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IN VIVO DAMAGE STUDY OF DIFFERENT TEXTURED BREAST IMPLANTS

Keywords: breast implant, texture, in vivo damage, surface topography, debris

Certain types of breast implant texture present increased risks of anaplastic large cell lymphoma (ALCL), which results from a chronic inflammatory process. Silicone debris released from implant surfaces upon wear might be implicated in this inflammation. However, in vivo formation of such debris has not been demonstrated. Consequently, we have characterized the topographical evolution of breast implant textures after implantation at multiple scales by interferometry and X-ray micro-tomography, and a new nomenclature for implant textures, namely peaks and valleys (PV), open cavities (OC), and semi-open cavities (SOC), was established. The damage was quantified as the relative difference between the Sa of the implant and that of the explant and allowed us to specify the scale ranges at which roughness is preserved, destroyed, or created. Thus, for the first time we could compare the damage to the different categories of texture defined in our classification, which results in an erosion of peaks for PV structures, a wear of the cavity wall and of the cavity "caps" for OC and SOC structures respectively. Despite their damage, prostheses retain their original morphologies. The proposed damage mechanism for these textures leads to an erosion that would release debris, similarly to the debris mill mechanism.

Introduction

The surface structuring of breast implants, also termed 'texture', is a highly topical subject since, while a causal link remains to be definitively demonstrated, certain types of texture appear to represent an increased risk factor for the development of anaplastic large cell lymphoma (ALCL) [START_REF] Taylor | Anaplastic large cell lymphoma occurring in association with breast implants: review of pathologic and immunohistochemical features in 103 cases[END_REF].

The American Society of Plastic Surgeons (ASPS) estimated 735 worldwide cases of ALCL as of August 5th, 2019 [2]. Furthermore, a study conducted in Australia and New Zealand estimated an ALCL risk of one case out of 3,817 implantations for Biocell ™ textured implants sold by Allergan (Irvine, CA, USA), while the risk for Siltex ® textured implants marketed by Mentor (Irvine, CA, USA) was estimated to be one in 60,631 [START_REF] Loch-Wilkinson | Breast Implant-Associated Anaplastic Large Cell Lymphoma in Australia and New Zealand: High-Surface-Area Textured Implants Are Associated with Increased Risk[END_REF].

Thus, these cases raise the question of the etiology of ALCL. It is widely acknowledged that ALCL results from a chronic inflammatory process [START_REF] Kricheldorff | Breast Implant-Associated Lymphoma[END_REF][START_REF] De Boer | Breast Implants and the Risk of Anaplastic Large-Cell Lymphoma in the Breast[END_REF][START_REF] Johnson | Breast implant associated anaplastic large cell lymphoma: The UK experience. Recommendations on its management and implications for informed consent[END_REF][START_REF] Doren | Epidemiology of Breast Implant-Associated Anaplastic Large Cell Lymphoma[END_REF]. However, the origin of the inflammation remains to be identified. A number of hypotheses have been proposed in the literature, with several involving the biofilm [START_REF] Loch-Wilkinson | Breast Implant-Associated Anaplastic Large Cell Lymphoma in Australia and New Zealand: High-Surface-Area Textured Implants Are Associated with Increased Risk[END_REF][START_REF] Kricheldorff | Breast Implant-Associated Lymphoma[END_REF][START_REF] De Boer | Breast Implants and the Risk of Anaplastic Large-Cell Lymphoma in the Breast[END_REF][START_REF] Doren | Epidemiology of Breast Implant-Associated Anaplastic Large Cell Lymphoma[END_REF] or the silicone debris released from the surface of the implant [START_REF] Kricheldorff | Breast Implant-Associated Lymphoma[END_REF][START_REF] De Boer | Breast Implants and the Risk of Anaplastic Large-Cell Lymphoma in the Breast[END_REF][START_REF] Doren | Epidemiology of Breast Implant-Associated Anaplastic Large Cell Lymphoma[END_REF]. However, only Danino et al. observed micrometric particles suspected to be released from the Biocell ™ texture with scanning electron microscopy (SEM) (see Fig. 6 in [START_REF] Danino | Étude au microscope électronique à balayage des surfaces des implants mammaires à texturation poreuse et de leurs capsules. Description de l'effet « velcro a des prothèses à texturation poreuse[END_REF]).

Two in vitro simulations on breast implant surface damage have been published. Webb et al. characterized the damage to three different textures (Biocell ™ , Siltex ® , and TRUE Texture ® (Rio de Janeiro, Brazil)) qualitatively by SEM after peeling an adhesive polymer from the implant surface [START_REF] Webb | Textured Breast Implants: A Closer Look at the Surface Debris Under the Microscope[END_REF]. They observed particulate shedding from the three textures, with that for the Biocell ™ texture being particularly pronounced. Ramaio et al. also used SEM to observe the damage to two brands of implants after immersion in phosphate-buffered saline solution and potassium hydrogen phthalate buffer solution at controlled temperature and pH for 12 weeks [START_REF] Ramião | In vitro degradation of polydimethylsiloxanes in breast implant applications[END_REF]. However, in contrast to the Webb study, they did not observe any changes in the implant shell structures.

It is noteworthy that the mechanical stresses that the surface structures in the breast undergo locally are not known. They are estimated only approximately and globally [START_REF] Gefen | Mechanics of the normal woman's breast[END_REF]. Moreover, general biomechanical studies on soft tissues typically underestimate their complexities [START_REF] Ben Amar | Morpho-elasticity of inflammatory fibrosis: the case of capsular contracture[END_REF]. Therefore, in the absence of valid biomechanical data on the tissues surrounding breast implants, it is unrealistic to reproduce the wear conditions of the textures and thus to propose valid in vitro wear protocols.

