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is not a true representation of a free hanging humerus.35,75 Implementing muscle induced shoulder motion 
should result in a closer representation of natural glenohumeral alignment.  

 

2.2 Current state of own research 
2.2.1. Development of shoulder simulator with free hanging humerus 

Within SNF project No. 320030_147110, we have developed a shoulder simulator to simulate real shoulder 

muscle and study glenohumeral joint 

forces.4,60 This shoulder simulator 

provides six active muscular elements 

including the deltoid, supraspinatus, 

infraspinatus, teres minor and 

subscapularis muscles (Fig. 2), It 

currently runs only with all muscles 

applying active tension to the 

proximal humerus. The simulator 

elevates the arm up to a predefined 

abduction angle up to 90° and may 

perform cyclic loading with substantial 

speed (8s per 90° abduction). 

Because tendon ruptures often occur asymmetric, i.e. to anterior or posterior aspects of the rotator cuff, 

compensation by opposite muscles such as, for instance, the posterior or anterior part of the deltoid or the 

pectoralis or latissimus dorsi muscles are required to maintain a stable abduction in the scapular plane. To simulate 

individual tendon ruptures as observed clinically, single muscles need to be detached from the rotator cuff. The 

simulator thus needs to be modified with regard to steering and controlling aspects of individual muscle forces. The 

simulator has also been used also for functional prosthesis testing resulting in two ongoing CTI-projects (CTI 

19144.1-LS „carfHemi“ and CTI 27707.1 called «Heniastone») to determine functional behaviour of shoulder 

prosthesis under physiological loading. Moreover, an App called « therapp » (app store) has been developed to 

acquire shoulder range of motion of subjects and provide therapeutic exercises for patients.3 

 

2.2.2. Influence of CSA on glenohumeral loading 
The shoulder simulator was used to verify the hypothesis that a small CSA leads to higher glenohumeral joint 

reaction forces during activities of daily living than a normal CSA.74 The insertion point of the middle deltoid at the 

acromion was simulated using a pulley that could be horizontally adjusted to simulate the 28° CSA found in 

osteoarthritis or the 33° CSA found in disease-free shoulders. Over a range of motion between 6° and 82° 

thoracohumeral abduction, joint forces were measured using a 6-axis load cell. A smaller CSA yielded higher net 

joint reaction forces and higher shear forces in the glenohumeral joint resulting in a higher instability index. Hence, 

changes in the CSA critically affect shoulder biomechanics and likely result in different force demands on 
rotator cuff muscles. 

 

2.2.3. Influence of GI on glenohumeral stability 
In another study,53 we used the shoulder simulator to analyse the independent influence of GI during abduction 

from 0 to 60°. A 6-axis axes load cell was mounted directly behind the polyethylene glenoid to measure shear to 

compressive joint reaction force and calculate the instability ratio (ratio of shear and compressive joint reaction 

 

 
Fig. 2. Current shoulder simulator and planned extensions of ant./post. DELT 
muscles. By applying the novel software, rotator cuff tendons may be detached 
from the proximal humerus to simulate single tendon ruptures. 
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repeatability of the sphere method, this method appears to be well suited for measuring liTr from 
fluoroscopy images.  
2.2.5. Framework for comparing liTr between patients with rotator cuff tear and healthy persons 

We have previously conducted a pilot study42-44 to establish an experimental framework for quantifying the effect 

of additional load on glenohumeral translation in patients with rotator cuff tears compared to asymptomatic subjects 

using 3D motion analysis and single plane fluoroscopy and determine the association of liTr with load-induced 

relative shoulder muscle activity. 3D motion analysis was performed for bilateral 30° frontal plane abduction 

movement in upright position with extended elbow with 

and without a handheld weight of 3 kg. Retroreflective 

markers were placed on the upper extremity according to 

the ISB guidelines (Figs. 6 and 7).78 Surface electrodes 

were placed on superficial shoulder muscles following 

the guidelines of the SENIAM project21 and according to 

Criswell.11 Subsequently, single plane fluoroscopic 

images were taken for the unloaded and loaded 30° 

frontal plane abduction condition in static positions of the 

dominant shoulder. The vertical distance of the GHJC to 

the medio-lateral axis of the thorax coordinate system 

respective the height of the corresponding acromion was 

measured for both methods. Glenohumeral translation 

was defined as the difference between this distance for 

the loaded and unloaded positions where positive values 

represent superior translation. In this pilot study, we 

completed measurements for 9 patients with rotator cuff tear (3 female, 6 male; age, 59.7 ± 

12.4 years; body mass index, 27.3 ± 3.3 kg/m2) and 10 asymptomatic subjects (4 female, 6 

male; age, 59.8 ± 9.2 years; body mass index, 24.6 ± 2.5 kg/m2). LiTr did not differ significantly 

between groups (patients: 0.8 ± 0.9 mm, range, -0.3 to 2.4 mm; control: 1.1 ± 1.2 mm, range, -

1.0 to 2.9 mm). Multiple linear regression analysis revealed that load-induced increase in 

muscle activation (liMA) in the middle aspect of the deltoid muscle alone explained almost 

50% of the variance in glenohumeral translation (Fig. 8). In this pilot study, differences in CSA 

or GI among participants did not explain differences in liTr.  

