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Introduction

In case of shoulder osteoarthritis (OA), total shoulder arthroplasty (TSA) aims at restoring a painless and functional joint. However, the prognosis of TSA depends mainly on the survival of the glenoid component [1][2][START_REF] Walch | Patterns of loosening of polyethylene keeled glenoid components after shoulder arthroplasty for primary osteoarthritis: results of a multi-center study with more than five years of follow-up[END_REF]. Mechanical failure of TSA is observed in 24 to 44% after 9 years requiring reoperation in 10% of the cases [START_REF] Walch | Patterns of loosening of polyethylene keeled glenoid components after shoulder arthroplasty for primary osteoarthritis: results of a multi-center study with more than five years of follow-up[END_REF][START_REF] Sperling | Neer hemiarthroplasty and Neer total shoulder arthroplasty in patients fifty years old or less. Long-term results[END_REF]. Clinical Loosening is defined as a failure of the anchorage system that leads to pain and loss of function. Radiological loosening is defined by the appearance and progression in time of radiolucent lines around the keel or the peg of the prosthesis [START_REF] Walch | Patterns of loosening of polyethylene keeled glenoid components after shoulder arthroplasty for primary osteoarthritis: results of a multi-center study with more than five years of follow-up[END_REF][START_REF] Gartsman | Radiographic comparison of pegged and keeled glenoid components[END_REF][START_REF] Szabo | Radiographic comparison of two glenoid preparation techniques in total shoulder arthroplasty[END_REF]. Loosening is a multifactorial phenomenon, and the role of the cement mantle has not been clearly demonstrated. Eccentric loading of the glenoid component is described as the « rocking horse effect » [START_REF] Matsen | Glenoid Component Failure in Total Shoulder Arthroplasty[END_REF]. This may be related to a malposition of the prosthesis [START_REF] Hopkins | Wear in the prosthetic shoulder: association with design parameters[END_REF][START_REF] Nagels | Patterns of loosening of the glenoid component[END_REF], to a posterior sub-luxation of the humeral head [START_REF] Walch | Morphologic study of the glenoid in primary glenohumeral osteoarthritis[END_REF] or to a rotator cuff rupture responsible of a superior escape of the humeral head [START_REF] Walch | Patterns of loosening of polyethylene keeled glenoid components after shoulder arthroplasty for primary osteoarthritis: results of a multi-center study with more than five years of follow-up[END_REF][START_REF] Hopkins | Wear in the prosthetic shoulder: association with design parameters[END_REF]. This situation engenders excessive load on the bone/cement interface, leading to an early mechanical loosening of the glenoid component [START_REF] Gregory | Glenoid loosening after total shoulder arthroplasty: an in vitro CTscan study[END_REF]. There are only few studies that have investigated the consequences of an eccentric loading of the glenoid component or studied the cement/implant interface.

The aim of this study is to evaluate the resistance to traction and to eccentric loading of a keeled glenoid component that is sealed with 3 different thicknesses of cement. Keeled and pegged glenoid components have become the basis for most implants. Regarding the most recent literature, patient factors such as bone quality, bone stock, activity level, and rotator cuff tendon quality all affect implant survivorship, maybe more than the design of the keel or of the pegs [START_REF] Mansat | Evaluation of the glenoid implant survival using a biomechanical finite element analysis: influence of the implant design, bone properties, and loading location[END_REF][START_REF] Throckmorton | Pegged versus keeled glenoid components in total shoulder arthroplasty[END_REF][START_REF] Rahme | Stability of cemented in-line pegged glenoid compared with keeled glenoid components in total shoulder arthroplasty[END_REF]. The author's preference is for keeled glenoid in daily practice, explaining the choice made for this study. The null hypothesis is that the cement thickness does not influence the mechanical resistance of the glenoid component. Our working hypotheses are: 1) failure of the glenoid component is caused by traction stresses generated within the cement mantle and 2) the rocking horse effect risk is increased by the increase of the thickness of the mantle of cement.