In order to understand these biological mechanisms, it is crucial to evaluate the in vivo mechanical stability of the surface structures. However, meaningful in vivo animal studies on the wear of such textures are largely impossible when we take into account the life span of the implants, which is approximately 16 years [START_REF] Goodman | The life span of silicone gel breast implants and a comparison of mammography, ultrasonography, and magnetic resonance imaging in detecting implant rupture: a meta-analysis[END_REF]. Consequently, the best method for characterizing the in vivo structural evolution of breast implant textures is to topographically analyze the surface of explants from the human body. However, there are currently no articles in the literature relating an ex vivo topographical study of breast implant surfaces, although there are numerous such studies on orthopedic implants. This discrepancy can be explained by several different factors that prevent the topographical characterization of breast explant samples obtained after revision surgery. These include factors related to handling in the operating room, as it is not usual to store explants in the field of breast surgery. Other factors are related to the protocols used for explant decontamination, which do not provide for systematic a posteriori analyses of explants. For example, there is no cleaning procedures that are able to remove the remaining fragments of biological tissue that, once hardened, become adhered to the surface of the explant. Topographical analysis of the explant surface at these locations is therefore impossible. Furthermore, traceability is not systematically implemented in breast surgery. Thus, the characteristics of the explant, such as the name of the manufacturer and the device reference, may be unknown. A straightforward implant-explant comparison involving measurement of the surface of the same prosthesis before and after implantation would require an average traceability of more than 10 years, which is rarely possible.

Another impeding factor is the poor clinical follow-up typical for breast implants and the resultant lack of robust statistical data available. This can be explained by the "aesthetic" connotation of breast implants, which reduces the amount of research on such implants in favor of implants considered more "functional", such as orthopedic implants.

The last factor is linked to the new version of the ISO 14607:2018 standard, which presents metrological aberrations, in particular those regarding the choice of measuring instruments. Basically, the standard suggests four instruments to measure the breast implant surface: interferometry, confocal microscope, atomic force microscopy (AFM) and SEM with a reconstruction software. For example, AFM is not able to measure surface over a 4 mm² area, as required by the standard. Once these points have been clarified, we can establish whether chronic inflammation of surrounding biological tissues is generated and maintained by the presence of silicone debris released from the implant surface.

Accordingly, in order to characterize for the first time the topographical evolution of breast implant textures after implantation, we have performed a study based on explants. As detailed below, our approach was based on topographical and clinical expertise. Firstly, we performed a preliminary study that allowed us to validate our methodology for measuring and analyzing breast implant surfaces [START_REF] Garabédian | A multitopographical-instrument analysis: the breast implant texture measurement[END_REF]. Textures obtained by mold replication were characterized by interferometry. The latter technique was found to be inadequate for textures obtained by saltloss processes because of their strong topographical slopes. Consequently, X-ray microtomography was used to measure these textures. Secondly, a nomenclature for implant textures in terms of three categories, namely peaks and valleys (PV), open cavities (OC), and semi-open cavities (SOC), was defined, allowing harmonization of the different designations using terms independent from those used in marketing, which are topographically meaningless. To collect the explants for this study, we collaborated with a clinician with 40 years of experience in the field of breast implantation. Data collection was therefore facilitated by the fact that the surgeon explanted what she had implanted, minimizing loss of information regarding the device and the patient.

This approach has allowed us to present the first results on the possible in vivo degradation of different types of textures. A comparison of the degradation modes between the different textures was also performed.

Materials and methods

In this study, the patients were followed by the surgeon from the placement to the explantation. The reasons for revision surgery could be related to aesthetic reasons, such as insufficient cup size or unsatisfactory breast shape, or postoperative complications, such as implant rupture, hardening of the breast, or pain. All the explants were filled with silicone gel.

The data categorized according to the implant nomenclature proposed are summarized in Table 1. The texturing processes of the implants are also detailed.

As described by Garabedian et al. [START_REF] Garabédian | A multitopographical-instrument analysis: the breast implant texture measurement[END_REF], surface measurements were made with an interferometer for the PV-assimilated explants and with a micro-tomograph for the OC-and SOC-assimilated explants. Interferometry measurements were performed under white light and with a ×50 objective. The resulting vertical and lateral resolutions were 10 nm and 520 nm, respectively. For the micro-tomograph, the X-ray source was powered by a voltage of 80 kV and an intensity of 100 μA. The size of the voxels was set at 2.5 μm.

As often only a fragment of the explant's apex was harvested, three measurements of 4 mm² were performed on each explant and implant.

The interferometry provides a file containing the (x,y,z) position of all the measured points. This file was then converted into a topography (Mountains Digital Surf™, Besançon, France).

The reconstruction of scans to a stack of cross-sections along the z-axis was performed after filtering the noise peak. This stack is then converted to a file of cross-sections in the (xy) plane. After binearization of the cross-sections, the topography is obtained by capturing the most outer point for each (x, y) position in a matrix.

In this study, all topographies were flattened by a third-degree polynomial fit to remove the form of the surface. The topographical parameters were computed at the scale of 1.1 µm after resampling the topographies by spline functions in order to minimize artefact due to nonconstant sampling in the computation of some parameters (such as Sdq).

