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tability and instability of the glenohumeral joint: The role
f shoulder muscles
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houlder muscles contribute to both mobility and stabil-
ty of the glenohumeral joint. To improve treatments for
houlder instability, we focused on the contribution of
he shoulder muscles to glenohumeral joint stability in
linically relevant positions. Both computational and
xperimental models were used. A computational
odel of the glenohumeral joint quantified stability
rovided by active muscle forces in both mid-range
nd end-range glenohumeral joint positions. Com-
ared with mid-range positions, the resultant joint
orce at end-range positions was more anteriorly di-
ected, indicating that its contribution to glenohumeral
oint stability was diminished. In end-range positions,
imulated increases in rotator cuff muscle forces
ended to improve stability whereas increases in del-
oid or pectoralis major muscle forces tended to further
ecrease stability. To validate these results, a cadav-
ric model, simulating relevant shoulder muscles, was
sed to quantify glenohumeral joint stability. When
nfraspinatus muscle activity was decreased, compres-
ive forces decreased. When pectoralis major muscle
ctivity was increased, anteriorly directed forces in-
reased. If anteriorly directed forces increase or com-
ressive forces decrease, stability of the glenohumeral

oint decreases. This cadaveric model was then used
o evaluate the effect of placing the joint in the appre-
ension position of abduction, external rotation, and
orizontal abduction. Consistent with the results of our
omputational model, apprehension positioning in-
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reased anteriorly directed forces. Knowledge gained
rom these models was then used to develop a cadav-
ric model of glenohumeral joint dislocation. Disloca-
ion resulted from the mechanism of forcible apprehen-
ion positioning when the appropriate shoulder
uscles were simulated and a passive pectoralis major
uscle was included. Capsulolabral lesions resulted

hat were similar to those observed in vivo. Shoulder
uscle forces are usually powerful stabilizers of the
lenohumeral joint, especially in mid-range positions
hen the passive stabilizers are lax. However, muscle

orces can contribute to instability as well. Certain
uscle forces decrease glenohumeral joint stability in
nd-range positions. We found this to be the case with
oth active and passive pectoralis major forces. Im-
roved understanding of the contribution of muscle
orces not only toward stability but also toward insta-
ility will improve rehabilitation protocols for the shoul-
er and prove useful in the treatment of joint instability

hroughout the body. (J Shoulder Elbow Surg 2005;
4:32S-38S.)

NTRODUCTION

Current treatment of an initial episode of traumatic
nterior glenohumeral joint instability includes a pe-
iod of restricted activity followed by rehabilitation of
he shoulder muscles.5,10,19,33 In patients aged less
han 25 years, this treatment fails in 60% to 94% of
atients and they have recurrent anterior instabil-

ty.4,14,26,35,37,42 In older patients, nearly 15% have
ecurrence and many more have weakness, pain,
nd loss of motion.29 Surgical treatment minimizes
ecurrent instability but fails to restore normal joint
unction in more than 70% of patients.8,28 These
omplications may limit the patient’s ability to partic-
pate in athletic activities, return to overhead activi-
ies, or perform daily activities.

Shoulder muscles contribute to both mobility and
tability of the glenohumeral joint. Shoulder instability
s specific to certain end-range positions. For exam-
le, anterior instability occurs in the apprehension
osition of abduction, external rotation, and horizon-
al abduction.33 When the shoulder is forcibly placed
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n this position, traumatic glenohumeral joint disloca-
ion may occur.27,36 Subsequently placing the gleno-
umeral joint in the apprehension position may elicit
ymptoms of anterior instability.15 To improve treat-
ents of shoulder instability, we have focused on
efining the contribution of the shoulder muscles to
lenohumeral joint stability in clinically relevant posi-

ions.