Methods

Sample preparation

A solid rigid polyurethane Foam (15pcf -Ref. Sawbones 1522-02) was used as currently in orthopedic biomechanics studies especially those recently published about glenoid biomechanics [START_REF] Gregory | Glenoid loosening after total shoulder arthroplasty: an in vitro CTscan study[END_REF][START_REF] Anglin | Loosening performance of cemented glenoid prosthesis design pairs[END_REF][START_REF] Sarah | Failure mechanism of the all-polyethylene glenoid implant[END_REF]. Blocs of 12 x 8 x 4 cm were made to implant glenoid components. These blocks were prepared as required by the company with standard surgical instruments (TORNIER, Montbonnot, France). The surgical reamer was attached to a drill press to prepare to receive a medium size curveback keeled component (curveback, keeled Aequalis, TORNIER, Montbonnot, France). Then a keel with a rasp was prepared using its specific instrumentation respecting the compaction technique for optimal cementing technique [START_REF] Young | Fixation of the glenoid component in total shoulder arthroplasty: what is "modern cementing technique?[END_REF].

The glenoid components used for this study were high molecular weight Polyethylene implants. Cement of High viscosity (Tornier, Montbonnot, France Ref. ECI031) was hand mixed at 20°C for 2 minutes. Pressure used to form a homogenous and regular predetermined cement layer on the bone and implant side, was applied through a custom-made gauge (figure 1) until polymerization. Samples were tested the next day.

Two designs of implants were used depending on the tests performed. In both cases, the keel and the curved back corresponded to the implant available on the market (figure 2):

-For axial loading: the glenoid components were provided by the manufacturer with a traction plot system that could be adapted to the hydraulic testing machine.

-For "rocking-horse" loading: the same glenoid components as used in surgery were tested.

For each experiment, 4 cement mantle thicknesses were tested: 0 mm (corresponding to cement around the keel without cement between the back of the glenoid and the foam), 1 mm, 2 mm, 3 mm (between the foam and the back of the implant). To standardize the mantle cement thickness, four different height gauges were used to determine precisely the thickness of cement for each group.

Tests in axial loading -traction

This first part of the study is necessary as it is requested by the ASTM international standards (for "American Society for Testing and Materials" that is an international standards organization that develops consensus technical standards).

Those tests were performed in traction by an Instron 8500 Plus testing machine (Instron Corp, High Wycombe, Buckinghamshire, United Kingdom). With a pre-load of 10 N, the cemented glenoid was translated inferiorly at a speed of 100 dN/min (Figure 3). In function of time, strain applied on the implant (recorded by the INSTRON load cell) was transferred and recorded on an Excel sheet (version 8 for Windows; Microsoft Corporation, Redmond, WA).

Load-displacement curves were created for each construct. The data-acquisition frequency was 2500 points per second. 5 pieces were tested for each thickness of cement (20 trials). 2 parameters were studied in axial loading trials from the stress/strain curves: the load to rupture, and the rigidity. We also looked at the macroscopic aspect of the glenoid to describe the way it broke (implant, interface and/or cement).

Tests in transverse tangential loading

These tests aim at reproducing the « Rocking Horse effect » of the humeral head on the glenoid component. This trial is based on the recommendations of American Society of Testing and Materials (2028-02 ASTMF. Standard test methods for the dynamic evaluation of glenoid loosening or disassociation. Book of ASTM standards. Conshohochen, PA ; 2004. p. 1083-1088). Eccentric loading was applied on the glenoid according to an axis extending from the superoanterior edge to the infero-posterior one. A humeral prosthesis (cervicodiaphysal angle of 130° and a size of 48, respecting the recommended mismatch) was fixed to the hydraulic press that makes translation cycles along the axis described previously (Figure 4).

The reference point for the translation is the position of the humeral head in the center of the glenoid. The extreme position of the translation was a subluxation of 50% of the humeral head at the antero-superior / postero-inferior edges of the glenoid. The frequency of oscillation between the 2 extremes positions was 0.5Hz. The load in the center of the glenoid is 10N and at the edges of the implant (when the humeral head is at its extreme position) of 740 to 760N [START_REF] Anglin | Loosening performance of cemented glenoid prosthesis design pairs[END_REF]. A LVDT system (Linear Variable Differential Transformer) was fixed to the modulus glenoid implant / cement / foam and recorded the displacement of the implant relative to the foam. The sensor is placed perpendicular to the axis of translation of the humeral head at the antero-inferior edge of the implant. For each cycle 5 positions of the LVDT were recorded:

-Humeral head at the center of the glenoid -Humeral head at the antero-superior extreme position -Humeral head centered -Humeral head at the postero-inferior extreme position -Humeral head centered

The trial was stopped if: 1) after 1.000.000 cycles or 2) a displacement of more than 2.5% from the reference point is considered as a significant movement.