For the implant-explant comparison, one implant for each type of texture detailed in Table 1 (Cereform ® , Sebbin round implant texture, Micro-textured Cristalline, Nagotex ® , Sebbin shaped implant texture, and Biocell™) was analyzed.

Reference to implant category

Implant topographies

Type of texture (manufacturer) To determine the scale at which the implant-explant comparison was most relevant in regards to biological phenomena, multi-scale decompositions of the surfaces were conducted.

Basically, the topographies were first analyzed using the Mountains ® software package from the raw measurements. Two Gaussian spatial filters, namely high-pass (HP) and low-pass (LP) filters, were applied to decompose all the roughness scales contained in each measured surface. By applying the HP filter, we removed the roughness scales above a defined threshold and obtain only the lowest roughness scales. Conversely, the LP filter extracted the roughness scales higher than the defined threshold (Figure 1). By sequentially increasing or decreasing the threshold value, we were able to reveal the spectrum of all the topographical scales included in each measured surface, namely the 'surface roughness' with the HP filter and the 'surface waviness' with the LP filter. Then, we calculated for each surface of the spectrum a large number of topographical parameters. We were thus able to obtain for each of these parameters its evolution according to the filter threshold and therefore according to the scale. Basically, these plots describe their multi-scale behaviors.

Herein, we restricted our study to the multi-scale analysis of arithmetical mean height (Sa) using the HP filter because it is sufficient to describe the multi-scale behavior of breast implant surfaces. We previously demonstrated that, among different roughness parameters, the Sa allowed us to better capture the different roughness regimes [START_REF] Garabédian | A multitopographical-instrument analysis: the breast implant texture measurement[END_REF]. Analyses with LP filters were also conducted. However, we decided not to include them in the articles. Indeed, LP filters, which rather represent the morphologies, are not very relevant for surface structures of breast implants) since the morphologies are not altered by implantation.

Other topographical parameters are presented in the Appendix A.

We have also implemented robust Gaussian filtering and discrete wavelet filtering (see Appendix B). It appears that Gaussian robust filtering tends to exaggerate some local discontinuities. Wavelets, if optimally chosen, are able to distinguish the boundaries of cavities (however, the spectrum of continuous wavelets will then be preferred) but cannot detect the extra-cavity roughness. Gaussian filtering thus seems to be the best trade-off for multi-scale analysis.

The damage was finally quantified as the relative difference between the Sa of the implant and that of the explant over the entire wavelength range, as explained in Eq. 1:

𝐷𝑎𝑚𝑎𝑔𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 = 𝑆𝑎 𝑖𝑚𝑝𝑙𝑎𝑛𝑡 -𝑆𝑎 𝑒𝑥𝑝𝑙𝑎𝑛𝑡 𝑆𝑎 𝑖𝑚𝑝𝑙𝑎𝑛𝑡 (1) 
An analysis of variance (ANOVA) between the Sa values of the implants and those of the explants, as well as the calculation of the Fisher value (F), was conducted on all the scales studied.

The purpose of this test is to determine whether for a given scale there is a difference between explants and implants.

It can be seen that the sum of the squares of the deviations (SSD) of the roughness measurements (roughness being characterized by a relevant parameter) from the general mean of all the measurements (SSDt) can be divided into two additive topographical components: a sum of the squares of the deviations of the roughness between the different textures (SSDa) and a sum of the squares of the residual deviations of the topographical measurements, i.e. for the same texture (SSDr).

By dividing each of these elements by the number of degrees of freedom, we obtain that the total variance of topographical measurements is equal to the sum of the variance between the means of the measurements obtained for each texture (Va) and the mean variance of the measurement errors (Vr). It is then possible to define a so-called Fisher-Snedecor variable F = Va / Vr representing the ratio of the mean variance of roughness introduced by the surface texture divided by the mean variance of measurement of a surface and is an estimate of a signalto-noise ratio: the higher F is, the more important the difference between surface textures. In the absence of surface texture, the value of F will oscillate around the value 1. It is possible, by means of certain approximations performed on the topographical data themselves, to propose a critical value of F for which it becomes possible to affirm that the surfaces are not all topographical similar.

Thus, the multi-scale curve of F superimposed on those of Sa allowed us to graphically represent an area of relevance and an area of non-relevance defined from a threshold of relevance (which is hereafter fixed at 1).

Results

From the multi-scale analysis, the average value of Sa was computed at a given scale and its evolution was plotted according to the scales. At low scales, Sa characterizes only the microroughness, which is low. This was completed by waviness on the high scales, especially the roughness of the cavities, which has a much higher Sa. Thus, the evolution of the Sa, which was represented in a logarithmic coordinate system, is increasing. The 95% confidence intervals of the means estimated by Bootstrap are represented by dashed lines.

The multi-scale curve of the average Sa and its 95% confidence interval was thus obtained for the implants as well as for the explants. Then, F was drawn according to the scales to quantify the degree of significance. Thus, the higher the value of F, the larger the difference between Saimplant and Saexplant. Conversely, the closer F is to 1, the less significant the difference.

The combined multi-scale decompositions of Saimplant and Saexplant as well as F were initially performed for each type of texture (Fig. 2). The differences between the topographies of the implants and those of the corresponding explants were then taken into account to analyze the multi-scale curves. 

Cereform ® texture (Cereplas) (PV)

At all scales (Fig. 2A), the Sa of Cereform ® explants is lower than that of the Cereform ® implants, which is characteristic of wear phenomenon. The measurements are extremely homogeneous. Given the small dispersions, this difference is significant over all the scales studied, as evidenced by the F curve, which is consistently above the threshold of relevance. The wear of the Cereform ® explants is therefore multi-scale. The damage becomes less pronounced with increasing scale. Upon examining the topographies, a smoothing of the microroughness is observed, as shown in Fig. 3.

