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The clinical diagnosis of impingement is the most common 
diagnostic label for shoulder pain.43 However, the diagnosis is so 
broadly applied that di!erent tissue pathologies and various and 
often conflicting pathomechanics may contribute to the pain.4,28 

While subtypes of mechanical shoulder impingement (compression 
and mechanical abrasion of the rotator cu! tendons) have been 
described biomechanically, they are not well distinguished clinically.

Some maintain that a diagnosis of 
impingement includes all sources of 
shoulder pain, excluding only a few 
other conditions such as adhesive cap-
sulitis, gross instability, or cervical 
referred pain.18 However, without a bet-
ter understanding of the underlying 
pathomechanics of the condition, the 
identification of more specific diagnostic 
labels is impeded.

Methodological di!erences and limi-
tations of studies exploring kinematics in 
individuals with shoulder impingement 
limit our understanding of the multifac-
torial etiology of the diagnosis. For ex-
ample, excessive superior glenohumeral 
translation is a pathomechanical factor 
theorized to relate to mechanical shoulder 
impingement because it may lead to sub-
acromial rotator cu! compression.6,24,31 
However, only 1 study provides data to 
support this theory in patients diagnosed 
with impingement,6 and that study is 
limited by 2-dimensional methodology, 
which may result in inaccurate or incom-
plete descriptions of joint position.

Abnormalities in anterior/posterior 
glenohumeral translations are also theo-
rized to be a cause of mechanical im-
pingement.24,40,45 However, few studies 
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have investigated the potential di!erenc-
es in glenohumeral translations between 
symptomatic and asymptomatic indi-
viduals. Surface-based electromagnetic 
methods are often utilized because, like 
superior/inferior glenohumeral trans-
lations, anterior/posterior translations 
are challenging to accurately quantify 
with 2-dimensional methods. However, 
surface-based measurement techniques, 
in general, are limited by skin-motion ar-
tifact.13,17,25 Because glenohumeral trans-
lations are small in magnitude,2,10,24 the 
impact of errors from surface sensors 
may be substantial.

Insu"cient glenohumeral external ro-
tation during arm raising is also theorized 
to approximate the greater tuberosity to 
the acromion, leading to mechanical im-
pingement.5,8,22,28 However, few studies 
have directly measured di!erences in ex-
ternal rotation between symptomatic and 
asymptomatic individuals.21,23 Further-
more, measures of glenohumeral axial 
rotation are particularly susceptible to 
skin-motion artifact,13 making potential 
group di!erences di"cult to identify.

Identifying di!erences in glenohu-
meral kinematics in individuals with 
shoulder pain requires a more accurate 

and comprehensive approach to address 
the methodological limitations of previ-
ous studies. Therefore, the purpose of 
this study was to compare di!erences in 
glenohumeral joint angular motion and 
linear translations between symptomatic 
and asymptomatic individuals during 
shoulder motion performed in 3 planes 
of humerothoracic elevation. In combi-
nation with a companion article,20 the 
results of this study allow for a compre-
hensive investigation into shoulder kine-
matics associated with shoulder pain and 
the diagnostic label of impingement.

METHODS

Participants

Ten symptomatic and 12 asymp-
tomatic participants were recruited 
from community and university set-

tings to participate in this study. Partici-
pant demographics are summarized in 
TABLE 1. The study was approved by the 
Institutional Review Board of the Univer-
sity of Minnesota, and written informed 
consent was obtained from all partici-
pants prior to testing.

Potential symptomatic participants 
were screened by a physical therapist 

to determine eligibility, based on inclu-
sion/exclusion criteria consistent with 
a clinical presentation of impingement 
syndrome.29,35 Symptomatic individuals 
were included if they were between the 
ages of 18 and 60 years and had current 
anterolateral shoulder pain during active 
motion for more than 1 week in dura-
tion. Additionally, potential symptomatic 
individuals were eligible for inclusion if 
shoulder pain was provoked during re-
sisted shoulder internal or external rota-
tion, if more than 2 impingement signs 
were positive (Hawkins-Kennedy, Neer, 
Jobe),14,16,30 and if evidence of scapular 
dyskinesia was observed during arm 
raising or lowering. Potential symptom-
atic individuals were excluded if screen-
ing revealed a 25% or greater reduction 
of internal or external rotation range 
of motion in the symptomatic shoulder 
compared to the contralateral side,38 if 
shoulder symptoms were provoked dur-
ing cervical screening, or if drop-arm or 
apprehension signs were positive. Addi-
tionally, symptomatic individuals were 
excluded if they had a history of shoulder 
surgery; fracture of the clavicle, scapula, 
or humerus; labral or rotator cu! tears; 
known joint diseases; or if their shoulder 
pain began after a traumatic injury.

To be included in the asymptom-
atic group, potential participants were 
required to be 18 to 60 years old and 
without a history of shoulder pain, 
shoulder-girdle fractures, dislocations, 
or separations. Potential participants 
were excluded from the asymptomatic 
group if screening identified abnormal 
or asymmetrical loss of shoulder range of 
motion, shoulder pain provocation dur-
ing any impingement tests, or observable 
scapular dyskinesia.

