

  applsci-10-09012




applsci-10-09012







Appl. Sci. 2020, 10(24), 9012; doi:10.3390/app10249012




Article



Analysis of Proteoglycan Content and Biomechanical Properties in Arthritic and Arthritis-Free Menisci



Johannes Pordzik 1,*, Anke Bernstein 1, Hermann O. Mayr 1,2[image: Orcid], Sergio H. Latorre 1[image: Orcid], Anastasija Maks 1, Hagen Schmal 1[image: Orcid] and Michael Seidenstuecker 1,*[image: Orcid]





1



G.E.R.N. Tissue Replacement, Regeneration & Neogenesis, Department of Orthopedics and Trauma Surgery, Medical Center—Albert-Ludwigs-University of Freiburg, Faculty of Medicine, Albert-Ludwigs-University of Freiburg, Hugstetterstr. 55, 79106 Freiburg im Breisgau, Germany






2



Schoen Clinic Munich Harlaching, Teaching Hospital of Paracelsus Medical University Salzburg, 5026 Salzburg, Austria









*



Correspondence: johannes.prodzik@t-online.de (J.P.); michael.seidenstuecker@uniklinik-freiburg.de (M.S.)







Received: 16 November 2020 / Accepted: 14 December 2020 / Published: 17 December 2020



Abstract

:

Studies on osteoarthritis of the knee have examined isolated aspects of the meniscus biomechanically and histologically, but not the difference between instantaneous modulus (IM) in healthy and diseased samples. The aim of this study is to investigate the difference in the biomechanical behavior and proteoglycan content between arthritic and arthritis-free menisci. In addition, the relationship between the biomechanical behavior and proteoglycan content should be investigated. A novel indentation-based method was used, which allows the mapping of the entire meniscus, without damaging it for histological examinations. A total of 26 arthritic and 14 arthritis-free samples were examined in the present study. A Mach-1 Model V500css test machine was used for biomechanical testing. A position grid was placed over each sample allowing all measurements (indentation test and thickness measurements) to be taken at the same position. All sections were then graded for Safranin O staining intensity for proteoglycan content. The maximum applied load of our arthritic samples above the posterior horn was statistically significantly higher (p = 0.01) at 0.02 ± 0.02 N than the maximum applied load of the arthritis-free samples at 0.01 ± 0.01 N. The proteoglycan content of the meniscus, evaluated by the Safranin O score, correlated statistically significantly with the maximum applied load over the entire meniscus (p = 0.04, 95% CI: 0.06–0.71). The present study showed that in the final stage of gonarthritis, the attenuation behavior of the meniscus was significantly lower compared to the arthritis-free knee. The mapping of IM and histological examination of the meniscus showed a direct correlation between changes in proteoglycan content and altered mechanical properties of the meniscus in gonarthritis.
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1. Introduction


In 2018, almost 100,000 arthroscopic procedures on joint cartilage and meniscus and 117,189 total knee replacements (TKR) were performed in Germany. In addition, 14,804 revision procedures were performed [1]. The number of people suffering from osteoarthritis (OA) is increasing every year, with the knee joint being one of the most frequently affected joints [2]. It is assumed that OA will be one of the most frequent causes of restriction of mobility in 2030 [3]. In everyday life, the knee joint is exposed to daily changing mechanical stress. Non-physiological stress can lead to degeneration of the articular cartilage and menisci and, thus, to arthritis. The main function of the menisci is to transmit force to the tibiofemoral joint by increasing the contact surface of the condyles with the joint to almost double the size [4]. The risk of arthritis increases many times over with a meniscectomy [5]. For this reason, attempts are made today to preserve as much of the meniscus as possible, and a meniscectomy is only recommended as a last resort [6].



