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ABSTRACT 

 

A FINITE ELEMENT MODEL OF THE SUPERIOR GLENOID LABRUM 

by 

Eunjoo Hwang 

 

Co-chairs: Mark L. Palmer and John A. Faulkner 

 

Despite numerous studies on the function and pathologies of the shoulder joint’s superior 

glenoid labrum, controversy still exists concerning the mechanism of injury to the superior labral 

in the anterior to posterior direction (SLAP), and thus the optimal treatment. In this dissertation, 

the working hypothesis was that it is possible to use finite element models to explore the factors 

underlying the initiation and propagation of a SLAP lesion. First, the finite element model was 

validated for studying the tear mechanism in the superior labrum. An area of high strain 

correlated well with the location of SLAP tears observed clinically. The validated model was 

then used to evaluate the effect of both superior translation of the humeral head and tension on 

the long head of the biceps tendon on the strain in the intact labrum. The humeral head motion 

was found to have relatively greater effect than the biceps tension on the initiation of the SLAP 

tear. Repetitive micro-trauma or tissue fatigue rather than a single loading event is most likely to 

cause a mid-substance failure of the labrum. This work also tested the effect of the biceps tension 
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on the propagation of SLAP tears using the finite element model. With loading of the biceps, the 

model predicted high strains at the edges of the tear suggesting a high risk for progression of the 

tear. For larger tears, the effect of the biceps was more pronounced. Based on this work, tear size 

is suggested as one criterion for determining the optimal treatment of the SLAP lesion. During 

development of the finite element model, simplifying assumptions were necessary. With careful 

consideration of the effect of these assumptions and simplifications on the results, the current 

work suggests a plausible mechanism of injury for SLAP lesions. This work is to identify the 

role of humeral head translation and biceps loading in the initiation and propagation of SLAP 

tears by examination of the predicted strain. 
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CHAPTER I 

 

INTRODUCTION 

 

 

Introduction 

The shoulder, the most mobile joint in the human body, is made up of three bones: the 

humerus (upper arm bone), the scapula (shoulder blade), and the clavicle (collarbone). Among 

these bones, the head of humerus and the glenoid (the end of the scapula) form the glenohumeral 

joint. The current work focuses on the glenoid labrum tissue in the glenohumeral joint.   
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Anatomy of the Glenoid Labrum  

The glenoid labrum is a ring of fibro-cartilaginous tissue in the glenohumeral joint 

(Figure 1.1). The glenohumeral joint is described as a golf ball-and-tee due to the large 

difference in the curvature and size between the head of the humerus and the glenoid. The 

labrum attaches to the glenoid rim and surrounds both glenoid cartilage and bone (Figure 1.2). 

The glenoid labrum has a triangular- or wedge-shaped cross section. The labrum also provides a 

site of attachment for the long head of the biceps tendon, and glenohumeral ligaments (Figure 

1.3).1  Specifically, the superior labrum serves as the anchor of the long head of the biceps 

tendon.  

 

 
Figure 1.1 - The glenohumeral joint without muscles and capsules (a) in coronal view, and (b) 

in lateral view with the hidden humerus.2  
 

(a) (b)
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Figure 1.2 - The glenohumeral joint in coronal sectional view  

 
 

 
Figure 1.3 - The glenoid labrum with connective tissues except the posterior capsule in lateral 

view3. LHB, long head of the biceps tendon; SGHL, superior glenohumeral 
ligament; MGHL, medial glenohumeral ligament; IGHL, inferior glenohumeral 
ligament; LHT, long head of the triceps.  
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Function of the Glenoid labrum 

The glenoid labrum increases the stability of the glenohumeral joint by increasing 

congruency between the glenoid and humeral head and by serving as the attachment for the 

connective tissues surrounding the articular joint. The balancing of the large, spherical humeral 

head on a much smaller, relatively flat glenoid does not produce a stable shoulder. Consequently, 

there is a need for substantial additional support of the soft tissues. The rotator cuff muscles and 

the superficial muscles are the active stabilizers for the glenohumeral joint, while the capsule, 

ligament, and the glenoid labrum are the passive stabilizers. The glenoid labrum contributes to 

the depth of the glenoid fossa by 30% to 50% 4,5 and extends the contact surface area.6,7 Thus the 

labrum increases stability by 10% to 20%.4,8 The glenoid labrum also forms a periarticular band 

of ligamentous and tendinous tissue by serving as the insertion site for connective tissues.1,3 This 

mechanism is hypothesized as a tension brace against the humeral head translation9 and a passive 

stabilizer.10 In particular, the superior glenoid labrum is an anchoring point for the long head of 

the biceps tendon, which is a stabilizer of the humeral head on the glenoid during abduction.11 

The importance of the superior labrum-biceps complex in the stability and kinematics of the 

shoulders has been confirmed experimentally.12,13,14,15  
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Pathology of the Glenoid Labrum  

Most problems in the glenoid labrum are found in association with problems in other 

tissues in the glenohumeral joint. When the anteroinferior labrum is detached from the glenoid 

rim, the inferior glenohumeral ligament on the labrum is also detached, termed a ‘Bankart 

lesion’.16 This Bankart lesion has been observed commonly with an anterior dislocation.17 The 

tear between the posteroinferior labrum-ligament complex and the glenoid cartilage has been 

reported accompanying a multi or posterior shoulder instability.18,19 The lesion of the superior 

labrum occurs both in the anterior and the posterior regions of the biceps anchor on the superior 

labrum.20,21 This tear is often associated with dislocations,12 and/or rotator cuff tears.20,22  
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Tear on the Superior Glenoid Labrum  

With advanced clinical imaging techniques, pathologies of the glenoid labrum have been 

detected and the injury mechanisms have been actively theorized for the last three decades. Tears 

of the anterosuperior labrum from the glenoid were initially described by Andrews et al.21 Later, 

Snyder et al. termed this tear a SLAP tear to represent lesions of the superior labrum from 

anterior to posterior.20 SLAP tears are classified according to four or more types. 20,22,23 Although 

the reported incidence of each SLAP tear varies considerably depending on the literature,24,25 

there is a general agreement that the detachment of the superior labrum and biceps tendon from 

the underlying glenoid (Type II SLAP) is the most common symptomatic lesion of the superior 

labrum.9,20 

Although multiple hypotheses for the mechanism of injury have been proposed, the 

mechanism for the tear is not clearly understood. The large biceps tension results from the 

repeated throwing motion was suspected to be the primary cause of the SLAP tear.21 Grauer et 

al.26 suggested that both the humeral head compression and biceps tendon traction were 

implicated in the SLAP tear. In contrast, Snyder et al. 27 postulated that the combination of a 

compression force and subluxation force on the humeral head from the rotator cuff may cause 

SLAP tears. The ‘peel-back’ mechanism, that results in torsional force to the biceps tendon, has 

also been suggested as a possible cause of SLAP tears.28 In summary, both the translation of the 

humeral head and traction on the biceps tendon have been considered as the main factors in the 

causation of SLAP tears.  
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Approaches to Studying Superior Glenoid Labrum Tears 

Diverse traditional methods in the clinical fields have been used to test theories for the 

pathology of the superior glenoid labrum, and more recently interdisciplinary approaches have 

been introduced. The ideal approach would be to examine the behavior of the labrum thorough 

out the tissue during specific motions, and at specific joint positions in vivo. However, none of 

current techniques are ideal since each method has its own limitation. For example, the histologic 

examinations3,29,30 and the arthroscopic assessments3,24,27,30,31 of the glenoid labrum are useful to 

get insight into the structure and anatomical variations of the labrum. However, these techniques 

can explain neither the function of the labrum, nor the tear mechanism of the glenoid labrum 

directly. With the biomechanical studies of the material characteristics of the labrum itself,9,32,33 

of the labrum-biceps complex,34,35 or of the labrum after clinical treatment,36,37 the weaknesses in 

the glenoid labrum and the general mechanical behavior of the intact, or repaired labrum can be 

tested. The biomechanical observations of the labral behavior during certain motions38,39,40, or 

under specific condition 4,15,41 can also give insight into the role of the labrum and the risk for 

tears. The studies using cadavers limit the number of tests with the same specimen and allow 

only surface observations of the tissue. For these reasons, computational modeling has been 

suggested, 42,43,44 similar to other complex studies related to tissue 

mechanics.45,46,47,48,49,50,51,52,53,54,55,56,57,58  The most significant challenge to the computational 

approach is the need to determine the reliability of predictions by appropriate validation process.  
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Chapter Overviews  

This thesis proposes that the strain distribution predicted by a finite element model 

explains the mechanical behavior of the superior glenoid labrum. The validated finite 

element model for the glenohumeral joint including the humerus, glenoid, articular cartilages, 

labrum, and the biceps tendon predicts the strain pattern. Based on a demonstrated strong 

relationship between strain distribution in the tissue and tear propagation,59 how a factor 

contributes to the predicted stain distribution explains the impact of each factor on the 

development of tears in the superior labrum.  

The purpose of Chapter I is to present the current state of knowledge concerning the 

superior glenoid labrum. Chapter II is then validates a finite element model for the mechanism of 

tears in the superior glenoid labrum. Chapter III focuses on determining the risk of injury to the 

superior glenoid labrum due to the superior translation of the humeral head, as can be seen in 

cases of rotator cuff tears, combined with tensile loading on the long head of the biceps tendon. 

Chapter IV investigates the effect of tension on the long head of the biceps tendon on the 

propagation of the SLAP tear by observing the mechanical behavior of the torn superior glenoid 

labrum. Chapter V discusses the findings, strength, limitations, and future direction of this study. 

Finally, chapter VI provides a summary of the behavior of the superior glenoid labrum.  

To fulfill each purpose, multiple hypotheses are suggested and tested. The following 

working hypotheses will be tested.  
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Hypothesis in Chapter II:  

Superior translation of the humeral head and tension on the long head of the bicep tendon 

cause a displacement of the superior labrum relative to the glenoid and a concomitant 

increase in tissue strain. 

Hypotheses in Chapter III:  

(1) The regions of high strain in the labrum occur along a crescent in the mid-substance 

of the superior labrum corresponding to common superior labral lesions (types I and II) 

(2) Increasing load on the long head of the biceps tendon causes increased strain in the 

labrum. 

(3) The effect of superior humeral head translation on the increasing strain in the labrum 

is greater than the effect of biceps tension. 

Hypotheses in Chapter IV:  

(1) The regions of high strain in the torn labrum occur at the edge of the given tear. 

(2) Increasing load on the long head of the biceps tendon causes increased strain in the 

torn labrum regardless of the tear size. 

(3) The effect of the biceps tension on the increasing strain in the torn labrum is greater 

than that in the intact labrum.  
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VALIDATE A FINITE ELEMENT MODEL FOR THE PATHOLOGY OF 

THE SUPERIOR GLENOID LABRUM 
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Introduction 

More than 4.1 million patients present annually with symptoms related to the rotator cuff 

of the shoulder. After the third and fifth decades of life, approximately 30% and 80%, 

respectively, of patients will have rotator cuff tears,1 the most common injury to shoulder joints. 