Procedures
Data were collected utilizing the Flock 
of Birds miniBIRD electromagnetic sys-
tem (Ascension Technology Corporation, 
Shelburne, VT) synced with MotionMon-
itor software (Innovative Sports Training, 
Inc, Chicago, IL). Sensors were secured 
to transcortical bone pins placed into 

TABLE 1 Demographic Data*

Abbreviations: DASH, Disabilities of the Arm, Shoulder and Hand questionnaire; NPRS, numeric 
pain rating scale.
*Values are mean ! SD unless otherwise indicated.

Characteristic Asymptomatic (n = 12) Symptomatic (n = 10) P Value

Age, y 29.3 ! 6.8 35.7 ! 13.4 .165

Gender (male), n 7 5 1.000

Height, cm 173.6 ! 8.1 170.3 ! 10.7 .438

Mass, kg 77.5 ! 13.8 78.6 ! 11.3 .842

Body mass index, kg/m2 25.7 ! 4.3 27.3 ! 4.5 .418

Handedness (right), n 11 10 1.000

Dominant side tested, n 2 8 .008

DASH (0-100) … 21.4 ! 10.8 …

Optional work module (0-100) … 20.3 ! 22.3 …

Optional sports module (0-100) … 49.2 ! 27.0 …

Symptom duration, y … 10.0 ! 7.9 …

NPRS (usual shoulder joint symptoms) (0-10) … 2.7 ! 1.7 …

NPRS during testing (at bone pin site) (0-10) 1.9 ! 0.9 2.6 ! 2.1 .104
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the scapula and humerus, as previously 
described27 (APPENDIX FIGURE 1, available 
online). The technical reference frames 
of the electromagnetic sensors were 
transformed into clinically meaningful 
local coordinate systems by palpating 
and digitizing anatomical landmarks ac-
cording to the recommendations of the 
International Society of Biomechanics.46 
To represent scapular position in a man-
ner that is more consistent with clinical 
descriptions, the posterior aspect of the 
acromioclavicular joint was used rather 
than the posterolateral acromion.26 Hu-
merothoracic motion was defined as the 
humerus moving relative to the thorax, 
resulting in plane of elevation (flexion, 
scapular plane abduction, abduction), 
elevation, and axial rotation using a 
yx’y” rotation sequence.46 Glenohumeral 
joint angular motion was defined as the 
humerus moving relative to the scapula, 
resulting in elevation, plane of elevation 
(elevation anterior or posterior to the 
plane defined by the scapula) (FIGURE 1), 
and axial rotation using an xz’y” rotation 
sequence.37 Glenohumeral joint angular 
positions were identified at 5° increments 
of humerothoracic elevation to create de-
scriptive figures. For statistical analysis, 
data were reduced to include values at 
30°, 60°, 90°, and 120° for flexion and 
scapular plane abduction. However, be-
cause not all participants reached 120° 
of humerothoracic elevation for shoul-
der abduction, data were analyzed only 
to 110° of elevation for this plane. Data 
were not analyzed below 30° of hume-

rothoracic elevation because the trunk 
prevents a true 0° position, and an insuf-
ficient number of participants’ data were 
available to produce a mean value that 
was representative.

Glenohumeral translations were de-
scribed as linear changes in the position 
of the estimated humeral head center 
relative to the origin of the scapular ref-
erence frame between 2 angles of hu-
merothoracic elevation. To estimate the 
location of the glenohumeral joint cen-
ter of rotation, the shoulder was moved 
through small arcs of passive motion, 
and a least-squares algorithm was used 
to find the centroid of minimal transla-
tion.1 The resulting glenohumeral trans-
lations were defined as anterior/posterior 
translation and superior/inferior transla-
tion of the humeral head relative to the 
glenoid occurring during intervals of 
humerothoracic elevation: 30°-60°, 60°-
90°, and 90°-120° for shoulder flexion 
and scapular plane abduction, and 30°-
60°, 60°-90°, and 90°-110° for shoulder 
abduction.

Motion testing was performed in a 
controlled manner, as described previ-
ously.20 Each participant performed 2 
repetitions each of shoulder flexion, ab-
duction, and scapular plane abduction, 
which was defined as 40° anterior to the 
coronal plane.

Statistical Analysis
Trial-to-trial reliability was measured 
using intraclass correlation coe"cients 
(ICC1,1)

42 and standard error of measure-
ment.9 After establishing reliability, an 
average value was calculated for each 
participant at each angle of humero-
thoracic elevation, phase of raising and 

lowering of the arm, and plane of shoul-
der humerothoracic elevation (flexion, 
scapular abduction, and abduction). The 
assumption of normality was tested prior 
to statistical analysis by inspecting skew-
ness and kurtosis.

