for your participation in this staftyymation
gathered from the study may assist in designing exercise prograpesdons with a
history of shoulder problems.

Study Costs/Compensation

All procedures for the research study will be performed at no cost to you.

Each subject will receive $15 at the end of data collection to compensate famein t
participating in the study.

Research Related Injury
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In the event that this research activity results in an injury, treatmertiendVailable,
including first aid, emergency treatment and follow-up care as needed. Caretfor s
injuries will be billed in the ordinary manner to you or your insurance comgfarou
think that you have suffered a research related injury, let the study phyic@amsight
away.

Confidentiality

The records of this study will be kept private. In any publications or presgrstaive
will not include any information that will make it possible to identify you astgest.

Voluntary Nature of the Study

Participation in this study is voluntary. Your decision whether or not to participties
study will not affect your current or future relations with the Univer&itiversity of
Minnesota Medical Center, Fairview or the physicians. If you decide ticipate, you
are free to withdraw at any time without affecting those relationships.

Contacts and Questions

The researchers conducting this study are Vandana Phadke BPT, and Dr. Paula M
Ludewig PhD. You may ask any questions you have now, or if you have questions later,
you are encouraged taontact Vandana Phadke at 612.625.7930 or 724.549.1732 or
contact Dr. Paula Ludewig at 612.626.0420.

If you have any questions or concerns regarding the study and would like to talk to
someone other than the researcher(s), you are encouraged to contact the Fairview
Research Helpline at telephone number 612-672-7692 or toll free at 866-508-6961. You
may also contact this office in writing or in person at University of Minrzebtadical

Center, Fairview-Riverside Campus, 2200 Riverside Avenue, Minneapolis, MN 55454,

You will be given a copy of this form to keep for your records.
Statement of Consent

| have read the above information. | have asked questions and have received dnswers.
consent to participate in the study.

Signature of Subject
Date

Signature of Investigator
Date
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Appendix 5
Disabilities of the Arm. Shoulder and Hand (DASH)

DisABILITIES OF THE ARM, SHOULDER AND HAND

INSTRUCTIONS

This questionnaire asks about your
symptoms as well as your ability to
perform certain activities.

Please answer every question, based
on your condition in the last week,
by circling the appropriate number.

If you did not have the opportunity
to perform an activity in the past
week, please make your best estimate
on which response would be the most
accurate.

It doesn't matter which hand or arm
you use to perform the activity; please
answer based on your ability regardless
of how you perform the task.
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DiSABILITIES OF THE ARM, SHOULDER AND HAND

Please rate your ability to do the following activities in the last week by circling the number below the appropriate response.

NO MILD MODERATE SEVERE UNABLE
DIFFICULTY  DIFFICULTY  DIFFICULTY  DIFFICULTY
1. Open a tight or new jar. 1 2 3 4 5
2. Write. 1 2 3 4 5
3. Turn a key. 1 2 3 4 5
4. Prepare a meal. 1 2 3 4 5
5. Push open a heavy door. 1 2 3 4 5
6. Place an object on a shelf above your head. 1 2 3 4 3
7. Do heavy household chores (e.g., wash walls, wash floors). 1 2 3 4 5
8. Garden or do yard work. 1 2 3 4 5
9. Make a bed. 1 2 3 4 5
10. Carry a shopping bag or briefcase. 1 2 3 4 5
11. Carry a heavy object (over 10 Ibs). 1 2 3 4 5
12. Change a lightbulb overhead. 1 2 3 4 5
13. Wash or blow dry your hair. 1 2 3 4 5
14. Wash your back. 1 2 3 4 5
15. Put on a pullover sweater. 1 2 3 4 5
16. Use a knife to cut food. 1 2 3 4 5
17. Recreational activities which require little effort
(e.g., cardplaying, knitting, etc.). 1 2 3 4 5
18. Recreational activities in which you take some force
or impact through your arm, shoulder or hand
(e.g., golf, hammering, tennis, etc.). 1 2 3 4 5
19. Recreational activities in which you move your
arm freely (e.g., playing frisbee, badminton, etc.). 1 2 3 4 5
20. Manage transportation needs
(getting from one place to another). 1 2 3 4 5
21. Sexual activities. 1 2 3 4 5
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DisaBILITIES OF THE ARM, SHOULDER AND HAND

NOT AT ALL  SLIGHTLY MODERATELY aUBI'II'TE EXTREMELY
22. During the past week, to what extent has your arm,
shoulder or hand problem interfered with your normal
social activities with family, friends, neighbours or groups?
(circle number) 1 2 3 4 5
NOT LIMITED  SLIGHTLY MODERATELY VERY UNABLE
AT ALL LIMITED LIMITED LIMITED
23. During the past week, were you limited in your work
or other regular daily activities as a result of your arm,
shoulder or hand problem? (circle number) 1 2 3 4 5
Please rate the severity of the following symptoms in the last week. (circle number)
NONE MILD MODERATE SEVERE EXTREME
24. Arm, shoulder or hand pain. 1 2 3 4 5
25. Arm, shoulder or hand pain when you
performed any specific activity. 1 2 3 4 5
26. Tingling (pins and needles) in your arm, shoulder or hand. 1 2 3 4 5
27. ‘Weakness in your arm, shoulder or hand. 1 2 3 4 5
28. Stiffness in your arm, shoulder or hand. 1 2 3 4 5
SO MUCH
NO MILD MODERATE SEVERE DIEI'T-IICA"PJIITY
DIFFICULTY  DIFFICULTY  DIFFICULTY  DIFFICULTY CAN'T SLEEP
29. During the past week, how much difficulty have you had
sleeping because of the pain in your arm, ‘shouldér or hand?
(circle number) 1 2 3 4 5