RIOR STUDY OF SHOULDER MUSCLES’ ROLE IN
LENOHUMERAL JOINT STABILITY AND

NSTABILITY
oncavity-compression mechanism

Shoulder muscle activity stabilizes the glenohu-
eral joint by compressing the humeral head against

he concave glenoid surface, allowing concentric ro-
ation of the humeral head on the glenoid.15,17,18,32

hrough this mechanism, termed concavity-compres-
ion, shoulder muscles may be the primary stabilizers
f the glenohumeral joint during the mid ranges of
otion, where the capsuloligamentous structures are

ax.24 Concavity-compression may also be important
t the end ranges of motion, where forces acting on

he glenohumeral joint are increased.2,30,31,43 In end-
ange positions, shoulder muscle activity protects the
apsuloligamentous structures by limiting the joint’s
ange of motion11,17 and by decreasing strain in
hese structures.11,34

The effectiveness of the concavity-compression
echanism depends on characteristics of the shoul-
er muscle forces and the articular surfaces. Shoulder
uscle forces may be defined by their magnitude and
irection (line of action). Shoulder muscle forces may
e resolved into 3 components: compressive forces,
uperior-inferiorly directed forces, and anterior-
osteriorly directed forces. Whereas compressive
orces stabilize the glenohumeral joint, anteriorly,
osteriorly, inferiorly, and superiorly directed forces
re termed translational forces and destabilize the

Figure 1 Axial views of glenohumeral joint. A, The ef
glenoid’s articular surface available for humeral head
defined as the angle between the center of the glenoi
lenohumeral joint. Glenohumeral joint stability may W
e quantified by the ratio between the translational
orces in any direction and the compressive
orces.21,24,25 As the ratio between the translational
orces and compressive forces decreases, stability of
he glenohumeral joint increases. As the ratio be-
ween the translational forces and compressive forces
ncreases, stability of the glenohumeral joint de-
reases.

Stability of the glenohumeral joint provided by
oncavity-compression also depends on the effective
lenoid arc, the area of the glenoid’s articular surface
vailable for humeral head compression (Figure 1,
).33 This contact area may be quantified by the
alance stability angle, the angle between the center
f the glenoid and the end of the effective glenoid arc
n any direction (Figure 1, B).25,33 The balance sta-
ility angle was experimentally and mathematically
etermined to be 18° � 2° in the anterior direc-

ion.21,24,25 All of the shoulder muscles can be
ummed into a single resultant force that compresses
he humeral head into the glenoid. Resultant forces
irected within the balance stability angle stabilize

he glenohumeral joint, but resultant forces directed
utside of the balance stability angle destabilize the
lenohumeral joint.

ontribution of shoulder muscles to glenohumeral joint
tability

The rotator cuff muscle forces are ideally aligned
or effective compression of the glenohumeral joint at
ll shoulder positions.23 In cadaveric models, simu-

ated rotator cuff activity increased compressive
orces at the glenohumeral joint and decreased the
mount of humeral head translation that occurred in
esponse to external loading.9,16,43 Wuelker et al43

howed that a 50% decrease in the rotator cuff muscle
orces resulted in nearly a 50% increase in anterior
isplacement of the humeral head in response to
xternal loading at all glenohumeral joint positions.

e glenoid arc (gray area) is defined as the area of the
ression. B, The balance stability angle (gray area) is
the end of the effective glenoid arc.
fectiv
ith the glenohumeral joint in its anatomic position,
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lasier et al9 found that each rotator cuff muscle
ignificantly contributed to anterior joint stability and
hat each muscle’s contribution was not significantly
ifferent from the others. However, with the glenohu-
eral joint in end-range positions, Itoi et al16 found

hat the subscapularis was a less effective stabilizer of
he glenohumeral joint than the other rotator cuff
uscles and that biceps brachii activity may also
ontribute to glenohumeral joint stability. These stud-
es have discrepancies as a result of differences in
xperimental design but were compelling in demon-
trating that shoulder muscle forces are usually pow-
rful stabilizers of the glenohumeral joint.

ontribution of shoulder muscles to glenohumeral joint
nstability

Other investigators have suggested that in certain
ositions, deltoid or pectoralis major muscle activity
ay decrease stability of the glenohumeral joint. Lee
nd An22 quantified the contribution of deltoid muscle
ctivity to glenohumeral joint stability based on its
ompressive and translational components. At 60° of
lenohumeral abduction in the scapular plane, del-

oid activity increased glenohumeral joint stability.
owever, at 60° of glenohumeral abduction in the
oronal plane, deltoid activity decreased glenohu-
eral joint stability. Arciero and Cruser3 presented a
ase study in which a patient sustained a concomitant
nterior glenohumeral joint dislocation and pectoralis
ajor tendon rupture while bench-pressing. They the-
rized that eccentric contraction of the pectoralis
ajor muscle had led to both injuries. Furthermore,
inha et al38 reported that a refractory shoulder dis-

ocation associated with pectoralis major spasm was
uccessfully reduced after paralysis of the pectoralis
ajor with botulinum A toxin.