Figure 3. Smoothing of the micro-roughness on Cereform ® explants (left: implant; right: explant).

Sebbin round implant texture (Sebbin) (OC)

As seen in Fig. 2B, the explant curve is again below the implant curve, except for the very low and very high scales, which are characterized respectively by a small peak and by an exponential rise on the F curve. Therefore, the multi-scale analysis reveals a small increase in roughness amplitude for the explants at the low scales and a sharp increase in roughness amplitude at the high scales.

On the other scales, as the dispersion of the measurements on the implant surface is larger than that for the PV implant, this difference remains within the significance limit. The multi-scale curve of Sa calculated for these explants does not reveal much damage. In addition, a scaling law is observed on this scale range, as characterized in a logarithmic coordinate system by a linear evolution of the Sa according to the spatial length on the implant curve as well as on the explant curve.

This type of texture, obtained by indentation of calibrated salt crystals on the surface of the noncrosslinked silicone envelope, is characterized by cuboidal cavities. It is therefore distinguished by good stability and therefore by low damage at all scales compared to the PV structuring. Topographically, the edges on the explants are almost at right angles and the bottom of the cavities and plateaus are as smooth as the implant (Fig. 4). 

Cristalline Micro-texture (Eurosilicone) (OC)

A similar implant-explant behavior is observed on scales higher than 100 μm, with a scaling law and perfectly superimposable curves (Fig. 2C). Below 100 μm, the decline of the implant curve is more important than that for the explant curve. This deviation gradually increases on the very low scales. Thus, this increase in the Sa value of the explant (which is almost double at the very low scales) reflects the phenomenon of micro-roughness creation, which is confirmed by the F curve. The threshold of relevance is exceeded on the scales lower than 60 μm and a peak at the very low scales is again observed.

Topographically (Fig. 5), the explants are characterized by the homogeneous appearance of very small peaks on the bottom of the cavities and on the plateaus between the cavities, neither of which are observed on the implant surface. The edges of these cavities remain almost at right angles. 

Nagotex ® texture (Nagor) (OC)

Unlike the Cristalline Micro-texture explant, the Nagor explant exhibits good textural stability on the low scales (less than 100 μm), although it displays a larger dispersion than that of the implant (Fig. 2D). However, on the higher scales, the roughness of the explant is increased while having the same dispersion. The roughness difference becomes significant from 200 μm, as indicated by the threshold crossing of the F curve. Once again, a peak is present on the F curve at the very low scales. This represents the creation of micro-roughness.

Based on Fig. 6, the topography of the explant is characterized by an increase in the width of the cavities, with some cavities being 4-5 times wider than those on the implant. The cavities are also deeper, with a depth value of about 270 μm for the explant and 200 μm for the implant.

In addition, the cavities on the explant are much more heterogeneous in size and less cubic and more irregular in shape than those on the implant. It should be noted that the roughness present on the edges of the implant cavities is preserved on the explant. 

Sebbin shaped implant texture (Sebbin) (SOC)

The multi-scale plot for the Sebbin shaped implant texture presents three regimes (Fig. 2E).

The first regime extends on the scales less than 30 µm. It is characterized by a more important decrease on the implant curve than on the explant curve. The second regime is between 30 and 200 μm. The behavior of the two curves is characteristic of a scaling law and the gap between the curves is in the range of the dispersion. Beyond 200 μm, a third regime is presented which tends towards an asymptote. The multi-scale curve of the explants thus demonstrates a higher roughness on the very low scales (less than 30 μm) and a higher roughness on the very high scales (higher than 200 μm). The F curve confirms these three regimes. There is a sharp increase in F below 30 μm and above 200 μm and an intermediate regime characterized by a plateau slightly above the threshold of relevance.

The surface of the Sebbin shaped implants is more complex and heterogeneous than that of the OC implants; it exhibits more or less semi-open cavities. Topographically, the explants show destruction of the cavity "cap" (see Fig. 12). As only the vertical walls of the cavities remain, the latter appear topographically more open (Fig. 7).

Figure 7. Macroscopic opening of cavities on the Sebbin shaped explants (left: implant; right: explant).

Biocell ™ texture (Allergan) (SOC)

Compared with the previous curves, the multi-scale dispersion of the Allergan explant (dashed curves) is much larger (Fig. 2F), which indicates a very important variability in topographical measurements.

As a result, the multi-scale behavior of the explant is not significantly different from that of the implant over the entire wavelength range (with the exception of the small scales, where a peak is once again observed on the F curve).

The topographies shown in Fig. 8 illustrate the heterogeneity in size of the cavities present on the surface of the explants compared to those on the implant. In addition, the damage to the "cap" is apparently much more heterogeneous than that on the Sebbin shaped explant. 

Discussion

One of the main purposes of this first study is to know whether the textures exhibited by the breast implant is preserved or destroyed after implantation. Thus, a robust classification of breast texture is needed. We will be able then to verify that an implant with a type of texture remains in the category (as defined in the classification) after implantation.

Is the commercial nomenclature preserved during the implantation?

On the basis of the most extended sampling of implants (17 different types of textures from seven manufacturers) and the most important database of topographical parameters, a new classification of implants was defined. This classification relies on a complete and robust 2variable discriminant analysis.