Tears are frequently accompanied by an associated injury to the superior glenoid labrum.2 Tears 

of the superior glenoid labrum are believed to cause pain and mechanical symptoms of catching 

and locking in the shoulder. Treatments include debridement and/or repair of the labrum and 

release and tenodesis of the biceps tendon.  

Mechanically, the glenohumeral joint is capable of the largest range of motion in the 

human body. The large difference between the curvature and size of the humeral head compared 

with the glenoid requires both active stabilization by the rotator cuff muscles and passive 

stabilization by the concavity of the glenoid. The variation in cartilage thickness improves 
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congruency between the two bones3 as does the fibrocartilaginous labrum, which increases the 

surface area and glenoid depth.4,5 Similar to the meniscus of the knee and the labrum of the hip, 

the strain experienced by the labrum correlates with susceptibility to injury. However, in situ 

measurements of strain in the glenoid labrum remain difficult due to the small size of the tissue 

and its location between the glenoid cartilage, glenoid bone, and the humeral head. The role of 

both active and passive factors in stabilizing the glenohumeral joint, and observations that rotator 

cuff tears are associated with increased superior humeral head translation,6,7,8 suggest that a 

causal relationship may exist between rotator cuff pathology and increased strain in the superior 

labrum. 

In addition to its role as a passive stabilizer of the glenohumeral joint, the superior labrum 

is also contiguous with the origin of the long head of the biceps tendon.9,10,11 Increased biceps 

tension in activities like overhead throwing may alter glenohumeral kinematics12 and increase 

strain on the labrum.13,14  

The effects of superior humeral head migration and biceps tension on labral strain are not 

well established. Moreover, the effect of the constitutive model on the predicted mechanics of 

the labrum is not well understood. Previous studies that analyzed the distribution of stress and 

strain in the labrum used a linear, isotropic constitutive law and modeled the morphology of the 

labrum as a thin two-dimensional shell structure15 or derived the three-dimensional morphology 

from regular geometric shapes.13 The previous Gatti’s work16 demonstrated the efficacy of the 

finite element model in predicting the displacements and strain in the labrum during humeral 

head translation using a linear, transversely isotropic hyperelastic constitutive law. The present 

study extends this work by coupling nonlinear constitutive models of the labrum with a subject-

specific model of the morphology of the labrum, including the interface with and tension on the 
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biceps tendon. The purpose was to analyze the interaction of labrum mechanics and cuff 

dysfunction by (i) validating an extended finite element model with primary experimental data 

that includes the effects of biceps loading, (ii) determining the effect of the constitutive model on 

the predicted labral response, and (iii) predicting the strain distribution within the superior 

labrum. We hypothesize that superior humeral head translation, as can be seen in rotator cuff 

disease, and biceps tension may play a role in the development of labral pathology in patients 

with rotator cuff tears. The hypothesis will be supported if superior translation of the humeral 

head and tension on the long head of the biceps tendon causes a displacement of the superior 

labrum relative to the glenoid and a concomitant increase in tissue strain. 
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Methods 
 

A right shoulder with no signs of previous injury was obtained from a fresh-frozen 

cadaver (male, 84 years old) and dissected free of all soft tissue, except for the labrum, the origin 

of the biceps tendon, and the cartilages on both the glenoid and humeral head. The specimen was 

then scanned using a micro-CT system (GE eXplore Locus, GE Healthcare–Pre-Clinical 

Imaging, London, UK). Because the soft tissues were difficult to distinguish in the micro-CT 

images, the labrum and biceps tendon origin were then removed and the specimen was 

rescanned. A Boolean operation was then applied to the two image sets allowing segmentation 

and 3D reconstruction of the humeral head bone, humeral head cartilage, glenoid bone, glenoid 

cartilage, labrum, and the biceps origin using Amira (Visage Imaging, Inc., San Diego, CA).  

The segmented structures were converted to surface entities and smoothed before 

exporting them to Hypermesh (Altair Engineering, Inc., Troy, MI), a finite element pre-

processing tool. The bones were modeled using quadrilateral shell elements.17 The cartilages, 

labrum, and biceps origin were converted to hexahedral solid elements.16,18,19 To simulate the 

clinically precise biceps tensile vector, hexahedral elements were added to the distal end of the 

biceps tendon by following the biceps groove. The labrum was sectioned into superior, anterior, 

inferior, and posterior labrum. Each of the labral sections and the biceps tendon were assigned 

local coordinate systems to define the local fiber orientation.16 A mesh convergence study for the 

glenoid, glenoid cartilage, labrum, and biceps tendon was performed adjusting the mesh density 

to ensure the numerical stability of the result. The resulting finite element mesh contained 6071 

solid elements, 9331 shell elements, and 16261 nodes (Figure 2.1). Doubling the mesh density 

produced a strain difference of approximately 1% and a displacement difference of less than 1%, 

but caused a 10-fold increase in solution time.  
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Figure 2.1 - Three-dimensional finite element model of the glenohumeral joint, including 

the labrum-biceps complex. The humerus is shown in coronal view and was 
hidden in lateral view.  

 
 

Baseline material properties for each tissue were assigned based on the literature (Table 

1). The bones were modeled as rigid materials because of their relatively small deformations 

compared to other soft tissues and the modest loading conditions in our model.17 The cartilages 

were modeled as isotropic elastic materials.16,20 The labrum was modeled as a transversely 

isotropic material,21 since there is a difference of approximately two orders of magnitude 

between the modulus in the transverse plane and the circumferential direction.22 The labrum 

material coefficients for the hyperelastic model were obtained by fitting the neo-Hookean 

constitutive equation to an experimentally derived expression for uniaxial hyperelastic behavior 

along the fiber direction.19,23 Similarly, the biceps tendon was modeled as a transversely isotropic, 

hyperelastic material with an elastic modulus of 629 MPA.24 This modulus was chosen because 

it was obtained from a shoulder without rotator cuff tears at a location closer to the labrum than 

in other studies.25  
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Table 2.1 -   Baseline material properties of the components in a three dimensional model of 

the glenohumeral joint 
 

Anatomy Material Type Parameter Value References 

Humerus Rigid E 12 GPa 26 

Humeral 
Cartilage 

Isotropic elastic 

E 0.66 MPa 17, 20 

ρ 1075 kg/m3 16 

υ 0.08 17 

Labrum 
Transversely 

isotropic, 
hyperelastic 

ρ 1225 kg/m3 16 

C1 1.142 MPa 22 

C3 0.05 MPa 22 

C4 36 22 

C5 60.5 MPa 22 

λ* 1.138 22 

Biceps 
tendon 

Isotropic hyperelastic

ρ 1225 kg/ m3 16 

C1 0.138 MPa 24 

C3 0.002 MPa 24 

C4 0.061 MPa 24 

C5 0.641 MPa 24 

λ* 1.100 24 

Glenoid 
Cartilage 

Isotropic elastic 

E 1.7 MPa 16, 27 

ρ 1075 kg/m3 16 

υ 0.018 16 

Glenoid Rigid E 100 MPa 28 
 
 

Boundary conditions for the finite element model were chosen to simulate the 

experimental conditions. The basic experimental protocol was published previously16 and was 

extended to include biceps loading (Figure 2.2). We positioned the humerus in 30˚ of 

glenohumeral abduction in the scapular plane with neutral humeral rotation. A compressive force 

of 50 N in the medial direction was applied to seat the humerus in the glenoid cavity.4,16 Next, 

either 0 N or 22 N was applied to the distal end of the biceps tendon. A 22 N load was chosen 

because this load was shown to affect glenohumeral range of motion and kinematics.12,16 Finally, 
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the humerus was translated in the superior direction relative to the glenoid between the starting 

position and a peak displacement. Peak displacement ranged 1-5 mm in increments of 1 mm. The 

superior direction was determined by drawing a line from the center of the glenoid to the biceps 

tendon attachment.29 This range of displacements was used to validate the model across the 

spectrum of humeral head displacements that occur in healthy shoulders and ones with massive 

rotator cuff pathology.7 The non-sliding interfaces were modeled using tied contact. All sliding 

interfaces were modeled using frictionless, surface-to-surface contact due to the low coefficient 

of friction in synovial joints.19  

 
Figure 2.2 - Testing fixture for the validation experiment. Details of the basic experimental 

methods have been reported.16 On top of this setting, 22 N of tensile loading 
was tested by attached to a 2.2 Kg weight at the end of the nylon rope.  

 
 
The dynamic finite element analyses were performed using LS-DYNA Explicit 

(Livermore Software Technology Corp., Livermore, California). The predicted labral 

displacements were compared with data from a cadaver experiment. Since the experimental 

displacement was measured using plain radiographs parallel to the glenoid plane, the 
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displacement component in the out-of-glenoid plane was not used when determining the labrum 

displacement from the finite element analysis. The model also predicted the effective strain in 

the labrum as a function of the humeral head translation both with and without biceps tension. 

The effective von Mises strain was chosen because it is a scalar quantity representing the 

combined effect of all the components of the material strain tensor and indicative of the energy 

required to distort the material.30 After averaging the effective strain for all elements within 

designated cross-sections through the labrum, we identified the average strain profile 

circumferentially along the superior labrum.  

We also performed the material sensitivity test to assess the influence of the constitutive 

model and elastic moduli of both the labrum and articular cartilages on the prediction of the 

labral behavior.31 The transversely isotropic hyperelastic constitutive model for the labrum was 

replaced with a transversely isotropic linearly elastic model.22,32 Additionally, the effect of the 

labrum fiber stiffness was tested over a range of ±1 published standard deviation22 using the 

hyperelastic model. The coefficients for the transversely isotropic, nonlinear hyperelastic 

constitutive law23 used for the superior, anterior, inferior, and posterior labrum were calculated 

from 21.3 ± 9.4, 15.4 ± 5.0, 19.3 ± 5.9, and 20.9 ± 14.8 MPa of Young’s modulus, respectively. 

Similarly, effects of the cartilage material law were tested by replacing the isotropic elastic 

model with a hyperelastic model and by varying the Young’s modulus (0.66 ± 0.09 MPa, 1.7 ± 

0.75 MPa) and Poisson’s ratio (0.08 ± 0.06, 0.018 ± 0.026) over a range of ±1 standard 

deviation.27,33,34  

The effect of the humeral head displacement, position along the labrum, and biceps 

tension on the labral displacements from the experimental protocol were assessed using repeated-

measures 1-way ANOVAs. The effect of the constitutive model on the labral behavior was 
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assessed based on the predicted displacement and strain by finite element analysis. To validate 

the finite element model, we performed a linear regression analysis between predicted (finite 

element model) and observed (six experimental specimens) displacement of the labrum. The 

labral displacements were compared at each position along the labrum in each biceps tension 

condition with each humeral head displacement. All statistical analyses were performed using 

SPSS Version 20 (IBM Corp, Armonk, New York), with significance set at 0.05.  
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Results 
 
Effect of humeral head displacement 
 

Displacement of the labrum relative to the glenoid was significantly affected by superior 

translation of the humeral head (P < 0.0002) and position along the labrum (P < 0.01). The 

displacements predicted by the model with baseline material properties fell within 1 standard 

deviation of the labral displacements measured in the experiments (Figure 2.3). The predicted 

displacements were strongly correlated with the mean from the experiments at each position 

along the labrum for 0 N (r = 0.68, P < 0.01) and 22 N (r = 0.84, P < 0.01) of biceps tension. The 

highest displacements were observed at the biceps origin on the labrum. As the distance from the 

biceps origin along the labrum increased, the labral displacement also decreased. With increasing 

humeral head translation, labral displacement also increased. 

