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Background: Many prior studies have evaluated shoulder motion, yet no three-dimensional analysis comparing the
combined clavicular, scapular, and humeral motion during arm elevation has been done. We aimed to describe and
compare dynamic three-dimensional motion of the shoulder complex during raising and lowering the arm across three
distinct elevation planes (flexion, scapular plane abduction, and coronal plane abduction).

Methods: Twelve subjects without a shoulder abnormality were enrolled. Transcortical pin placement into the clavicle,
scapula, and humerus allowed electromagnetic motion sensors to be rigidly fixed. The subjects completed two
repetitions of raising and lowering the arm in flexion, scapular, and abduction planes. Three-dimensional angles were
calculated for sternoclavicular, acromioclavicular, scapulothoracic, and glenohumeral jointmotions. Joint angles between
humeral elevation planes and between raising and lowering of the arm were compared.

Results: General patterns of shoulder motion observed during humeral elevation were clavicular elevation, retraction,
and posterior axial rotation; scapular internal rotation, upward rotation, and posterior tilting relative to the clavicle; and
glenohumeral elevationandexternal rotation.Clavicularposterior rotationpredominatedat thesternoclavicular joint (average,
31!). Scapular posterior tilting predominated at the acromioclavicular joint (average, 19!). Differences between flexion and
abduction planes of humerothoracic elevation were largest for the glenohumeral joint plane of elevation (average, 46!).

Conclusions: Overall shoulder motion consists of substantial angular rotations at each of the four shoulder joints,
enabling the multiple-joint interaction required to elevate the arm overhead.

Clinical Relevance: Improved knowledge of the normal motion of the shoulder during humeral elevation will improve
the assessment of patients with shoulder motion abnormalities, planning for rehabilitation programs, and performance
of stabilization procedures.

For many years, investigators have tried to describe the
intricate shoulder motions required to position the hand
in space. In 1944, Inman et al.1 discussed the combined

contributions of the clavicle, scapula, and humerus to overall
shoulder motion. Subsequent research extended this initial
contribution, particularly for the glenohumeral and scap-
ulothoracic joints2-4. These investigations included larger
samples of healthy subjects5,6, as well as those with a clinical
abnormality7-13, and investigations have recently advanced to
three-dimensional analyses14-17.

Understanding three-dimensional motion of the shoul-
der complex is a foundation for understanding motion-related
abnormalities. Patients who have shoulder pain frequently
have either causative or compensatory shoulder motion ab-
normalities, not only with obvious disorders, such as adhesive
capsulitis and posterior capsular tightness, but also with gle-
nohumeral instability and rotator cuff disease7-13. Recognizing and
treating motion abnormalities, as well as interpreting physical
examination findings in the clinical setting, is hindered unless
normal motion is well understood. For example, such an un-
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derstanding may help to interpret how a surgical reconstruction
might restore or alter normal joint motion. It has also been
suggested that scapular dyskinesia may be more easily detected
during a clinical examination of arm lowering rather than arm
raising18, and that motions in different planes (for example,
flexion compared with abduction) are differently affected by
particular abnormalities19,20. However, data on normal shoul-
der motion for both raising and lowering the arm and for
different planes of elevation are sparse.

Prior studies of three-dimensional shoulder motion have
not simultaneously measured the three components of the
shoulder joint complex and have primarily relied on either
sensors attached to the skin or testing in multiple static posi-
tions5,9,16,17. Although this information could be helpful, the
accuracy was limited by the use of static testing or by motion
artifact between the skin and the underlying bones21. This was
particularly true for scapular and clavicular motions, which
were difficult to record with surface sensors. As a result, many
authors have advocated the use of transcortical pin placements
to directly track continuous arm motions1,14,15,21-23.