After data bootstrapping, screening of all possible couples of topographical parameters, and calculation of a classification index, the classification was obtained with the selected parameter set: i) the average slope (Sdq) of the waviness that has a characteristic scale higher than 105 μm, and ii) the tortuosity (Sfd) of the roughness that has a characteristic scale lower than 105 μm.

The first element of the couple characterizes the mean quadratic gradient (i.e. the mean slope for all the points) of the macroscopic roughness (i.e. over scales higher than 105 μm). The second element is the fractal dimension (or tortuosity) of the microscopic roughness (i.e. over scales lower than 105 μm). The fractal dimension is an adimensional number comprised between 2 and 3 for a surface, which quantifies the degree of tortuosity (Sfd = 2 for a smooth surface and Sfd = 3 for a highly tortuous surface). Therefore, more Sfd is important, more the surface is tortuous on the small scales.

This classification allowed us to not only discriminate four categories of implants (SMOOTH, PV, OC, and SOC), but also to determine the singularities of each type of texture. Such a classification had not been reported until now. Indeed, the existing classifications do not justify the choice of the parameter, on which the classification is based [START_REF] Atlan | Breast implant surface texture impacts host tissue response[END_REF][START_REF] Barr | Functional biocompatibility testing of silicone breast implants and a novel classification system based on surface roughness[END_REF][START_REF] Jones | The Functional Influence of Breast Implant Outer Shell Morphology on Bacterial Attachment and Growth[END_REF]. These four categories were determined according to the values of these two parameters, as detailed in the Table 2. 2. Determination of categories of the breast implant classification. The parameters were computed at the scale of 1.1 µm after resampling the topographies by spline functions in order to minimize artefact due to non-constant sampling.

Average slope of waviness (Sdq

Once the different categories of implant textures have been quantitatively identified, it is necessary to establish whether a prosthesis with a given initial texture remains in its category post-implantation. For example, does an implant with a PV structure remain identifiable as a PV structure, even after a long implantation time? This information is crucial because it implies that the putative in vivo damage to the prosthesis does not alter its discriminating classification structure. An affirmative answer to this question would imply that the positive or negative impact of surface texture remains effective during the entire placement of the prosthesis (varying from 1 to 15.3 years in our experimental layout).

For our explant sampling, the selected parameters were calculated and then bootstrapped in order to apply our classification matrix to the explants (see Fig. 9). The dispersion of the explant scatterplots is comparable to that of the implants, with the exception of the Allergan texture. This indicates heterogeneous damage to the Allergan implants, which was confirmed topographically. When comparing the scatterplots of the Sebbin shaped and round implant textures, the Nagotex ® texture, and the Cereform ® texture with the corresponding explants, there is a slight decrease in the tortuosity of roughness and a slight increase in the average slope of waviness. Regarding the Cristalline Micro-texture, there is only a small increase in the macroscopic slope. However, despite these slight deviations, the categories (as defined in Table 2) remain valid for the explants. Unlike orthopedic implants, for which topographies are created by abrasion to the components under friction [START_REF] Garabédian | Wear pattern on a retrieved Total Knee Replacement: The "fourth body abrasion[END_REF][START_REF] Najjar | About the relevance of roughness parameters used for characterizing worn femoral heads[END_REF], the initial topographies of the breast implants are relatively well preserved, such as breast prostheses therefore retain their classification once implanted. Thus, this structural stability allows us to validate the robustness of the parameters retained for the classification since they are able to discriminate the textures post-implantation. 

Transfer function of the implant-explant roughness

Our comparative multi-scale analysis of Sa allowed us to specify the ranges of scales on which the roughness is preserved, destroyed, or created. As the explants remain identifiable in their category, they are grouped according to these categories, namely PV, OC, and SOC. Thus, it is possible to quantify and therefore compare the multi-scale damage of the different categories of texture as defined in the classification (Fig. 10).

Thus, the PVexplant category consists of the Cereform ® explant, the OCexplant category consists of the Sebbin round textured explants, the Nagor explant, and the Eurosilicone explant, and the SOCexplant category consists of the Sebbin shaped textured explant and the Allergan explant.

The multi-scale curves of the damage for these three categories allowed us to identify different regimes, as indicated in Fig. 10. 

Tortuosity of roughness Average slope of waviness

Damage of PV structure

As the PV category is only represented by the Cereform ® texture, the damage curve entirely reflects the multi-scale behavior of this texture post-implantation, i.e., a decline in Sa on all the scales that gradually becomes more important on the low scales.

According to the texturing process (sandblasting), the Cereform ® texture exhibits a wide range of peaks with different sizes. Basically, the impact of the sand grains first creates craters. Then, since sandblasting is a stochastic process, craters of much smaller amplitude appear on the initial craters.

According to the multi-scale curves, these are initially the smallest peaks for which the amplitude decreases. This decrease in amplitude becomes smaller and smaller on the high scales, ending up almost stable. This amplitude drop on the low scales is symptomatic of material removal, which is much more favored for small than for large peaks. This suggests a mechanical action on the surface, which is attributable to wear. Using a Johnson-Kendall-Roberts (JKR) contact model, Johnson et al. deduced that the damage mechanism of the polydimethylsiloxane (PDMS) is abrasive [START_REF] Johnson | Wear mode control of polydimethylsiloxane (PDMS) by load and composition[END_REF]. As a result, it is meaningful to apply the concepts of Archard's law, as recommended by Békési et al. [START_REF] Békési | Modelling Friction and abrasive wear of elastomers[END_REF] to simulate the wear of PDMS.