So far, menisci from animals have been studied, including bovine [7,8,9,10], canine [7], baboon [10] and porcine [7,10]. The biomechanical testing of human menisci was mainly done under confined [7,11] and unconfined conditions [12,13] without differentiating between arthritic and arthritis-free menisci. For these tests, cylinders were punched out. This type of examination of the meniscus does not allow examination of the entire meniscus. In addition, it leads to tissue damage, which makes a later histological examination at the same place of the biomechanical examination impossible. One study has tried to establish a correlation between biomechanics by means of an indentation test and the structural composition of the tissue [14,15]. Patel et al. [16] showed in their review the predominant biomechanical testing methods for cartilage. These testing methods include ramp mechanical tests, stress relaxation tests, creep tests and dynamic tests. Most of these tests are performed under confined and unconfined conditions, which leads to tissue damage. Therefore, biomechanical testing methods, which allow biomechanical testing of the tissue without damaging it for later histological examination, are essential for a better understanding of the biomechanical properties of the meniscus. Mechanical characterization of the viscoelasticity of arthritic menisci compared to arthritis-free menisci, based on a complete indentation mapping test over the entire meniscus with subsequent correlation of the proteoglycan content, has not been published so far.



The aim of this study is to investigate the difference in the biomechanical behavior and proteoglycan content between arthritic and arthritis-free menisci. In addition, the relationship between the biomechanical behavior and proteoglycan content should be investigated. A novel indentation-based method was used, which allows the mapping of the entire meniscus, without damaging it for histological examinations.




2. Materials and Methods


2.1. Material


The mechanical and histological examinations were performed using the tibial plateau with the menisci taken from patients undergoing a TKR and corresponding to a grade 4 OA according to Kellgren and Lawrence [17]. Tissue samples were removed within 24 h postoperatively and then frozen. The arthritis-free samples were obtained from fresh frozen knees of body donors. A total of 26 arthritic samples and 14 arthritis-free samples were used in the present study. After thawing, the samples were directly tested. Therefore, both arthritic samples and arthritis-free samples were only frozen once prior to testing. All samples were handled according to approved institutional ethics committee certificates (ethics vote: 305/10 of the ethics commission of the Albert-Ludwigs-University Freiburg, Freiburg im Breisgau, Germany).




2.2. Mechanical Examinations


The following description of the biomechanical measurement methods is based on Pordzik et al. [18]. The menisci were first subjected to the indentation test [19,20] (DIN EN ISO 14577); then, the thickness was measured using the needle-measuring method [21].



2.2.1. Indentation Testings


The mechanical characterization of the menisci was carried out by means of automated mapping [22] based on indentation tests (DIN EN ISO 14577) [19,20]. A Mach-1 Model V500css test device (Biomomentum Inc., Montreal, QC, Canada), a multiaxial load cell with 17 N Model MA 233 (ATI industrial Automation, Apex, NC, USA) and Newport Motion Controller ESP 301 (Newport, Irvine, CA, USA) were used. The tests were displacement-controlled. This testing machine enables the examination of soft tissue. Based on Hayes [23], the resulting modulus is the instantaneous modulus (IM). IM, thickness and maximum load of the tissue were examined [22,24]. The maximum applied load was defined as the highest load registered by the load cell per measuring point. The menisci were fixed on to the MA646 specimen holder (Biomomentum Inc., Montreal, QC, Canada) by Loctide (Henkel AG & Company KGaA, Duesseldorf Germany) according to physiological circumstances and were then anchored in the testing device. The adhesive triggered no mechanical or structural changes in the meniscus and could be removed without leaving any residue after the measurements. After the samples were fixed in the testing machine, the measuring points were determined. For this purpose, each mounted meniscus was photographed with an HD camera (Biomomentum Inc., Montreal, QC, Canada). In the Mach-1 Analysis Software Version 4.1.0.17 (Biomomentum Inc., Montreal, QC, Canada), a position grid adapted to every meniscus could be projected on to the images. The position grid was created for each meniscus depending on its shape and size. The indentation test was then carried out by testing every determined point with the Mach-1 Motion Software 4.3.1.8 (Biomomentum Inc., Montreal, QC, Canada) using a spherical indenter MA680 (Biomomentum Inc., Montreal, QC, Canada) of 1 mm diameter. In contrast to previous studies, the entire menisci were examined. When testing the meniscus, an average of 45 measuring points was created in the position grid, comparable to Sim et al. [22] and Seidenstuecker et al. [25] (see Figure 1).