STRONGLY NEITHER AGREE STRONGLY
DISAGREE DISAGREE NOR DISAGREE AGREE AGREE

30. | feel less capable, less confident or less useful
because of my arm, shoulder or hand problem.
(circle number) 1 2 3 4 5

DASH DISABILITY/SYMPTOM SCORE = [(sum of n responses) - 1] x 25, where n is equal to the number of completed responses.
n

A DASH score may not be calculated if there are greater than 3 missing items.
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DISABILITIES OF THE ARM, SHOULDER AND HAND

WORK MODULE (OPTIONAL)

The following questions ask about the impact of your arm, shoulder or hand problem on your ability to work (including homemaking
if that is your main work role).

Please indicate what your job/work is:
P | do not work. (You may skip this section.)

Please circle the number that best describes your physical ability in the past week. Did you have any difficulty:

NO MILD MODERATE SEVERE

DIFFICULTY  DIFFICULTY DIFFICULTY DIFFicuLTy  UNABLE
1. using your usual technique for your work? 1 2 3 4 5
2. doing your usual work because of arm,
shoulder or hand pain? 1 2 3 4 5
3. doing your work as well as you would like? 1 2 3 4 5
4. spending your usual amount of time doing your work? 1 2 3 4 5

SPORTS/PERFORMING ARTS MODULE (OPTIONAL)

The following questions relate to the impact of your arm, shoulder or hand problem on playing your musical instrument or sport or
both.

If you play more than one sport or instrument (or play both), please answer with respect to that activity which is most important to
you.

Please indicate the sport or instrument which is most important to you:_

O | do not play a sport or an instrument. (You may skip this section.)

Please circle the number that best describes your physical ability in the past week. Did you have any difficulty:

NO MILD MODERATE SEVERE

DIFFICULTY DIFFICULTY  DIFFICULTY  DIFFICULTY UNABLE

1. using your usual technique for playing your

instrument or sport? 1 2 3 4 5
2. playing your musical instrument or sport because

of arm, shoulder or hand pain? 1 2 3 4 5
3. playing your musical instrument or sport

as well as you would like? 1 2 3 4 5
4. spending your usual amount of time

practising or playing your instrument or sport? 1 2 3 4 b

SCORING THE OPTIONAL MODULES: Add up assigned values for each response; divide by
4 (number of items); subtract 1; multiply by 25.
An optional module score may not be calculated if there are any missing items.

© INSTITUTE FOR WORK & HEALTH 2006 ALL RIGHTS RESERVED
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Appendix 6

Penn Shoulder Score

GENESYS

THERAPY SERVICES

Name:

DOB:

The Penn Shoulder Score, Part 1: Pain and Satisfaction Subscales

Please circle the number closest to your level of pain or satistaction: Office Use
Only
Pain at rest with vour arm by your side:
0 1 2 3 4 5 6 7 8 9 10
No pain Worst pain (10 - # circled)
possible
Pain with normal activities (eating, dressing, bathing)::
0 1 2 3 4 5 6 7 8 9 10
No pain Worst pain (10 - # circled)
posgib]e (Score 0 if not
applicable)
Pain with strenuous activities (reaching, lifting, pushing, pulling, throwing):
0 1 2 3 4 5 6 7 8 9 10
No pain Worst pain (10 - # circled)
possible (Score 0 if not
applicable)
Pam score: | = /30
How satisfied are you with the current level of function of your shoulder?
0 1 2 3 4 5 6 7 3 9 10
Very satisfied Not satisfied (10 - # circled)
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GENESYS Name:
THERAPY SERVICES DOB:
The Penn Shoulder Score: Function Subscale
Please circle the number that best describes the . Did not
level of difficulty you might have performing o Some Much Can’t do do before
o Y = = difficulty  difficulty  difficulty atall .
each activity injury
1. Reach the small of your back to tuck in your E 2 1 0 X
shirt with your hand
2. Wash the middle of your back/hook bra 3 2 1 0 X
3. Perform necessary toileting activities 3 2 1 0 X
4. Wash the back of opposite shoulder 3 2 1 0 X
5. Comb hair 3 2 1 0 X
6. Place hand behind head with elbow held straight 3 2 1 0 X
out to the side
7. Dress self (including put on coat and pull shirt 3 2 1 0 X
off overhead)
8. Sleep on affected side 3 2 1 0 X
9. Open a door with affected arm 3 2 1 0 X
10. Carry a bag of groceries with affected arm 3 2 1 0 X
11. Carry a briefcase/small suitcase with affected 3 2 1 0 X
arm
12.  Place a soup can (1-2 Ib) on a shelf at shoulder 3 2 1 0 X
level without bending elbow
13. Place a one gallon container (8-10 Ib) on a shelf 3 2 1 0 X
at shoulder level without bending elbow
14. Reach a shelf above your head without bending 3 2 1 0 X
your elbow
15. Place a soup can (1-2 Ib) on a shelf overhead 3 2 1 0 X
without bending vour elbow
16. Place a one gallon container (8-10 1b) on a shelf 2 1 0 X
overhead without bending your elbow
17.  Perform usual sport/hobby 3 2 1 0 X
18.  Perform household chores (cleaning, laundry, 3 2 1 0 X
cooking)
19.  Throw overhand/swim/overhead racquet sports 3 2 1 0 X
(circle all that apply to you)
20. Work full-time at your regular job 3 2 1 0 X
SCORING
Total of columns=__ (a)
Numberof Xsx3=__  (b).60-__  (b)= ¢) (ifno Xs are circled. function score = total of columns)
Function Score=____ (a)+__ (c)=_  x60___ /60
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Appendix 7