 

Effect of tension on the long head of the biceps tendon 

Tension on the biceps increased displacement of the labrum. With biceps loading, a shift 

was observed in the location of the maximum labral displacement from the anterior to the 

posterior labrum (Figure 2.3). The maximum mean and standard deviation of labral 

displacements in the loaded condition were 2.1 mm and 1.5 mm, while those values were 1.2 mm 

and 0.8 mm in the unloaded condition in the experimental data. With biceps tension, the 

predicted displacements differed from the mean of the experimental data by 0.1 mm and 

followed the same trend as the measured displacement profile along the labrum. The maximum 

difference between predicted and observed displacements occurred at the insertion of the biceps 

tendon on the labrum.  
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Figure 2.3 - Displacement profile of the superior labrum determined from the finite element 

model and experiments (average ± 1standard deviation) for 5mm of superior 
humeral head translation (a) with 22 N biceps load and (b) in the absence of 
biceps load on the long head of the biceps tendon at (c) different locations along 
the superior labrum. The labrum is shown in lateral view.    

(c) 

(a) 

(b) 

Anterior Posterior 

Inferior 

Superior 
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Effect of constitutive model  

Compared with the elastic material law, the hyperelastic law for the labrum provided a 

smaller difference from the measured displacement (Figure 2.4a). Changing the labral 

constitutive law from hyperelastic to elastic increased the root mean square deviation between 

the mean experimental displacements and the predictions for the 22 N biceps tension (0.061 to 

0.207 mm) and in the absence of biceps load (0.141 to 0.144 mm). Changes in the constitutive 

law for the labrum had a greater effect on the labral displacement and strain patterns than varying 

the material parameters for the labrum (Figure 2.4). Varying the modulus of the labrum by 1 

standard deviation in the hyperelastic model resulted in a change of <0.1 mm in labral 

displacement and less than ±1% in strain. The constitutive laws and the parameters for the 

articular cartilages had minimal effect on both labral displacement and strain patterns. Altering 

the constitutive model and varying both the moduli and Poisson’s ratio by 1 standard deviation 

of the values reported in the literature for the cartilages resulted in differences of <0.1 mm in 

displacement and <1% in strain.  

 

Strain pattern 

The finite element model predicted the region of highest strain in the superior labrum at 

the interface with the glenoid cartilage and glenoid bone along a crescent from approximately -

20° (posterosuperior) to +40° (anterosuperior) with respect to the inferior-superior axis (Figure 

2.4b). This high-strain region also extended through the labrum from the interface surface to the 

free surface in a radial direction (Figure 2.5a, inset). The peak average strain was located at 0° 

below the origin of the biceps tendon with a magnitude of 17%. 
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Figure 2.4 - The effect of variation in the labrum material parameters by ±1standard 
deviation on (a) the labral displacement and (b) the average strain through the 
cross section of the labrum due to 5mm of superior humeral head translation and 
22 N of biceps loading at (c) specific locations along the superior labrum. The 
dashed line in (a) denotes the experimental standard deviation. The error bars 
(solid lines) in (a) and (b) were calculated from varying properties for the 
computational data. The labrum is shown in lateral view.     

(a) 

(b) 

(c) 

Anterior Posterior

Inferior

Superior 
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Figure 2.5 - Comparison between (a) the strain distribution predicted by the model with 22 N 
biceps tendon load and 5 mm of superior humeral head displacement and (b) a 
clinical observation of a superior labrum anterior posterior lesion. HH, humeral 
head; B, biceps tendon; G, glenoid; SAL, superoanterior labrum; SPL, 
superoposterior labrum. A lateral view of the von Mises 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.    

  

(a) 

(b) 
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Discussion 

The hypothesis that humeral head translation, as can be seen in rotator cuff diseases, and 

tension on the biceps tendon may play a role in the development of labral pathology was 

supported by the rise in both superior labrum displacement and strain. The finite element model 

predicted a displacement profile that fell within 1 standard deviation of the labral displacements 

measured by cadaveric testing (Figure 2.3). The area of the highest predicted strain in the labrum 

also matched the clinical presentation of the most common superior labrum pathology (Figure 2. 

5). The parametric sensitivity studies suggested that the labral strain pattern was not sensitive to 

the changes in material properties of 1 standard deviation for either the labrum or the articular 

cartilages (Figure 2.4). The average strain in each location was only affected by altering the 

constitutive model of the labrum (Figure 2.4). Therefore, it demonstrates strong potential for 

utilizing the finite element model to illuminate the mechanism of the superior labral tears 

secondary to rotator cuff tears.  

Differences between the predicted and observed labral displacements may be explained 

by anatomic variations of the labrum. Firstly, the maximum difference between predicted and 

observed displacement occurred at the anchor of the biceps tendon and posterosuperior labrum 

(Figure 2.4). The biceps anchor on the superior labrum has been reported to have a highly 

variable morphology due to age-induced morphological adaptation.35,36,37 Moreover, the 

attachment of the biceps tendon was slightly posterior in the specimen used for the current finite 

element model compared with the specimens used for cadaveric testing. Thus, the 

posterosuperior labrum would experience higher loads and displacement during biceps loading. 

Secondly, most values predicted by the finite element model were greater than the measures of 

displacement except for the 20º and 40º locations (Figure 2.4). This is explained by the relatively 
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small morphological volume of the anterosuperior labrum tissue in the specimen for the current 

finite element model. The radial thickness of the labrum at 20º and 40º in the shoulder used for 

modeling was (3.1 mm) compared with the thickness of the labrum (7.8 ± 1.3 mm) reported in 

the literature.27,32 Thus, the force must pass through a smaller cross sectional area of tissue 

leading to higher tissue strains. Consequently, these results suggest that the displacement 

response of the labrum to superior humeral head translations is sensitive to labrum morphology 

and the attachment site of the biceps tendon. 

This study suggests that the biceps tension may also serve an important role in labral 

tears. With biceps loading, the location of the maximum labral displacement moved from the 

anterior to posterior attachment of the biceps tendon (Figure 2.4). The location of the maximum 

displacement caused by biceps tension corresponds to the clinical description of a superior labral 

tear, which runs from the anterior side to the posterior side in the superior labrum.38 The 

variability in the experimental data increased due to the biceps tension (Figure 2.4). It 

demonstrates that the direction of the load vector and the attached location of the biceps tendon 

may significantly affect labral behavior. This argument is supported by reports that the direction 

of biceps tension creates significant differences in the generation of superior labral tear39 and that 

the anchor location of the biceps tendon influences the location of high stress on the labrum.13   

Variation in constitutive models resulted in similar strain profiles, which shows the 

robustness of the current finite element model for predicting the strain response of the labrum. 

The strain pattern was not affected by changes in the constitutive models for either the labrum or 

the articular cartilages, or by changes of 1 standard deviation in the moduli for either tissue. The 

alteration of the constitutive model for the labrum from the hyperelastic to the elastic model, 

however, reduced the value of the labral strain. This finding is reasonable since, for the same 



31	
	

Young’s modulus under the same stress conditions, the strain on hyperelastic material would 

exceed that on elastic material due to the toe region in the hyperelastic response. 

The strain distribution predicted by the validated finite element model compares 

favorably with those of clinical and the experimental studies. The model predicts the region of 

the highest strain on the labrum at the interface with the glenoid cartilage and glenoid bone from 

approximately -20° to +40°. This high-strain region also extended through the labrum from the 

interface to the free surface in the radial direction. The area of the highest strain matched the 

location of the initial superior labral tear, and the strain distribution within the labrum in the 

radial direction corresponds with the most common type-II superior labral tear (Figure 2.5). The 

maximum strain with the current loading condition was approximately 17%. Cadaveric studies 

on the effects of shoulder instability during overhead throwing measured maximum strains in the 

labrum of approximately 24%.14 The average strain for stable versus unstable shoulders was 10% 

and 17%, respectively. A previous computational labral model reported strains of 14% at 3 mm 

without consideration of the biceps tension, after conversion from a logarithmic strain to the von 

Mises strain.16 In contrast, the mean strain at failure was reported for the human shoulder labrum 

as approximately 40%,22 and from the human hip labrum as approximately 50%.40 These failure 

strains are much higher than the strains predicted by the current model. Therefore, both the 

pattern and the magnitudes of the predicted strain compare well with those reported by previous 

studies. 

Some assumptions were made regarding geometry and material properties during the 

development of the current finite element model. The appearance of the labrum in micro-CT 

images is similar to the surrounding soft tissues, necessitating identification of the boundary of 

the labrum by surgeons. Nevertheless, there is still a potential impact of error in labeling of the 
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labrum.15 In addition, we used previously published data for determining material properties, but 

the reported material parameters show great variation among studies and among samples within 

those studies, which could have caused errors in estimating the value of the strain in the labrum. 

Overall these errors may affect the magnitude of the strain predicted by the model. However, we 

have shown that they have minimal impact on the relative distribution of strain in the labrum. 

 This finite element model correlated well with the experimental measures and predicted 

labral strains consistent with superior labral pathology. The model results demonstrate that 

increasing both biceps tension and superior humeral head translation also increased the labral 

displacement. Thus, computer models may provide further insight into the mechanism of labral 

injury as a function of biceps tension and superior humeral head translation.  
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CHAPTER III 

 

EFFECTS OF BICEPS TENSION AND SUPERIOR HUMERAL HEAD 

TRANSLATION ON THE SUPERIOR GLENOID LABRUM 

 

(Submitted to the Journal of Orthopaedic Research) 

 

 

Introduction 

Pathologic changes of the superior shoulder labrum are common, yet poorly understood. 

The most common type of pathology is a fraying or partial tearing of the labrum, coined a type-I 

tear by Snyder et al in 1995.1 However detachment of the labrum from the superior glenoid bone, 

classified as a type-II tear, is considered the most common symptomatic injury. These injuries 

are thought to occur from sudden, excessive loads or from repetitive micro-trauma 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 commonly seen in association with rotator 

cuff tears, where they may be secondary to pathologic joint loading which occurs as a result of 

the loss of rotator cuff function.2 They can also occur in athletes or laborers with high loads 

across the joint and in the long head of the biceps tendon.  
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Understanding the factors leading to labral tears would better inform current treatments, 

which include repair, partial removal, or biceps tendon detachment, for patients with these 

conditions. However, the pathomechanics of these tears and the relationship to humeral head 

translation and loading of the biceps tendon are unclear. It has not been possible to adequately 

study the interaction of these factors in vivo or in a cadaveric model, making it an appropriate 

application for a computational model. This study reports on the further development and 

implementation of a finite element model of the superior labrum.  