Statistical analysis:

Five samples for each testing was chosen, without any power study analysis, to use nonparametric statistical tests. Statistical analyses were performed using Xlstat 2007 (Addinsoft, Paris, France). Wilcoxon-tests were performed for the statistical analysis: tests for matched pair samples. The recommended thickness of cement was compared to the 3 other configurations. A cut-off P value of .05 was adopted for all statistical significance.

Results

Axial loading trials

Macroscopic aspect of the break

The topography of the failure changed according to the thickness of the cement.

-For the trials with 0 mm of cement at the interface foam and back of the component, a breaking line was observed through the eyelet of the keel that was always full of cement. Above this hole, the implant fixation fracture was at the interface cement / implant. Distal part of the implant always remained within the foam.

-2 out of 5 trials with 1 mm failed the same way as the sample 0 mm, and 3 out 5 fractured at the interface foam / cement.

-For the samples of 2 and 3 mm the break occurred at the interface foam / cement or in the foam.

Load to failure

Data are summarized on table 1. No statistical difference was observed between 0 mm and the 3 other thicknesses tested (0 and 1mm: p=0.075; 0 and 2mm: p=0.270; 0 and 3mm: p=0.188).

The variation of the thickness of the cement does not change the load to failure.

Displacement recorded at the load to failure Data are summarized on table 2. The displacement was significantly lower when prosthetic implant is cemented with thicknesses of 1, 2, 3 mm of cement. The glenoid was sliding within the mantle of cement located around the keel (0 vs 1mm: p=0.007, 0 vs 2mm: p=0.002, 0 vs 3mm: p=0.006).

Rigidity

Results are reported in table 3. The rigidity is higher for the sample 0 mm than the 3 other thicknesses, but it is only significantly decreased for 3 mm of cement at the interface (0 vs 3mm: p=0.043).

Eccentric loads: « Rocking horse effect »

Numbers of cycles reached at the end of the trial are reported on table 4 (1000000 cycles or displacement of more than 2.5%). No significant displacement was observed for the samples of 0 and 1 mm. For the samples of 2 and 3 mm, a displacement was observed after respectively a mean of 790000 (p=0.063) and 450000 cycles (p=0.063); there are no statistical differences. These numbers of cycles are beyond the threshold number of cycles defined by the ASTM (70000 cycles). The minimal number of cycles inducing a displacement is 390000 and this is 5.5 higher than the threshold of the ASTM. At all time, when a displacement was observed, it was located at the interface foam / cement.

Discussion

This study shows that the thickness of the cement mantle underneath the glenoid clearly influences the mechanism of implant loosening in TSA.

Axial loading trials

Even if this situation does not correspond exactly to a specific clinical situation, this test is necessary for 2 reasons: first, the presence of a negative intra-articular pressure in the normal glenohumeral joint (ranged from -25 to -42 mm Hg (mean -34 mm Hg) and peaking up to 100 mmHg [START_REF] D'allessandro | Prospective evaluation of thermal capsulorraphy for shoulder instability: indications and results. Two to five years follow-up[END_REF][START_REF] Curl | Glenohumeral joint stability. Selective cutting studies on the static capsular restraints[END_REF]), induces traction stress on the glenoid component [START_REF] Itoi | Intraarticular pressure of the shoulder[END_REF]. Second, it is considered as a first step by the ASTM international Standard test methods for dynamic evaluation of glenoid loosening.

No significant difference was found in the trials between the sample with 0 mm of cement and the samples testing thicknesses with 1, 2, 3 mm, concerning the load to failure (fracture of the implant or at one of the interfaces). But the displacement necessary for this failure was significantly higher with a thickness of 1, 2, 3 mm of cement compared to 0 mm of cement. If the thickness of the cement increases, the weaken zone is at the interface cement / bone, but on the other hand it does not mean that the resistance of the interface implant / cement is increased by a higher thickness of cement. Therefore, a cement mantle of 2 or 3 millimeters would not be appropriate to an ideal cementing of the glenoid by inducing a weakness zone at the interface cement / bone.