The primary statistical analysis uti-
lized 3-factor, mixed-model analyses 
of variance (ANOVA) for each depen-
dent variable of glenohumeral angu-
lar positions and linear translations. 
The between-subject factor was group 
(a symptomatic and symptomatic), and 
the within-subject factors were phase 
(raising and lowering) and angle of el-
evation (30°, 60°, 90°, and 110°/120°) 
for glenohumeral angular positions or 
elevation intervals (30°-60°, 60°-90°, 
and 90°-110°/120°) for translations. This 
analysis was conducted for each plane 
of movement (abduction, flexion, and 
scapular plane abduction). Translation 
data for the lowering phase were trans-
formed by multiplying by –1 to prevent 
confounding interactions with phase, due 
to the change in the direction of transla-
tions between raising and lowering. Each 
ANOVA model was analyzed sequential-
ly, with higher-order e!ects involving the 
group factor given priority.20 In the pres-
ence of interactions, contrast statements 
were used for pairwise comparisons. To 
prevent alpha inflation due to multiple 
comparisons, Tukey-Kramer adjustments 
were used when appropriate. Baseline 
demographic information was compared 
using independent, 2-sample t tests and 
Fisher exact tests. Independent, 2-sam-
ple t tests were also performed to assess 
for di!erences in glenohumeral joint an-
gular position during a relaxed standing 
posture. The type I error rate was set a 

TABLE 2
Glenohumeral Angular Positions  

in Relaxed Standing Posture

*Values are mean ! standard error in degrees.

Asymptomatic* Symptomatic* P Value

Humeral elevation –0.8 ! 1.1 2.3 ! 1.4 .097

Plane of elevation 3.1 ! 2.3 –0.4 ! 1.4 .231

External rotation 14.1 ! 4.1 11.6 ! 2.0 .615

FIGURE 1. Glenohumeral plane of elevation describes 
the anterior/posterior position of the humerus relative 
to the plane of the scapula. Reprinted with permission 
from Ludewig et al27 (http://www.jbjs.org).
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priori at .05. All statistical analyses were 
performed using SAS Version 9.3 (SAS 
Institute Inc, Cary, NC).

RESULTS

Group di!erences were not 
found between glenohumeral an-
gular positions during a relaxed 

standing posture with the arm at the side 
(TABLE 2). ICCs for glenohumeral rotations 
ranged from 0.76 to 0.95 (APPENDIX TABLE 
1, available online). With the exception 
of glenohumeral plane of elevation and 
axial rotation during shoulder abduction, 

standard error of measurement values 
were generally less than 3°. Trial-to-trial 
reliability for translations was excellent, 
with ICCs ranging from 0.97 to 1.0  and 
standard error of measurement values 
less than or equal to 1 mm.

Glenohumeral Angular Positions
The humerus consistently elevated 
relative to the glenoid (glenohumeral 
elevation) with increasing angles of hu-
merothoracic elevation, regardless of the 
plane of motion (FIGURE 2A; APPENDIX FIG-
URES 2A and 3A, available online). Group 
di!erences existed during shoulder scap-

ular plane abduction and depended on 
the angle of humerothoracic elevation (P 
= .005, F = 4.68, df = 3,58) (FIGURE 2A). 
The symptomatic group had 6.8° more 
glenohumeral elevation at 30° of hume-
rothoracic elevation (P = .006, F = 8.23, 
df = 1,58) and 5.6° more glenohumeral 
elevation at 60° of humerothoracic eleva-
tion (P = .022, F = 5.53, df = 1,58).

The plane of glenohumeral elevation 
varied depending on the plane of hume-
rothoracic motion in which the partici-
pants moved. On average, the plane of 
glenohumeral elevation was posterior to 
the plane of the scapula during shoul-
der abduction (APPENDIX FIGURE 2B, avail-
able online), anterior to the plane of the 
scapula during shoulder flexion (APPENDIX 
FIGURE 3B, available online), and slightly 
anterior to the plane of the scapula dur-
ing shoulder scapular plane abduction 
(FIGURE 2B). Group di!erences during 
shoulder flexion depended on the angle of 
humerothoracic elevation (P = .006, F = 
4.55, df = 3,57). The di!erences between 
groups increased as humerothoracic el-
evation increased, with the humerus of 
symptomatic participants tending to be 
less anterior to the plane of the scapula 
compared to the asymptomatic par-
ticipants. However, the groups were not 
found to be significantly di!erent during 
specific pairwise follow-ups, despite a 
7° di!erence at 120° of humerothoracic 
elevation (P = .066) (APPENDIX FIGURE 3B, 
available online).