The purpose of this study was to understand the risk of injury to the superior glenoid 

labrum due to 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. We hypothesized that: (1) the regions of high strain in the labrum occur along a crescent 

in the mid-substance of the superior labrum corresponding to common superior labral lesions 

(types I and 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 hypotheses are tested using a finite 

element model with material models that have been validated by comparison with mechanical 

testing of cadaveric specimens.3,4 Risk for labral tearing is considered higher in areas of high 

tissue strains. 
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Methods 

Development of a Finite element Model  

A fresh frozen cadaveric shoulder (84-years-old) was dissected free of all soft tissue, 

leaving the scapula, humerus, labrum, long head of biceps tendon, and the articular cartilage 

intact. Using the GE eXplore Locus (GE Healthcare--Pre-Clinical Imaging, London, Canada) 

micro-CT system at a voxel size of 93 µm, the glenohumeral joint was scanned. The images 

were reconstructed at a resolution of 186 µm using a cone-beam back-projection algorithm. 

Segmentation and three-dimensional (3D) reconstruction were performed using commercial 

software (Amira 5.3, Visage Imaging, Inc., San Diego, CA). The 3D reconstructions were 

smoothed to remove poorly formed surfaces and segmentation artifacts. 

The finite element mesh was generated from the reconstructed surface using a 

preprocessing tool (Hypermesh 10, Altair Engineering, Inc., Troy, MI, USA) and previously 

validated threshold settings.3,4 The bones were modeled using rigid quadrilateral shell elements. 

The cartilages, labrum, and biceps tendon were converted to hexahedral, solid 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 head of the humerus and through the bicipital groove (Figure 

3.1). Mesh densities were determined by convergence studies.4 

The labrum was modeled as transversely, isotropic, hyperelastic material5,6 with four 

Young’s moduli (21.3, 15.4, 19.3, and 20.9 MPa for superior, anterior, inferior, and posterior 

labrum, respectively).4,6 The biceps tendon was modeled as an isotropic, hyperelastic material 

with an elastic modulus of 629 MPa based on previous cadaveric experiments on shoulders 

without rotator cuff pathology. 7 Cartilage was modeled as an isotropic elastic material (0.66 and 

1.7 MPa for humerus and glenoid, respectively)8,9 and bones were modeled as rigid materials.10,11  
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Figure 3.1 - A hexahedral finite element model of the glenohumeral joint, including the 

long head of biceps tendon. The humerus was positioned in 30˚ of 
glenohumeral abduction in the scapular plane with 0˚ humeral rotation. The 
humerus was shown in coronal view and was hidden in lateral view.  

  
 

Loading Conditions 

The humerus was positioned in 30˚ of glenohumeral abduction in the scapular plane with 

neutral humeral rotation.3 The medial surface of the glenoid was constrained in all six degrees of 

freedom. A 50-N compressive load was applied to the humeral head in the medial direction to 

seat the humerus in the glenoid cavity.3,12 We considered this location the zero position of the 

humerus. Next, the humerus was held at the zero position and the desired tension was applied to 

the free end of the biceps tendon and directed along the force vector of the biceps muscle. While 

maintaining the compression and the biceps tension, the humerus was superiorly translated up to 

5 mm.4  This amount of humeral head displacement was chosen to encompass the range of 

displacements encountered clinically in patients with massive rotator cuff disease.13 
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We tested four conditions for the biceps tension: 0 N, 22 N, 55 N, and 88 N. A 22 N load 

was chosen because it was shown to affect glenohumeral range of motion and kinematics.14 A 

55-N load was used because it represents the force of maximum isometric contraction calculated 

from physiologic cross-sectional area of the long head of the biceps muscle.15 We also tested 88 

N of tensile loading16 to evaluate the effects of increased force generation during stretch of an 

activated muscle capable, or an eccentric contraction, when whole muscles are capable or 

resisting to 160% of the force from a maximal isometric contraction.17  

 

Dynamic Analyses and Statistics 

Analyses were performed using LS-DYNA/Explicit version mpp971d (Livermore 

Software Technology Corporation, Livermore, CA). All sliding interfaces were modeled using 

frictionless, surface-to-surface contact due to the low coefficient of friction in synovial joints.18  

During biceps loading and humeral head translation, we predicted the von Mises strain 

since 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 performing a volume-weighted average of the von 

Mises strains for the elements within that cross-sectional area. 

A regression model was used to assess for main effects as well as interactions on the 

strain. The main effects were humeral head displacement, position along the labrum, and tension 

on the long head of the biceps tendon. Repeated measures one-way analyses of variance were 

then used to assess the significance of each effect. All statistical analyses were performed using 

SPSS Version 20 (IBM Corp, Armonk, New York) with the significance set at the 0.05 level. 
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Results 

Finite element Predictions of Strain in the Labrum 

The highest strain in the superior labrum occurred at the interface with the glenoid 

cartilage and glenoid bone along an arc from approximately -20° to +40° with respect to the 

inferior-superior vector (Figure 3.2d). The high-strain region also extended radially through the 

labrum from the cartilage interface surface to the free surface (Figure 3.2d, inset). This strain 

pattern corresponds well with an arthroscopic image of a type-II SLAP (superior labral anterior-

posterior) lesion (Figure 3.3).  

 
Figure 3.2 - Strain distribution after application of a 50 N compressive load on the humeral 

head with the following conditions of superior humeral head translation and 
biceps load: (A) 0 mm, 0 N; (B) 5 mm, 0 N; (C) 0 mm, 88 N; and (D) 5 mm, 88 
N. A lateral view of the von Mises 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.    

 

(a) (b)

(c) (d)
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Figure 3.3 – Arthoscopic view from the same angle as Figure 3.2 showing that the strain 

patterns predicted by the model correlate well with arthroscopic observations of 
a type-II SLAP lesion. 

 

Effect of Biceps Tension on Labrum Strain  

When the load on the biceps was increased, strain in the superior labrum increased in the 

labrum (Figures 3.2 and 3.4). 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 (Figures 3.2c and 3.2d, insets). Increasing the biceps load caused an 

increase in the strain magnitude in the circumferential direction and involved more of the 

superior labrum from -40º to +40º (Figures 3.2c and 3.2d). The highest strain was located at 0˚ 

with respect to the inferior-superior vector (Figure 3.4). Increasing the biceps tension from 0 N 

to 88 N increased the strain by a factor of 27% at 0 mm and 40% at 5 mm of humeral head 

displacement (Figure 3.4). The region of the labrum with the highest strain was independent of 

the magnitude of the biceps load (Figure 3.4).  
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Figure 3.4 - Strain in labrum due to tension on the biceps tendon at (a) 0 mm and (b) 5 mm of 

humeral head translation.  
 

Effect of Superior Humeral Head Translation  

Increasing the translation of the humeral head in the superior direction caused an increase 

in the strain in the superior labrum (Figures 3.4 and 3.5). We observed the strain at 0˚ along the 

inferior-superior vector, coincident with the area of the highest strain (Figure 3.5). Translation of 

the humeral head from 0 mm to 5 mm resulted in an increase in strain in excess of 100% for each 

magnitude of long head of biceps load (Figure 3.5).  

0
0.02
0.04
0.06
0.08
0.1

0.12
0.14
0.16
0.18
0.2

-40° -20° 0° 20° 40°

S
tr

ai
n

 a
t 

0m
m

Location on labrum

0N Tension

22N Tension

55N Tension

88N Tension

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

-40° -20° 0° 20° 40°

S
tr

ai
n

 a
t 

5m
m

Location on labrum

0N Tension

22N Tension

55N Tension

88N Tension

(a) 

(b) 



45	
	

 
Figure 3.5 – Von-Mises Strain in labrum due to humeral head translation. 

 

Statistical Analysis  

The strain predicted at each cross section through the labrum in the radial direction was 

significantly affected by superior translation of the humeral head (p < 0.001), position along the 

labrum (p < 0.001), and biceps load (p = 0.002). A linear regression analysis for predicting the 

average strain in a cross section through the labrum resulted in R = 0.739. The model was strain 

= 0.04 + 0.013 × humeral head translation [mm] + 0.00381 × biceps tension [N] + 0.000332 × 

location along the labrum [degrees]. 

 

  

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0mm 1mm 2mm 3mm 4mm 5mm

S
tr

ai
n

 a
t 

0°

Humeral head displacement

0N tension

22N tension

55N tension

88N tension



46	
	

Discussion 

The purpose of our study was to predict the risk of injury to the superior labrum, which 

may occur in patients with rotator cuff tears and from loading of the long head of biceps tendon. 

Pathologic loading of the labrum was simulated by superior humeral translation while the risk for 

labral tear was determined by predicting strain in the superior labrum with a constant tension 

applied to the long head of the biceps tendon. The highest strains in the labrum were found along 

a crescent in the mid-substance of the superior labrum in the area where these tears are most 

commonly seen clinically (Figure 3.2). Increasing load on the biceps tendon correspondingly 

increased strain in the labrum (Figures 3.4 and 3.5). The effect of humeral head translation on 

increasing the labral strain is greater than the effect of the biceps tendon tension. Therefore, this 

study supports the mechanistic hypothesis that a superior lesion (SLAP tear) may occur as a 

result of superior migration of the humeral head regardless of amount of the 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 

and colleagues generated a Bankart lesion, an avulsion of the anteroinferior glenoid labrum, and 

then sutured the damaged tissue.19 They found that increased instability caused greater strain on 

the labrum. Similarly, the current model shows that the strain in the superior labrum increased 

with increasing humeral head migration in the superior direction (Figures 3.4 and 3.5). In the 

current model, a compressive force between the humeral head and the glenoid cavity combined 

with superior translation of the humeral 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 superior glenoid bone (Figure 3.2). 
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This loading pattern consisting of combined shearing and avulsion loads would result in 

localized detachment of the labrum from the underlying glenoid consistent with a type-II SLAP 

lesion (Figure 3.3)  

The finite element 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, the 

labrum transfers the load from the biceps tendon to the glenoid bone and cartilage on the superior 

edge of the glenoid in the radial direction. At 50 N of compressive force between the humeral 

head and glenoid and no biceps load prior to superior translation of the humeral head, the strain 

field in the cross section of the labrum is relatively low (Figure 3.2a, inset). When the load on the 

biceps is increased under these conditions, strain also increases in the cross section of the labrum 