The testing parameters were chosen within the range of previous performed indentation tests [18,22,25]. The following criteria to test the meniscus were used: Poisson ratio: 0.5 [26], contact criterion: 0.1 N, indentation amplitude: 0.2 mm, indentation velocity: 0.2 mm/s and relaxation time: 10 s. NaCl 0.9% was used to prevent tissue dehydration during the measurements. Forces exceeding 5 N have been defined as the abort criterion to ensure the load cell was not damaged.




2.2.2. Thickness Measurement


The indentation test was followed by a thickness measurement via the needle technique [21] at exactly the same points as the indentation testing. A cannula size 18 (B.Braun, Melsungen, Germany) was placed on the indenter as shown in Figure 1. The following parameters were input into the Mach-1 Motion Software: stop criterion: 5 N, stage velocity: 0.5 mm/s and needle repositioning: 2x load resolution. The cannula was oriented perpendicular to the sample according to physiological circumstances and moved in the direction of the sample at a constant speed. This movement was stopped as soon as the cannula reached the metal below the meniscus. The thickness mapping used the same measuring grid as the automated indentation mapping, in order to get the thickness information on the exact same positions on the meniscus (see Figure 1).




2.2.3. Evaluation of Biomechanical Results


The data were evaluated according to Sim et al. [22] and Seidenstuecker et al. [25]. The thickness was calculated as the difference between the first point of the cannula’s contact with the tissue (red arrow in Figure 2) and the point of transfer (blue arrow in Figure 2) at which the load cell perceives a load against the stop criterion (stop criterion = 5 N).



The instantaneous modulus was evaluated at each measuring position according to Hayes [23] using the following equation:


  I M =  P H    ·     1 −  v 2    2 a k   ·    (   a h    v  )     











IM = instantaneous modulus; p = load; H = depth of indentation; a = radius of the contact region; ν = Poisson’s ratio (=0.5); k = correction factor dependent on a/h and ν; and h = sample thickness.





2.3. Histological Examination and Evaluation


After the mechanical tests, the menisci were cut into the following sections: anterior horn, middle section and posterior horn (see Figure 3). Two samples were taken from each section, one for transversal and the other one for longitudinal thin sections. The samples were fixed overnight in 4% formaldehyde solution and then dehydrated. The samples were embedded in paraffin so that both transverse and longitudinal sections could then be made per third. Using a Leica RM2255 rotational microtome (Leica Biosystems, Wetzlar, Germany), two 4 µm thin sections were made per specimen.



The Safranin O (SO) staining was carried out according to Romeis [27] for the proteoglycan content [28]. For SO staining, the following steps were used: dewaxing in xylene (Fisher-Chemical, Schwerte, Germany) (3 × 10 min); hydration in a descending ethanol series (SAV-LIQUID PRODUCTION GMBH, Flintsbach, Germany) (10 min each); actual dyeing; and dehydration in an ascending ethanol series (briefly impregnated 10 times) and xylene (2 × 5 min).



The evaluation of the SO stained sections was based on Sun et al. [28] in two longitudinal and two transverse sections per meniscus [29]. Each section was divided into an inner, middle and outer third, and each third was histologically evaluated [29]. The samples were examined with a Bx53 light microscope (Olympus, Shinjuku, Japan) equipped with an automated scanning table “SCAN 130 × 85” (Maerzhaeuser Wetzlar GmbH & Co KG, Wetzlar, Germany). The Olympus Stream Motion software version 1.9.4. allowed the recording of the entire cross-section. For this purpose, individual images were combined to form a high-resolution overview image.



The SO sections were assessed according to the SO dyeing intensity. The SO sections were evaluated according to Sun et al. [28] using the following grading scale: Grade 0: no SO staining; Grade 1 minimal SO staining; Grade 2: very weak SO staining; Grade 3: weak SO staining; Grade 4: strong SO staining; and Grade 5: very strong SO staining. The degree of staining thus allowed conclusions to be drawn about the proteoglycan content, with the higher the grading, the higher the proteoglycan content.