If the hypothesis of a multi-scale abrasion is confirmed, the generation of small debris may be expected. Given that a 40% decrease in Sa occurs for a spatial scale of 9 μm, it is reasonable to assume a release of debris particles smaller than this size.

It is noteworthy that, for scales between 10 and 25 μm, the transfer function presents a U-shaped curve. Although the transfer coefficient remains negative, we can distinguish an increase in the transfer coefficient for a critical length of 15 μm. A U-shaped curve is often the hallmark of two antagonistic mechanisms. In our case, another mechanism (which will also be noted for OC-and SOC-patterned prostheses) occurs simultaneously. Thus, while we observe an erosion that is increasingly important at the low scales due to the preferential erosion of small peaks, micro-roughness is created due to abrasion between the silicone and the biological tissue.

Johnson et al. showed by performing a scratch test on PDMS with low initial roughness that there was a creation of a "Gaussian" amplitude roughness leading to an increase in Ra on the scratched area by a factor of 2 to 6 compared to the unscratched area, depending on the macroscopic contact pressures [START_REF] Johnson | Wear mode control of polydimethylsiloxane (PDMS) by load and composition[END_REF].

Damage of OC and SOC structures

For the other textured surfaces (i.e., OC and SOC), the following features are common and define the three regimes (see Fig. 10): i) an increase in roughness below 25 μm, i.e., the intracavity roughness regime; ii) a multi-scale stabilization of roughness between 30 and 200 μm, i.e., the cavity roughness regime; and iii) an increase in roughness from 200 μm, i.e., the extracavity roughness regime These behaviors are completely different from that of the PV structure. Indeed, for the latter, no increase in roughness and no stabilized regime are observed.

There are, however, two fundamental differences between the SOC and OC structures: i) the SOC structure exhibits a positive transfer function and therefore an increase of explant roughness (of approximately 10%) in the stabilized regime (between 30 and 200 μm), whereas the OC structure presents a negative transfer function and therefore a decrease of explant roughness (of approximately 5%) in the same regime. ii) The amplitude increase on the high scales (above 1 mm) is larger for the OC structure (50%) than for the SOC structure (35%).

Intra-cavity roughness regime

Concerning the damage curves of OC and SOC structures, there is a very sharp increase in roughness for the low scales, which decreases further to stabilize at a common spatial scale of approximately 30 μm. This type of damage on these spatial ranges also occurs on the PV prostheses. Importantly, there is therefore a common mechanism of damage between all the textures, which will be termed the "debris mill". Thus, this mechanism creates a microroughness with the release of elastomeric particles smaller than 30 µm. (Fig. 11) As this roughness always increases (and tends to an exponential growth) as the scale decreases, it appears that damage only occurs on scales much lower than 10 µm, suggesting the generation of micrometric debris. The amplitude or severity of this mechanism (characterized, for example, by the volume of debris released per unit time) cannot be deduced from a purely geometric study. However, it is possible from the surface morphology to propose an initial quantification of the prosthesis' resistance regarding the mechanisms of abrasive damage. If we assume that the wear is abrasive, then a larger roughness created by this abrasive mechanism will potentially create a larger particle flow. OC-and SOC-patterned prostheses show sharp increases in roughness at the low scale (a rise of 40% at a scale of 10 μm). This would suggest that the damage to these textured prostheses is important. The presence of a crenel-shaped structure could lead to a concentration of shear on the plateaus of the surface morphology, thus facilitating erosion. However, not all the textures exhibit the same degree of roughness creation (Table 3). This difference in terms of damage can be caused by the macroscopic (shearing and normal) shear forces generated by the macroscopic shape (above 200 μm) of the surface topography. In summary, topographical analysis of the explants on the low scales can help to determine the basic mechanism of damage on breast implants and the potential origin of debris release.

Cavity roughness regime

This regime is described by a multi-scale stabilization of the roughness between 30 and 200 μm. The SOC structure exhibits a slightly positive transfer function (of approximately 10%) in this stabilized regime, whereas the OC structure presents a slightly negative transfer function over the same regime (of approximately 5%). This spatial range characterizes the roughness of a cavity. Remarkably, the transfer function remains constant. Therefore, the transfer is uniform in this roughness range.

For OC-patterned prostheses, the transfer function is negative, which is therefore characteristic of wear. However, unlike that of the PV-patterned prostheses, this wear is constant. This constant regime can be explained only if the damage is uniform on this range. The only mechanical explanation for this observation involves erosion of the walls with an almost constant surface depth, thus presenting constant wear over a wide range of spatial scales (Fig. 15). Once again, wear is generated by the debris mill previously described for the very low spatial scales.

In the medium scales (corresponding to the intermediate regime in Fig. 10), it would seem that there is no more wear except for the one introduced at the low scales. This is perfectly explained by Huang et al. [START_REF] Huang | The lubricant retaining effect of micro-dimples on the sliding surface of PDMS[END_REF] who show that the frictional behaviour of PDMS is characterized by compliance of asperities, special surface chemistry, wetting properties and the coupled influence of surface texture and wettability on the lubrication of an elastomer contact. For patterns of 5 µm high micro-dimples, the friction coefficient is expected to be minimized by a factor of 10 compared to untextured surfaces (due to hydrophilic properties).