These results show the feasibility of the established in vivo experimental framework 
for measuring liTr. Previous studies on glenohumeral joint motion 

have in common that they rely on the accuracy of the centre of 

rotation location. Errors in the location of the GHJC will propagate 

to errors in measurements of glenohumeral translation during 

dynamic tasks.47 In our experimental framework, we eliminate this 

source of error by assessing quasistatic positions (i.e. no rotation 

between images) with different additional loads. liTr – our primary 

outcome parameter – is based on the difference in the vertical 

distance of a fixed point on the humerus relative to a fixed point on 

the acromion and is expected to be insensitive to the exact 

locations of these points as long as they are consistent between 

images/frames within each person. Our experimental framework 

 
 

 
Fig. 8. Association between relative load-
induced middle deltoid muscle activity and load-
induced glenohumeral translation. 

 
Fig. 6. Reflective marker set attached to bilaterally to the 
humerus, scapula and trunk. Left: anterior view; right: 
posterior view. The blue boxes are electrodes for surface 
electromyography. 

 

 
Fig. 7. Illustration 
of the 3D printed 
acromion marker 
with a marker triad 
attached at the top. 
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Abbildung 1: VICON-Marker 
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The slope of the relationship between 

ambulatory load magnitude and load-induced 

changes in blood markers of articular cartilage 

will be taken from Specific Aim 1. Cartilage 

degeneration will be assessed as the 

difference in T2 relaxation times and cartilage 

thickness between baseline and 24-month 

follow-up, respectively. Physical activity level 

will be assessed as number of steps taken 

and time spent in moderate to vigorous 

physical activity.  
 

2.3.2 Study design 

Prospective experimental multimodal 

(clinical, biomechanical, biological) data 

collection with block randomization. 

 
2.3.3 Subjects 

We will examine a cohort of 96 subjects. Experiments for all subaims will involve the same subjects (N=24 per 

group): 

• Group 1: healthy subjects aged 20-30 years 

• Group 2: subjects with previous ACL injury aged 20-30 years 

• Group 3: healthy subjects aged 40-50 years 

• Group 4: subjects with previous ACL injury aged 40-50 years 

A minimum age of 20 years and maximum age of 50 years was chose to ensure skeletal maturity and to include 

an age range with increased risk of early knee OA (above 40 years15). The measurement of 96 subjects (48 per 

year) will be realistic and sufficient for the proposed statistical analysis (see Section 2.3.5). The subjects will be 

recruited from the community surrounding the University Hospital Basel by announcing the project in the 

newspaper and on the institutional website and distributing flyers at local orthopaedic clinics, sports clubs and the 

University campus. The project manager will be contacted and inform interested subjects about the study. 

Experience from previous studies on healthy subjects and patients with orthopaedic conditions showed that this 

recruitment strategy is successful. 

 
Inclusion criteria 

Being physically active (> 2 hours/week); groups 2 and 4: ACL rupture between 2 to 10 years prior to the study 

(increased risk of developing OA after ACL injury independent of treatment13,53). 

 
Exclusion criteria 

Inability to provide informed consent; age < 20 years (before maturation) or age > 50 years: due to advanced 

general sarcopenia (degenerative loss of muscle mass in aging) and high likelihood of osteoarthritic changes; body 

mass index (BMI) > 35 kg/m2: excessive skin movement influences the gait analysis (movement between skin 

mounted sensors and underlying bone increases or locating anatomical landmarks for sensor placement not 

possible); metal implant in the knee; active rheumatic disorder; prior neuromuscular impairment (e.g. stroke); 

conditions other than knee injury that could cause abnormal patterns of locomotion; prior hip, knee, and ankle 

prosthesis or osteotomy of the lower extremities; prior spine surgery; other major medical problems; investigators 

 
Fig. 8: Specific Aim 2: Prospective design for assessing cartilage 
degeneration. At baseline, a clinical exam, bilateral knee MRI, physical 
activity level and a walking stress test will be conducted. The dose-
response relationship determined in the walking stress test at baseline 
will be related to changes in articular cartilage thickness and quality from 
baseline to the 24-month follow-up. The 12-month follow-up serves as 
additional endpoint to stay in contact with the participants thus minimizing 
drop-outs. 
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the experiment to 60 minutes (see Section 2.3.1). Similar load magnitude depending results were found for MMP-3, 

