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Abstract—Successful outcome of a Bankart procedure
depends on knowledge of the effects of capsulolabral lesions
on joint biomechanics. The joint reaction force, through “con-
cavity compression,” is integral to glenohumeral stability. In
this study, we applied loads to the tendons of the rotator cuff
and deltoid (anterior and middle portions) of five cadaver
upper limbs. The joint reaction force was measured with a 6°
of freedom load cell for the intact condition and each of two
test conditions: (1) incision and (2) partial resection of the
anteroinferior capsulolabrum. We used analysis of variance to
compare joint reaction forces resolved into that which is
directed perpendicular (compression force), anterior, and supe-
rior to the glenoid. Compression force for the two different
capsulolabral lesions of the glenohumeral joint was the same,
133 N 4+ 13 N, a small 12% decrease compared to the intact
condition (151 N £ 13 N). This difference was not statistically
significant. Results were similar for the components of the
joint reaction force directed anterior and superior. Joint reac-
tion force was not meaningfully altered after anteroinferior
capsulolabral lesions were simulated. Because glenohumeral
joint stability involves complex interplay of static and dynamic
restraints, additional shoulder injuries may be necessary for the
joint reaction force to be abnormal.
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INTRODUCTION

The goal in treating glenohumeral instability is not
only to eliminate pain but is also to restore normal func-
tion. Today’s knowledge of shoulder anatomy, biome-
chanics, and operative techniques has yielded low rates
of recurrent instability after treatment [1-6]. Yet, return
to normal function, gauged by the ability to return to the
same level of sporting activities, remains inadequate
[1,7]. Difficulty in treatment is complicated by an enor-
mous range of shoulder mobility that necessitates less
bony stability than at other diarthrodial joints.

Soft tissues, including the capsulolabral structures,
are vital to guide and limit shoulder motion. The Bankart
lesion that occurs after anterior glenohumeral dislocation
is an injury of the anteroinferior capsulolabral structures
[8.9]. It includes the glenoid insertion site of the anterior
band of the inferior glenohumeral ligament (IGHL),
important in preventing anterior joint dislocation [10].
Yet, simulation of a Bankart lesion in prior biomechani-
cal studies demonstrated anterior glenohumeral subluxa-
tion but not dislocation [11,12]. Testing was done in the
apprehension position of abduction, external rotation,
and horizontal abduction because anterior dislocation
occurs in this shoulder position. In these studies, a force
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external to the glenohumeral joint was applied to the
humeral head and translation of the humeral head was
measured. However, only rarely does in vivo dislocation

result from such an external force, as from the hand of

another individual being applied to the posterior shoul-
der. Instead, it occurs for example, in the game of basket-
ball when a shot is blocked and the upper limb is pushed
back into the apprehension position, beyond the normal
range of motion. This mechanism was prior simulated
with a dynamic shoulder apparatus that included simula-
tion of active shoulder muscles [13]. The glenohumeral
Jjoint was placed in the apprehension position, with no
force external to the joint being applied to the humeral
head. However, this also failed to yield joint dislocation
when the Bankart lesion was simulated. Division of the
entire joint capsule, including both the anterior and the
posterior aspects yielded dislocation but in only two of
the nine joints studied [13].

We hypothesized that active shoulder muscles would
result in an abnormal joint reaction force after simulated
capsulolabral lesions. In addition, with the joint in the
apprehension position, this would be a sensitive finding
of instability, being abnormal regardless of the position
of the humeral head on the glenoid. Thus, the purpose of
this study was to compare change in the joint reaction
force between the intact condition and after simulated
capsulolabral lesions.

MATERIALS AND METHODS

We used five fresh frozen entire upper limbs from
human cadavers without evidence of a rotator cuff tear or
other joint disease (mean age 77.5 + 6.4 years). A longi-
tudinal incision was made in the skin from the anterolat-
eral corner of the acromion to the insertion of the deltoid.
The muscles of the anterior and middle portions of the
deltoid were resected and the tendons were preserved.
The rotator cuff muscles were also resected from the
scapula to expose their tendons. Other glenohumeral joint
soft tissue was carefully preserved, and those with evi-
dence of arthritis or rotator cuff tearing were excluded.
All joints distal to the glenohumeral were then rigidly
fixed. The wrist and each of the digits were fixed in
extension and the elbow was fixed in 90° of flexion with
stainless steel threaded pins.