The purpose of this study was to describe the dynamic
three-dimensional motion of the shoulder complex with use of
direct bone measurement during elevation of the arm. Sec-
ondary purposes were to compare angular joint motions for
the sternoclavicular, acromioclavicular, scapulothoracic, and
glenohumeral joints across planes of elevation (flexion, coro-
nal plane abduction, and scapular plane abduction) and to
compare between raising and lowering of the arm. The null
hypothesis was that there would be no differences in angular
motions between planes of elevation or between raising and
lowering of the arm.

Materials and Methods
Subjects

The study was approved by the institutional review board
Human Subjects Committee at the University of Minne-

sota, Minneapolis, Minnesota. Subjects provided written in-
formed consent. Twelve subjects (seven men and five women)
without a shoulder abnormality participated. The subjects
were between twenty-two and forty-one years old (average age
[and standard deviation], 29.3 ± 6.8 years). The average height
and weight were 1.74 ± 0.81 m and 77.5 ± 13.8 kg, respectively.
A clinical screening examination by a licensed physical thera-
pist, including range-of-motion, impingement, and instability
tests24-26, was completed. Subjects were excluded if they had
any reduction in range of motion compared with the con-
tralateral shoulder or established norms; a history of shoulder
pain or injury, including a past fracture of the clavicle,
scapula, or humerus, or dislocation and/or separation of the
sternoclavicular, acromioclavicular, or glenohumeral joints;
reproduction of shoulder pain on any clinical testing; or visible
scapular dyskinesia during repeated raising and lowering of the
arm18. Nondominant shoulders were tested for all but two
subjects, and one subject was left-hand dominant. Therefore,
three right shoulders and nine left shoulders underwent
testing.

Instrumentation
Motion testing was conducted with the Flock of Birds miniBIRD
electromagnetic tracking sensors (Ascension Technology, Bur-
lington, Vermont) and Motion Monitor software (Innovative
Sports Training, Chicago, Illinois). This allowed simultaneous
tracking of seven sensors at a sampling rate of 100 Hz per sensor.
Static accuracy27 has been reported at 1.8 mm and 0.5!. With use
of one sensor attached to a digitizing stylus, the root-mean-
square accuracy in our laboratory was <1 mm compared with a
calibration grid.

Procedures
Bone-fixed tracking of each subject’s clavicle, scapula, and
humerus was enabled through placement of 2.5-mm-diameter
transcortical pins by an orthopaedic surgeon under sterile
conditions. Prophylactic antibiotics were given orally prior to
the procedure, and subjects were prepared with a Betadine
(povidone-iodine) scrub over each insertion area. The skin,
subcutaneous tissues, and periosteum were anesthetized with a
mixture of 1% lidocaine and 0.5% Marcaine (bupivacaine).
Incisions at the clavicular, scapular, and humeral insertion sites
were between 1 and 2 cm in length to allow for skin motion at
each site during testing. The first pin was placed into the
scapular spine at the acromial base. The second pin was placed
into the lateral third of the clavicle, with the third pin placed
just distal to the deltoid attachment on the lateral aspect of the
humerus. Minifluoroscopy was used to verify transcortical pin
placement, with the pins engaged in the endosteum of the far
cortex to prevent loosening or rotation (Fig. 1). Sensors were
rigidly secured to the pins by means of sensor housings (Fig.
2). Pins, housings, and sensors were manually assessed to
ensure rigidity of pin and sensor attachment. Pins and hous-
ings were marked such that any spinning of the housing on the
pin during clinical testing would be identifiable. An additional
sensor was taped to the thorax on the anterior aspect of the
sternum below the sternal notch to record thoracic position
(Fig. 2).

