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ABSTRACT: We sought to understand the effects of superior humeral head translation and load of the long head of biceps on the
pathomechanics of the superior glenoid labrum by predicting labral strain. Using micro-CT cadaver images, a finite element model of
the glenohumeral joint was generated, consisting of humerus, glenoid bone, cartilages, labrum, and biceps tendon. A glenohumeral
compression of 50 N and biceps tensions of 0, 22, 55, and 88 N were applied. The humeral head was superiorly translated from 0 to
5mm in 1-mm increments. The highest labral strain occurred at the interface with the glenoid cartilage and bone beneath the origin of
the biceps tendon. The maximum strain was lower than the reported failure strain. The humeral head motion had relatively greater
effect than biceps tension on the increasing labral strain. This supports the mechanistic hypothesis that superior labral lesions result
mainly from superior migration of the humeral head, but also from biceps tension. © 2014 Orthopaedic Research Society. Published by

Wiley Periodicals, Inc. J Orthop Res 32:1424-1429, 2014.
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Pathologic changes of the superior shoulder labrum
are common, yet poorly understood. The most common
pathology is a fraying or partial tearing of the labrum,
coined a type-I SLAP (superior labral anterior—posteri-
or) tear by Snyder et al. in 1995.) However, detach-
ment of the labrum from the superior glenoid bone,
classified as a type-II tear, is considered the most
common symptomatic injury. These tears occur most
commonly in the region of the labrum where the biceps
tendon attaches to the labrum and superior glenoid.
They can extend more posterior or anterior or both
anterior and posterior from that location as they
increase in length along the glenoid rim.? These
injuries are thought to occur from sudden, excessive
loads or from repetitive microtrauma to the labrum as
a result of loading from the long head of the biceps
tendon or from superior translation of the humeral
head. Tears in the superior labrum are most common
in association with rotator cuff tears, where they may
be secondary to pathologic joint loading that occurs as
a result of the loss of rotator cuff function.? They can
also occur in athletes or laborers who experience high
loads across the joint and in the biceps tendon.
Understanding the factors leading to labral tears
would better inform current treatments, which include
repair, partial removal, or biceps tendon detachment.
However, the pathomechanics of these tears and the
relationship to humeral head translation and loading
of the biceps tendon are unclear. It has been impossi-
ble to adequately study the interaction of these factors
in vivo or in a cadaveric model, due to the inability to
experimentally measure stress and strain in the
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interior of the labrum tissue. A finite element (FE)
model allows for estimation of stresses and strains
below the surface of the tissue, which is required to
understand the risk of mid-substance failure. We
report on the further development and implementation
of an FE model of the superior labrum.

We sought to understand the effect of the superior
translation of the humeral head relative to the glenoid
cavity (as can be seen in cases of rotator cuff tears)
combined with tensile loading on the long head of the
biceps tendon on the superior labrum. We hypothe-
sized that: (1) the regions of highest strains in the
labrum occur along a crescent in the mid-substance of
the superior labrum corresponding to common supe-
rior labral lesions (type II); (2) increasing load on the
long head of the biceps tendon causes increased strain
in the labrum; and (3) the effect of humeral head
translation on the increasing strain in the labrum is
greater than the effect of biceps tension. These hypoth-
eses were tested using the FE model validated by
comparison with mechanical testing of cadaveric speci-
mens.?

METHODS

Development of a Finite Element Model

The geometries of the glenoid, humeral head, labrum, long
head of the biceps tendon, and articular cartilage were
acquired from a fresh frozen cadaveric shoulder (male,
84 years old) by sequential imaging using the GE eXplore
Locus (GE Healthcare, London, Canada) micro-CT system at
a voxel size of 93 um followed by a Boolean operation.? The
images were reconstructed at a resolution of 186 um using a
cone-beam back-projection algorithm. Segmentation was per-
formed using commercial software (Amira 5.3, Visage Imag-
ing, Inc., San Diego, CA).