During both shoulder scapular plane 
abduction and flexion, the humerus con-
sistently externally rotated relative to the 
glenoid with increasing angles of hume-
rothoracic elevation (FIGURE 2C; APPENDIX 
FIGURE 3C, available online). However, 
during shoulder abduction, the humerus 
showed a pattern of increasing exter-
nal rotation until approximately 55° of 
humerothoracic elevation, followed by 
decreasing external rotation, or relative 
internal rotation, for the remainder of the 
motion (APPENDIX FIGURE 2C, available on-
line). No di!erences were found between 
groups at any angle of humerothoracic 
elevation or between phases of motion.
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Glenohumeral Translations
The humeral head consistently translat-
ed anteriorly relative to the glenoid dur-
ing shoulder abduction (FIGURE 3A) and 
scapular plane abduction (FIGURE 4A) in 
both the asymptomatic and symptomatic 
groups. However, during shoulder flex-
ion, both groups demonstrated patterns 
of slight posterior glenohumeral trans-
lation during the 30°-60° interval, fol-
lowed by anterior translation until 120° 
of humerothoracic elevation (FIGURE 5A). 
Di!erences between groups in the magni-
tude of glenohumeral anterior translation 
during shoulder flexion were only signifi-
cant during the interval between 90° and 
120° of humerothoracic elevation, when 
the symptomatic group demonstrated 1.4 
mm more anterior glenohumeral transla-
tion (P = .001, F = 8.41, df = 2,37). During 
shoulder abduction, di!erences between 
groups in anterior glenohumeral transla-
tion depended on the interval of motion 

(FIGURE 3A). However, the mean di!erence 
between groups in anterior glenohumeral 
translation during the 30°-60° interval 
did not reach statistical significance (P = 
.070, F = 3.48, df = 1,38).

Average patterns of superior/inferior 
glenohumeral translation varied between 
planes of humerothoracic elevation. Dur-
ing shoulder abduction, the humeral 
head translated inferiorly relative to the 
glenoid in both groups, with the symp-
tomatic group having an average of 1.0 
mm more translation across all ranges 
of motion (P = .022, F = 6.18, df = 1,20) 
(FIGURE 3B). Group di!erences in inferior 
glenohumeral translation were not sig-
nificant during scapular plane abduction 
(FIGURE 4B) or flexion (FIGURE 5B).

DISCUSSION

The study of glenohumeral joint 
kinematics is essential to under-
standing the pathomechanics associ-

ated with conditions such as mechanical 
impingement syndrome. Despite this, few 
studies have directly investigated glenohu-
meral kinematics beyond scapulohumeral 
rhythm and 2-dimensional glenohumeral 
translations. Furthermore, to our knowl-
edge, none have done so while simul-
taneously measuring sternoclavicular, 
acromioclavicular, and scapulothoracic 
joint kinematics. The results of this study 
and its companion article20 provide highly 
accurate measures of shoulder complex 
kinematics obtained using bone-fixed 
tracking. The simultaneous collection of 
multijoint kinematics also facilitates the 
development of biomechanical theories 
regarding di!erences in shoulder kine-
matics between asymptomatic individu-
als and those with a clinical presentation 
consistent with impingement syndrome.

The results of the current study indi-
cate that the di!erences between groups 
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in glenohumeral kinematics relate to dif-
ferences in scapulothoracic kinematics. 
Specifically, during shoulder scapular 
plane abduction, the symptomatic group 
demonstrated 7° and 6° more glenohu-
meral elevation at 30° and 60° of hu-
merothoracic elevation, respectively. In 
the companion article,20 it was reported 
that the symptomatic participants also 
demonstrated 7° and 3° less scapulotho-
racic upward rotation at 30° and 60° of 
humerothoracic elevation, respectively. 
Because these values were obtained from 
the same positions of humerothoracic el-
evation, it is expected that a decrease in 
scapulothoracic upward rotation would 
correspond to an increase in glenohu-
meral elevation, although the magnitudes 
may di!er slightly due to the 3-D nature 
of the motion. The companion article also 
described how a reduction in scapulotho-
racic upward rotation could be related to 
sternoclavicular and acromioclavicular 
motion through coupled mechanisms.20 
From a biomechanical standpoint, this 
indicates that the coupled mechanics of 
the sternoclavicular, acromioclavicular, 
and scapulothoracic joints influence gle-
nohumeral joint kinematics when posi-
tioning the hand in space.

The finding of increased glenohu-
meral elevation in response to decreased 
scapulothoracic upward rotation may 
also provide insight to an important 
clinical concept. While causality cannot 
be assumed in this study, these findings 
may indicate the presence of compensa-
tory mechanisms from which movement 
impairments may perpetuate through-
out the shoulder complex. For example, 
a case study investigating shoulder com-
plex kinematics in an individual with 
end-stage glenohumeral osteoarthritis 
found that a reduction in glenohumeral 
elevation occurred with a concomitant 
increase in scapulothoracic and acromio-
clavicular upward rotation and posterior 
tilt.3 Together with this case study, the 
results of the current study indicate that 
movement impairments at 1 joint with-
in the shoulder complex should not be 
considered in isolation. Future research 

is needed to investigate how conditions 
such as glenohumeral hypermobility and 
hypomobility relate to changes in sterno-
clavicular, acromioclavicular, and scapu-
lothoracic kinematics, and how these 
impairments can be best assessed during 
a clinical examination.