Borg’s Scale of perceived exertion

Exertion RPE
no exertion at all
extremely light 7
8
very light 9
10
light 11
12
somewhat hard 13
14
hard (heavy) 15
16
very hard 17
18
extremely hard 19
maximal exertion 20

0 1 2
No Mild
Pain

Numerical pain scale

4 5 6 7 8

Moderate Severe

10

Worst
Possible
Pain

230



Appendix 8

Kinematic Calculations

Formations of the anatomical joint coordinate systems of individual segmesit
SCAPULA

The following points will be digitized:

1) Angulus Inferior (inferior angle of the scapula) (Al )

2) Angulus Acromialis (acromion process) (AA)

3) Trigonum Spinae (root of the spine)(TS )

Following the ISB recommendations on definitions of JCS, the scapular coordinate

system can be established in the following way —

1)
2)

3)

4)

5)

Establish the origin at AA.

Draw the line connecting TS and AA, pointing towards AA .This is done by
subtracting the coordinates of TS from AA (AA- TS). It forms the Z axis.

Form the intermediate vector (I / M) using the coordinates of AA and Al, pointing
towards Al by subtracting the coordinates of AA from Al (Al-AA).

These two vectors form a plane .Calculate a vector perpendicular to this plane
pointing forwards by using the cross product as Z x | / M. This forms the X axis
pointing forwards.

Calculate the Y axis as a common perpendicular to both X and Z axes, pointing

upwards by calculating Z x X.

TRUNK
The points needed to build a reference frame for the trunk can matleted directly;

hence four points are used to build the frame.

Anatomical landmarks

1) Spine of C 7 vertebra(C7)
2) Spine of T 7 vertebra(T8)
3) Deepest point of suprasternal notch(SN)
4) Most caudal point of xiphoid process(XP)

Coordinate system
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Origin (O): Its coincident with the deepest point of suprasternal notch.

Y axis join the midpoint of the line joining C7 and SN with the midpointha line
joining T8 and XP, pointing upwards.

Intermediate axis(l/M)Join the points of SN and C7, pointing backwards.

Z axis Join the line perpendicular to the plane formed by C7, SNrenthidpoint of T8
and XP, pointing to the right, i.e. take a cross product of thentettiate axis and the Y
axis. (Z=Y x IIM).

X axis. Take the cross product of X and Z, pointing forwards. (X=Z x Y).

HUMERUS

Anatomical landmarks:

1) Center of rotation for the Humeral head(GH)
2) Lateral Epicondyle(LE)
3) Medial Epicondyle(ME)

Coordinate system

Origin: It coincides with GH.
Y axis Join the midpoint of the line joining LE and ME with the GH pointing upwards.
Intermediate axis (I/M)The line joining ME and LE pointing to the right.

X axis. It is the common perpendicular to the Y and Intermediate. &3alsulate the
cross product of Y and Intermediate vector, pointing forwards(X =Y x I/M).
Z axis It is the common perpendicular to the X and Y axes. Calculaterbss product

of X axis and Y axis, pointing to the right. (Z=X x Y).

B Euler angle estimations from direction cosine matrix

The information obtained for the position and orientation of the segmenths form of

a transformation matrix. It consists of the location of the wrajithe coordinate system
and a rotation matrix. The rotation matrix consists of directiomessvhich define the
cosine of the angular value between each axis of a local coadiystem and each axis
of the global coordinate system..

The following mathematical equations are used to calculate eargah angleso(f v)

from the rotation matrix.
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The rotation matrix for the YX'Z” & B y) sequence used for scapular motion analysis is

cosucoP cosasinfsiny-sinacosy  cosasinfcosy+sinasin
sino.cosp sinasinfsiny+cosacosy  Sinasinfcosy-cosasiny
-sinB cospsiny cospcosy

The angles are calculated as follows where r denotesearert and the subscript
defines its position in the row and column of the matrix. Example defines the first
element of the second row.

o = arctan2 @i/ ri1)

B = arctan2 (4 [rso> + r5]Y?)