Fig. 1

Fluoroscopic view of transcortical clavicular pin placement.
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Motion testing was completed for multiple motions for
each subject. This analysis presents the data for active motions of
sagittal plane flexion, coronal plane abduction, and scapular
plane abduction (see Appendix), as well as standing posture with
the arms relaxed at the subject’s side. Light fingertip contact on a
planar particle-board surface maintained the motion in the
proper plane, with the palm oriented in the respective plane and
the thumbup (Fig. 2). Humerothoracic abductionwas defined as
movement away from the body in the coronal plane of the trunk
(a 0! angle from a superior view). Flexion was controlled by
having the subject move the arm forward and parallel to the

sagittal plane of the trunk (a 90! angle from a superior view).
Scapular plane abduction was performed in a plane 40! anterior
to the coronal plane of the trunk. Prior to eachmotion, the plane
of elevation was verified by checking values from the software.

The subjects were instructed to both raise and lower the
arm at a velocity of approximately three seconds for each
motion for a total of six seconds and to move within the
full available range of motion. The subjects completed two
repetitions of each motion. Self-reported pain ratings on a
scale from 0 (no pain) to 10 (severe pain) were monitored
throughout. The rigidity of the pins, housings, and sensors was

Fig. 2

Subject setup with pins, sensors, and housings and additional surface sensors, including the thorax
surface sensor, in place. Note the electromagnetic transmitter placed behind the subject at the level
of the acromion and the light fingertip contact on the flat planar surface guiding the motion.

Fig. 3

Motions of the clavicle were defined as protraction-retraction (A) as seen in the superior view of a right shoulder, with the ghosted image representing
increased protraction; elevation-depression (B) as seen in the anterior view of a right shoulder, with the ghosted image representing increased el-
evation; and anterior-posterior rotation (C) as seen in the lateral view of a right shoulder, with the ghosted image representing posterior rotation.
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verified at the completion of the tested motions prior to re-
moval. The clavicular sensor housing rotated for one subject,
and consequently the sternoclavicular and acromioclavicular
joint motion data for that subject were not included in the final
analyses. Furthermore, four subjects were unable to achieve
extremes of motion for certain planes because of the pins and
housings. As a result, data were analyzed for the portions of the
motion cycle that were represented by all subjects, and no at-
tempt wasmade to define the ‘‘ranges’’ of motion in our normal
population. Pinswere removed at the end ofmotion testing, and

patients were given acetaminophen and ice for pain control
after the procedure. Incision sites were closed with adhesive
strips or sutures as needed. Follow-up on the function and pain
level for each subject was done by telephone on the following
two days and in person seven to ten days after testing.

Data Reduction
Axis alignments were identified for each bone segment to de-
scribe joint motion objectively in clinically meaningful ways28.
Palpated and digitized anatomical landmarks and motion de-

Fig. 4

Motions of the scapula were defined as internal-external rotation (A) as seen in the superior view of a right shoulder, with the ghosted image
representing increased internal rotation; upward-downward rotation (B) as seen in the posterior view of a right shoulder, with the ghosted image
representing increased upward rotation; anterior-posterior tilting (C) as seen in the lateral view of a right shoulder, with the ghosted image rep-
resenting posterior tilting; the glenohumeral plane of elevation (D) as seen in the superior view of a right shoulder, with the ghosted images
representing anterior and posterior positions relative to the plane of the scapula; and elevation angle (E) as seen in the posterior view of a right
shoulder.
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scriptions generally followed the protocols recommended by
the International Society of Biomechanics28, with resulting
anteriorly, superiorly, and laterally directed axes each per-
pendicular to one another. For the trunk, these axes were
aligned with the frontal, sagittal, and transverse planes. For the
clavicle, the lateral axis was directed along its long axis from
the sternoclavicular to the acromioclavicular joint landmark.
For the scapula, the lateral axis was directed from the root of
the spine of the scapula to the acromioclavicular joint, with the
anterior axis perpendicular to the plane of the scapula6. For the
humerus, the lateral axis was directed parallel to a line con-
necting the medial and lateral epicondyles, with the superior
axis along the shaft. A position of 0! of glenohumeral external
rotation occurred when the humeral epicondylar axis was
parallel to the scapular lateral axis (the scapular plane). This
epicondyle-aligned 0! position differs from a forearm-aligned
clinical description, which offsets the 0! position because of
the carrying angle at the elbow.