In vivo, a greater displacement might be associated with an earlier loosening. Couteau et al. [START_REF] Couteau | Morphological and mechanical analysis of the glenoid by 3D geometric reconstruction using computed tomography[END_REF] in a finite element Analysis did not find a significant difference for the centered load concerning the maximal principal tensile stresses and the minimal principal compressive stresses.

Thickness of cement and « Rocking Horse Effect »

As for Gregory et al. [START_REF] Gregory | Glenoid loosening after total shoulder arthroplasty: an in vitro CTscan study[END_REF] no displacement was observed before the threshold defined by the ASTM for the 4 thicknesses tested. For 0 and 1 mm, the number of cycles inducing a displacement was not achieved after 1 million of cycles. For 2 and 3 mm, a displacement was observed before 1 million of cycles, but at least 5.5 times the threshold of the ASTM. It seems that a higher thickness of cement might be associated with a lower number of cycles inducing a significant displacement in the « Rocking Horse Effect ». A greater thickness of cement could reduce the ability to face to a transversal tangential load. Couteau and al. [START_REF] Couteau | Morphological and mechanical analysis of the glenoid by 3D geometric reconstruction using computed tomography[END_REF] applied eccentric loads on the postero-superior edge of the glenoid in order to reproduce the deleterious effects of the « Rocking Horse effect »: the principal stresses in a thick mantle are 30% higher than in a normal cement mantle.

Macroscopic topography of the break

When the thickness of the cement is 2 or 3 mm, the break occurs at the interface between the foam and the cement. Other biomechanical studies [START_REF] Hopkins | Wear in the prosthetic shoulder: association with design parameters[END_REF] have described a weakness zone in this interface, which also corresponds to the place of the radiolucent line observed in vivo on radiographies [START_REF] Sperling | Neer hemiarthroplasty and Neer total shoulder arthroplasty in patients fifty years old or less. Long-term results[END_REF]. With a thinner cement mantle the break occurs at the interface cement / implant and in the hole of the keel. Gregory et al. [START_REF] Gregory | Glenoid loosening after total shoulder arthroplasty: an in vitro CTscan study[END_REF] clearly distinguishes the interface cement / cancellous bone where an incomplete integration of the cement can be observed by tomography before the tangential transverse load, and the weakness zone appearing after the « Rocking Horse Effect » between cement and implant. Gregory qualifies those 2 simultaneous lines as « double crack ». This study also points out that increasing the mantle of cement increases the difference of Young's module difference explaining the fracture or not of the implant.

Limits of this study

First of all, this study uses polyurethane foam to simulate patient's glenoid bone. The use of such material remains controversial, even if it allows consistent model in size, shape and density in a view to get comparable, and reproducible results. For those reasons there is an ASTM recommendation (F1839: Standard Specification for Rigid Polyurethane Foam for Use as a Standard Material for Testing Orthopaedic Devices and Instruments). The use of such foam is also recommended in the literature for traction testing protocols [START_REF] Nagaraja | Comparisons of Anterior Plate Screw Pullout Strength Between Polyurethane Foams and Thoracolumbar Cadaveric Vertebrae[END_REF][START_REF] Calvert | Characterization of commercial rigid polyurethane foams used as bone analogs for implant testing[END_REF][START_REF] Thompson | Compressive and shear properties of commercially available polyurethane foams[END_REF]. In his review of biomechanical setting using sawbones, Hausmann TJ concludes that based on the literature, this is a reasonable solution for comparative investigations [START_REF] Hausmann | Sawbones in biomechanical settings -a review[END_REF]. He also pointed out that results of sawbone testing versus fresh frozen bones are often correlated.

Second, this is an in-vitro study that explores the primary biomechanical properties of a cemented keeled prosthesis. This study does not take into account other failure modes such as cement creep or bone yielding. We choose to use specific foam and not fresh frozen human cadaveric shoulders to have homogenous bone quality to study only the fixation quality. On the other hand, the use of bone substitute is needed to spare cadaver specimens.

