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3.2 Numerical methods

Shoulder



Shoulder biomechanics

• 4 bones: humerus, scapula, clavicle, thorax
• 4 joints (shoulder girdle)
• 20 muscles, divided in multiple sections
• 3x(3+3) degrees of freedom
• Constraints
• Soft tissues (ligaments)
• Proprioception mechanisms
• Individual variability
• Indeterminate system



Rocking horse effect

http://shoulderarthritis.blogspot.ch/2011/05/shoulder-joint-replacement-minimizing.html



Rocking horse effect

ASTM F2028-00 : Standard test method for the dynamic evaluation of glenoid loosening or disassociation

C. Anglin et al. / Clinical Biomechanics 16 (2001) 144-150 

ASTM F1829 – 98: Standard Test Method for Static Evaluation of the Glenoid Locking Mechanism in Shear
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Model requirement

• Perform active and loaded movement

• Predict joint forces

• Predict pressure contact pattern with joint

• Predict stress within cartilage, bone, prostheses

• Predict humeral head translation

• Consistent with current knowledge
(models, cadaveric, clinical)

→ indirect validation



Musculoskeletal model

• Focus on gleno-humeral joint

• Allow humerus translation

– Avoid the ball-and-socket assumption

• Use EMG data as muscular ratios

– Avoid unknown EMG-force relationship

– Avoid co-contraction problem of optimization



2D algebraic model

• Ball-socket joint: only 1 degree of freedom

• Include scapulo-humeral rhythm

• Account for muscles-humerus contact

• Indeterminate: fixed muscles forces ratio
– F2/F1=r1, F3/F1=r2, …

• Solve equilibrium equations
– Muscles forces

– Glenohumeral reaction force
( orientation → contact location)



2D algebraic model

• F1 : Deltoid medium 
(humerus contact)

• F2 : Deltoid anterior, 
deltoid posterior

• F3 : Supraspinatus 
(humerus contact)

• F4 : Infraspinatus, 
subscapularis

F1

F2

F3

F4



Constant muscular force ratio 

Muscle forces introduced as relative to MD
– Ratios estimated from literature

– Averaged for the entire movement
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2D algebraic model



2D numerical model

• Theoretically identical to algebraic model
• Conceptually different from algebraic model
• Movement not fully known

(humerus translations)
• Nonlinear equations solved iteratively
• Problem: muscles synchronization
• Solution:

– Set deltoid medium shortening
– Get deltoid medium force
– Synchronize force of other muscles



2D numerical model
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• Joint contact (humerus migration)

• Muscle wrapping (stability)

• Muscle force synchronization

• Feedback algorithm

• Development of a new element 

(FEM)

• Algebraic form of the Jacobian K

• Guarantee muscle activation ratios

• Satisfy mechanical equilibrium



2D numerical model

Stabilizing effect of rotator cuff muscles 



3D numerical model

• CT: Geometry + local bone properties

• Dissection: muscles insertions

• Arthroplasty with CAD



Shoulder

EPFL-LBO (A. Terrier)



Verification

Comparison to the algebraic solution



Compare with Poppen & Walker

Poppen & Walker (1978) Terrier, 2006



Compare with van der Helm

Van der Helm, 1994 Terrier, 2006



Humerus translation

Kelkar et al, JSES, 2001

Graichen et al, JB 2000

Terrier et al, 2007



Joint contact pattern

Arm elevation

0° 5° 30° 120° 150°

Soslowsky et al, 1992

Boyer et al, 2008

Terrier et al, 2007



Clinical application

Comparison of 2 prostheses



Clinical background

Anatomic prosthesis Reversed prosthesis
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Clinical background
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Clinical question

Functional muscles

↓

Anatomic prosthesis

↓

Polyethylene wear !

Deficient muscles

↓

Reversed prosthesis

↓

Polyethylene wear ?