2.4. Statistics


The mechanical measurement data were evaluated with the Mach-1 Analysis Software Version 4.1.0.17 (Biomomentum, Montreal, QC, Canada), Origin 2018 Professional (Origin Lab, Northampton, MA, USA) and SPSS 25 (IBM, Armonk, NY, USA). All mechanical results were expressed as mean value with standard deviation (SD). Due to the small number of samples, it can be assumed that the data were not normally distributed. Samples were compared using the Mann–Whitney U test. From both the transverse and longitudinal sections, the medians for each third and medians for all sections of a staining were calculated. Since each section was divided into thirds again, this resulted in 12 score points per third of the meniscus and 36 score points for the entire meniscus. All histological results were expressed as medians. Independent samples were tested using the Mann–Whitney U Test. Correlations between mechanical and histological results were calculated according to Spearman. Bootstrapping was performed to get bias corrected and accelerated (BCa) 95 % confidence interval (CI). Bootstrapped results were based on 1000 bootstrap samples. Results with p < 0.05 were considered statistically significant. The SD was hypothesized with 0.06 MPa. To reach an alpha error level of 5%, at least 11 samples of each (specimen and control) were necessary. The online sample size and power calculator www.dssresearch.com were used. The calculated power for two different samples and two-tailed test with a difference of IM with 0.1 MPa, 26 arthritic samples and 14 arthritis-free samples, SD of 0.06 each, and alpha error level of 5% was calculated to be 99.9%.





3. Results


3.1. Sample Details


The average age of the patients and their menisci was 71.6 ± 6.7. A total of 19 arthritic samples were taken from female patients and 7 arthritic samples from male patients; 8 medial and 18 lateral menisci were tested. A total of 7 medial and 7 lateral menisci were available as arthritis-free samples.




3.2. Biomechanical Results of the Meniscus


Figure 4 shows an example of IM mapping of arthritic and arthritis-free samples. The IM of the posterior horn of arthritic samples was 0.17 ± 0.1 MPa; the IM of arthritis-free samples was 0.12 ± 0.07 MPa. Although the difference in IM between the posterior horns was not statistically significant (p = 0.06), the difference in the maximum applied load was statistically significant (p = 0.01). The arthritic samples showed a maximum applied load (not to confound with the maximum load limit of 5 N for the abort criterion) of 0.02 ± 0.02 N, and the arthritis-free samples were 0.01 ± 0.01 N (see Figure 5). In relation to the arthritis-free samples, a 100% higher force was required to indent the arthritic samples to an equal depth (200 µm).



The IM, measured over the entire meniscus, was greater in the arthritic menisci with 0.17 ± 0.07 MPa than in the arthritis-free menisci with a value of 0.14 ± 0.08 MPa. Even if this difference was not statistically significant (p = 0.18), the difference in the maximum applied load over the entire meniscus was statistically significant (p = 0.02). The maximum applied load over the entire meniscus tissue was greater in the arthritic samples with 0.03 ± 0.02 N than in the arthritis-free samples with 0.02 ± 0.01 N (see Figure 6). In relation to the arthritis-free samples, a 50% higher force was required to indent the arthritic samples to an equal depth (200 µm).




3.3. Proteoglycan Content


Throughout the entire meniscus tissue, the median of the SO score (see Figure 7) in the arthritic samples with a score of 3 was statistically significantly higher than the median of the arthritis-free samples with a score of 1 (p < 0.001). Figure 8 shows the percent distribution of the evaluated SO sections over the score points.




3.4. Correlation between Biomechanical Behavior and Proteoglycan Content


Next, we evaluated if the proteoglycan content of the posterior horn, as determined by the SO score, correlated with our biomechanical results (see Figure 9). The proteoglycan content correlated with the IM (p = 0.04), and at a correlation coefficient of 0.33 (BCa 95 % CI: 0.03–0.58). Furthermore, the proteoglycan content correlated with the maximum applied load (p = 0.04) and a correlation coefficient of 0.33 (BCa 95% CI: 0.06–0.54). Similarly, the entire meniscus tissue also showed that the proteoglycan content correlated with a correlation coefficient of 0.33 (BCa 95% CI: −0.05–0.66) with the IM (p = 0.04) and with a correlation coefficient of 0.42 (BCa 95% CI: 0.06–0.71) with the maximum load (p = 0.01).