PRG-4 and ADAMTS-4 but not for MMP-9. Mean load-induced changes in MMP-3 were 20.4%, 23.1% and 36.5% 

for the 80%BW, 100%BW and 120%BW conditions, respectively (condition effect, P<0.001). Mean load-induced 

changes in PRG-4 levels were -9.1%, 11.7% and 5.6% for the 80%BW, 100%BW and 120%BW conditions, 

respectively (condition effect, P=0.033). The results of this study31 represent the first evidence of a dose-

response relationship between ambulatory load and mechanosensitive blood markers of articular cartilage 

and the biological variation in this relationship, and clearly show the feasibility of the proposed 

experiments. Based on the literature and our own work, we choose IL-6 as inflammatory biomarker and 

COMP, MMP-3, PRG-4 and ADAMTS-4 as mechanosensitive blood markers of articular cartilage. 

 

2.2.5 Proposed mechanism 

According to a recently proposed stimulus-response model4, the risk for developing OA emerges when one of 

the components of the disease (e.g. mechanical) becomes abnormal, and it is the interaction with the other 

components (e.g. biological and/or structural) that influences the ultimate convergence to cartilage breakdown and 

progression to clinical OA. There is some evidence that a mechanical stimulus at baseline can enhance the 

sensitivity of a blood marker to predict cartilage thinning in a 5-year follow-up in patients with knee OA.20 However, 

elucidating the interaction between mechanical and biological factors in the initiation of OA necessitates a thorough 

understanding of the in vivo mechanobiology of healthy tissue. Results of in situ experiments have shown that 

chondrocytes increase ECM production in response to mechanical loading, dynamic hydrostatic pressure91,92 and 

dynamic osmotic changes70 by mechanotransduction via mechanosensitive ion channels51,76 and signaling through 

integrins50 and primary cilia.103 Animal models of altered joint loading by ACL transection45, meniscal injury or 

meniscectomy9 led to degenerative joint changes similar to human joint injury25,36, and have been effective in 

identifying a number of disease-modifying enzymes.3,24,43 Unfortunately, results of in situ experiments and animal 

models cannot be directly translated to living human tissue. Our research has shown that ambulation results in 

changes in serum levels of structural cartilage proteins and enzymes of cartilage constituent synthesis and 

degradation58,62,63, that the response to load may depend on the duration of ambulatory exercise60, and that 

prolonged inactivity leads to a depletion of these markers in serum.38,42 

In the proposed study, we will use systematic modulation of weight bearing as a model for studying the dose-

response relationship between ambulatory load and mechanosensitive blood markers of articular cartilage. 

Ambulatory load serves as a stimulus for cartilage metabolism in response to a walking stress test. Articular 

cartilage is adapted to ambulatory loads associated with BW (Fig. 6). Unloading and additional loading by 20% at 

constant walking speed translates to 20% lower and 

higher joint loads, respectively.31,74 The dose-response 

relationship is expected to have different slopes 

representing biological variation depending on age, 

tissue status or the presence of inflammation (Specific 

Aim 1). Tissue status will be assessed using MRI, and 

presence of inflammation using inflammatory blood 

markers. A weaker dose-response relationship is 

expected to be associated with cartilage degeneration 

in persons with high risk of developing OA such as 

older persons or persons after ACL injury (Specific 

Aim 2). It is possible that level of physical activity 

influences the mechanosensitivity of articular cartilage. 

 
Fig. 6. Modulating effect of age, tissue status and  
inflammation on cartilage mechanobiology. The interplay 
between cartilage health, ambulatory load and load-induced 
tissue metabolism may be modulated by age, tissue status, 
and/or inflammation. 
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vicious cycle of knee OA progression, varus malalignment and high ambulatory load. On average, the knee 

adduction moment after HTO is reduced to half of pre-operative levels. Hence, the accumulated load in a post-HTO 

walking stress test should also only be half of the pre-HTO accumulated load. Depending on the specific 

ambulatory load reduction with HTO, cartilage may have the capacity to regenerate (sufficient unloading) or further 

degenerate (insufficient unloading) leading to poor outcome. Changes in cartilage biomarkers in response to a 

walking stress test are expected to change immediately after the load-altering HTO and depend on the magnitude 

of load reduction (Specific Aim 1) and be related to clinical outcome at 12-months (Specific Aim 2). 