Clavicular, scapular, and humeral motions were described
relative to the thorax with use of the Cardan and Euler angles8,28.
While these may not be familiar to most clinicians, they enable
the unique description of three-dimensional angular rotations
as sequential rotations about each of the three anatomical axes
and are the current standard for description of shoulder motion
in research testing. These rotations are three-dimensional and
therefore differ from two-dimensional clinical goniometric
measurement descriptors of shoulder motion. Clinical de-
scriptions of shoulder motion combine motion at all segments,

making it difficult to describe the motion of each part relative
to the others and as a portion of the entire motion cycle.

Motion of the clavicle relative to the sternum (sterno-
clavicular joint motion) was defined as protraction-retraction
about the superior axis, elevation-depression about the anterior
axis, and anterior-posterior rotation about the lateral axis (Fig.
3, A, B, and C). Motion of the scapula relative to the thorax
(scapulothoracic joint motion) was defined as internal-external
rotation about the superior axis, upward-downward rotation
about the axis perpendicular to the plane of the scapula, and
anterior-posterior tilting about the laterally directed axis (Fig.
4, A, B, and C). Motion of the scapula relative to the clavicle
(acromioclavicular joint motion) was defined with use of the
same terminology as for the scapula relative to the thorax.
Humeral motions relative to the thorax were defined as the
plane of elevation about the superior axis, the elevation angle
about the anteriorly directed axis, and internal-external rota-
tion (the second axial rotation) about the humeral shaft. Gle-
nohumeral jointmotions (of the humerus relative to the scapula)
were described as the humeral elevation about the anteriorly
directed axis, the plane of elevation (in front of or behind the
scapular plane) about the lateral axis, and internal-external axial
rotation about the superior axis (Fig. 4, D and E)8.

Angular values for each of the sternoclavicular, acro-
mioclavicular, scapulothoracic, and glenohumeral joint mo-
tions were extracted at rest, at 15! of humeral elevation, and
for each 5! increment of humeral elevation during further
raising and lowering of the arm in each of the planes of mo-
tion. The average data for specific humeral elevation angles
were plotted to 120! of humeral elevation, as all subjects
achieved this range of motion or greater in all planes. An
additional average was calculated across subjects at the peak of
the available humeral range of motion, regardless of humeral
elevation angle.

Statistical Methods
The reliability of the two trials at each humeral elevation angle
was calculated for each variablewith use of intraclass correlation
coefficients (Type 1,1) and the standard error ofmeasurement29.
After determining trial-to-trial reliability, the values for each
subject were averaged across the two trials at each humeral
position increment. Descriptive statistics were calculated
across subjects for each joint angle. Comparisons among the
three planes of elevation and between raising and lowering of
the arm at specific angles of elevation were completed with use
of three-way repeated-measures analysis of variance for each
joint motion with factors of elevation plane (flexion, coronal
plane abduction, and scapular plane abduction), motion di-
rection (raising and lowering), and elevation angle (30!, 60!,
90!, and 120! of humerothoracic elevation). In the presence of
significant interactions, two-way analysis of variance was cal-
culated at each level of the interacting factor. Tukey-Kramer
post hoc testing was used where appropriate to adjust for
multiple pairwise comparisons across elevation planes. The
average scapulohumeral rhythm was calculated across the
range of motion for flexion, scapular abduction, and coronal

TABLE I Angular Joint Positions During a Relaxed Standing

Posture with the Arm at the Side

Joint Position* (deg)

Sternoclavicular joint
Retraction 19.2 ± 2
Elevation 5.9 ± 1
Posterior rotation 0.1 ± 0

Scapulothoracic joint
Internal rotation 41.1 ± 2
Upward rotation 5.4 ± 1
Anterior tilting 13.5 ± 2

Acromioclavicular joint
Internal rotation 60.0 ± 2
Upward rotation 2.5 ± 1
Anterior tilting 8.4 ± 2

Glenohumeral joint
Elevation 0.8 ± 1
Plane of elevation 3.1 ± 2
External rotation 14.1 ± 4

*All angles are relative to the cardinal planes of the trunk with the
exception of acromioclavicular (scapula relative to the clavicle)
and glenohumeral (humerus relative to the scapula). The values
are given as the mean and the standard error.
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abduction as the ratio of glenohumeral elevation to scapular
upward rotation (slope of the regression line).