(follow-up)



Preliminary answer

Predict polyethylene wear

on a reversed prosthesis

and compare to

an anatomic prosthesis



Method: numerical model

Anatomic prosthesis Reversed prosthesis



Method: numerical model

Anatomic prosthesis Reversed prosthesis

Polyethylene surface



Method: numerical model

Anatomic prosthesis Reversed prosthesis

Polyethylene surfacePolyethylene surface



Results: moment arms

Anatomic Reversed



Results: moment arms
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Results: moment arms
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Results: moment arms

Anatomic Reversed



Results: joint & muscle forces

Anatomic Reversed

joint

joint



Results: Joint force



Results: contact pressure
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Results: contact pressure
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Polyethylene wear
Pressure + Sliding
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Comparison with clinics



Glenoid bone quality



Clinical Background

• Glenohumeral osteoarthritis

• Total shoulder arthroplasty

• Cemented Glenoid implant

• Glenoid Loosening (33% @ 9 yrs)

• Bone support importance 

Kasten et al, JBJS-B, 2010



Objectives

1. Glenoid bone quality from preoperative CT

2. Predict cement stress by FE model

3. Correlation between bone quality and 
cement stress

4. Apply on patients planed for TSA



Methods: Patients

• Inclusion criteria
– Primary osteoarthritis

– Planned for anatomical TSA

• Exclusion criteria
– Rotator cuff tears

– Fractures

• 20 patients

• Age: 72 years (54 – 88)

• Sex: 15 women + 5 men



Methods: Cement Stress

Patient-specific Finite Element model

– Abduction in the scapular plane

– Allow humerus translations

– Controlled by muscles

• Anterior, middle, posterior deltoid

• Subscapularis, supraspinatus, infraspinatus

Terrier et al., Clin Biomech, 2014, 28(2): 146-150.



Methods: Cement Stress

Patient-specific parameters: (from CT)

– Bone geometry (scapula + humerus)

– Glenoid bone elasticity (inhomogeneous)

– Muscles: direction and cross-section

– Total shoulder arthroplasty planning



Methods: Cement Stress

Total Shoulder Arthroplasty planning:

– Aequalis PerForm keeled (Tornier)

– Implant positioned within 5° of scapular axis

– Optimal bone support

– Verified by experienced shoulder surgeon

– Uniform (elastic) cement layer (0.5 mm)



Methods: Cement Stress

Volume of cement above critical stress

– 60 degrees of abduction

– Maximum principal stress (tension)

– Critical stress:

• 1 MPa

• 3 MPa

• 5 MPa



Method: Correlations

Cement stress vs. glenoid bone quality

– Volume of cement above 3 values of critical stress 

– Average bone quality (HU) in 7 ROIs

– Evaluated on 20 patients

– Simple correlations

– Combined correlations (cortical & trabecular)

– Coefficient of determination R2 and p-value



Results: Cement Stress

Superior

Inferior

Posterior

Anterior



Patients: 7  & 13  matched for age & BMI





Conclusion

• Preserve glenoid (subchondral) bone quality

• Importance of preoperative planning

• Bone quality measure in preoperative planning

• Augmented glenoid implants

Standard Augmented



Experimental validation



Link with clinical reality
• 262 patients reviewed retrospectively (CHUV)
• 135 patients included
• 2 groups, matched for 2 years follow-up, age, gender, MBI, Walch class

• No loosening (CTR): 59
• Loosening (LSG): 26

➜ Slight differences in bone quality (p=0.048) with medium effect size (d=0.42) 

p=0.048
d=0.42



Critical Shoulder Angle

CSA = 43° CSA = 22°

Osteoarthritis:
 28.1° (18.6° to 35.8°) 
Control:
 33.1° (26.8° to 38.6°) 
Rotator cuff tear:
 38.0° (29.5° to 43.5°) 



Critical Shoulder Angle

CSA > control → Tendon tear

 → Humerus migration?

CSA < control → Cartilage degeneration

 → Cartilage strain ?



Musculoskeletal model

Ingram & Engelhardt (2016)



Critical Shoulder Angle

Engelhardt C, Farron A, Becce F, Place N, Pioletti DP, Terrier A. Effects of glenoid inclination and acromion index on 
humeral head translation and glenoid articular cartilage strain. Journal of Shoulder and Elbow Surgery. 2017;26(1):157–64. 

49 virtual shoulders
7 glenoid inclinations x 7 acromion indexes 



Deep learning model

Morphological model

Musculoskeletal 
model

Finite element model

Statistical model

CT Scan

Anatomy

Joint/muscle force

Joint/muscle force

Stress/strai
n

preoperative variables

DataBase of
TSA + Normal

Patients

Causal effects

Interventional 
predictions

TSA outcome 
improvement

Bone shape + landmarks

Bone shape + landmarks

Morphological measures 

Patient repository for statistical analyses
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