UR STUDY OF THE SHOULDER MUSCLES’ ROLE
N GLENOHUMERAL JOINT STABILITY AND
NSTABILITY

ctive stability of the glenohumeral joint decreases in
nd-range positions

Previous biomechanical studies have quantified
ctive stability of the glenohumeral joint provided
y individual muscles or small groups of muscles,
sually limited to the rotator cuff and del-
oid.9,22,23,43 However, electromyographic studies
dentified that not only the rotator cuff but also the
iceps brachii, latissimus dorsi, pectoralis major,

eres minor, and scapulothoracic muscles are active
uring shoulder motion.1,7,33 We developed a
omputational model, based on force-vector analy-
is, to quantify active stability provided by the
ummation of relevant shoulder muscles that cross

he glenohumeral joint. This model was used to m
uantify stability provided by active muscle forces
n both mid-range and end-range positions of the
lenohumeral joint.
Eight shoulder muscles were included in the study:

he deltoid, infraspinatus, latissimus dorsi, pectoralis
ajor, subscapularis, supraspinatus, teres major, and

eres minor. These muscles were selected because
hey are the main movers of the glenohumeral joint,
hey have electromyographic activity during abduc-
ion and external rotation, and they have insertion
ites on the humerus.12,20,33 Two mid-range glenohu-
eral joint positions (15° and 30° of glenohumeral
bduction in the coronal plane) and two end-range
lenohumeral joint positions (60° of glenohumeral
bduction and the apprehension position) were stud-

ed. For the apprehension position, 30° of external
otation was added. Shoulder muscle forces were
efined by the direction (line of action) and magni-

ude of their forces in both mid-range and end-range
ositions. For each shoulder muscle, lines of action
ere derived from a standard 3-dimensional geomet-

ic shoulder model.39,40 Muscle force magnitudes
ere estimated from known values of physiologic
ross-sectional area39,41 and normalized electromyo-
raphic activity during active abduction20 and the
arly cocking phase of pitching,12 which includes the
pprehension position. Resultant muscle forces were
alculated by summing individual muscle forces. The
ines of action of the resultant forces were expressed
n a spherical coordinate system with respect to the
capular plane. For our illustrations, the resultant mus-
le forces were placed at the center of the humeral
ead. The ratio between anteriorly directed forces
nd compressive forces is the sine of the balance
tability angle. The angle between the scapular plane
nd the projection of the line of action in the trans-
erse plane was termed the deviation angle
Figure 2, A).

Compared with mid-range positions, the lines of
ction of the resultant forces were more anteriorly
irected in the apprehension positions. At 15° of
lenohumeral abduction, the line of action was ante-
iorly directed by 9°. In the apprehension position,
he line of action was anteriorly directed by 35°, a
89% increase compared with 15° of glenohumeral
bduction. To determine the functional significance of

hese differences, the resultant forces were compared
ith the mean balance stability angle of 18° � 2° in

he anterior direction.21,24,25 In mid-range positions,
he lines of action of the resultant forces were within
he balance stability angle. In end-range positions,
hey exceeded the balance stability angle (Figure 2,
). This study provided a biomechanical rationale for

he effects of muscles forces on anterior glenohumeral
oint stability. In the apprehension position, shoulder
uscle forces, unopposed by the passive restraints,

ay promote anterior humeral head translation, pre-
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isposing the glenohumeral joint to anterior insta-
ility.