The scapula was positioned with the glenoid surface
parallel to the medial border of a custom box and fixed

with plaster of Paris. We then mounted it onto a custom
joint loading frame that enabled individual control of
simulated muscles as well as the measurement of joint
reaction force (resolved into three forces along the three
orthogonal axes) (Figure 1). The upper limbs were kept
moist by irrigation with saline during preparation and
testing. Next, we clamped the tendons of the rotator cuff
(subscapularis, supraspinatus and, infraspinatus and teres
minor muscles) and the deltoid (anterior and middle por-
tions) and used a pulley and cable system to simulate the
action of these muscles as prior studies have shown each
to be important in glenohumeral abduction [14-18]. The
infraspinatus and teres minor muscles were combined
because they have similar direction and function. The
direction of each rotator cuff muscle force vector was
defined as the line from the tendon insertion to the cen-
troid of the muscle [19]. This resulted in an anatomic
force vector for each muscle. The anterior portion of the
deltoid was defined as that anterior to the anterolateral
corner of the acromion, and the middle portion was
defined as that between the anterolateral and the postero-
lateral corners of the acromion. The direction of the ante-
rior portion of the deltoid force was defined as the line
from the anterior lateral corner of the acromion to the
anterior third of the deltoid tendon insertion on the

Figure 1.

Upper limb attached to custom joint loading frame in apprehension
position, resulting from application of muscle forces with use of a
cable and pulley system.
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humerus. The direction of the middle portion of the del-
toid force was defined as the line from the point midway
between the anterolateral and posterolateral corners of
the acromion to the middle third of the deltoid tendon
insertion.

We applied equal load to each of the subscapularis
and the infraspinatus-teres minor tendons to balance the
anterior-posterior force couple. Then we applied the
same load to the supraspinatus tendon. The ratio of load
applied to the supraspinatus and the deltoid may vary and
still result in full glenohumeral abduction [18]. For sim-
plicity, we applied a load equal to that applied to each
rotator cuff tendon and to each of the anterior and middle
portions of the deltoid. This ratio of muscle loads was
similar to that of prior studies [17,18].

In the intact condition, we abducted the scapula 30°
and then simultaneously applied loads to the tendons of
the simulated muscles to achieve 60° of glenohumeral
abduction in the plane of the scapula. A prior study
detailed the loads that were necessary to achieve this 90°
position of shoulder abduction [18]. As in this study,
these loads varied slightly because of differences in the
weight and length of the upper limbs. Once the upper
limb was stable in this position, we applied a continuous
minimal load of 100 g to the wrist. This gently placed the
glenohumeral joint in both external rotation and horizon-
tal abduction and simulated gentle positioning of the
shoulder into apprehension (Figure 2). The humeral head
was free to move with 6° of freedom during testing. After
the joint was cycled into this position 10 times to mini-
mize viscoelastic effects, we recorded the position of the
humerus with an electromagnetic tracking device (model
6DFOB, Ascension technology, Colchester, Vermont).
We fixed one sensor rigidly to the proximal humerus on
the medial margin of the bicipital groove and attached a
second to the acromion to ensure the scapula did not
move. The transmitter was positioned anterolateral to the
joint (Figure 3). Metal from the jig was positioned at
least 20 ¢cm from the sensor and the transmitter. In our
testing environment, the accuracy of the electromagnetic
tracking device was 0.2 mm and 0.2°. External rotation
and horizontal abduction followed glenohumeral abduc-
tion to simulate the same gentle apprehension positioning
that was measured with the electromagnetic tracking
device, as in the intact condition for each of the simulated
capsulolabral lesions. We then measured the joint reac-
tion force using a 6° of freedom load cell (model Theta,
Assurance Technologies, Garner, North Carolina) that

MCMAHON et al. Capsulolabral lesions and joint reaction force

Figure 2.
Schematic of shoulder motions described in this study: 1. abduction,
2. external rotation, and 3. horizontal abduction.

6 DOF
Load Cell

Fixation Box

Figure 3.