Y= arctan? @’2/ I'33)

The rotation matrix for the YX'Y” sequence used for estimation of énathoracic

motion is:
cosacosPcosy-sinasiny  -cosacosBsiny-sinacosy cosasinf
sinacosPcosy+cosasiny  -SinacosPsiny+CcoSacosy sinasin
-sinfcosy sinfsiny cosp

The angles are extracted as follows:

o = arctan2 @3/ ri3)

B = arctann2 (fiz> + r3?]M%/rs3)

y = arctan2 (42 / ra1)

The rotation matrix for the XZ'Y” sequence used for estimatibglenohuemral motion

is:
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sinasinfsiny +cosacosy  Sinasinfcosy- cosasiny  SinacosP
cospsiny cospcosy -sinB
cosasinfsiny- sinocosy  cosasinfcosy+sinasiny  cosacosp

The angles are extracted as follows:

o = arctan2 13/ rs3)
B =arctan2 (45/ [ris+ra3’]*?)

y=arctan2 @/ )
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Appendix 9

Weight estimation according to BMI and arm length percent of total height

Arm length as
percent of total

BMI (less than 22)

BMI (22 to 25)

BMI (25 to 28)

height
Less than 45% 3 Kgs 3 Kgs 4 Kgs
45%-50% 3 Kgs 3 Kgs 3 Kgs
More than 50% 2 Kgs 3 Kgs 3 Kgs
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Appendix 10

MATLAB custom code for calculation of muscle latency and deactivation (foupper
trapezius only)

clear;

FN=input( ‘file name:" );

importfile1(FN); %reading input file
A(:,:)=data(:,);

marker=floor(A(:;,13)); %light
hum_elev=floor(A(:,6)); %humerus elevation

hum_elevl=zeros;

for i=1l:length(A(;,1));
if marker(i) >3
marker1(i)=0;
elseif  marker(i)==0
markerl(i)=1;
end
if hum_elev(i)==-120
hum_elev1(i)=1;

end
end
index=find(marker1,1, first' ); %finds the frame when light turns on
frame_ecc=find(hum_elev1,1, last' ); %finds frame when humeral angle is

120 when lowering

%samp_freq=2500;
%%writing the filters;

[b,a] = butter(7,50/1250, low' ); %coeffecients
EMG_UT(:,:)=abs(A(:,14)); %rectify
EMG_UTsm(:,:) = filtfilt(b,a,EMG_UT); Y%filter
base_row=(index-125); %50 msec

M1 _UT=mean(EMG_UTsm(base_row:index)); = %mean of baseline
SD_UT=std(EMG_UTsm(base_row:index)); %sd of baseline

N=length(A(:,1));

i=index;
j=i+62; %25 msec window width
count=1,;
while (1)
Mean_UT=mean(EMG_UTsm(i:}));
if Mean_UT>=(M1_UT+3*(SD_UT))
lat UT=i;
if lat UT>index+375; %%375 frames =150millisec response time
break ;
end
end
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i=i+1;
jFi+62;
count=count+1;

if (i<N & j>N) %%for the last window being less than 50 frames

disp 'latency UT can not be calculated' ;
break ;
end;
end;

%UT switch off time
i=frame_ecc;
j=i+249; %100 msec window width
count=1,;
cnt=0;
while (1)
Mean_UT=mean(EMG_UTsm(i:)));
if Mean_UT<=(M1_UT+3*(SD_UT));

flg =1,
else
flg = 0;
end
if flg==
cnt = cnt+1,;
if cnt==2000
SO_UT =i-2000 + 1;
break ;
end
elseif cnt>0&flg==
cnt = 0;
end
i=i+1;
j=i+249;

count=count+1;

if (i<N & j>N) %%for the last window being less than 50 frames

disp 'switch off UT can not be calculated ;
SO_UT=1;
break ;
end;
end;
%%making plots
x1 = 1:N;
y3_index=zeros(N,1);
y3_index(index,1)=1; %light
y3=y3_index;

figure(1);

lat UT_plot=zeros(N,1);

lat_ UT_plot(lat_UT,1)=1; %NMuscle activation
lat_ UT_plot(SO_UT,1)=1; %muscle swutch off

yl =EMG_UTsm;
y2=lat_UT_plot;
plot(x1,y1,x1,y2,x1,y3)

title(  'UT latency plot' )
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Appendix 11
Calculation of Intraclass Correlation Coefficients (ICC)

Model 3
ICC (3, 1) = (BMS-WMS) / (BMS + (k-1)*WMS))

Where, BMS is the variance between subjects; WMS is the within subject eaoianc

trial to trial variance and k is the number of trials.