To aid in rehabilitation of shoulder instability, we
hen studied each shoulder muscle in our model for its
ontribution to glenohumeral joint instability. We de-
ermined the effect of increasing the magnitude of
ndividual muscle forces on the lines of action of the
esultant forces. For each muscle, the magnitude of its
orce was increased by 25% or 50% and the line of
ction of the resultant force was then recalculated.
he lines of action were less anteriorly directed when
he magnitude of supraspinatus, infraspinatus, or
eres minor muscles was increased, tending to im-
rove stability of the glenohumeral joint. However,

he lines of action were more anteriorly directed with
ncreases in deltoid or pectoralis major muscle forces,
ending to decrease stability. Changing the magni-
ude of the teres major, subscapularis, or latissimus
orsi muscles had no effects on the lines of action of

he resultant force.

ysfunctional shoulder muscle activity may decrease
lenohumeral joint stability

To test the results of our computational model, a
adaveric model that simulated relevant shoulder
uscles was used to quantify stability resulting from

he muscle forces in end-range positions. Two patterns
f shoulder muscle dysfunction were modeled: (1)
ecreased infraspinatus muscle activity and (2) in-
reased pectoralis major muscle activity.

Figure 2 Axial views of glenohumeral joint (transverse
of action into transverse plane. B, Anterior deviation
end-range positions (60° of glenohumeral abduction a
(15° and 30° of glenohumeral abduction).
Five fresh-frozen human full upper extremities were c
issected to isolate the tendons of the rotator cuff, del-
oid, and pectoralis major muscles and mounted onto a
ustom joint-loading frame, which allowed individual
ontrol of simulated muscle forces. The scapula was
bducted 30°, and then loads were applied to the

endons of the rotator cuff and deltoid until 60° of
lenohumeral abduction was achieved, simulating 90°
f shoulder abduction. Load varied slightly among up-
er extremities because of differences in weight and

ength. Because the resulting abduction was in the plane
f the scapula, a minimal load of 100g was applied to

he wrist to move the glenohumeral joint to maximum
xternal rotation, simulating the apprehension position.
his position was repeated after 2 additional loading
onditions when all load was removed from the infraspi-
atus tendon or load was applied to the pectoralis
ajor tendon. To ensure that the glenohumeral joint

eached the same position with each loading condition,
n electromagnetic tracking device was used to monitor

he position of the humerus relative to the scapula. A
–degree-of-freedom load cell was used to measure the
lenohumeral joint force at 60° of glenohumeral abduc-

ion. Glenohumeral joint forces were resolved into 3
omponents: compressive force, superiorly directed
orce, and anteriorly directed force. A 2-way repeated-
easures analysis of variance was used to determine

he effect of the 2 muscle-loading conditions on the
lenohumeral joint forces, with significance set at P �
05.

When load was removed from the infraspinatus,

e). A, Definition of deviation. LOAT, Projection of line
lines of action of the resultant forces was greater in

e apprehension position) than in mid-range positions
plan
of the
nd th
ompressive forces decreased from 151.5 � 29.7 N
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o 101.5 � 28.8 N (P � .05) (Figure 3). When
ectoralis major activity was increased, compressive
orces increased by 12% but anteriorly directed
orces increased by 1180%, from 1.4 � 10.0 N to
7.9 � 13.1 N (P � .05). Although the joint did not
islocate and the position of the humeral head on the
lenoid was not measured, the ratio between anteri-
rly directed and compressive forces increased in
oth conditions, tending to diminish stability of the
lenohumeral joint. These results were consistent with
ur computational model.

pprehension positioning decreases glenohumeral
oint stability

This cadaveric model was then used to evaluate the
ffect of simply placing the joint in the apprehension
osition. Five fresh-frozen human full upper extremities
ere prepared and mounted on the custom joint-load-

ng frame. Once again, the scapula was abducted 30°
nd loads were applied to the tendons of the rotator cuff
nd deltoid until 60° of glenohumeral abduction was
chieved. After simulated active abduction of the cadav-
ric full upper extremity, an external load was applied to
he wrist to gently move the glenohumeral joint from the
capular plane to the apprehension position. A 6–de-
ree-of-freedom load cell was used to measure the gle-
ohumeral joint force, which was again resolved into 3
omponents. A 2-way repeated-measures analysis of
ariance was used to determine the effect of glenohu-
eral joint position on the glenohumeral joint forces,
ith significance set at P � .05.
When the glenohumeral joint was moved from 60°

f glenohumeral abduction in the scapular plane to
he apprehension position, anteriorly directed forces
ignificantly increased from 1.4 � 10.0 N to 27.7 �

igure 3 Histogram showing anterior and compressive compo-
ents of resolved glenohumeral joint forces for loading conditions.
he effect of decreased infraspinatus activity (infra-) and increased
ectoralis major activity (pec�) at 60° abduction in the scapular
lane is shown.
7.7 N (P � .05) (Figure 4). This indicates that, as in
ur computational model, the resultant forces would
e more anteriorly directed in the apprehension po-
ition than in the mid-range position.