 

2.3  Detailed research plan 

2.3.1 Specific aims 

The current state of research in the field and of our own research clearly shows that the mechanism of clinical 

improvement after HTO is poorly understood. Previous reports of regenerated articular cartilage and our results of 

changes in cartilage biomarker concentrations after a walking stress test raise the following questions: 

1. Does the functional outcome after HTO correlate with the amount of reduction in ambulatory load? 

2. Are changes in cartilage biomarkers sensitive to the magnitude of ambulatory load during a walking stress 

test? 

3. Are the changes in physical function related to the amount of ambulatory load reduction by HTO? 

4. Can the effectiveness of reducing load by HTO for regenerating cartilage be assessed long before the clinical 

outcome of HTO can be determined? 

Clearly, there are multiple factors ranging from mechanical to biological factors that are important to consider. 

The questions we are addressing will provide information that help to sort out the processes underlying HTO and 

the biological response to ambulatory load in knee OA. This project will test the overall hypothesis that a sudden 

ambulatory load reduction leads to changes in cartilage biology that delay or reverse osteoarthritic processes 

representing an in vivo model for assessing cartilage mechanosensitivity. The following specific aims will be 

addressed: 

  

 
Figure 7. The amount of reduction in ambulatory load better predicts functional outcome after HTO than amount of 
static alignment correction. Prior to HTO, biomarkers reflecting cartilage degradation will respond to a walking 
stress test. After HTO, the biomarker response to a walking stress test may vary between patients and be related to 
good or poor clinical outcome. 

The effect of high tibial osteotomy on in vivo cartilage mechanobiology 
in patients with knee osteoarthritis
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The glenoid part will be dissected from the scapula, fixed with screws in the cavity and additionally embedded in 

PMMA to guarantee rigid placement. To meet safety standards for human cadaver testing, the shoulder simulator 

area must be segmented into two sections: the "engineering" section (non-contaminated, section 1) and the 

"contaminated" section (section 2). The two sections will be separated by mounting a plexiglas partition to the 

simulator. 

2.3.4.2 Integration of the anterior and posterior aspects of the deltoid muscle 

The current version of the simulator uses 

only the middle part of the deltoid. However, 

the anterior and posterior parts of the deltoid 

muscle may substantially contribute to 

abduction. Because these parts have a 

different line of action (Fig. 11), an 

expansion of the existing deltoid tendon 

system at the proximal shoulder by 

additional actuators is essential for a realistic 

loading scenario. This, an upgrade of the existing simulatoris required.53 Moreover, mechanical and software 

advancements must be carried out. New active elements comprise two maxon motors (Maxon Motor AG, 

Sachseln, Switzerland) representing the anterior and posterior parts of the deltoid muscle by using two reels for 

upwinding the "muscle strands" and two frames to connect the motors with the reels. Some additional general 

structural adjustments must hence be realised. 

2.3.4.3 Software extension 

The regulation of the new motors must be programmed and integrated into the existent software. The applied 

forces on the anterior and posterior parts must be adjustable as a ratio to the existing middle deltoid. For instance, 

a ratio of 1:1:1 means that the force is equally distributed on all three deltoid tendons. In addition, the software 

must be enabled to switch between applied total forces onto the two auxiliary parts of the deltoid and to apply 

individual force levels on these to simulate partial dysfunction of the deltoid apparatus. To simulate other 

dysfunctions of the shoulder such as a rupture of parts of the rotator cuff, similar adjustments of the software must 

be programmed. To facilitate proper functionality and stability of the affixed humerus, various parametrical 

adjustments and pretests are required to ensure a proper functioning of the simulator.  

2.3.4.4 Simulation of individual tendon ruptures 

At the current stage, the simulator is not able to simulate individual tendon ruptures. The simulator has been 

used to display glenohumeral translations during abduction and internal/external rotation around the humeral 

longitudinal axis. To simulate realistic tendon ruptures, the tendons must be detached from the proximal fixation. 

Consequently, the controlling system of the shoulder simulator must be able to detect out-of-plane motion of the 

humerus during abduction and be able to counteract with other muscles to keep the humerus in plane. The 

required forces will be measured with the load cells attached to each muscle tendon. 

 

2.3.5. Work package 4: Simulation study 

Experimental setup: Sawbones will be used for the simulation study.60 The glenoid will be simulated by a 

commercially available impant made of polyethylene (Mathys AG Bettlach, Switzerland).53 Artifical sutures will be 

attached to the anatomical insertion sites of the muscles and connected to the motor cables of the simulator. The 

following muscles are considered as active elements: supraspinatus, anterior, middle and posterior deltoid, 

 

 
Fig. 11. Initial situation (left) with intact rotator cuff. Supraspinatus-
deficient shoulder (middle) and subscaluparis-deficient shoulder (right). 
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