The FE mesh was generated using a preprocessing tool
(Hypermesh 10, Altair Engineering, Inc., Troy, MI) with
validated threshold settings.® The bones were modeled using
shell elements. The cartilages, labrum, and biceps tendon
were converted to hexahedral elements. Solid elements were



added to the distal end of the biceps tendon to extend the
tendon from the site of attachment on the labrum over the
humeral head and through the bicipital groove (Fig. 1).
Appropriate mesh densities were determined by convergence
studies.? The labrum was modeled as transversely isotropic,
hyperelastic material*® with four elastic moduli (21.3, 15.4,
19.3, and 20.9MPa for superior, anterior, inferior, and
posterior labrum, respectively).®® The biceps tendon was
modeled as an isotropic, hyperelastic material with an elastic
modulus of 629MPa.® Cartilage was modeled as isotropic
elastic (0.66 and 1.7 MPa for humerus and glenoid, respec-
tively),”® and bones were modeled as rigid materials.

Loading Conditions

The humerus and glenoid had their own local coordinate
systems. The center of the head was assigned as the origin of
the humerus coordinate system. For the humerus, the local
Z-axis was parallel to the humeral shaft and directed
inferiorly. The local Y-axis was perpendicular to the Y-axis
and pointed laterally. The local X-axis was defined by the
common line perpendicular to the Z and Y axes and directed
anteriorly. Similarly, the origin of the glenoid coordinate
system was placed at the midpoints of the long and short
axes of the glenoid. The local Y-axis for the glenoid was
parallel to the posterior and anterior glenoid axis, pointing
superiorly. The X-axis was perpendicular to the Y-axis, and
directed anteriorly. The local Z-axis for the glenoid was
defined by the cross-product of the other two axes and
pointed laterally.

The humeral head was positioned in 30° of glenohumeral
abduction in the scapular plane without humeral rotation.?
The glenoid was constrained in all 6° of freedom. A 50-N
compressive load was applied to seat the humerus in the
glenoid cavity.®® The humerus was superiorly translated up to

Figure 1. A 3D hexahedral FE model of the glenohumeral
joint, including the long head of biceps tendon. The humerus was
positioned in 30° of abduction in the scapular plane with centric
humeral rotation. The humerus is shown in coronal view and is
hidden in lateral view.
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5mm in 1-mm increments.® This amount of head displacement
was chosen to encompass the range of displacements encoun-
tered clinically in patients with massive rotator cuff disease.'®

We tested four conditions for the biceps tension: 0, 22, 55,
and 88N. A 22-N load was chosen because it affects the
glenohumeral range of motion and kinematics.® A 55-N load
was used because it represents the force of maximum
isometric contraction calculated from physiologic cross-sec-
tional area of the long head of the biceps muscle.!! We also
tested 88N of tensile loading'? to evaluate the effects of
increased force generation during stretch of an activated
muscle, or an eccentric contraction, when whole muscles are
capable of resisting up to 160% of the maximum isometric
force.'® The force vector paralleled the line connecting the
midpoint of the greater and lesser tuberosities of the humer-
us to the midpoint of the crest of the greater and lesser
tuberosities of the humerus.

Dynamic Analyses and Statistics

Analyses were performed using LS-DYNA (Livermore Soft-
ware Tech. Corp., Livermore, CA). All sliding interfaces were
modeled using frictionless, surface-to-surface contact due to
the low coefficient of friction in synovial joints.>'* The von
Mises strain was predicted from the FE model, because it is
a scalar quantity representing the combined effect of all
components of the material strain tensor and indicative of
the energy required to distort the material. The strain for a
cross section through the labrum was calculated by perform-
ing a volume-weighted average of the strains for the
elements within that area.

RESULTS

FE Predictions of Strain in the Labrum

The highest strain in the superior labrum occurred at
the interface with the glenoid cartilage and glenoid
bone (Fig. 2D). The high-strain region extended both
along an arc from about —20° to +40° (Fig. 2E) and
radially through the labrum from the bone—cartilage
interface surface to the free surface (Fig. 2D, inset).
This strain pattern corresponds well with an arthro-
scopic image of a type-II SLAP lesion (Fig. 2F).