Calculation of the Standard Error of Measurement (SEM)

SEM = square root of within subject variance from a one-way repeated measures

ANOVA with subjects as the factor (WMS) or,
SEM = square root (sum of (% X jmean)*/ N)

Where, X is the individual trial reading for subjects j;jan is the mean of the values

across trials for each subject and n is the total number of subjects.
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Appendix 12

Correlations charts

Table A Correlation coefficients between muscle latency and NPR and RIRE. scor

Variable Condition | Healthy Impingement
NPR RPE NPR RPE
Upper Trapezius Unloaded -0.02 -0.13 -0.21 -0.07
(Absolute latency) Loaded -0.09 0.11 -0.28 -0.26
ARM 0.24 0.19 -0.32 -0.41
Lower Trapezius Unloaded 0.12 0.16 -0.04 0.00
(Absolute latency) Loaded -0.04 -0.08 -0.32 -0.39
ARM -0.07 0.09 -0.06 -0.34
Serratus Anterior Unloaded -0.06 0.14 0.12 0.28
(Absolute latency) Loaded 0.02 -0.15 -0.08 -0.10
ARM 0.04 0.30 -0.26 -0.24
Anterior Deltoid Unloaded -0.06 -0.07 -0.15 0.15
(Absolute latency) Loaded 0.01 -0.01 -0.23 -0.30
ARM 0.08 0.15 -0.44 -0.36
Upper Trapezius Unloaded 0.05 -0.06 -0.17 -0.27
(Relative latency) Loaded -0.04 0.10 -0.23 -0.07
ARM 0.30 0.18 0.25 -0.05
Lower Trapezius Unloaded 0.21 0.27 0.21 -0.25
(Relative latency) Loaded -0.08 -0.18 -0.18 -0.25
ARM -0.09 -0.04 0.42 -0.08
Serratus Anterior Unloaded -0.02 0.28 0.44 0.22
(Relative latency) Loaded -0.03 -0.31 0.15 0.29
ARM 0.06 0.28 0.23 0.15

Where,

ARM = after repetitive motion condition
NPR = numerical pain score
RPE = Borg’s score of perceived exertion
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Table B Correlation coefficients between muscle latency with averdg@tyeof arm elevation

Variable Condition Healthy Impingement
Upper Trapezius Unloaded -0.07 -0.26
(Absolute latency) Loaded -0.11 -0.13
ARM -0.28 -0.24
Lower Trapezius Unloaded -0.27 -0.23
(Absolute latency) ~ |--02ded -0.23 -0.20
ARM -0.30 -0.13
Serratus Anterior Unloaded -0.21 -0.21
(Absolute latency) ~ |--o2ded -0.22 -0.09
ARM -0.39 -0.11
: . Unloaded 0.00 -0.31
Anterior Deltoi
(Abiol%te E;lt(eJr(ljcy) Loaded -0.23 -0.17
ARM -0.25 -0.15
Upper Trapezius Unloaded -0.09 -0.07
(Relative latency) Loaded 0.05 0.00
ARM -0.14 -0.16
Lower Trapezius Unloaded -0.32 0.06
(Relative latency) Loaded -0.10 -0.06
ARM -0.15 -0.02
Serratus Anterior Unloaded -0.31 0.04
(Relative latency) Loaded -0.03 0.05
ARM -0.29 0.02

Table C Correlation coefficients between muscle deactivation and avweshgity of arm

lowering

Variable Condition Healthy Impingement

Upper Trapeziu Unloaded -0.11 -0.03
Loaded -0.04 -0.13
ARM 0.14 -0.21

Lower Trapeziu Unloaded -0.11 -0.10
Loaded 0.04 -0.03
ARM 0.17 -0.19

Serratus Anterio Unloaded 0.30 0.19
Loaded 0.20 0.22
ARM 0.15 0.22

. ., | Unloaded 0.09 -0.18

Anterior Deltoid Loaded 019 018

ARM 0.19 0.12

Where ARM = after repetitive motion condition




Table D Correlation coefficients for muscle latency and deactivatittinthae demographic

variables

Variable Age Height (cms) | Weight (kgs)| BMI (Kg/nf)
Healthy Imp Health| Imp Healthy Imp Healthy Imp

Upper Trapezius 025 | -0.40| 0.02| -018 007 -020 006 -0.16

(Absolute latency)

Lower Trapezius 0.06 | -0.27| -0.01| -0.18 -0.04 -020 -0.06 -0.12

(Absolute latency)

Serratus Anterior 039 | -025| 046 | 000/ 060 003 030 0.04

(Absolute latency)

Anterior Deltoid 0.07 | -026| 0.02| 003| -001 -008 -001 -0.19

(Absolute latency)

Upper Trapezius 042 | -035| 0.04| -036 013 -027 009 -0.06

(Relative latency)

Lower Trapezius 003 | -0.16| -002| -042 -003 -020 -007 0.02

(Relative latency)

Serratus Anterior 037 | -0.10| 048 | -011 069 010 036 031

(Relative latency)

Upper Trapezius 014 | 023 | 0.36| 033| 026 033 -002 023

(Deactivation)

Lower Trapezius 0.09 | 0.00 | -0.34| 0.42| 010 0.3% 038 0.09

(Deactivation)

Serratus Anterior 040 | 0.07 | -0.20| -0.17 -0.46 -028 -0.42 -0.21

(Deactivation)

Anterior Deltoid 023 | 0.06 | -0.19] 025 -007 024 012 0417

(Deactivation)

Where,

Imp = subjects with impingement
BMI = body mass index
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Table E Correlation coefficients between kinematic variables and avezkgéy for elevation and lowering phases