Source of Funding
This work was supported by the National Institutes of Health,
National Institute of Child Health and Human Development.

Funding covered procedural and testing expenses and salary
support.

Results

The reported discomfort levels for the subjects were an
average (and standard error) of 1.9 ± 0.9 during testing.

Fig. 5-A

Figs. 5-A through 5-D The joint motions across planes of elevation during raising of the arm. The values are given as
themeanand thestandarderror. Red=scapular planeabduction (SAB), green=flexion, andblue=abduction. ROM=

range of motion. Fig. 5-A Sternoclavicular motion.
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The average joint positions with the arm relaxed at the side are
provided in Table I. The average overall scapulohumeral
rhythm was 2.1:1 for abduction, 2.4:1 for flexion, and 2.2:1 for
scapular plane abduction. The intraclass correlation coefficient
for trial-to-trial values averaged 0.96, 0.94, and 0.92 for flex-
ion, scapular plane abduction, and abduction, respectively. The
standard error of measurement values across the two trials
averaged 1.4!, 1.5!, and 1.7! for flexion, scapular plane ab-
duction, and abduction, respectively.

Sternoclavicular Joint Motion
On the average, motion at the sternoclavicular joint during
elevation in all three planes was characterized by increasing
clavicular retraction (an increase of 16!, from an initial
position of 23! to an end position of 39!), elevation (an
increase of 6!, from 11! to 17!), and posterior axial rota-
tion (an increase of 31!, from 0!) of the clavicle relative to
the thorax (Fig. 5, A; see Appendix). For all sternoclavicular
angles, the differences among the three elevation planes and

Fig. 5-B

Acromioclavicular motion.
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between raising and lowering the arm depended on the hu-
meral elevation angle (p < 0.02 for significant interactions).
The differences among the three elevation planes and be-
tween raising and lowering the arm were subsequently eval-
uated at each humerothoracic elevation angle (30! to 120!).
The clavicle was significantly more retracted in abduction
and less retracted in flexion compared with scapular plane
elevation (p < 0.001), regardless of the humerothoracic ele-

vation angle. The largest difference (15!) in clavicular retrac-
tion was noted between flexion and abduction in the mid-range
of humerothoracic elevation (Fig. 5, A; see Appendix). The
clavicle was alsomore elevated in abduction comparedwith both
flexion (an average difference of 4!) and scapular plane abduc-
tion (an average difference of 2.5!) across all elevation angles (p<
0.001). Significant differences between the planes of elevation for
posterior axial rotation were present only at 30! and 60! of hu-

Fig. 5-C

Scapulothoracic motion.
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merothoracic elevation, with less posterior rotation found for
flexion than abduction (an average difference of 2.5!; p < 0.002).
The only significant difference (average, 1.2!; p < 0.04) between
the motions of raising and lowering the arm was for sternocla-
vicular retraction at 120! of humerothoracic elevation.