Finally, the fracture of the cement or the displacement recorded in this study do not inform precisely about the axial distribution of the loads on bone or on cement, and the place where the failure is initiated; we only describe a weaker interface as other Finite Element studies [START_REF] Mansat | Evaluation of the glenoid implant survival using a biomechanical finite element analysis: influence of the implant design, bone properties, and loading location[END_REF][START_REF] Terrier | Bone-cement interface of the glenoid component: stress analysis for varying cement thickness[END_REF]. Actually the concept of "thin cement mantle" is not clearly defined in terms of thickness and localization [START_REF] Nyffeler | Influence of peg design and cement mantle thickness on pull-out strength of glenoid component pegs[END_REF]. «Modern cementing technics » recommend a thinner mantle of cement between the polyethylene component and the sub-chondral bone because it leads to a lower rate of loosening [START_REF] Nyffeler | The effect of cementing technique on structural fixation of pegged glenoid components in total shoulder arthroplasty[END_REF]. Several finite element or in-vitro studies have already provided stress information in the fixation area and proved that the bone-cement interface is the weakest interface [START_REF] Mansat | Evaluation of the glenoid implant survival using a biomechanical finite element analysis: influence of the implant design, bone properties, and loading location[END_REF][START_REF] Terrier | Bone-cement interface of the glenoid component: stress analysis for varying cement thickness[END_REF][START_REF] Couteau | Finite element analysis of the mechanical behavior of a scapula implanted with a glenoid prosthesis[END_REF][START_REF] Gupta | Stress analysis of cemented glenoid prostheses in total shoulder arthroplasty[END_REF].

Conclusions

Through a biomechanical model, we have shown that the thickness of the mantle of cement underlying the glenoid component of a total shoulder arthroplasty influences significantly the risk of glenoid loosening. The risk of failure is observed in case of cement thickness over 1 mm between the implant and the subchondral bone regarding the mode of failure and the number of cycles in case of rocking horse effect. This study suggests that the cement mantle should not exceed 1 mm between the implant and the sub-chondral bone but should be optimized around the keel of the implant. Further studies have to investigate if our conclusions may be transposed to pegged glenoid and polyethylene with an ingrowth component.

Tables legends

Table 1: load to failure (in N) in traction in function of the thickness of the mantle of cement between the back of the glenoid implant and the foam (0 mm, 1mm, 2mm, 3mm). Table 2: Displacement (in mm) recorded at the load to failure, in function of the cement thickness (in mm). 

Figure 1 :

 1 Figure 1: Custom made gauge -standardization of the mantle of cement thickness.

Figure 2 :

 2 Figure 2: Custom made implant for the axial loading test. The design of the back of the

Figure 3 :

 3 Figure 3: Test setting for the traction test.

Figure 4 :

 4 Figure 4: General setting of the eccentric loading test.

  

  

  

  

Table 3 :

 3 Rigidity (in N/m) recorded at the load to failure, in function of the cement thickness (in mm).

Table 4 :

 4 number of cycle before the stop of the experiment.

Table 1 :

 1 load to failure (in N) in traction in function of the thickness of the mantel of cement between the back of the glenoid implant and the sub-chondral bone (0 mm, 1mm, 2mm, 3mm).

	1mm	2mm	3mm

Table 2 :

 2 Displacement (in mm) recorded at the load to failure, in function of the cement thickness (in mm).

		0mm	1mm	2mm	3mm
	1	85.5	82.1	112.1	67.6
	2	53.6	55.9	25.9	58.4
	3	84.4	76	32	34.1
	4	87.6	70.7	60.6	71.4
	5	93.7	54.4	55.7	60.1
	Mean	80.9	67.8	57.3	58.3
	Max	93.7	82.1	112.1	71.4
	Min	53.6	54.4	25.9	34.1
	Standard-Deviation 15.7	12.3	34.1	14.6

Table 3 :

 3 Rigidity (in N/m) recorded at the load to failure, in function of the cement thickness (in mm).

		0mm	1mm	2mm	3mm
	1	1000000	1000000	762920
	2	1000000	1000000	926252
	3	1000000	1000000	826270
	4	1000000	1000000	752395
	5	1000000	1000000	720218
	Mean	1000000	1000000	797611
	Max	1000000	1000000	926252
	Min	1000000	1000000	720218
	Standard-Deviation 1000000	1000000	81559

Table 4 :

 4 number of cycle before the stop of the experiment.