imulation of glenohumeral joint dislocation

Knowledge gained from our computational and
adaveric models was then used to develop a cadav-
ric model of glenohumeral joint dislocation. The joint
as forcibly placed into the apprehension position,

imulating an in vivo mechanism of glenohumeral
oint dislocation, and both active and passive shoul-
er muscle forces were included.

Fourteen fresh-frozen human full upper extremities
ere dissected to isolate the tendons of the rotator
uff, deltoid, and pectoralis major muscles and
ounted onto a custom joint-loading frame with the

capula positioned in 30° of abduction (Figure 5).
oads were applied to the deltoid and rotator cuff
uscles to achieve 60° of glenohumeral abduction
nd 30° of external rotation. A force was then ap-
lied to the humerus at 50 mm/s to move it into
orizontal abduction until the glenohumeral joint ei-
her dislocated or moved beyond 45° of horizontal
bduction. A 6–degree-of-freedom load cell was
sed to measure the glenohumeral joint force, which
as then resolved into 3 components: compressive

orces, superior-inferiorly directed forces, and anteri-
r-posteriorly directed forces. No loads were applied

o the pectoralis major muscle; instead, its tendon was
xed, and the force that developed passively as the
oint moved into horizontal abduction was measured
ith an independent uniaxial load cell. A pilot study
ad found that horizontal abduction of the abducted
nd externally rotated humerus did not result in dislo-
ation unless a passive force was allowed to develop
n the simulated pectoralis major muscle.

igure 4 Histogram showing anterior and compressive compo-
ents of resolved glenohumeral joint forces for loading conditions.
he effect of positioning the joint at 60° of glenohumeral abduction
n the scapular plane compared with the apprehension position is
hown.
All 14 glenohumeral joints dislocated in an anterior-
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nferior direction. The pathoanatomy was similar to that
eported after in vivo glenohumeral joint disloca-
ion.6,8,13,33 In 6 shoulders the capsulolabrum and gle-
oid rim avulsed from the anteroinferior glenoid, resem-
ling a Bankart lesion (Figure 6). In the remaining 8
houlders, glenohumeral joint dislocation resulted with-
ut avulsion or tearing; capsular stretching had oc-
urred. At the time of dislocation, the magnitude of the
ectoralis force, 609.6 � 65.2 N, was similar to that of

he compressive glenohumeral joint force, 569.6 �
7.8 N. We surmised that, when the arm exceeded its

Figure 5 Bird’s-eye view schematic of custom shou
resulted in dislocation of cadaveric glenohumeral join

Figure 6 Sagittal views of glenohumeral joint, with h
Cadaveric specimen showing avulsion of the capsulol
ormal range of motion, forces generated within the p
ectoralis major may have increased anteriorly and
nferiorly directed forces that lead to glenohumeral joint
nstability. In this instance, shoulder muscle forces that
re usually powerful stabilizers of the glenohumeral joint
ay have contributed to dislocation.

UMMARY

Normally, the shoulder muscles move and stabilize
he glenohumeral joint. However, with overhead athletic
ctivities and some manual labor tasks, individuals re-

esting device with servomotor-controlled system that

ral head removed. A, Drawing of Bankart lesion. B,
from the anterior-inferior glenoid rim.
lder-t
eatedly position the glenohumeral joint at an extreme
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ange of motion, which may compromise the shoulder
uscles in stabilizing the glenohumeral joint.
The idea that muscle forces may contribute to in-

tability is novel. Our models revealed that both ac-
ive and passive major forces may, in certain condi-
ions, contribute to glenohumeral joint instability.
mproved understanding of the contribution of muscle
orces to both stability and instability may improve
reatments not only for instability of the shoulder but
lso for other joints of the body as well.
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