Acromioclavicular Joint Motion
Acromioclavicular joint motion was defined as the motion of
the scapula relative to the clavicle. As the arm was elevated

overhead, this demonstrated scapular internal rotation (an
average increase of 8!, from an initial position of 57! to an end
position of 65!), upward rotation (an average increase of 11!;
from 5! to 16!), and posterior tilting (an average increase of 19!,
from24! to 15!) relative to the clavicle (Fig. 5, B; see Appendix).
Acromioclavicular internal (p < 0.03) and upward (p < 0.001)
rotation differences between the three elevation planes and be-
tween raising and lowering the arm were dependent on the
humerothoracic elevation angle, and differences were further

Fig. 5-D

Glenohumeral motion.
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evaluated at each humerothoracic elevation angle. The scapula
was more internally rotated relative to the clavicle in flexion than
in abduction or scapular plane abduction (p < 0.001), with the
largest differences (average, 4!) between flexion and abduction
(Fig. 5, B; see Appendix). For scapular upward rotation or
tilting relative to the clavicle, no significant difference be-
tween the three planes of elevation was identified at any
humerothoracic angle. The only significant difference (av-
erage, 2!; p < 0.02) between raising and lowering the arm was
for scapular internal rotation relative to the clavicle at all angles
except 120! of humerothoracic elevation.

Scapulothoracic Joint Motion
Scapulothoracic joint motion was defined as motion of the
scapula relative to the thorax. During humerothoracic ele-
vation, there was decreased internal rotation (an average
decrease of 2!, from an initial position of 37! to an end po-
sition of 35!), increased upward rotation (an average increase
of 39!, from 11! to 50!), and increased posterior tilting (an
average increase of 21!, from 213! to 8!) of the scapula
relative to the thorax (Fig. 5, C; see Appendix). For scapular
internal (p < 0.005) and upward rotation (p < 0.001), dif-
ferences among the three elevation planes, and between
raising and lowering the arm, were again dependent on the
humerothoracic elevation angle so further analyses were
performed. Across all humerothoracic elevation angles, the
scapula relative to the thorax was significantly more internally
rotated in flexion (an average difference of 7!) and less in-
ternally rotated in abduction (an average difference of 7.5!)
compared with scapular plane abduction (p < 0.001). At 60!
of humerothoracic elevation, the scapula was more upwardly
rotated in abduction compared with flexion (an average
difference of 2!; p < 0.05). At 90! and 120! angles of humer-
othoracic elevation, greater upward rotation was seen in ab-
duction compared with both flexion and scapular plane
abduction (an average difference of 3!; p < 0.006). No differ-
ence was detected among the three planes of humeral eleva-
tion for scapulothoracic tilting. Between raising and
lowering the arm, the only significant difference was greater
posterior tilting (average, 2!) while the arm was lowered across
all analyzed humerothoracic angles (p < 0.008).

Glenohumeral Joint Motion
During humerothoracic elevation in all planes, the humerus
elevated an average of 85! (from an average initial position of
0!) relative to the scapula (see Appendix). Glenohumeral
joint motion demonstrated increased external rotation (an
average increase of 10! to 51!, depending on the plane of
elevation) with increases in humerothoracic elevation (Fig.
5, D; see Appendix). For all three glenohumeral angles,
differences among the three elevation planes and between
raising and lowering the arm depended on the amount of
humerothoracic elevation (p < 0.02), and additional analyses
were performed. There was significantly less glenohumeral
elevation in abduction compared with flexion (an average
difference of 4!; p < 0.02) for all humerothoracic elevation

angles. At the 30! and 60! angles of humerothoracic elevation,
there was also less glenohumeral elevation in abduction
compared with scapular plane abduction (an average differ-
ence of 5!; p < 0.005). During scapular plane abduction, the
glenohumeral plane of elevation was slightly anterior to the
scapular plane (average, 6!), and this position was maintained
across increasing humerothoracic elevation. At all humer-
othoracic elevation angles, the glenohumeral plane of ele-
vation was significantly more anterior to the scapular plane in
flexion and posterior in abduction (a difference of up to 27!
from scapular plane abduction) (p < 0.0001). At 30! and 60!
of humerothoracic elevation, glenohumeral external rotation
was greatest in abduction (up to 12! greater than scapular
plane abduction) and least in flexion (up to 27! less than
scapular plane abduction; p < 0.001). At 90! of humer-
othoracic elevation, glenohumeral external rotation remained
significantly less in flexion compared with abduction in the
coronal or scapular planes (an average difference of 7!; p <
0.001). At 120! of humerothoracic elevation, glenohumeral
external rotation was significantly greater in flexion (an aver-
age difference of 6!) compared with abduction (p < 0.002).
Between raising and lowering the arm, the only significant
motion difference was greater glenohumeral external rotation
while lowering the arm (an average difference of 4!) at 60! of
humerothoracic elevation (p = 0.04).