(Figure 3.2c, 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 (Figure 3.2c, inset). Similarly, comparing 0 N of biceps load at 5 mm of humeral 

head translation (Figure 3.2b, inset) with 88 N of load at 5 mm of translation (Figure 3.2d, inset), 

there is a high-strain pathway 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 the anterior and posterior directions. At 0 N of biceps load and 50 N 

of compressive force (Figures 3.2a and 3.2b), the model predicted low levels of strain in the 

circumferential direction from -20º to +20º. Increasing the biceps load causes an increase in the 

strain magnitude in the circumferential direction and involves more of the superior labrum from -

40º to +40º (Figures 3.2c and 3.2d).   
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While the strain magnitudes predicted by the current model using physiologic loading 

levels are lower than what would be expected to result in an acute tear, they do support the 

theory of repetitive micro-trauma, also known as tissue fatigue, in the development of superior 

labrum pathology. In this scenario, repetitive loads below the one-time failure level result in 

tissue tearing over time due to accumulated damage. Previous cadaveric studies on the effects of 

shoulder instability during overhead throwing measured labrum strains up to 24%. The average 

strain for stable versus unstable shoulders was 10% and 17%, respectively.19 A previous 

computational model of the labrum reported mean strains of 14% at 3 mm of humeral head 

displacement after conversion from logarithmic strain to Green strain.3 The current model 

predicts a mean strain of 13% at 3 mm and 14% at 5 mm of humeral head displacement in the 

absence of a biceps tendon. With a biceps load of 88 N, the peak mean strain was 17% at 5 mm 

of humeral head displacement. Therefore, the strain magnitudes predicted by the current model 

compare well with those reported by previous computational and experimental studies. However, 

the mean strain at failure for the labrum from human hip is approximately 50%.20 Similarly, the 

failure strain for isolated tissue samples of labrum from human shoulders is approximately 40%.6 

These failure strains are much higher than the peak localized strains predicted by the current 

model that range from 17% at 0 N biceps load to 25% at 88 N biceps load. Consequently, this 

model suggests that repetitive micro-trauma or tissue fatigue would be necessary to cause a mid-

substance failure of the labrum. It is also possible that single loads at levels well above those 

modeled could lead to failure strains in the labrum and at the bone labrum junction. 

The higher strain on the anterior side compared to the posterior side (Figure 3.4) can be 

explained from anatomic characteristics of the specimen used to construct the finite element 

model and the path of humeral head migration. The volume of labrum on the posterior side was 
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larger than that on the anterior side in our specimen. The radial thickness of the anterosuperior 

labrum in the specimen was also smaller (3.1 mm) compared with the thickness (7.8 ± 1.3 mm) 

reported in the literature.8 Consequently, the force must pass through a smaller cross-sectional 

area of tissue leading to higher tissue stresses and strains. Meanwhile, the larger volume of the 

posterosuperior labrum would lead to smaller stresses and strains. In addition, if the humeral 

head were translated in a more posterior-superior direction, the posterior labrum likely would 

have registered higher strain levels. 

The strain pattern was mainly affected by the magnitude of humeral head translation. The 

shape of the strain curve as a function of humeral head translation (Figure 3.5) is determined by 

the size of the contact surface between the humeral head and the labrum. At 0 mm of humeral 

head translation, the contact area is primarily on the glenoid cartilage and the superior labrum. 

With increasing humeral head translation, the contact area moves superiorly onto the superior 

labrum. For low biceps loads, the periphery of the labrum is relatively unconstrained 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 humeral 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 humeral head and the 

superior labrum increases the contact area between the humeral head and the labrum, which in 

turn increases the strain in the labrum. The model also demonstrated that increasing the load on 

the biceps tendon from 0 N to 88 N increased the total strain in the labrum by 27% at 0 mm and 

40% at 5 mm of humeral head displacement (Figure 3.4).  
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There are a number of limitations to this study. The interfaces of the labrum with the 

glenoid bone, cartilage, and capsule are complex. So it was necessary to make simplifying 

assumptions to develop a finite element model. 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.6 Errors in approximating the stiffness of the 

material would affect the magnitude of strain, but not the overall tendency of the 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. 

A third limitation of the model is the response of the long head of biceps muscle. The 

biceps tendon travels superiorly over the head of humerus 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 humeral head. When skeletal 

muscle is activated and stretched, an eccentric contraction, the muscle force may increase by 

60% compared to the isometric load.17 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 demonstrate the response of the labrum over a range of humeral head 

translations (0 mm to 5 mm) as well as a range of muscle forces that span 0% to 160% of peak 

isometric force in muscle. Therefore this study predicts the trends in the stress-strain state for the 

labrum for likely physiologic ranges of biceps loads and humeral head displacements but does 

not predict a specific biceps load or loading pathway as a function of humeral head position. 
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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 

physiologic conditions, superior translation of the humeral head results in higher labral strains 

than does biceps tendon loading. The predicted strain pattern is consistent with tears in the 

superior labrum described clinically. Maximum predicted strain lower than the failure strain 

suggests that repetitive micro-trauma 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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CHAPTER IV 

 

EFFECT OF BICEPS TENSION  

ON THE TORN SUPERIOR GLENOID LABRUM 

 

(In preparation for Journal of Sports Medicine) 

 

 

Introduction 

The lesion of the Superior Labrum extending from Anterior to Posterior (SLAP) is a 

traumatic tear in the superior glenoid labrum, which may include the attachment of the long head 

of the bicep tendon. This tear can contribute to significant pain and disability in the shoulder.1,2 

The SLAP tear is classified according to four or more subtypes.3,4,5 Among them, the tear 

involving detachment of both the superior labrum and the biceps tendon from the glenoid has 

been reported as the most common lesion.3,6,7,8  

In numerous biomechanical studies of the tear mechanism, both the motion of the 

humeral head and the traction on the biceps tendon have been generally implicated as 

predominant factors in SLAP tears. When SLAP tears were first described, it was hypothesized 

that they resulted from the traction imposed on the biceps tendon during repeated throwing 

movements.9 Later, multiple mechanisms were suggested for the creation of the SLAP tear: the 
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combination of humeral head compression and the biceps tension10; the pinched and compressed 

glenohumeral joint with internal impingement11; and the pulled and twisted biceps tendon.12  

However, there is still a knowledge gap concerning how the biceps tension affects the 

SLAP tear pathology, and thus the optimal treatment of the biceps tendon following the SLAP 

tear. By testing the labral strain at a specific phase during certain motions, most researchers 

agree that biceps tension causes the SLAP tear13,14,15,16. Therefore, the portions of an activity at 

high risk for generating a SLAP tear were identified. However, a governing principle for the 

effect of biceps tension on the initiation of a SLAP tear could not be determined. Moreover, none 

of those studies observed either the strain inside of the labrum tissue or the behavior of the 

labrum with an existing SLAP tear. Most experimental studies focus on the genesis of the SLAP 

tear, so theories on the propagation of SLAP tears were neither suggested nor tested. In addition, 

Costa et al. reported a simple traction of the biceps tendon does not play a role in the initiation of 

the SLAP tear.17 The lack of clear understanding concerning the role of biceps tension on the 

SLAP tear mechanism leads to debates among surgeons on the proper treatment for the biceps 

tendon among the following: arthroscopic repair, debridement, tenodesis, tenotomy, or solely 

observation.18, 19, 20, 21  

 Therefore, the purpose of this study was to understand the role of the tension on the long 

head of the biceps tendon on the propagation of SLAP tears by studying the mechanical behavior 

of the torn superior glenoid labrum. We hypothesized that: (1) the regions of high strain in the 

torn labrum occur at the edge of the given tear; (2) increasing load on the long head of the biceps 

tendon causes increased strain in the torn labrum regardless of the tear size; and (3) the effect of 

the biceps tension on the increasing strain in the torn labrum is greater than that in the intact 

labrum. These hypotheses are tested by extending a validated finite element model22 to 
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investigate the strain distribution inside of the labrum tissue.  The extended model includes a 

glenoid labrum with SLAP tears of different sizes. The tear on the glenoid labrum is introduced 

to simulate detachment of the superior labrum including the detachment of the biceps tendon 

from the glenoid rim, the most common SLAP tear.3,8 
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Methods 

Development of an Intact Model  

The more detailed information about the development of an intact finite element model 

was provided by previous paper.22 The scapula, humerus, labrum, long head of the biceps tendon, 

and the articular cartilages from a fresh frozen cadaveric shoulder were scanned to develop a 

three-dimensional finite element model of the glenohumeral joint having an intact glenoid 

labrum. The scanned micro CT images by GE eXplore Locus (GE Healthcare--Pre-Clinical 

Imaging, London, Canada) were segmented and smoothed into each tissue component using 

commercial software (Amira 5.3, Visage Imaging, Inc., San Diego, CA). Based on surface 

information of each tissue, the finite element mesh was generated by a preprocessing tool 

(Hypermesh 10, Altair Engineering, Inc., Troy, MI, USA). Mesh density and material properties 

were defined according to previously validated settings.22 Shell elements were used for the bones 

and hexahedral elements for the soft tissues. At the lateral end of the biceps anchor-labrum 

complex, hexahedral elements were added to extend the tendon over the humeral head and 

through the bicipital groove (Figure 4.1). Bones were assumed as rigid materials23,24 and 

cartilages were modeled as an isotropic elastic material (0.66 and 1.7 MPa for the humerus and 

the glenoid, respectively).25,26 The glenoid labrum was sectioned into superior, anterior, inferior, 

and posterior labrum having four different elastic modulus (21.3, 15.4, 19.3, and 20.9 MPa, 

respectively)22,27 and assumed as a transversely isotropic, hyperelastic material.5,6 The behavior 

of the biceps tendon was expressed by an isotropic, hyperelastic material with an elastic modulus 

of 629 MPa.28 All sliding interfaces were modeled using frictionless, surface-to-surface contact 

due to the low coefficient of friction in synovial joints.29  
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Figure 4.1 - A validated finite element model of the glenohumeral joint with SLAP tears 

introduced at the interface between the glenoid and the superior labrum.  
 

Type II SLAP tear models 

Type II SLAP, the most common SLAP, tear models were introduced in the intact model. 

Three different sizes of tears in the superior labrum were introduced at the interface with the 

glenoid rim along an arc (Figure 4.2). The small tear was introduced between -10° to +10° with 

respect inferior-superior vector.4 The medium tear ran from -30° to +30°, 30,31 while the larger 

tear ran between -60° to +30°.30 Tears were introduced by creating the physical separation 

between the desired portion of the superior labrum and the corresponding portion of the glenoid 

bone and cartilage. The shared nodes among the superior labrum and the glenoid rim in the intact 

model were duplicated to permit motion of the elements at the plane of separation. The other 

portions of the model including mesh density, boundary conditions, material properties, and 

contact definitions were not changed from the intact finite element model. 
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Figure 4.2 - The labrum component in the models of the glenohumeral joint showing (a) a 
small SLAP tear model; (b) a medium SLAP tear model; and (c) a large SLAP 
tear model. PE, posterior edge; AE, anterior edge of the SLAP tear. The light 
green is for biceps tendon. In this and following figures, the labrum is shown in 
a lateral view from a slightly inferior perspective.  