Schematic of glenohumeral joint on custom joint loading frame
simulating apprehension position. Joint reaction force was measured
with a 6° of freedom load cell. Joint position was monitored with an
electromagnetic tracking device, with one sensor rigidly attached to
humerus and other to scapula. DOF = degrees of freedom.
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could measure up to 1,500 N and 240 Nem. In our testing
environment, accuracy of this cell was 5 N and 1 Nem.
The glenohumeral joint reaction force was resolved into
three orthogonal components: (1) force perpendicular to
the glenoid (compression force), (2) force-directed ante-
rior to the glenoid (anterior-directed force), and (3) force-
directed superior to the glenoid (superior directed force).

Once we measured the joint reaction force in the
intact condition, we examined two simulated capsulola-
bral lesions of the glenohumeral joint sequentially. In the
first, the glenoid labrum was incised from the 3 o’clock
to the 6 o’clock positions on the anterior glenoid bone
(incised capsulolabrum). This also detached the adjacent
capsuloligamentous structures. In the second, a 5-mm
portion of the labrum and adjacent capsuloligamentous
structures were additionally resected (resected capsulola-
brum). For each of the two simulated capsulolabral
lesions, external rotation and horizontal abduction fol-
lowed glenohumeral abduction. This was kept within 3°
of the same gentle apprehension position as the intact
condition as measured with the electromagnetic tracking
device. We performed analysis of variance to compare
the joint reaction force (of the three orthogonal axes) of
each of the three conditions. We also compared joint
loading between the three conditions to assess consis-
tency 1n testing. A p value of 0.05 was used as the level
of significance.

RESULTS

Joint Loading

We applied a mean load of 93 N + 9 N to the deltoid
(anterior and middle portions) and 47 N + 3 N to each of
the tendons of the rotator cuff muscles. It was similar for
each of the three conditions.

Joint Forces

In the intact condition, the magnitude of the compres-
sion force was 151 N + 13 N. For each of the simulated
capsulolabral lesions, the compression force was the
same, 133 N + 13 N, and only 12 percent decreased com-
pared to the intact condition (Figure 4(a)). This differ-
ence was not statistically significant. In addition, no
statistically significant difference was found between the
three conditions for either the anterior- or superior-
directed forces. Specifically, in the intact condition, the
magnitude of the anterior-directed force was 28 N+ 12 N,

(a)

New
ZQO ; ]f)OI 11201

M Intact
= O Incised capsulolabrum

B

. B Resected capsulolabrum

(b)

M Intact
[ Incised capsulolabrum
B Resected capsulolabrum

(c)

M Intact
[ Incised capsulolabrum
B Resected capsulolabrum

Figure 4.

(a) Compression, (b) anterior-directed, and (e¢) superior-directed
forces for intact, incised capsulolabrum, and resected capsulolabrum
conditions.

the incised capsulolabrum was 27 N + 8 N, and the
resected capsulolabrum was 26 N + 8 N (Figure 4(b)). In
the intact condition, the magnitude of the superior-
directed force was 25 N + 5 N, the incised capsulolabrum
was 26 N + 6 N, and the resected capsulolabrum was
26 N £ 6 N (Figure 4(c)). Additional glenohumeral joints
were not tested because post hoc power analysis indicated
that a minimum of 20 glenohumeral joints would be
required to demonstrate differences in the compression
force in comparison of the intact condition and either of
the two simulated capsulolabral lesion conditions. Over a
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thousand glenohumeral joints would be required to
demonstrate differences in the anterior- or superior-
directed forces.

DISCUSSION

We found no change in the joint reaction force after
incision or resection of the anteroinferior capsulolabrum
from the glenoid. This was the case even with the joint in
the vulnerable apprehension position when the anterior
band of the IGHL had its most meaningful stabilizing
function [10]. The reasons that this occurred were not
studied, but they include the powerful stabilizing effect
of the shoulder muscles, pathoanatomy that is more com-
plex after dislocation than simulated by incision or resec-
tion of the anteroinferior capsulolabrum, and finally,
inadequate modeling of glenohumeral instability.

Because of their orientation to the glenohumeral joint,
muscles that move the shoulder contribute to anterior
joint stability through “concavity compression.” Coined
by Lippett and coworkers, this term refers to the compo-
nent of the joint reaction force that acts perpendicular to
the glenoid fossa, compressing the humeral head [20].
Concavity compression was prior reported as being
important in maintaining anterior joint stability at the
mid-range of shoulder motion when the static restraints
are lax [20,21]. While it is unclear if the static or dynamic
restraints of a combination are responsible for stability in
the apprehension position, concavity compression may
also be important at end ranges of motion [22]. In this
position, the muscle forces that maintained the joint in
abduction were large, so concavity compression was also
large [18]. Prior biomechanical studies of simulated
shoulder muscle weakness demonstrated the force to dis-
locate the joint was diminished [23,24]. Also, there was
interplay between the active posterior rotator cuff muscles
and the anteroinferior static restraints [25]. This supports
rehabilitation that includes rotator cuff and deltoid muscle
strengthening in treatment of glenohumeral instability.