Effect of Biceps Tension on Labrum Strain

When the load on the biceps was increased, strain
in the superior labrum increased (Figs. 2 and 3).
The high-strain region extended from the origin of the
biceps on the superior surface of the labrum to the
glenoid bone and cartilage interface on the inferior
surface of the labrum (Fig. 2C,D, insets). Increasing
the biceps load caused an increase in the strain
magnitude in the circumferential direction and in-
volved more of the superior labrum from —40° to +40°
(Fig. 2C,D). The highest strain was located at 0°.
Increasing the biceps tension from 0 to 88 N increased
the strain by a factor of 27% at 0 mm and 40% at 5 mm
of humeral head displacement (Fig. 3). The region of
the labrum with the highest strain was independent of
the magnitude of the biceps load (Fig. 3).

Effect of Superior Humeral Head Translation
Increasing the translation of the head in the superior
direction caused an increase in the strain in the
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Figure 2. Strain distribution after application of a 50 N compressive load on the humeral head with the following conditions of
superior head translation and biceps load: (A) 0mm, ON; (B) 5mm, 0N; (C) 0mm, 88N; and (D) 5mm, 88 N. A lateral view of the strain
distribution over the glenoid labrum is shown from a slightly inferior perspective. The inset represents the strain distribution across a
section through the labrum expressed by the vertical black line with two arrow heads. The strain magnitude is shown by the scale at
right. (E) The specific locations along the superior labrum. (F) An arthroscopic image of a type-II SLAP lesion.

superior labrum (Figs. 3 and 4). We observed the
strain at 0°, coincident with the area of the highest
strain (Fig. 4). Translation of the head from 0 to 5 mm
resulted in an increase in strain >100% for each
magnitude of long head of biceps load.

DISCUSSION
We sought to understand the behavior of the superior
labrum in the presence of a rotator cuff tear and

JOURNAL OF ORTHOPAEDIC RESEARCH NOVEMBER 2014

loading of the long head of the biceps tendon using the
strain pattern predicted by an FE model. The highest
strains in the labrum were found along a crescent in
the mid-substance of the superior labrum in the area
between —20° and 20° where these tears are most
commonly seen clinically (Fig. 2) and in other pub-
lished images for a type-II SLAP lesion.®1® Increas-
ing the load on the biceps tendon increased the strain
in the labrum (Figs. 3 and 4). The effect of humeral
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Figure 3. Strain in the labrum due to biceps tendon at (A)

Omm and (B) 5mm of humeral head translation. Increasing
biceps tension caused an increase in overall labral strain.

head translation on increasing the labral strain is
greater than the effect of the biceps tendon. Therefore,
our results support the mechanistic hypothesis that a
SLAP lesion may occur as a result of superior migra-
tion of the humeral head regardless of the amount of
biceps load.

The current study supports experimental evidence
that an unstable shoulder increases the susceptibility
of the labrum to injury. To generate the conditions for
an unstable shoulder, Rizio et al.'® generated a Bank-
art lesion, an avulsion of the anteroinferior glenoid
labrum, and then sutured the damaged tissue. They
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Figure 4. Strain in labrum due to humeral head translation.
Increasing head migration caused an increase in strain at the
superor labrum underneath the biceps tendon attachment.
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found that increased instability caused greater labral
strain. Similarly, our study showed that the strain in
the superior labrum increased with increasing supe-
rior migration of the humeral head (Figs. 3 and 4). In
the current model, a compressive force between the
head and the glenoid cavity combined with superior
translation of the head causes compression and shear
of the superior labrum at the interface with the
glenoid cartilage and glenoid bone. The load directed
medially by the humeral head combined with tension
from the biceps tendon directed superiorly results in a
plane of high strain at the origin of the biceps tendon
on the glenoid bone (Fig. 2).