 

Loading Conditions 

The humerus was positioned in 30˚ of abduction in the scapular plane without humeral 

rotation.32 50 N of compressive force was applied to seat the head of the humerus in the glenoid 

cavity. At the same time, the desired tension was applied to the lateral end of the biceps tendon 

and directed along the force vector of the biceps muscle. Four different amounts of tensile forces 

to the long head of the biceps tendon were modeled, namely, 0 N, 22 N, 55 N, and 88 N. A 

tension of 22 N was chosen because it was shown to affect the range of motion and kinematics of 

the glenohumeral joint.33 A tension of 55 N was chosen to represent the force of maximum 

isometric contraction calculated from physiologic cross-sectional area of the long head of the 

biceps muscle.34 A tensile loading of 88 N35 was chosen to simulate the maximum force during 

stretch of an activated muscle, or a lengthening contraction.36  
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Data Analysis 

Analyses were performed using the FE solver, LS-DYNA/Explicit version mpp971d 

(Livermore Software Technology Corporation, Livermore, CA), and the statistical software, 

SPSS Version 20 (IBM Corp, Armonk, New York). The distribution of both the effective von 

Mises strain37 and maximum-principal strain were observed.38,39 The von Mises strain 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 and was used to predict the site of 

failure.40 The maximum-principal strain was measured because there is a direct positive 

relationship between an increase in maximum-principal strain and increase in tear size.38 The von 

Mises strains were averaged to calculate the surface strain (along the contacting surface only) 

and the volume strain (within the all elements in the cross-sectional area through the labrum). All 

nodal strains in the contact surface were averaged within the specific interaction region. To 

compare the strains, the 0° position below the origin of the biceps tendon for the intact labrum 

and posterior edge for the SLAP tear were selected for observation. The posterior edge was 

chosen because the SLAP tear has been known to extend in posterior direction. The effect of 

biceps tension on the labral strain in each SLAP tear model was assessed. The strain in the 

labrum including a medium and a large SLAP tear was compared the strain in the labrum with no 

and a small SLAP tear by use of a paired t-test. The difference in the strain pattern of the intact 

labrum from that of the labrum having a small SLAP tear was also analyzed using a paired t-test. 

The significance level for all statistical analysis was 0.05. 
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Results 

Predicted strain distribution in the torn labrum 

The highest strain in the torn labrum was observed at the edge of the given SLAP tear 

regardless of the size of the tear (Figure 4.3).  The location experiencing the high strain was 

matched with the edge of the given tear in the Figure 4.2. With larger size of the SLAP tear, the 

superior labrum also had a larger peak strain value. The strain distributions in other biceps 

loading conditions were similar to the strain contour shown in Figure 4.3.  

 

Figure 4.3 - The predicted maximum-principal strain distribution in the labrum with (a) a 
small; (b) a medium; and (c) a large SLAP tear finite element model under 22 N 
of biceps tension. PE, posterior edge; AE, anterior edge of the SLAP tear.  

 

Effect of biceps tension on the labral strain 

The highest labral strains were predicted for the highest biceps tension regardless of the 

size of the labrum tear (Figure 4.4). The effect of the biceps tension on the maximum-principal 

strain of the labrum including a medium or a large SLAP tear is significantly greater than the 

effect of biceps tension on the strain of the intact labrum or the labrum with a small tear. Under 

0N of biceps tensile load, the predicted strains in all models are approximately 5% (Figure 4.4). 
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Figure 4.4 - The effect of the biceps tension on the peak of the maximum-principal strain 

measured at the posterior edge (PE) of the given SLAP tear in the glenoid 
labrum.  

 

Effect of tear size on the labral strain 

 The behavior of the labrum tissue with a medium or a large SLAP tear was different from 

the small tear or no tear conditions (Figure 4.5 and Figure 4.6).  The predicted von Mises strain 

distribution at the cross sectional area in the small SLAP tear model is more akin to the intact 

model than the medium and large tear models. The behavior of the labrum having a small tear 

was significantly related to that of intact labrum under all biceps loading conditions. In the 

labrum having a medium and a large SLAP tear (larger tear group), increasing biceps tension 

significantly increased von Mises strain. In the larger tear group, the surface strain was higher 

than the volume strain (Figure 4.6). In contrast to the behavior of the labrum in the larger tear 

group, the effect of increased biceps tension on the increased von Mises strain is relatively small 

in the smaller tear group (the models having no tear or a small SLAP tear). The surface strain in 

the smaller tear group was greater than the volume strain (Figure 4.6).  
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Figure 4.5 – The predicted von-Mises strain distribution at the cross section of the posterior 

edge for the SLAP tear and 0° for the intact labrum under 0 N and 88 N of 
biceps tension. S, M, I, L, SP, IP stand for superior, medial, inferior, lateral, 
suproposterior, inferoposterior, respectively.  

 
 

 
Figure 4.6 – The averaged von-Mises strain at the cross section of the posterior edge for the 

SLAP tear and the 0° location for the intact labrum.  
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Discussion 

The purpose of this study was to understand the impact of the biceps on the propagation 

of the SLAP tear by observing the mechanical behavior of the torn superior glenoid labrum. The 

area of high strain in the torn labrum was found at the edge of each given tear (Figure 4.3). The 

strain on the labrum was increased with increased biceps tension regardless of the tear size but 

these correlations were stronger in the labrum having a medium or a large SLAP tear (Figure 4.4, 

Figure 4.5, and Figure 4.6). Therefore, this study supports the hypothesis that the SLAP tear 

might propagate as a result of the increasing tension on the long head of the biceps tendon.  

 The current study suggests that tension on the biceps attachment is a risk factor for 

propagation of a SLAP tear as well as for initiation of the SLAP tear. Based on mechanical 

testing,41 traction on the biceps tendon can reproducibly create type II SLAP lesions. Our 

previous research42 also demonstrates that the biceps tension plays a role in increased risk for 

SLAP tears. The biceps tension also shifted the location of the peak displacement from anterior 

to posterior attachment of the biceps tendon on the superior labrum. In this study, increasing 

tensile force of the biceps tendon resulted in increased strain of the intact labrum (Figure 4.4 and 

Figure 4.6). Moreover, the effect of biceps tension on the labral strain was emphasized in the 

torn labrum (Figure 4.4). With greater biceps tension, the peak of the maximum-principal strain 

at the edge of the given tear was also enlarged (Figure 4.3). Since the local strain adjacent to a 

tear has been accepted as an indicator of risk of tear propagation,38 results suggest that increasing 

biceps tension increases the risk of tear progression.  

Interestingly, the mechanical behavior of the torn labrum with a small detachment area 

was similar to that of the intact labrum except for a small risk for propagating the tear. The area 
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of high strain in the small tear model was predicted at the edge of the specific tear (Figure 4.3), 

and the magnitude of the maximum-principal strain at the area was slightly larger than that in the 

intact model (Figure 4.4). However, the predicted strains from the two models are significantly 

correlated. In addition to the peak strains, the strain distribution in the cross sectional area in the 

small tear model was also analogous to that in the intact model (Figure 4.5). This similarity could 

be explained by the mechanism of transferring and dissipating the biceps tension through the 

labrum in both radial and circumferential direction.42 Using the intact model, a loading pathway 

in radial and circumferential directions was demonstrated. Since the majority of the labral tissues 

in the small tear model were connected to the glenoid rim, the radial and circumferential 

pathways are mostly intact. The higher volume-averaged strain among all elements in the cross 

section than the surface-averaged strain among elements on the interaction surface with the 

glenoid rim (Figure 4.6) suggest evidence of successful dissipation of the tensile force by the 

labrum tissue in the small tear model.  

In contrast, the strain fields in the larger tear group present the effect of biceps tension on 

the strain distinctly with less dissipation of the tensile force. Without biceps tension, the labrum 

with a large tear is less deformed than the smaller tear group (Figure 4.4). This might be 

explained by its reduced constraints with increasing size of the tear.  Increasing the biceps load 

causes a significant increase in the magnitude of the maximum-principal strain and the von-

Mises strain (Figure 4.4 and Figure 4.6). This means that the risk of tear progression at the edge 

of the given tear is increased and the labrum experiences strains close to the failure strain. The 

reported failure strain for isolated labrum from human cadaver shoulders is approximately 

40%.43 Moreover, the surface-averaged strain is a greater than the volume-averaged strain 

(Figure 4.6). Therefore, the labrum tissues at the interaction surface with the glenoid rim are 
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more deformed than most of tissues in that cross section including the free edge surface. With 

increasing the distance between the posterior edge of the SLAP tear and the biceps anchor in a 

large tear model, the magnitude of strain at the lateral side is reduced. Based on these findings, it 

is proposed that the labrum with a large tear compromised in its ability to dissipate force in both 

radial and circumferential directions.  

This study suggests that tear size should be a criteria for determining optimal treatment of 

the biceps tendon following SLAP tear. To date, age and physical activity were the general 

criteria for determining the optimal treatment.18,19,20,21  However, this study shows that when 

other factors are equal, tear size determines the sensitivity of the labral strain to the biceps 

tension (Figure 4.4, Figure 4.5, and Figure 4.6). Thus, the tear size could be important factor to 

determine whether cutting the biceps tendon is recommended. When the labrum detachment 

involves only a small area, suturing the superior labrum to the glenoid rim could reduce the risk 

of tear progression. However, if the SLAP tear size is larger enough to be classified into the 

larger tear group in this study, then the biceps tenotomy could be the optimal treatment. This 

result corresponds well with clinical findings. According to Boileau and colleagues, cutting 

biceps can be considered an effective alternative to the repair of the SLAP tear43. Moreover, the 

long head of the biceps tendon is known as a pain generator in the setting of SLAP tear and 

cutting the tendon was recommended as the proper treatment by many clinical reports.44,45 Since 

the repair of the SLAP tear after biceps tenotomy has been reported to make no difference of the 

glenohumeral kinematics,31, 43 repair of the SLAP tear may not be required.  

The current study was based on the predicted strain using a subject-specific finite element 

model, so this study also has the typical limitations. For this study, the geometry was acquired 

from one cadaver shoulder. Since the ability to apply this analysis is affected by how 
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representative this subject is to the general population, consideration of the anatomical variation 

is the necessary step. The glenoid labrum also has wide anatomical variations,25,46,47,48 so the 

dimension of the specimen for this study was compared with that reported in the literatures.22 

The anterosuperior labrum has smaller volume in the specimen than both the volume of 

posterosuperior labrum in the same specimen and the volume of the anterosuperior labrum 

reported in the literature.8,22,25  Thus, the force passing through the anterosuperior labrum tissue 

likely resulted in overestimated strains in the specific portion. Moreover, a finite element model 

requires material properties of each component. However, a huge variation on the mechanical 

properties of tissue has been reported depending on the measurement protocol or the process of 

the sample preparation.25,27,46,47 To reduce the effect of this assumption on the results, the 

material sensitivity test was performed.22 . Although the magnitude of the strain could be reduced 

by changes in the constitutive model for the labrum from the hyperelastic to the elastic model,22 

the robustness of the finite element model for predicting the distribution of the labral strain was 

demonstrated.22  Thus, the role of biceps tension on the progression of SLAP tears based on the 

current study are not likely to be affected by this assumption.  