Group | Phase Condition  Scapular Scapular Scapular GH GH plane GH axial
IRER UR tilt elevation rotation
Healthy Elevation | Unloaded| -0.12t0-0.3¢ -0.09to -0.17 0to 0.13 0.04 to 0{32 0.03 to|0.27 0.02tp 0.14
Loaded -0.03t0-0.35/ -0.01to-0.44 0to 0.11 -0.04 to 0|56 0.16to 0.4 -0.07 tg 0.02
ARM -0.41t00.01 | -0.14t0-0.34 -0.14t00.13 -0.041t00.43 0.31to 0/46 0.01to 0.23
Lowering | Unloaded| -0.12t0-0.01 0.06to0 0.18 0.07t0 0/16  -0.07 to 0.07 0.01t0[0.21 -0.06 tp 0.09
Loaded -0.3210-0.03] -0.26 to 0.16 0.06t0 0.20 -0.17 to 0/35 0.21to0 0.29 -0.12 t0 -0.06
ARM -0.30t00.01 | -0.19t0-0.08 -0.09t0-0.06 -0.11t0 0.28 0.30to 0{41 -0.05 to 0.06
Imp Elevation | Unloaded| -0.18t0-0.08 0.10t0 0.19 -0.22t0-0.11 -0.31to-40.12 -0.08t0|0.09 0.22tp 0.42
Loaded -0.16t0 -0.10] 0.051t0 0.17 -0.21t0-0.12 -0.21 to 0{13 0t0 0.16 0.18tq 0.31
ARM -0.07t0 -0.02 | 0.09to 0.27 -0.04t0 0.0 -0.30t0-0{13 -0.23t0 0,01 0.32t0 0.40
Lowering | Unloaded | -0.16 to -0.1C 0.05t0 0.17 -0.21t0-0{12 -0.21t0-0.13 0t90.16 0.18t90.31
Loaded 0.05t0 0.16 0.07 to 0.27 -0.10t0 0.05 -0.29t0-0.20 -0.22t00.10 0.1910|0.32
ARM -0.08t0-0.04 | 0.20t0 0.26 -0.01t00.12 -0.31t0-0/17 -0.14t00.08 0.281t00.43
Where,

Imp = subjects with impingement group
Scap IRER = Scapular internal/external rotation
Scap UR = Scapular upward rotation

GH = glenohumeral
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Table F Correlation coefficients between kinematic variables and daptog variables

Variable Group Scapular Scapular Scapular GH GH plane GH axial
IRER UR tilt elevation rotation

Age (years) Healthy 0.01t0 0.21 0.16 t0 0.34 0.10t00.20 -0.33t0 0,10 -0.27t040.10 -0.21 tc
Imp -0.35t0-0.29| -0.22t00.04 0.00t0 0.13 0.10t0 0.23  -0.09t0 0.06  -0.29 to

Height (cms) Healthy -0.09t0 -0.07| 0.02to 0.06 0.18 to 0.477 0.11to 0.R7 0.00to0 0.17 -0.17 tq
Imp 0.07 t0 0.21 0.00 to 0.20 0.08 to 0.20 -0.19t0 0 -0.491t0-0.22 -0.22to

Weight (kgs) Healthy 0.13 t00.34 0.01 to 0.07 -0.12t00.21  -0.12t0 014 -0.19t0-{0.08 -0.50tg
Imp 0.21t00.33 | -0.22t0-0.06 -0.05t00.09 -0.08t00.21 -0.55t0-0.32 -0.31to

BMI (kg/m,) Healthy 0.17t00.44 | -0.05t0-0.03 -0.31t0-0.14 -0.28t00.00 -0.27t0-40.10 -0.51tQ
Imp 0.27t00.33 | -041t0-0.38 -0.29t0-0.15 0.01to 0.37 -0.34t010.24 -0.28to

Where,

Imp = subjects with impingement group
Scap IRER = Scapular internal/external rotation
Scap UR = Scapular upward rotation
GH = glenohumeral

BMI = body mass index

0.08
-0.16
0.03
0.12
-0.20
0.03
-0.34
-0.11
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Table G Correlation coefficients between kinematic variables and humexathplane of
elevation at 90°

Kinematic Variable 30° 60° 90° 120°
Healthy Scapular internal/external rotation -0.08 0.04 0.15 0.18
Scapular upward rotation -0.25 0.02 0.0 -0.09
Scapular tilt 0.09 0.13 0.16 0.05
Glenohumeral angle of elevation 0.46 0.30 0. 0.09
Glenohumeral plane of elevation 0.44 0.59 0.6 0.55
Glenohumeral axial rotation 0.13 0.03 -0.1 0.08
Impingemer Scapular internal/external rotation 0.25 0.26 0.25 0.23
Scapular upward rotation -0.05 -0.0¥ -0.0 -0.10
Scapular tilt 0.01 0.02 0.03 0.04
Glenohumeral angle of elevation 0.08 0.0 0. 0.00
Glenohumeral plane of elevation 0.50 0.58 0.5 0.52
Glenohumeral axial rotation 0.12 0.1( 0.0y 0.05
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Appendix 13