The FE model predicts that the tension of the biceps
tendon is transferred and dissipated by the labrum
along pathways in the radial and circumferential
direction. First, at 50N of compressive force between
the humeral head and glenoid and no biceps load prior
to superior translation of the head, the strain field in
the cross section of the labrum is relatively low
(Fig. 2A, inset). When the load on the biceps is
increased under these conditions, strain also increases
in the cross section of the labrum (Fig. 2C, inset).
Therefore the predicted strain field demonstrates a
loading pathway from the attachment of the biceps on
the superior labrum to the glenoid bone and cartilage
interface on the inferior labrum (Fig. 2C, inset).
Similarly, comparing ON of biceps load at 5mm of
humeral head translation (Fig. 2B, inset) with 88 N of
load at 5mm of translation (Fig. 2D, inset), a high-
strain pathway exists from the origin of the biceps
tendon on the superior surface of the labrum to the
interface of the inferior surface of the labrum with the
glenoid bone and cartilage. Second, the biceps force is
also transferred from the biceps attachment site
circumferentially through the labrum in both anterior
and posterior directions. At 0N of biceps load and 50 N
of compressive force (Fig. 2A,B), the model predicted
low strain levels in the circumferential direction from
—20° to +20°. Increasing the biceps load causes an
increase in the strain magnitude in the circumferen-
tial direction and involves more of the superior labrum
from —40° to +40° (Fig. 2C,D).

The higher strain on the anterior side compared to
the posterior side (Fig. 3) can be explained by the
anatomic characteristics of the specimen used to
construct the model. The volume of labrum on the
posterior side was larger than that on the anterior
side in our specimen. The radial thickness of the
anterosuperior labrum in the specimen was also
smaller (3.1mm) compared with the thickness
(7.84 1.3 mm) reported in the literature.” Consequent-
ly, the force must pass through a smaller cross-
sectional area of tissue leading to higher tissue
stresses and strains. This observation suggests that
the labral strain is sensitive to labrum morphology.

The strain pattern was mainly affected by the
magnitude of superior humeral head translation. The
shape of the strain curve as a function of humeral
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head translation (Fig. 4) is determined by the size of
the contact surface between the head and the labrum.
At Omm of translation, the contact area is primarily
on the glenoid cartilage and the superior labrum. With
increasing translation, the contact area moves superi-
orly onto the superior labrum. For low biceps loads,
the periphery of the labrum is relatively uncon-
strained so the labrum does not conform to the contour
of the humeral head. Consequently, the labrum is
displaced superiorly and medially in the direction of
its free surface. As the load on the biceps tendon is
increased, the superior labrum is pulled towards the
head. For the case of 88 N of tensile load on the biceps,
the load is sufficient to constrain the superior labrum
to conform to the contour of the humeral head.
Increased conformity between the head and the supe-
rior labrum increases the contact area between two,
which in turn increases the strain in the labrum. The
model also demonstrated that increasing the load on
the biceps tendon from 0 to 88N increased the total
strain in the labrum by 27% at 0 mm and 40% at 5 mm
of humeral head displacement (Fig. 3).

Our study has a number of limitations. The inter-
faces of the labrum with the connective tissues are
complicated by the similarity of the composition. The
properties of the superior labrum are not based on a
detailed representation of the labrum microstructure,
even though we used the latest published data for
determining material properties.’ Errors in approxi-
mating the stiffness of the material would affect the
strain magnitude, but not the overall strain pattern.?
The current model also assumes that the collagen
fibers of the superior labrum are oriented primarily
circumferentially.!” A more complex collagen fiber
network particularly at the origin of the biceps tendon
would reduce the strain in the mid-substance of the
labrum causing higher stresses at the interface of the
labrum with the superior glenoid.