In summary, the tension on the long head of the biceps tendon was more significant to 

tear propagation than to tear initiation on the superior glenoid labrum. The edge of the given tear 

on the labrum is suggested as the region into which the tear is most likely to propagate. Based on 

this study, the tear size should be added as a criteria in selecting the optimal treatment. The study 

supports the use of the biceps tenotomy in reducing the risk of progression of massive type II 

SLAP tears.  
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CHAPTER V 

 

GENERAL DISCUSSION  

 

 

Innovation 

This is the first study to address the effects of tension on the long head of the biceps 

tendon and superior translation of the humeral head on both the initiation and propagation of 

SLAP tears using finite element model. Based on predicted strain (Chapter II), the significant 

role of the superior humeral head translation in the initiation (Chapter III) and the biceps tension 

in the propagation of SLAP tears (Chapter IV) was observed. 

The extended and validated finite element model1 (Chapter II) is the first model to 

include loading of the long head of the biceps tendon for the study of the mechanism of SLAP 

tears. Although both tension on the biceps tendon and humeral head translation were known as 

factors influencing SLAP tear pathology, no histologic2,3,4, arthroscopic,2,4,5,6,7, and 

biomechanical studies,8,9,10,11,12,13,14,15,16,17,18 could explain the relative contribution of those 

factors in the genesis and/or progression of SLAP tears. Unlike cadaveric experiments or clinical 

studies, this study using a finite element model allows an unlimited number of testing without 

fatigue or damage of the tissues, systematically controlling for finding the cause-effect 

relationships between parameters, and observation of mechanics inside of tissue. The ability to 
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cover the large variation in material properties is another general benefit of finite element model, 

so the results form a well-developed model with many advantages that complement other study 

designs. Few finite element models have been developed to understand the behavior of the 

labrum. Yeh and his colleagues19 studied the stress concentration at the glenoid bone using a 

simplified non-anatomic axisymmetric finite element model including the glenoid bone, the 

labrum, and the anchor of the biceps tendon on the superior labrum. Drury et al.20 analyzed the 

strain distribution at the medial portion of the capsule using the finite element model, including 

the humerus, scapula and capsule regions with a two-dimensional model of the labrum. The 

finite element model, developed by Gatti et al.21 was the only model having an anatomically 

accurate labrum. Gatti’s model included the humeral head cartilage, glenoid cartilage, and 

labrum. Due to the absence of the biceps tendon in all previous models, none of them were able 

to test mechanical hypotheses relevant to the biceps tension as well as humeral head motion. The 

model for the current study consisted of anatomically accurate components of following: 

humerus, glenoid bone, humeral head cartilage, glenoid cartilage, labrum, and biceps tendon. 

This model predicted the strain pattern within the labrum tissue caused from both biceps tension 

and humeral head translation. Since high strain is considered an indicator of the risk for the 

pathology,22,23 this finite element model23 is the first model to explain the impacts of both factors 

on the SLAP tear pathology.  

This is the first investigation on the mechanism of both the genesis (Chapter III) and 

progression (Chapter IV) of the SLAP tear with consideration of two factors: namely loading on 

the biceps tendon and migration of the humeral head. Similar to the tear on the superior labrum, 

the supraspinatus tendon, which is usually the first tendon of the rotator cuff to be injured, also 

experiences lesions at its insertion to the humeral greater tuberosity. For this tear, both the 



74	
	

initiation24,25,26, and propagation of the supraspinatus tendon tear22,27,28 have been actively 

studied.  Contrary to studies on the supraspinatus tendon tear, the labral tear studies concentrated 

on the mechanism of initiation and none of the previous studies of the SLAP tear addressed the 

progression of the tear. The current study is the first to examine the strain distribution in the torn 

labrum as well as the intact labrum tissue. Therefore, this work is the first modeling investigation 

of the progression of the SLAP tear.  
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Significance 

There remains controversy over the role of the biceps tendon in the SLAP tear, and 

thereby on the best management of a tear involving biceps tendon, which is the most common 

SLAP tear. Using a well-validated finite element model (Chapter II), one can better understand 

the mechanism of initiation (Chapter III) and propagation (Chapter IV) of the SLAP tear. By 

identifying factors that may contribute to the initiation and propagation of tears, the current study 

suggests a criterion to improve treatment approaches. 

 

Discrepancy in the role of the biceps tendon in the labrum tear  

Surgeons and researchers had been faced with contradictory evidence regarding the 

function of the long head of the biceps tendon in the initiation of the labrum tear. The genesis of 

SLAP tears in multiple pitching phases or with pulling of the biceps tendon was observed, but 

researchers arrived at two different debatable findings in each issue. However, the current study 

can explain the knowledge gap created by conflicting reports.  

There is disagreement as to the effect of the biceps tension on the initiation of SLAP tear. 

With examination of the presence of a SLAP tear after pulling of the biceps tendon, two opposite 

observations were reported.11,12  Bey and his colleagues11 applied a tensile force to the long head 

of the biceps tendon in anatomic axis (overall, lateral direction). They found the biceps tension is 

capable of generating a SLAP lesion in some reduced and most inferiorly subluxed glenohumeral 

positions. On the contrary, Costa et al.12 applied the traction of the biceps tendon in superior 

direction, an unusual force vector for the biceps muscle, until the distal portion of the tendon was 

ruptured. With observation of no SLAP tear, Costa et al. argued that either simple continuous or 

a sudden uniaxial traction of the biceps tendon do not affect the genesis of a SLAP lesion. The 
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current work directly provided the important role of biceps tension in the initiation of a tear 

(Chapter III) by loading the biceps tension along the force vector of the biceps muscle.  

Furthermore, the impact of biceps tension is more critical on the torn labrum (Chapter IV) than 

the intact labrum. Thus, from this study and considering the force vector of the biceps muscle, 

the two opposing opinions can be reconciled. The biceps tension plays a considerable role in the 

initiation of the SLAP tear and a substantial role in the propagation of an existing SLAP tear.  

 

Disagreement on the optimal treatment for the most common SLAP tear 

There are debates among surgeons on the optimal treatment and the results of the 

treatment for the biceps tendon following a SLAP tear.  However, the current study (Chapter IV) 

suggests a criterion, tear size at the time of the surgery, for selection of the best treatment to 

decrease the risk of progression of a SLAP tear. Furthermore, with additional studies on other 

related clinical problems using the finite element model for a SLAP tear (Chapter II), proper 

treatments to reduce the rate of SLAP tear recurrence might be proposed leading to the selection 

of specific surgical procedures to minimize the effect on glenohumeral kinematics.  

Surgeons continue to debate the best treatment to reduce a pain for patients among 

arthroscopic repair, debridement, tenodesis, tenotomy, or solely observation,29,30,31,32,33  but the 

reported outcomes of repair SLAP lesion are also variable.34,35,36 When considering the rate of 

returning to previous level of activity after repair of SLAP tears, the outcomes ranges from 20% 

to 84%.5,36,37,38  This large range suggests there might be unaccounted for factors in the SLAP 

tear mechanism. Until now, the known criteria to determine the optimal treatment of type II 

SLAP tear were age and physical activity.29,39  However, this work supports adding one criteria, 

the current size of tear (Chapter IV), to determine treatment of the SLAP tear. Suturing superior 
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labrum to the glenoid rim is advisable treatment to the shoulder having a small SLAP tear, 

whereas biceps tenotomy maybe recommended for patients having a large SLAP tear (Chapter 

IV). Cutting the biceps tendon in patients with a large labral tear is advocated by the clinical 

literature.40,41,42,43,44 

In addition, there is a discrepancy concerning the effectiveness of treatment of the type II 

SLAP lesion on restoring stability or kinematics of the glenohumeral joint. Cadaveric studies 

have reported the arthroscopic SLAP repair of the experimental SLAP lesion could recover 

nearly normal biomechanics, but biceps tenotomy could not.14,37,44,45,46,47,48,49,50,51 Thus, cadaveric 

studies suggest an arthroscopic SLAP repair for recovering glenohumeral stability.  On the 

contrary, clinical studies have found no clinically demonstrable alteration in kinematics after 

biceps tenotomy or tenodesis and more favorable outcomes with cutting biceps tendon.29,39,44,51  

Therefore, clinical studies recommend cutting the biceps tendon to restore glenohumeral 

kinematics. These controversial findings arise from contradictions surrounding the 

biomechanical function of the biceps tendon.  One possible explanation is the long head of the 

biceps co-operates with other muscles in the stability of the glenohumeral joint in in vivo.  The 

related kinematic changes, resulting from cutting the biceps tendon with and without increased 

forces of other musculatures in the glenohumeral joint, could be studied by extending the current 

finite element model (Chapter II). Moreover, the multiple re-fixation techniques13,14,34 of the 

SLAP lesion, which vary in type, position, number of fixation devices, and method of securing 

the labrum,51 could be efficiently evaluated using an extended model from the finite model in 

this work.    
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Limitations  

 This study used the finite element model, so limitations of the current work include those 

inherent in a finite element model of simulated injuries to the tissues in the human body. 

Acquisition of geometrical information and defining the material properties were the most 

challenging steps in development of a finite element model for soft tissues.  The multiple 

dynamic reactions or healing potential that are present in vivo were not included in this model. 

For understanding of the tear propagation, introducing a SLAP lesion on the labrum, produced 

by detaching a surface of the labrum from the glenoid rim, probably over-simplify the complex 

clinical and histological presentation of the tear. In addition, findings in this study is a labrum 

centric interpretation.  

 

 Variation in information for finite element model 

The finite element model was generated with geometrical information acquired from one 

specimen, and material information averaged from other specimens. Moreover, high variation 

has been reported in both anatomy2,3,4,7,8,9,10 and material properties8,9,10 of the labrum. Thus, the 

effect of these variations on the prediction by the finite element model should be considered in 

the analysis of results.  