ANCOVA results for Scapular internal/external rotation and tilt

Dependent F-
Variable Factor DF ratio P value
Scapular Group 1/46 | 0.10 0.750
Internal/External Condition 2/92 | 10.98 | <0.001
Rotation Angle of elevation 3/138 | 5.88 | <0.001
(Lowering Group x Condition 2/92 | 1.09 | 0.342
phase) Group x Angle of elevation 3/138 | 0.83 | 0.480
Condition x Angle of elevation | 6/272 | 1.44 0.198
Group x Condition x Angle of 6/272 | 0.54 0.779
elevation
Pectoralis Minor (Degrees) 2/1272  5.96 <0.001
Scapular tilt Group 1/43 0.02 0.887
(Elevation Condition 2/86 | 2.96 0.057
phase) Angle of elevation 3/128 | 1.47 0.227
Group x Condition 2/86 0.10 0.901
Group x Angle of elevation 3/128 | 0.02 0.997
Condition x Angle of elevation | 6/255 | 4.50 <0.001
Group x Condition x Angle of 6/255 | 0.46 0.840
elevation
Pectoralis Minor (Degrees) 4/255  3.66 0.006
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Appendix 14

Surface electrode validation for serratus anterior.

Cross correlation results

Subject Cross-correlation coefficients
Latissimus dorsi with surface serratusLatissimus dorsi with fine wire
anterior signal serratus anterior signal
1 0.81 0.82
2 0.83 0.80
3 0.71 0.72
4 0.79 0.79
Average 0.79 0.78

Muscle activity during the elevation phase

Condition Motion Latissimus Dorsi Serratus Anterior
increment (n=5) (Surface) (n=5)
Unloaded 1 1.31 % 6.22 %
condition 2 2.73 % 13.43 %
3 3.49 % 24.27 %
Loaded 1 1.77 % 10.25 %
condition 2 3.57 % 20.54 %
3 5.95 % 36.96 %

Where 1, 2 and 3 are 30% motion increments for the elevation phase.
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Cross Correlation
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Figure A: Representative plot of a subject for cross correlation coefficiemebet
the signals of latissimus dorsi, serratus anterior (surface electrodajusenterior
(fine wire electrode) and autocorrelation of serratus anterior swefactode.
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Appendix 15

Logistic regression resultsGroup prediction by kinematic variables at 30 degrees of
humerothoracic elevation during the unloaded condition

Parameter DF | Estimate | Wald's | Pvalue | Odds- 95%
Chi- ratio Walds CI
square

Intercept 1 0.75 0.00 0.958

Scapular IRER 1 -0.10 2.19 0.139 0.91| 0.80-1.
Scapular UR 1 0.03 0.01 0.941 1.03| 0.46-2.2
Scapular tilt 1 -0.19 0.79 0.374 0.83| 0.55-1.7
GH plane of elevation| 1 -0.22 1.82 0.177 0.80| 0.58-1.1
GH angle of elevation| 1 -0.03 001 | 0934 097 0.45-2(
GH axial rotation 1 -0.01 0.07 0.796 0.99| 0.94-1.(
Normalized Pectoralis 1 0.52 0.76 0.382 1.68 0.52-5.3

Minor length

o ©O© = 01 O w

Logistic regression resultsGroup prediction by kinematic variables at 120 degrees of
humerothoracic elevation during the unloaded condition

DF | Estimate | Wald's | Pvalue | Odds- 95%
Parameter Chi- ratio Walds CI
square

Intercept 1 28.41 1.54 0.214

Scapular IRER 1 -0.02 0.11 0.743 0.98| 0.89-1.(
Scapular UR 1 0.30 2.89 0.130 1.35| 0.92-1.9
Scapular tilt 1 -0.12 2.08 0.150 0.89| 0.76-1.0
GH plane of elevation| -0.01 0.01 0.921 0.99| 0.88-1.1
GH angle of elevation| 1 0.24 1.64 0.201 1.28| 0.88-1.9
GH axial rotation 1 0.14 0.31 0.578 1.01| 0.97-1.0
Normalized Pectoralis 1 0.54 1.10 0.294 1.72 0.63-4.7

Minor length

Where, Cl = confidence intervals
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Appendix 16 a
Values of scapular kinematic variables across the sub groups based oneygf impingement