For SOC-patterned prostheses, the transfer function is positive, which seems counterintuitive compared to the wear mechanism previously presented for the SOC structure. However, the morphology of the SOC structure prevents integral measurement of the cavity roughness. Indeed, the presence of a "cap" precludes an integral estimation of the roughness on the bottom of the cavity (Fig. 7). No roughness parameter exists to characterize this morphology. Likewise, with the exception of a particular analysis methodology specific for 4D morphology, very few instruments are able to measure a complete cavity with micrometric resolution. Therefore, a bias will appear in the measurement of Sa (Fig. 12). The opening of the explant cavities shown in Fig. 7, will therefore increase the Sa by revealing a larger mass of valleys (bottoms of the cavities). 

Extra-cavity roughness regime

OC-and SOC-textured surfaces have an increase in roughness above 200 μm in common, which is the extra-cavity roughness regime. However, the increase in amplitude on the high scales (above 1 mm) is larger for the OC structure (50%) than for the SOC structure (35%). This behavior is completely different from that of the PV structure, for which no increase in roughness is observed.

Several hypotheses can be proposed to explain this increase in extra-cavity roughness for OCand SOC-textured surfaces. Wear at the high scale must be rejected, since it is clearly impossible to increase topography by wear (scratching) at this scale and, if present, it would clearly appear on the topographies. Furthermore, this extra-cavity roughness does not depend on implantation time (Fig. 13), meaning that a purely homogeneous process of material creep or relaxation must be rejected. Another hypothesis can be proposed to explain the increase in extra-cavity roughness for OCand SOC-textured surfaces. This roughness increase may be explained by the introduction of residual stresses and their relaxation during the texturing process of OC and SOC implants.

The process of OC and SOC structuration is summarized in Fig. 15.

The first step consists of indentating cubic salt crystals into the non-crosslinked PDMS. It is frequent to observe a pile up-like formation on the OC topographies (Fig. 14). Miyake et al. show that during polymer nanoindentation testing, the stressed material underneath the indentation tip becomes constrained by the surrounding un-stressed material, leading to a buildup of large compressive hydrostatic stress [START_REF] Miyake | The effect of pile-up and contact area on hardness test by nanoindentation[END_REF]. In PDMS, this phenomenon can be linked to a strain gradient during indentation loading, as suggested by Wrucke et al. [START_REF] Wrucke | Indentation size effect of multiple orders of magnitude in polydimethylsiloxane[END_REF]. During curing process (see step 2 on Fig. 15), salt and polymer conductivities, that is correlated with strain [START_REF] Hong | Improvement of thermal conductivity of poly (dimethyl siloxane) using silica-coated multi-walled carbon nanotube[END_REF][START_REF] Kong | Enhanced conductivity behavior of polydimethylsiloxane (PDMS) hybrid composites containing exfoliated graphite nanoplatelets and carbon nanotubes[END_REF], is different (salt is two or three times more conductive than PDMS). A mechanical gradient is also introduced in PDMS [START_REF] Kim | Measurement of nonlinear mechanical properties of PDMS elastomer[END_REF][START_REF] Liu | Influences of heating temperature on mechanical properties of polydimethylsiloxane[END_REF] that will be also emphasized by the heterogeneity pattern created in the first step [START_REF] Tajbakhsh | Spontaneous thermal expansion of nematic elastomers[END_REF][START_REF] Hennig | Anisotropy of thermal conductivity in stretched amorphous linear polymers and in strained elastomers[END_REF].

In the third step, the salt crystals are then dissolved by immersion in water after annealing, however the low thermal conductivity and the short waiting time after curing are responsible for a quenching effect. The latter also introduces a change in the internal PDMS structure and therefore generates internal stresses whose heterogeneity is amplified by the variation in conductivity between the dissolved salt and the PDMS bulk [START_REF] Chambon | Stopping of crosslinking reaction in a PDMS polymer at the gel point[END_REF]. During this process, the PDMS structure is highly heterogeneous.

Finally, in the fourth step, the implant shell is then introduced into the human body at 37°C and a phase of homogenization and relaxation of residual stresses will generate dimensional variations. Indeed, the PDMS containing internal stresses will minimize them by retraction [START_REF] Mrowca | Retraction and stress propagation in natural and synthetic gum and tread stocks[END_REF], thus generating relaxation [START_REF] Tobolsky | Stress relaxation of natural and synthetic rubber stocks[END_REF]. It has been shown that this process is thermally activated [START_REF] Tobolsky | Systems manifesting superposed elastic and viscous behavior[END_REF]. Li et al. show that an internal stress is generated in cured polymer due to shrinkage occurring during the curing and cooling processes [START_REF] Li | Studies on relaxation and thermal expansion behavior of polysiloxane-modified epoxy resin[END_REF]. The quenching of free volume in the polymer system is due to the inability of polymer chains to achieve their equilibrium conformation and configuration. During the annealing process, enthalpy, free volume, and internal stress relaxation occur simultaneously. Xiang et al. [START_REF] Xiang | Accelerated thermal ageing studies of polydimethylsiloxane (PDMS) rubber[END_REF] modelled PDMS relaxation by proposing an Arrhenius-type time/temperature equivalence. The tensile elongation of PDMS decreased gradually with ageing time and the most important principle for time-temperature equivalence is based on the stress-independent damage model confirmed by Patel et al. [START_REF] Patel | Stress relaxation and thermogravimetric studies on room temperature vulcanised polysiloxane rubbers[END_REF]. Dragatogiannis et al. present a modified model by finite element method (FEM) for PDMS nanoindentation [START_REF] Dragatogiannis | Analysis of nanoindentation creep of polydimethylsiloxane[END_REF]. The aforementioned method is consistent with the creep curve, especially the part attributed to viscous flow. This clearly means that indentation by introducing complex triaxial stresses will relax according to the same constitutive law as for uniaxial stresses. Kim et al. confirm the deformation of PDMS structured surface by modelling thermal expansion and contraction of an elastomer stamp in capillary force lithography [START_REF] Kim | Thermal expansion and contraction of an elastomer stamp causes position-dependent polymer patterns in capillary force lithography[END_REF]. They model texture deformation including the shear stress caused on the local topography by the expansion during heating and by the contraction during cooling. In the cases, the relaxation on the complex stress fields will finally involve a waviness higher than characteristic length of the texture (see step 4 on Fig. 15).