Numerous researchers and clinicians 
have theorized that a decrease in gleno-
humeral external rotation during hu-
meral elevation is related to mechanical 
impingement, as it prevents clearance of 
the greater tuberosity and the rotator cu! 
tendons from under the acromion.5,8,22,28 
While group di!erences in glenohumeral 
axial rotation were not found in the cur-
rent study, the experimental setup might 
have impacted this result. To control for 
the plane of motion, the participants 
prepositioned their arm into axial rota-
tion prior to the initiation of elevation in 
the desired plane. Prepositioning for both 
groups in this manner negates di!erences 
that might otherwise occur during unre-
strained shoulder elevation.

Numerous clinical theories have been 
proposed that relate altered glenohumer-
al translations to impingement syndrome, 
including both increased superior gleno-
humeral translation28,41 and increased 
anterior or decreased posterior gleno-
humeral translation.28,40 Interestingly, 
symptomatic participants in the current 
study demonstrated an average of 1 mm 
more inferior glenohumeral translation 
during abduction than asymptomatic 
controls. While initially this may seem 
contradictory to previous literature,6,31,47 
careful analysis of these studies suggests 
that little in vivo data exist to support the 
clinical theory that increased superior 
glenohumeral translation is related to 
impingement. In particular, most studies 
identifying more superior glenohumeral 
translations included individuals with 
known rotator cu! tears,31,47 which alter 
glenohumeral mechanics.

Only 2 studies have investigated gle-
nohumeral translations in individuals 
with impingement syndrome.6,24 While 
Deutsch et al6 found increased superior 
glenohumeral translations in individuals 

with impingement, the authors measured 
translations using 2-dimensional radio-
graphs, which are prone to projection 
error when translations occur out of the 
radiographic plane. The only other in-
vestigation to compare individuals with 
impingement to asymptomatic controls 
did not find a di!erence in superior/in-
ferior glenohumeral translations between 
groups.24 Ultimately, the lack of consis-
tent evidence linking greater superior 
glenohumeral translations to shoulder 
pain and impingement suggests that cli-
nicians should be cautious about making 
assumptions regarding uniform move-
ment deviations occurring in patients 
diagnosed with impingement syndrome.

Clinically, the impact of a 1-mm dif-
ference in glenohumeral inferior trans-
lations is unclear. Though small, the 
magnitude must be considered within 
the context of the available subacromial 
space. Giphart et al11 studied acromio-
humeral distance using biplane fluo-
roscopy and found that the rotator cu! 
tendons were in a potential position for 
compression under the acromion be-
tween 34° and 72° of shoulder scapu-
lar plane abduction and 36° and 65° of 
shoulder flexion. At 72° of scapular plane 
abduction and 65° of flexion, the distance 
between the undersurface of the acromi-
on and the footprint was a minimum of 3 
mm and 3.5 mm, respectively. Therefore, 
the 1 mm more inferior glenohumeral 
translation in the symptomatic group 
may serve as a compensatory strategy to 
maintain adequate subacromial space 
and avoid tendon compression during 
this critical range of motion. However, it 
is not yet known whether greater inferior 
glenohumeral translation positively or 
negatively impacts internal impingement 
of the tendon articular surface relative to 
the glenoid. Furthermore, the e!ect of 
the increased glenohumeral elevation 
observed in the symptomatic group at 
30° and 60° of humerothoracic elevation 
during shoulder scapular plane abduc-
tion may also influence the available sub-
acromial space. Given that the increased 
glenohumeral elevation is paired with 
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reduced scapulothoracic upward rota-
tion, it is likely that the range of hume-
rothoracic elevation where the rotator 
cu! tendons are closest to the acromial 
undersurface shifts relative to the angles 
reported by Giphart et al.11

Compared to superior/inferior trans-
lations, even less is known about anteri-
or/posterior glenohumeral translations in 
symptomatic individuals. Only the study 
by Ludewig and Cook24 compared ante-
rior/posterior glenohumeral translations 
in symptomatic and asymptomatic indi-
viduals in the absence of rotator cu! tears 
or primary glenohumeral joint instabil-
ity. During scapular plane abduction, the 
authors reported that the symptomatic 
group demonstrated more anterior gle-
nohumeral translation between 30° and 
60° of humerothoracic elevation and less 
posterior translation for the remainder 
of the motion. The results of the current 
study di!er from the pattern of transla-
tion previously reported by Ludewig and 
Cook,23 as both groups of participants in 
the current study demonstrated consis-
tent anterior glenohumeral translation 
during shoulder scapular plane abduc-
tion. Furthermore, group di!erences in 
anterior/posterior glenohumeral trans-
lation were not observed during scapular 
plane abduction. Methodological dif-
ferences in the definition and measure-
ment of translations and di!erences in 
participant samples likely influenced 
this disagreement. In particular, the cur-
rent study described translations of a 
fixed glenohumeral joint center, whereas 
the previous work reported translations 
along a moving instantaneous axis of 
rotation.23