Discussion

Understanding normal motion of all joints in the shoulder
complex enables better recognition, description, and mea-

surement of alterations in function. For example, the results of
our analyses for healthy subjects show that angular positions of
all of the shoulder joints are very similar during both raising and
lowering of the arm, consistent with the findings of previous
authors14,16. This supports the clinical premise that visibly ob-
servable differences in scapular motions during lowering of the
arm in patients with shoulder pain represent so-called scapular
dyskinesia, or abnormal scapular motion18.

Differences among the three humerothoracic planes of
elevation in our analyses were greatest for transverse-plane
joint angles. For example, in flexion, the clavicle was less
retracted, the scapula was more internally rotated, and the
humerus was initially less externally rotated than in abduc-
tion. In essence, the clavicle and the scapula aligned the
glenoid in the appropriate plane to maintain congruency with
the humeral head and to achieve the correct placement of the
hand in space. Presuming the pattern of increased scapular
internal rotation relative to the clavicle continues into cross-
body adduction, this may relate to the tendency for patients to
present with acromioclavicular joint pain in cross-body ad-
duction. Alternatively, the position of greatest clavicular re-
traction in full abduction overhead may be a position risking
clavicular anterior subluxation in a patient with sternocla-
vicular instability. These multiplanar data also support the
premise that, irrespective of the plane of elevation, the humerus
moves toward a similar final position at the end of raising the
arm. This final position is one of external rotation and elevation
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of the humerus relative to the scapula, slightly anterior to the
plane of the scapula.

Our data found posterior rotation to be the predominant
rotationof the clavicle relative to the thorax (at the sternoclavicular
joint). Sincenomuscle group that crosses the sternoclavicular joint
can produce active posterior axial rotation, the claviclemustmove
as an intercalated segment, being pulled into posterior rotation by
means of the linkage of the coracoclavicular and acromioclavicular
joint ligaments by the muscles that actively move the scapula on
the thorax. Our clavicular axial rotation data extend the single-
subject report by Inman et al.1. Our clavicular motion data also
support past studies done with noninvasive methods14,30, and the
results of a recent investigation with open magnetic resonance
imaging31 are consistent with our acromioclavicular data. Little
clavicular elevation occurred during the raising of the arm in
healthy subjects. Excess clavicular elevation is a consistent find-
ing in patients with shoulder pain9. Posterior tilting was the
predominant rotation of the scapula relative to the clavicle.
Reductions in posterior tilting of the scapula on the thorax
have been associated with shoulder impingement7-9, presum-
ably by reducing the subacromial space between the anterior
aspect of the acromion and the humeral head.

Motion of the scapula relative to the thorax can only
occur by simultaneous motion at the acromioclavicular and
sternoclavicular joints1,32. This combined motion is what en-
ables the scapula to move across the thorax. We found that a
portion of overall scapulothoracic upward rotation was achieved
through the acromioclavicular joint because upward rotation
of the scapula relative to the clavicle (acromioclavicular mo-
tion) occurs during humeral elevation. However, a greater
percentage was achieved through the sternoclavicular joint
(motion of the clavicle relative to the thorax), resulting in a
total of 40! of scapulothoracic upward rotation.