Step 1 : Salt Projection

Step 

Conclusions

This study is the first to address in vivo damage of breast implants. Using the most optimal techniques (i.e., interferometry and micro-tomography), the damage to different types of breast implant texture was quantified, compared, and justified topographically on all scales. The instruments mentioned in the International Standard for breast implants (ISO 14607:2018) do not allow to measure all surfaces.

Several conclusions can be drawn from this study: i) Damage is described by a morphology at all scales; ii) despite their damage, the prostheses retain their original morphological appearance, i.e., there is no complete destruction of their initial morphological structures; iii) the proposed universal damage mechanism for all these prostheses is an abrasive mechanism (according to the debris mill mechanism), which releases debris on micrometric or even submicrometer scales; and iv) the debris mill erodes peaks and valleys for PV structures, cavity walls for OC structures, and cavity "caps" for SOC structures. An accurate estimation of these damage will not be able to be led, before the manufacturing-related variability and the explantation-related damage are taken into account.

A 2D model will be proposed for qualification and quantification, and this model will have to be extended into 3D and its physical constants refined. Once the in vivo mechanical, biological, and chemical context of the implant are further defined, tribological tests, which will allow us to reproduce this context as accurately as possible, will enable the characterization of granulometry and the elementary tribological mechanisms responsible for erosion. 
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 1 Figure 1. Principle of surface filtering (example given with a threshold of 105 μm). (A) Measured surfaces containing the full range of roughness wavelength, filtered using a high-pass (HP) filter, then retain the roughness wavelength below the threshold value and up to the instrument resolution. (B) Low-pass (LP)-filtered surfaces only contain roughness wavelength above the threshold value.

Figure 2 .

 2 Figure 2. Multi-scale curves of Saimplant, Saexplant, and F for all the textures analyzed. The pink and blue dashed lines represent the 95% confidence interval of the means estimated by Bootstrap. The scale length represents the threshold wavelength of the HP filter.

Figure 4 .

 4 Figure 4. Damage on Sebbin round textured explants (left: implant; right: explant).

Figure 5 .

 5 Figure 5. Appearance of very small irregularities on the Cristalline Micro-texture explant (left: implant; right: explant).

Figure 6 .

 6 Figure 6. Macroscopic irregularity of the cavities on the Nagor explant (left: implant; right: explant).

Figure 8 .

 8 Figure 8. Irregular damage of the "cap" present on the Allergan explant surface (left: implant; right: explant).

Figure 9 .

 9 Figure 9. Classification of implants obtained by discriminative analysis (left) and projection of our explants database on this classification (right).

Figure 10 .

 10 Figure 10. Identification of the damage regimes for the different texture categories.

Figure 11 .Table 3 .

 113 Figure 11. Appearance of microscopic irregularities within cavities for the Sebbin shaped explants. Delta at a scale of 10 µm (µm) Sebbin shaped implant texture 0.711 Cristalline Micro-texture 0.266 Nagotex ® 0.247 Sebbin round implant texture 0.072 Biocell ™ -0.024 Cereform ® texture -0.095 Table3. Difference between Saexplant and Saimplant (or Delta) for each texture at a scale of 10 µm.

Figure 12 .

 12 Figure 12. Schematic representation of the bias in Sa values upon the opening of SOC structures.

Figure 13 .

 13 Figure13. Sa evolution computed on the topographies measured (i.e., before multi-scale analysis) according to implant duration.

Figure 14 .

 14 Figure 14. Pile up formation (green area on the 2D profile) by salt indentation during the structuration process of OC prosthesis.

Figure 15 .

 15 Figure 15. The four step of OC and SOC structuration is responsible for generating residual heterogeneous, residual stresses and relaxation.

Figure B2 .

 B2 Figure B2. Reconstruction of a OC surface by different Band-Pass filters (Gaussian, Robust Gaussian, and Wavelet Symlet 4 at the scale of 120 µm).

Figure B3 .Figure B4 .

 B3B4 Figure B3. Reconstruction of a PV surface by different LP filters (Gaussian, Robust Gaussian, and Wavelet Symlet 4 at the scale of 500 µm).

  de la surface -x-sym4_ROND_LP_0000500

Texturing process Total sampling = 41 explants including 29 patients

  

	PV	Cereform ® (Cereplas)	Mould replication	3 explants 3 patients
		Sebbin round implant texture (Sebbin)	« Salt-loss »	21 explants 15 patients
	OC	Micro-textured Cristalline (Eurosilicone)	« Salt-loss »	2 explants 1 patient
		Nagotex ®	« Salt-loss » 1 explant
		(Nagor)		1 patient
		Sebbin shaped implant texture (Sebbin)	« Salt-loss »	13 explants 8 patients
	SOC			
		Biocell™ (Allergan)	« Salt-loss »	1 explant 1 patient

Table 1 . Implant characteristics and patient clinical data for explant sampling
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