The results of the current study indi-
cate that the symptomatic group had 1.4 
mm more anterior glenohumeral transla-
tion between 90° and 120° of humerotho-
racic elevation during shoulder flexion. 
The finding of greater anterior gleno-
humeral translation in the symptom-
atic group may relate to glenohumeral 
plane of elevation (FIGURE 1). Given that 
the plane of humerothoracic elevation, 
thus humeral position, was controlled by 

the experimental setup, glenohumeral 
plane of elevation primarily represents 
the scapula internally or externally ro-
tating on the humerus. Theoretically, if 
the humerus is positioned less anteriorly 
relative to the plane of the scapula, less 
joint congruency is available to support 
the humerus on the glenoid and more 
anterior translation may occur. This the-
ory is supported by the finding that the 
symptomatic group tended to be in 7° 
less anterior plane of elevation at 120° of 
humerothoracic elevation during shoul-
der flexion, corresponding to the interval 
in which greater anterior glenohumeral 
translations were observed.

The presence of greater anterior gle-
nohumeral translation at higher angles 
of elevation may relate to the pathome-
chanics of shoulder pain and mechanical 
impingement. Internal impingement has 
been found to occur at humerothoracic 
angles above 110°, when the undersur-
face of the rotator cu! comes into contact 
with the glenoid rim.7,34,44 While often de-
scribed as resulting from a combination 
of shoulder abduction and full external 
rotation,12,32,44 several studies have found 
that internal impingement can occur at 
higher angles without extreme shoulder 
axial rotation.7,34,36,44 The addition of a 
sheer stress to the tendon resulting from 
greater anterior glenohumeral transla-
tion at higher angles of humerothoracic 
elevation may be particularly detrimen-
tal because, compared to the bursal side, 
the undersurface of the rotator cu! has 
less tolerance to mechanical stress and is 
particularly susceptible to sheer forces.19 
While the results of this study cannot 
confirm that internal impingement oc-
curred in these participants, these find-
ings provide potential direction for future 
investigations aiming to understand the 
relationship between glenohumeral 
translations and mechanical impinge-
ment of the rotator cu! tendons.

The larger magnitudes of glenohu-
meral translations in the symptomatic 
group compared to the asymptomatic 
group suggest this sample of participants 
might have presented with subtle gleno-

humeral hypermobility, which has been 
theorized to be a potential contributor 
to shoulder pain and a diagnosis of im-
pingement.28,40 During the physical ex-
amination prior to data collection, 3 of 
the 10 symptomatic participants tested 
positive for laxity tests (sulcus and/or 
anterior/posterior load and shift). Ex-
ploratory analysis indicated that these 
3 participants were not outliers, and the 
sample data were not found to deviate 
from a normal distribution. Therefore, 
the clinical exam findings alone do not 
appear adequately sensitive to detect in-
creased glenohumeral translations during 
movement. Furthermore, the presence of 
laxity on special tests has never been di-
rectly linked to increased glenohumeral 
translations during movement. Objective 
clinical measures that identify specific 
movement impairments need to be vali-
dated to help clinicians relate the results 
of the physical examination to functional 
movement impairments and specific in-
tervention strategies.

Although the finding of greater trans-
lations in the symptomatic group di!ers 
from the results of Deutsch et al,6 it may 
be expected, given the multifactorial 
etiology of impingement.28,40 Without 
measurement of distances between the 
rotator cu! footprints and acromion and 
glenoid, direct mechanical contact can-
not be assumed by the presence of symp-
toms and the diagnosis of impingement 
syndrome. Additionally, the diagnostic 
label of impingement has become in-
creasingly challenged, given the largely 
inhomogeneous patient presentations 
and the potential for varying movement 
impairments and pathoanatomical in-
volvement.4,33,39 This is further supported 
by the high variability of movement pat-
terns between symptomatic individuals 
observed in this study (APPENDIX TABLES 
2 and 3, available online), which directly 
influences the selection of interventions 
and treatment goals. For example, 2 
commonly considered pathomechanical 
causes of mechanical impingement are 
glenohumeral hypermobility and hypo-
mobility.15,28,40 While both findings have 
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been associated with the same clinical 
diagnosis of impingement, treatment 
approaches for these opposing movement 
impairments are considerably di!erent. 
Therefore, it is likely that subgroups of 
patients exist within the diagnosis of 
impingement, and clustering these sub-
groups by movement impairments would 
greatly assist the clinician in selecting ap-
propriate manual therapy and exercise-
based interventions.

This study has several limitations that 
should be considered and are discussed 
in detail in the companion manuscript.20 
Briefly, despite the small sample size, 
consistent and statistically significant 
di!erences were found due to the preci-
sion of the measurement method. How-
ever, given the multifactorial nature of 
a shoulder impingement diagnosis, the 
movement deviations identified in this 
investigation may not apply to all pa-
tients presenting with this diagnosis.