Condition | Phase Angle Scapular IRER Scapular Upward Rotation Scapular Tilt
H Int Sub | Ambi H Int Sub | Ambi H Int Sub | Ambi
Unloaded Elevation| 30° 33.1 346 30j1 31.7 -5.8 -2.6 -4.3 5.4 -9.9 1101 |-9.0 |-104
60° 36.0| 36.9 33.1 34.9 -14)7  -110 -12.6 -15.0 -r.1 6.9 16.7 7.0
90° 375| 38.1 35.0 37.6 -25/7  -209 -219 -25.1 -4.7 R.7 14.1 5.6
120° 34.7| 35.7 33.6 36.6 -35/3 -305 -30.9 -34.0 0.9 4.1 0.4 +2.2
Lowering | 30° 35.1| 35.5| 31.6 33.0 9.1 5.4 -416 -5/1 -9.0 -8.0 -0.6 -8.6
60° 36.4| 37.1 33.7 35.3 -19)8 -153 -146 -16.2 -5.9 4.3 17.5 54
90° 355| 36.5 334 35.8 -31/1 -251 -23.8 -27.1 -2.3 D.6 13.5 3.7
120° 31.3| 32.8 30.2 33.7 379 -326 -31.8 -3b.1 2.5 5.7 3.5 0.7
Loaded Elevation| 30° 357 39Pp 334 34(6 -5.4 -1.6 -6.2 3.9 9.4 -9.8 104 |-11.1
60° 38.0| 42.6| 35.9 378 -16/6 -111 -151 -151 -6.2 -5.8 17.4 6.8
90° 38.2| 42.7| 36.9 38.1 -282 -236 -26.0 -27.1 -B.7 -1.8 15.4 4.9
120° 34.0| 38.0 35.2 35.6 -36/6 -34.3 -34.9 -36.2 1.0 4.0 1.8 +1.7
Lowering | 30° 37.0| 41.8 35.1 34.9 -5.8 -4.p -2.9 -1/4 -10.4 8.7 -11.3 -11.3
60° 38.5| 44.0 36.4 37.5 -179 -143 -16.0 -15.0 -6.0 4.1 17.1 6.1
90° 375 | 42.8| 35.7 36. -295 -251 -24.3 -27.3 -25 D.9 12.9 3.1
120° 329| 374 32.2 33.9 -36/6 -340 -36.0 -36.2 002 0.05 D.02 -.06
After Elevation | 30° 36.5| 40.0 36.6 34.1 511 -210 -8.9 -4.5 -105 -11.9 8.6 111.7
repetitive 60° 38.4| 42.6 39.3 37.0 -17)3  -128 -19.1 -15.7 -8.0 -8.4 17.3 8.2
Motion 90° 37.9| 42.4| 41.3 38.0 -29f7r -257 -299 -214 b7 -5.4 17.6 6.6
120° 33.4| 37.3] 39.4 35.3 -38/0 -354 -39.3 -35.1 1.2 D.4 55 4.1
Lowering | 30° 36.5| 404 37.8 33.7 5.7 -3.4 -8.2 -0|8 -11.3 -11.2  -10.7 -12.4
60° 38.6| 42.6 39.7 36.2 -189 -143 -20.8 -14.8 -¥.2 7.1 18.0 7.5
90° 37.6| 41.9 39.3 36.6 -31/1 -251 -31.1 -27.0 -4.2 2.6 15.2 5.4
120° 33.0| 37.3] 35.7 35.0 -38/1 -33.7 -39.3 -34.7 0.3 .2 0.9 +3.2

Where H=healthy subjects (n = 25); Int = internal impingement only sub group (1I5al¥¥ subacromial impingement only sub
group (n = 8) and Ambi = ambiguous impingement sub group (n = 9)
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Appendix 16 b Values of scapular kinematic variables across thels groups based on level of involvement

Condition Phase Angle Scapular IRER Scapular Upward Scapular Tilt
Rotation
Low High Low High Low High
(n=15) (n=9) (n=15) (n=9) (n=15) (n=9)
Unloaded Elevation 30° 31.6 32.8 -3.6 -5.4 -9.3 -10.9
60° 34.5 35.5 -11.9 -14.9 -6.5 -7.4
90° 36.6 37.4 -21.7 -24.7 -3.7 -5.2
120° 35.7 34.6 -30.4 -34.5 1.1 -0.5
Lowering 30° 32.4 34.7 -4.3 -6.2 -8.0 -10.0
60° 34.7 36.3 -14.4 -17.2 -5.2 -6.7
90° 34.9 35.8 -24.1 -27.8 -1.6 -3.6
120° 32.3 32.1 -32.2 -35.0 4.1 0.7
Loaded Elevation 30° 35.8 35.7 -2.5 -5.6 -9.7 -11.8
60° 38.7 38.4 -12.5 -16.4 -6.2 -7.6
90° 39.8 38.3 -24.4 -28.0 -3.7 -4.9
120° 37.4 34.1 -34.1 -37.1 0.0 -0.2
Lowering 30° 36.4 37.8 -1.9 -4.0 -9.5 -12.4
60° 39.3 38.5 -13.6 -17.8 -5.0 -7.4
90° 38.9 36.9 -25.2 -29.1 -0.8 -3.6
120° 35.4 32.7 -34.6 -37.0 3.1 0.8
After repetitive Elevation 30° 37.8 34.7 -4.7 -6.2 -10.5 -11.2
Motion 60° 40.8 37.2 -15.3 -17.0 -8.0 -7.9
90° 42.2 37.4 -27.0 -29.0 -7.0 -5.9
120° 39.9 32.9 -35.4 -38.6 -4.3 -1.6
Lowering 30° 37.6 36.0 -3.9 -4.2 -10.6 -13.0
60° 40.6 37.0 -15.7 -18.2 -7.2 -8.1
90° 41.1 35.8 -26.4 -30.1 -4.3 -4.8
120° 38.5 31.5 -34.4 -38.5 -0.9 -0.8
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