Another limitation is the response of the long head
of biceps muscle. The biceps tendon travels superiorly
over the humeral head before attaching to the muscle.
Depending on the orientation of the humeral head
with respect to the glenoid, the biceps tendon may
experience a stretch up to twice the displacement of
the head. When skeletal muscle is activated and
stretched, an eccentric contraction, the muscle force
may increase by 60% compared to the isometric load.'3
However, the long head of biceps muscle is biarticular
acting across both the elbow and glenohumeral joints.
The positions of both joints determine the initial
length, stretch, and force of the muscle. Rather than
simulate the dynamic changes in muscle force, we
demonstrated the response of the labrum over a range
of humeral head translations (0—-5mm) and a range of
muscle forces that span 0—-160% of peak isometric force
in muscle. Therefore our study predicts the trends in
the stress-strain state for the labrum for likely physio-
logic ranges of biceps loads and humeral head dis-
placements, but does not predict a specific biceps load
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or loading pathway as a function of humeral head
position.

We assumed 50 N of glenohumeral compression.®
Since the effect of the biceps tension on the strain
might be amplified under the low compressive force,
111N of joint compression'® was additionally tested.
A 111-N load is only 15% of body weight of a 75-kg
person, but this appeared as the maximum effective
compressive force to increase the joint stability.'®
The simulation under this higher compressive load
predicted strain distributions similar to Figure 2 and
increased the strain by 2-5%. With 111 N of compres-
sion, increasing the biceps tension from 0 to 88N
increased the total strain by 27% at 0 mm and 38% at
5mm, which was comparable to the 50-N compres-
sion condition. Similarly, the humeral head was
translated up to 5mm for massive rotator cuff tear
cases. Based on clinical observations and published
data,'® humeral head migration >5mm was observed
in shoulders with large ruptures of the rotator cuff,
so that the strain at 5mm of translation was
reported. The strain pattern® at 3mm, an average
amount of translation with massive rotator cuff
tear,'° is similar to that at 5mm. Thus, the assump-
tions about the joint compression and humeral head
migration are considered to have minimal impact on
the strain distribution. However, the 5mm of head
displacement superiorly may result in impingement
with the acromion.

This study focused on the superior translation of
the humeral head with biceps tension in one arm
position to understand the mechanism of the labral
tear concomitant with rotator cuff tears. However, in
the future, the behavior of the labrum tissue could be
investigated in multiple arm positions with various
translational directions of the humeral head and
diverse geometries. Labral tears are also common in
young athletes, especially in overhead throwing. The
late cocking'® and deceleration'® phases of pitching
motion have been hypothesized to cause tears. Since
both phases were simulated in external and internal
humeral rotational positions with a certain amount of
elevation in the scapular plane,'® this issue could be
interpreted as the effect of arm position on the labral
behavior. Differing arm positions could alter the
primary loading vector and morphology of the biceps
tendon and the compressive force in the glenohumeral
joint, thus influencing the strain distribution within
the labrum. For example, the externally rotated
humerus shifts the vector of biceps tension posteriorly,
and the anchor of the biceps tendon could be twisted
off and pulled out. This could result in a greater
concentration of the load at the anchor attachment
and reduced compressive force in the joint. It may also
increase the superior labral strain and the relative
impact of the biceps tendon on the labral strain. With
increased biceps tension in this specific arm position,
the increased amount of labral strain would be ampli-
fied. Other translational directions of the humerus
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may alter the labral strain pattern. For example, if the
humeral head were translated superoposteriorly, the
posterior labrum likely would register higher strain
levels. If the humerus is translated posterolaterally,
the biceps tendon is pulled in a more lateral direction
than our testing conditions reflect. In this case, the
attachment of the biceps tendon on the superior
labrum could experience more stress and the biceps
tension could be a more significant factor than the
head translation. Similarly, the biceps tendon attach-
ment on the superior labrum could change the primary
loading vector of the biceps tendon. Thus, the area of
high strain may shift depending on the anchor location
of the biceps tendon.

In summary, the interactions among biceps loading,
humeral translation, and labral tissue mechanics were
tested with an anatomically accurate model of the
glenohumeral joint. Under the conditions for this
study, superior translation of the humeral head
resulted in higher labral strains than did biceps
tendon loading. The predicted strain pattern was
consistent with tears in the superior labrum described
clinically. Maximum predicted strains lower than the
failure strain suggest that repetitive microtrauma or
tissue fatigue rather than a single loading event may
be necessary to cause a mid-substance failure of the
labrum.
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