As previously noted, the symptomatic 
and asymptomatic groups di!ered in re-
gard to arm dominance.20 However, no 
data exist to suggest that glenohumeral 
angular position or linear translations 
di!er between dominant and nondomi-
nant shoulders. Additionally, glenohu-
meral translation data were described by 
calculating an average glenohumeral joint 
center of rotation. The root-mean-square 
variance from the calculated center of ro-
tation was controlled to be less than 1 cm. 
Because the glenohumeral joint center 
is known not to be a fixed point during 
shoulder motion, this variance needs to 
be allowed, but controlled, to provide the 
most representative centroid to define the 
fixed joint location that will be tracked. It 
should also be noted, however, that the 
average-center method may result in an 
overestimation of translations compared 
to an instantaneous-center approach, be-
cause the true glenohumeral joint center 
of rotation is not fixed throughout the 
motion. Despite this, the average-center 
approach was used because it is more 
consistent with clinical descriptions of 
glenohumeral translations than an in-
stantaneous-center approach.

Finally, the small sample size and 
between-subject variability limit the sta-
tistical power to detect group di!erences. 
This limitation was observed in signifi-
cant interactions that were not always 
detectable in specific follow-up compari-
sons between groups. For example, a sig-
nificant group-by-angle interaction was 
found for glenohumeral plane of eleva-
tion during shoulder flexion, and a mean 
di!erence of 7° at 120° of humerotho-
racic elevation was not significant during 
a pairwise follow-up test. Using a 5° dif-
ference, thought to represent a clinically 
meaningful di!erence, and the variance 
found in the present study, a 24% power 
was detected. This low power indicates 
a high probability of a type II error and 
is likely due to the high between-subject 
variability associated with this motion.

In summary, physical therapists fre-
quently encounter patients with a diag-
nosis of impingement due to the broad 
usage of the diagnostic label in indi-
viduals with shoulder pain. Our study 
adds to the existing data,6,24 providing 
support for various theories of glenohu-
meral pathomechanics in these patients. 
Not unexpectedly, there was substantial 
variability in the patterns of movements 
described among participants. This vari-
ability should be considered when per-
forming a movement examination for 
these patients. The study by Deutsch et 
al6 provides support that some patients 
may demonstrate greater superior gle-
nohumeral translation during shoul-
der elevation, possibly contributing to 
subacromial mechanical impingement. 
Our data, however, provide support 
for the theory that other subgroups of 
movement impairments exist, including 
people with glenohumeral translations 
that di!er from what has been classi-
cally described. Our participants also 
demonstrated greater glenohumeral el-
evation related to reduced scapulotho-
racic upward rotation.20 While greater 
inferior glenohumeral translation may 
be a beneficial compensation to reduce 
potential subacromial compression, the 
other movement deviations identified 

are believed to increase the potential for 
rotator cu! compression or mechanical 
impingement.

Future research is needed to cluster 
movement impairments into clear and 
informative diagnostic labels that guide 
clinical decision making. Additionally, 
our data demonstrated di!erences in gle-
nohumeral translations between groups 
that were not detected by standard clini-
cal laxity testing. More research is needed 
to refine and validate clinical examina-
tion methods so that movement impair-
ments can be e!ectively used to guide 
treatment.

CONCLUSION

Di!erences in glenohumeral ki-
nematics exist between symptom-
atic and asymptomatic individuals. 

Group di!erences in glenohumeral an-
gular positions were limited to elevation 
of the arm, coinciding with a reduction 
in scapulothoracic upward rotation re-
ported in the companion paper.20 Symp-
tomatic participants had greater inferior 
glenohumeral translations during abduc-
tion and greater anterior glenohumeral 
translations during flexion. The clinical 
implications of these di!erences are not 
yet fully understood, and more research 
is needed to understand the relationship 
between kinematic abnormalities, patho-
anatomy, shoulder pain, and conditions 
such as mechanical impingement. !

KEY POINTS
FINDINGS: Compared to the asymptom-
atic group, the symptomatic group had 
increased glenohumeral inferior and 
anterior translations and increased gle-
nohumeral elevation.
IMPLICATIONS: Patients with a clinical pre-
sentation consistent with impingement 
syndrome may present with increased 
glenohumeral translations that may or 
may not be detectable during a physical 
examination.
CAUTION: This study was limited by a 
small sample size. The diagnostic label 
of impingement is very broad and multi-
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TABLE 1
Intraclass Correlation Coefficients  

for Trial-to-Trial Reliability*

Asymptomatic Symptomatic

Abduction Flexion SAB Abduction Flexion SAB

Glenohumeral joint position, deg

Elevation 0.86 (2.1) 0.95 (1.7) 0.92 (1.1) 0.78 (2.2) 0.76 (2.1) 0.91 (1.7)

Plane of elevation 0.87 (2.6) 0.95 (2.0) 0.94 (2.1) 0.89 (6.7) 0.90 (2.3) 0.86 (2.9)

Axial rotation 0.92 (3.0) 0.92 (2.5) 0.94 (2.3) 0.86 (7.3) 0.95 (2.6) 0.92 (2.8)

Glenohumeral translations, mm

Anterior/posterior 1.00 (0.5) 0.99 (1.0) 1.00 (0.7) 0.99 (1.7) 0.99 (0.7) 0.99 (0.8)

Superior/inferior 0.97 (0.6) 0.98 (1.1) 0.99 (0.7) 0.98 (1.9) 0.97 (0.9) 0.98 (0.7)

Abbreviation: SAB, scapular plane abduction.
*Values are intraclass correlation coe!cient (standard error of measurement). Values represent the av-
erage reliability across all phases (raising/lowering) and angles of humerothoracic elevation for joint 
position (30°, 60°, 90°, 110°/120°) or intervals of humerothoracic elevation for translations (30°-60°, 
60°-90°, 90°-110°/120°).