This study developed a subject-specific three-dimensional finite element model and 

compared the anatomy of the tissue for the model to published general anatomy in order to 

reduce the effect of anatomical variances of the factors considered in the analysis. Anatomical 

variations on the labrum and the attachment of the biceps tendon on the superior labrum has been 

reported.2,7,9,10,20 The significant differences in the predicted stress and strain have also been 

represented with variation in the anatomy of the tissue.19,20,52 In hip labrum model, simplification 
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to the geometry generated about 50% of difference in the prediction.53 In the glenoid labrum 

model, the magnitude of strain in the capsule differed about 30% 20 and that in the glenoid bone 

differed about 30% 19 with simplification of the labral anatomy. However, due to difficulty of 

finding the boundary between the glenoid labrum and other connective soft tissues,20,21 the early 

models of the labrum were either simplified axisymmetric model19 (Figure 5.1) or simplified 

two-dimensional model (Figure 5.2)20. Moreover, those omitted important components on the 

transferring of the stress during the simulation, and did not validate finite element predictions of 

the strain. Gatti et al. generated a three-dimensional finite element model (Figure 5.3)21 from a 

specific subject, but it does not include the biceps tendon. This model also used tetrahedral 

meshes, yet hexahedral meshes are more popular in biomechanical field 53,54,55 due to improved 

robustness and better representation of the material characteristics.21,56,57 However, this work is 

the first and only attempt to develop a three-dimensional hexahedral model, using subject-

specific geometry, for the SLAP tear pathology. In addition, the current thesis was based on the 

finite element model from just one specimen. Thus, this study also compared the anatomic 

characteristics of the specimen for the model with the published anatomical information 

averaged from more samples,8,9 as well as comparison of the anatomy within the labrum tissue of 

the specific subject for the finite element model. The effect of difference in the anatomical 

information on the predicted strain pattern was discussed in each chapter.  
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Figure 5.1 - The axisymmetric finite element model of the superior glenoid labrum for the 
simulation of throwing motion19 

 
 

 

Figure 5.2 - The two-dimensional finite element model having the labrum, introduced in the 
glenohumeral joint model in white by simply redefining the medial side of 
capsule elements as the labrum.20. This model is in the coronal view from an 
inferior perspective.  

 
 

 

Scapula Humerus 
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Figure 5.3 - The subject-specific tetrahedral finite element model of the glenoid labrum in 
lateral view.21 

The current finite element model tested the sensitivity of the predictions to material 

properties by varying both the constitutive representation and the material properties. Significant 

change in the results with changing both material properties and constitutive 

representation52,57,58,59,60 and a wide range of properties for tissues in the finite element model in 

the literature9,10,58,65,66,67 have been reported. The previous simplified finite element models19,20 

also simplified and equalized the material behavior of the labrum to that of the neighboring 

tissues, such as the biceps tendon19 or capsule.20 Therefore, the labrum for those studies was 

defined using a linear, isotropic constitutive law having a difference of at least one order of 

magnitude from the published properties for the labrum tissue.8,10 However, the current finite 

element model used the latest published data for assigning material properties for each tissue 

(Table 2.1 in Chapter II). Clearly, the latest reported material properties8,9 could not directly 

reflect the detailed microstructural characteristics,2,3,7,54,64,65 because of both technical limitation 

of the cadaveric biomechanical experiments and complex interfaces between the labrum and 

connective tissues. Nevertheless, results from the material sensitivities test for the current finite 

element model (Chapter II) represented the material properties may impact the magnitude of the 

strain, but not to the general strain distribution.22,25  

 

Simplifying information for finite element model 

The current finite element model relies on the simplification of dynamic clinical behavior 

of tissues, such as biceps tendon, rotator cuff, even torn labrum. In the clinical scenario, the 

problematic tissue might naturally heal with time or the reduced function caused from the 

problem could be compensated by adaption or remodeling of other surrounding structures.  
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While adaptive mechanisms have been studied using finite element model,66,67,68 these processes 

were not represented in this study.  

First, the behavior of the biceps tendon is simplified. The amount of biceps tension was 

determined based on physiological cross sectional areas and reported in the literature. The 

physiological cross sectional area of the long head of the biceps has been reported as 2.5 ± 0.5 

cm2 or 2.5 ± 1.1 cm2 at the elbow joint69, 70 and 2.11 ± 2.0 cm2 at the shoulder joint71 using 

following formula: muscle volume/fiber length72 or muscle volume/ fiber length·cosɸ73. The 

muscle force can be computed by physiological cross sectional area·specific tension·cosɸ74, or 

physiological cross sectional area·specific tension73. Using either of these definitions73,74, or a 

conversion factor of 3.5kg/cm2 for potential maximum force,48,75 the physiological maximum 

lengthening force generated by the long head of the biceps muscle is similar to 88N, which is 

used in other studies.76 With age-related reduction of cross sectional area,77, 78, 79 the maximum 

force may be reduced in the elderly. However, this is all based on the assumption that the 

specific tensions across subjects are the same.  

Second, the rotator cuff tear was simulated by humeral head translation in superior 

direction. With rotator cuff tears, the concavity and compressive force of the glenohumeral joint 

is reduced. The combination of this reduction and the unchanged deltoid muscle force in superior 

direction may result in migration of the humeral head in superior direction. In the clinical 

studies,80, 81, 82 superior translation of the humeral head is a common occurrence in patients 

having large rotator cuff tear. In clinical studies, the maximum amount of translation has been 

reported up to 5mm. Thus, the humeral head was translated up to that amount in the simulation.  

Thirdly, the behavior of the torn labrum could be overly-simplified.  In reality, fraying of 

the outer edge of the superior labrum with type II SLAP tear might be found.83,84 However, in the 
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model, the SLAP tear was introduced by detaching a surface of the superior labrum from the 

corresponding glenoid rim. There are two reasons. One is that the area of high strain was found 

at the mid-substance of the interface between the superior labrum and glenoid rim1,23 not the 

possible area for fraying. The other is that sharply cutting the labrum from its attachment to the 

glenoid was generally used and accepted for creation of a SLAP lesion in cadaveric 

studies.13,14,37,44,45,85  
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Future Directions 

Multiple hypotheses and questions could be tested and answered with extension of the 

finite element model for this work. The effect of the arm position with biceps loading and the 

effect of biceps tenotomy on the mechanism of the SLAP tear are good examples.  

The change in the arm position, especially with axial rotation, could change the loading 

vector and morphology of the biceps tendon, thus may have an impact on the SLAP tear 

mechanism. The increasing external rotation accompanied by increasing biceps tension has been 

reported to significantly increase the surface strain of the labrum.15,16,86 External or internal 

rotation in the humerus axis alters the primary loading vector of the long head of the biceps 

tendon either in the posterior or the inferior direction. This change in the force vector of the 

biceps tendon could influence the strain distribution. For example, cadaveric study reported that 

the late cocking phase of the pitching motion, when the arm is placed in maximally external 

rotation and maximally tensed, generated greater strain in the superoposterior labrum than strain 

in the superoinferior labrum.15 Moreover, there is a chance for the biceps tendon to be twisted 

with the arm rotation in humerus axis similar to the behavior of the supraspinatus tendon.87 In 

this case, the anchor of the biceps tendon on the superior labrum could be twisted and pulled out, 

so that a greater concentration of the load at the anchor attachment could be expected. This may 

increase the risk of the SLAP tear. In other words, the arm posture could be the factor to affect 

both initiation and propagation of the SLAP tear. Therefore, investigating the effect of arm 

position on the SLAP tear mechanism by extending of the current finite element model having 

both intact and torn labrum in it could be a critical study for understanding the SLAP tear.  

The benefit of the SLAP repair after the biceps tenotomy could be evaluated by 

modifying the current finite element model.  With biceps tenomoty, the tension on the biceps 
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tendon does not impact on the increasing the labral strain anymore. According to cadaveric 

studies,37,45 the SLAP repair after cutting the biceps tendon has been reported to have no 

substantial impact on glenohumeral kinematics. However, at the same time, the burden of 

decreased stabilizing function by cutting the biceps tendon37,46,47,88 could fall on the labrum. 

Under this scenario, the labrum after biceps tenotomy may experience greater stress during arm 

motion than the labrum before tenotomy. When considering of the tear propagation is highly 

correlated with the strain pattern caused by stress on the tissue,22 the biceps tenotomy may 

accelerate the labral tear propagation. Thus, a study on the benefit of the SLAP repair following 

biceps tenotomy for the torn labrum could be important future study to improve treatment of 

SLAP tear. 

The diverse surgical approaches could be simulated with the finite element model for this 

work and the results to the labrum tissue additionally predicted. The multiple re-fixing 

techniques for the torn superior labrum were simulated with the cadaveric shoulder. The 

glenohumeral kinematics14 or the load to ultimate failure13 was studied with most common suture 

techniques, such as using screw-in anchors,13 using bio-absorbable tissue tacks,13,14 and using a 

knotless anchor.14 However, the extended finite element model from the current model could 

evaluate the effect of techniques on the labrum directly. This approach may allow general 

understanding on the suture techniques as well as pros and cons of each technique.  
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CHAPTER VI 

 

SUMMARY 

 

 

Summary 

Despite numerous hypotheses and experiments on the injury mechanism of the superior 

shoulder labrum, SLAP lesion, the tear mechanism is not clearly understood. Therefore a 

controversy exists concerning the optimal treatment of a labral tear. In order to understand the 

effect of individual factors on both initiation and propagation of the SLAP tear, a finite element 

model was developed for this study. In this dissertation, the working hypothesis was that it is 

possible to use finite element models to explore the factors underlying the initiation and 

propagation of a SLAP lesion. This hypothesis is supported through Chapter II, III, and IV.  .  

Chapter II was designed to validate the extended finite element model by adding the 

biceps tendon to the study of the mechanism of tears in the superior labrum. The strong 

correlation of the finite element model with the experimental measures and consistency of 

predicted labral strains with superior labral pathology were demonstrated. The insensitivity of 

the labral strain pattern to the changes in material parameters provides strong potential for 

utilizing the finite element model to investigate the mechanism of the SLAP lesion.  



95	
	

Chapter III described a risk of injury to the superior glenoid labrum due to the superior 

translation of the humeral head, as can be seen in cases of rotator cuff tears, combined with 

tensile loading on the long head of the biceps tendon. Pathologic loading of the labrum was 

simulated, and the more significant effect of superior translation of the humeral head than the 

effect of biceps tension on the increasing the intact labral strain was observed. The predicted 

peak strain was lower than the failure strain suggesting that repetitive micro-trauma or tissue 

fatigue rather than a single loading event was the cause of a mid-substance failure of the labrum.  

Chapter IV provided the investigation of the effect of the biceps tension on the 

propagation of the SLAP lesion by observing mechanical behavior of the torn superior labrum. 

An area of high strain in the torn labrum was found at the edge of each existing tear. The 

predicted labral strain was increased with increasing biceps tension regardless of the tear size. 

The stronger correlation between increasing biceps tension and increasing the strain was 

represented in the labrum having a larger SLAP tear than the span of the biceps attachment on 

the superior labrum. Since the impact of the biceps tension was more significant with the larger 

torn labrum than with the small torn labrum, the biceps tension was suggested as a critical factor 

in the propagation of existing SLAP lesions. In addition, the current SLAP tear size was 

suggested as one of the criteria to select the optimal treatment of SLAP tear.  

  In summary, the greater the superior displacement in the glenohumeral joint, the more at 

risk the superior labrum is for the initiation of a tear. Propagation of the tear will then occur 

under large muscle forces from the long head of the biceps. Once a large tear has developed, then 

the model shows that cutting a biceps tendon will reduce the risk for complete failure of the 

superior labrum. This work was the first study on both initiation and propagation of the SLAP 
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tear using the strain predicted by a validated first finite element model. However, findings in this 

study is a labrum centric interpretation.  

 