This study further demonstrated that the precise joint
pathoanatomy after anterior dislocation remains unknown.
Although capsulolabral lesions are common after anterior
joint instability and techniques including their repair are
frequently successful in eliminating anterior joint disloca-
tion, injury to the static restraints is more complex than
that simulated by incision or resection of the anteroinfe-
rior capsulolabrum [6,26,27]. Prior biomechanical studies

MCMAHON et al. Capsulolabral lesions and joint reaction force

demonstrated only a small increase in anterior joint trans-
lation, consistent with subluxation, after incision of the
anteroinferior capsulolabrum [11,12]. Proponents of the
“circle theory” have argued posterior capsulolabral injury
occurs with dislocation. Additionally, because the humeral
head translates inferior in addition to anterior with ante-
rior joint dislocation, there may be injury as well to the
anterosuperior structures, restraints to inferior translation
[28]. The anteroinferior capsulolabrum may also stretch in
addition to its avulsion from the glenoid [11,29,30]. While
stretching was not evaluated in this study, absence of
anteroinferior capsulolabral structures from the glenoid to
the humerus would be the extreme of stretching for bio-
mechanical study. A pilot study after such resection did
not result in anterior dislocation.

Other injuries may often occur to the shoulder in
addition to capsulolabral lesions after glenohumeral dis-
location in vivo. An osseous defect of the glenoid rim
sometimes occurs [31]. When an anteroinferior glenoid
bone defect was evaluated in a biomechanical study with
a cadaver model, the humeral head translated with signifi-
cantly less force in the 10 glenohumeral joints in which
the width of the osseous defect was at least 21 percent of
the glenoid length (average width, 6.8 mm) [32]. A large
Hill-Sachs lesion of the humeral head is also known to
contribute to instability [6]. Lesions of the shoulder mus-
cles, specifically the rotator cuff, also may be factors in
instability [5,33-35]. In this biomechanical study with a
cadaver model, simulation of these other injuries may
have resulted in an abnormal joint reaction force.

While cadaver models have been effective in study of
simulated joint injuries, such models fail to recreate the
synergy of joint stabilizing systems that are present in
vivo. Joint proprioception contributes to stability, medi-
ated by joint mechanoreceptors by initiating muscle
activity [37]. This feedback coordinates the shoulder
muscles [38,39]. If there is a capsulolabral lesion, the
afferent pathway of the neuromuscular control remains
intact, but it may fail in initiating the muscles [40,41].
Concavity compression is then diminished, and this is
important even in the apprehension position as demon-
strated in this study. Cadaver models also simplify com-
plex muscle behavior as a single line of action from the
centroid of the muscle to the tendon insertion and fail to
include many shoulder muscles (such as those that have
origin on the thorax) that may contribute to stability
[17,18]. Finally, this cadaver model used a mechanism of
gentle joint placement in the apprehension position. This
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placement simulated the apprehension test used in clini-
cal evaluation and would be expected to yield less altera-
tion in both joint reaction force and joint translation than
if a force external to the shoulder had been applied to the
humeral head to push it out of the glenoid fossa [42].
Prior biomechanical studies that used the latter method
demonstrated only a small increase in anterior joint trans-
lation, consistent with subluxation, after simulated capsu-
lolabral injury [11,12,43]. While increased anterior joint
translation was not expected with gentle positioning in
apprehension, forcible placement of the joint in the
apprehension position may have demonstrated abnor-
mality in the joint reaction force.

In this biomechanical study, simulated injury of the
anteroinferior capsulolabrum, independent of other inju-
ries to the shoulder, did not yield abnormality in the joint
reaction force. Combined injury of the dynamic and static
restraints should be evaluated in future biomechanical
studies with cadaver models. Surgical treatment of ante-
rior joint dislocation should restore the interactions
between the dynamic and static restraints and give
greater attention to shoulder injuries other than capsulo-
labral lesions.
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