Asymptomatic Symptomatic

FIGURE 1. Experimental setup with bone-pin insertion 
into clavicle, scapula, and humerus.

Anterior

A

Gl
en

oh
um

er
al

 E
le

va
tio

n,
 d

eg

–100

–80

–60

–20

–40

0

20

B

Gl
en

oh
um

er
al

 P
la

ne
 

of
 E

le
va

tio
n,

 d
eg

–30

–20

0

–10

10

C

Gl
en

oh
um

er
al

 A
xi

al
 R

ot
at

io
n,

 d
eg

–80

–60

–20

–40

0

Elevation

External rotation

Rest 30 40 50 60 70 80 90 100 110 120 120 110 100 90 80 70 60 50 40 30

Rest 30 40 50 60 70 80 90 100 110 120 120 110 100 90 80 70 60 50 40 30

Rest 30 40 50 60 70 80 90 100 110 120 120 110 100 90 80 70 60 50 40 30

Humerothoracic Elevation and Lowering, deg
Symptomatic Asymptomatic

FIGURE 2. Glenohumeral joint motion during shoulder abduction: (A) elevation, (B) plane of elevation, (C) axial 
rotation. Values are mean and unpooled standard error in degrees.
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FIGURE 3. Glenohumeral joint motion during shoulder flexion: (A) elevation, (B) plane of elevation, (C) axial 
rotation. Values are mean and unpooled standard error in degrees.
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JOINT-SPECIFIC PATTERNS OF MOTION
TABLE 2 presents descriptive classifications of trends in glenohumeral joint position changes during humerothoracic elevation. This was accomplished by 
categorizing individual participants’ patterns of motion from rest to 120°. The following operational definitions were used:
•   Constant: a near-linear change in position over time (eg, constantly elevating)
•   Changing: inconsistently in the direction of position change over time (eg, internally, then externally rotating)
•   No change: less than 1° change in joint position over the range of motion

 
TABLE 2 Patterns of Glenohumeral Joint Angular Position*

Abbreviations: ER, external rotation; IR, internal rotation.
*Values are n (%) of participants demonstrating each pattern of motion.

Abduction Flexion Scapular Plane Abduction

Asymptomatic (n = 12) Symptomatic (n = 10) Asymptomatic (n = 12) Symptomatic (n = 10) Asymptomatic (n = 12) Symptomatic (n = 10)

Elevation

Constant elevation 12 (100) 10 (100) 12 (100) 10 (100) 12 (100) 10 (100)

Plane of elevation

Decreasing (more posterior) 5 (41.7) 8 (80) 0 (0) 1 (10) 2 (16.7) 7 (70)

Increasing (more anterior) 0 (0) 0 (0) 1 (8.3) 0 (0) 3 (25) 0 (0)

Changing 7 (58.3) 1 (10) 11 (91.7) 8 (80) 3 (25) 2 (20)

No change 0 (0) 1 (10) 0 (0) 1 (10) 4 (33.3) 1 (10)

Glenohumeral IR/ER

Constant IR 7 (58.3) 3 (30) 0 (0) 0 (0) 0 (0) 1 (10)

Constant ER 0 (0) 1 (10) 12 (100) 10 (100) 9 (75) 8 (80)

Changing IR/ER 5 (41.7) 4 (40) 0 (0) 0 (0) 0 (0) 0 (0)

No change 0 (0) 2 (20) 0 (0) 0 (0) 3 (25) 1 (10)

Abduction Flexion Scapular Plane Abduction

 
TABLE 3 Patterns of Glenohumeral Joint Linear Translations*

*Values are n (%) of participants demonstrating each pattern of motion.

Flexion

Asymptomatic (n = 11) Symptomatic (n = 9) Asymptomatic (n = 10) Symptomatic (n = 9) Asymptomatic (n = 11) Symptomatic (n = 9)

Translation

Anterior 11 (100) 7 (77.8) 8 (80) 7 (77.8) 8 (72.7) 6 (66.7)

Posterior 0 (0) 2 (22.2) 2 (20) 2 (22.2) 3 (27.3) 3 (33.3)

Superior 3 (27.3) 1 (11.1) 2 (20 1 (11.1) 1 (9.1) 1 (11.1)

Inferior 8 (72.7) 8 (88.9) 8 (80) 8 (88.9) 10 (90.9) 8 (88.9)

Abduction Flexion Scapular Plane Abduction