While scapulothoracic upward rotation involved com-
bined sternoclavicular and acromioclavicular joint motion,
we found that scapulothoracic posterior tilting was essentially
an acromioclavicular joint motion, with rotation of the
scapula relative to the clavicle of up to 19! of a total of 21! of
overall motion of the scapula relative to the thorax. Ad-
ditionally, we found that the clavicle consistently retracted
during humerothoracic elevation in all planes. However, this
motion was partially offset by simultaneous internal rotation
of the acromioclavicular joint, resulting in slight scapular
external rotation on the thorax as the arm was raised overhead.
Thus, it appears that patients with scapular winging11,16 are
demonstrating excess scapular internal rotation relative to the
clavicle.

Despite the clinical prevalence of glenohumeral joint
abnormality, the preponderance of data in previous studies in
the literature, with some exceptions33, has described humero-
thoracic rather than glenohumeral motion. Our data demon-
strate that glenohumeral external rotation occurred during all
humerothoracic elevation motions irrespective of plane. This
may help to explain why patients with supraspinatus tears may
still have elevation, but some patients lose this ability as the
tears progress into the posterior part of the rotator cuff (in-

fraspinatus) and they lose external rotation strength. Further
research in this area is necessary to understand fully the im-
portance of this finding.

Our study describes normal motion occurring across the
shoulder girdle. Shoulder motion abnormalities, including re-
duced scapulothoracic posterior tilting, increased or decreased
scapulothoracic upward rotation, increased scapulothoracic
internal rotation, and reduced glenohumeral external rotation,
have been implicated in a variety of clinical disorders including
impingement, rotator cuff tendinosis, rotator cuff tear, and
shoulder instability8-13. A solid foundation of knowledge about
the directions and magnitudes of normal shoulder motion
during humerothoracic elevation is important when planning
surgical stabilization approaches, assessing patients with shoul-
der motion abnormalities, designing restorative treatments, or
planning conservative rehabilitation exercises for pathologic
conditions. Further investigation of these specific joint motions
in patients is needed.

The primary limitation of this investigation was the
small sample size of subjects within a fairly narrow age range,
which may have reduced the between-subject variation in joint
motion. The subject sample was small because of the invasive
nature of the study, but it exceeded ten subjects to provide a
representative normal distribution29. To our knowledge, this is
the first reported set of subjects with simultaneous data col-
lection from pins placed directly into the clavicle, humerus,
and scapula. It is possible that the movement patterns of the
subjects were affected by pain from the pins. However, since
the subjects had uniformly low pain scores, and there was no
visible evidence of movement substitution, we believe this was
of no significant effect. Additionally, the surface sensor on the
thorax may be subject to small skin motion artifact. However,
in our pilot study in cadavera34, we found that sternal pin
insertion was not feasible for in vivo investigation because of
excessive pin motion due to an inability to safely obtain
transcortical bone purchase in the sternum.

The three distinct planes of elevation tested in this study
were controlled and should not be presumed to represent
motions that might occur in unrestricted raising of the arm
overhead or lowering of it. As a result, they are very different
from the described planes assessed in the clinical setting and in
the assessment of the American Shoulder and Elbow Sur-
geons35. This was done in order to better compare these data
with previous data on shoulder motion. Also, the nondomi-
nant arm was tested in the majority of subjects. Little is known
regarding differences in movement patterns between dominant
and nondominant arms in asymptomatic subjects with no
history of shoulder abnormality. Lastly, it should be noted that
the data presented represent average values across all subjects.
Substantial variability was seen among individual subjects, and
not all subjects demonstrated these average patterns.

Appendix
The figure and tables showing the planes of elevation and
specific data values during raising and lowering of the arm

are available with the electronic versions of this article, on our web
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site at jbjs.org (go to the article citation and click on ‘‘Supple-
mentary Material’’) and on our quarterly CD/DVD (call our sub-
scription department, at 781-449-9780, to order the CD or DVD). n
NOTE: The authors thank Fred Wentorf, PhD, Mike McGinnity, RN, and Kelley Kyle, CST/CFA, for
their assistance in the in vivo preparation and biomechanics portion of this work.
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