4. Discussion


4.1. Mechanical Properties


Studies comparing the mechanical properties between arthritic menisci and arthritis-free menisci are largely lacking. The confined and unconfined compression tests can only examine individual points of menisci. In addition, when the tissue is punched out, it is largely destroyed [10,11,13]. Danso et al. [14] performed an indentation test of the meniscus which did not damage the integrity of the tissue. However, only three points were measured per meniscus, and therefore, a complete mapping of the biomechanical properties is missing. Previous studies could show that a complete mapping of biomechanical properties of articular cartilage [22,25] and menisci [18] using indentation tests is possible. In the present study, we used an indentation test which allows a complete testing over the entire meniscus without leaving damage to the tissue.



Using this method, we showed that there was a tendency for a greater tissue stiffening in the arthritic menisci, which was mainly apparent from the statistically significant difference in the maximum applied load between the two groups (with p < 0.05). Although the difference does not seem to be large at 0.01 N, it should be noted that this does not correspond to the surface load over the entire meniscus. These data represent the average value of the measured points with a diameter of the indenter of 1 mm. The maximum applied load to the arthritic menisci was 33% greater than that applied to the arthritis-free menisci. In other words, this means that although arthritic menisci can withstand a third-higher load or require a 33% greater force for a comparable deformation to the nonarthritic menisci, they also lose 33% of their damping properties. The findings of this study that the stiffness of the meniscus is increasing under OA support previous studies. Schwer et al. [30] could show that the axial compressive strains in menisci and meniscal root attachments significantly increased in severely degenerated knee joints compared with mildly degenerated knees. Kowk et al. [31] observed increasing mechanical properties of the meniscus’ extracellular matrix under OA.



Especially the posterior horn is affected by OA. The maximum applied load on the posterior horn of the arthritic menisci was twice as high as the arthritis-free menisci. The damping behavior was so reduced by half. This can be explained by the special type of rolling sliding movement in the knee joint [4]. This movement is caused by an increased mechanical load on the posterior horn of the meniscus, of which the posterior horn of the medial meniscus is most affected [32]. A study investigating the load distribution in medial menisci concluded that the posterior horn bears the highest percentage of shear stress [33]. Furthermore, the findings of Warnecke et al. [34] suggest that the degenerative processes initially occur in the posterior horn. Under increased stress, stiffness seems to worsen in the particularly stressed regions of the meniscus, i.e., the posterior horn.




4.2. Proteoglycan Content


The statistically significant difference observed in the SO sections and thus in proteoglycan content also reinforces the observation made in previous studies showing an increased proteoglycan content in OA. Thus, Sun et al. [28] and Kwok et al. [31] observed increased proteoglycan content under arthritis via the SO staining technique. Peters et al. [35] also detected increased proteoglycan content in meniscus sections with degenerative tears. Herwig et al. [36] observed increased proteoglycan content depending on the severity of meniscus degeneration, and Gosh et al. [37] identified elevated proteoglycan content in menisci under gonarthritis, but not under rheumatoid arthritis. In this respect, all our evidence supports the results of previous studies, even if Warnecke et al. [34] described a tendency for a reduction of proteoglycan content under degeneration.




4.3. Influence of Structural Changes on Mechanical Properties


The proteoglycan content of the meniscus tissue between our arthritis-free samples and the arthritic samples statistically significantly correlated with the IM. Two other studies, Bursac P. et al. [13] and Danso et al. [15], also described a rise in the meniscus’ compression modulus under increased glycosaminoglycan content. Furthermore, Kwok et al. [31] described an increasing stiffness of the meniscus under an increasing proteoglycan content. The same was observed in the present work. This observation is attributable to the increased water accumulation within the meniscus due to excessive proteoglycan content in the degenerated meniscus [36]. Proteoglycans are proteins with glycosaminoglycan chains covalently bound to them [38]. Glycosaminoglycans are long polysaccharide chains that are negatively charged and as such have a polyanionic character. These anions cause the attraction of cations into the tissue, and then water follows the osmotic gradient [38,39]. The water thus stored fulfills mechanical tasks as a noncompressible substance [38] and gives the tissue a certain compression stiffness [39]. The stimulation of proteoglycan synthesis is often discussed as a treatment for arthritis [40]. This study encourages critical consideration of such therapies, as the level of proteoglycan in the meniscus and articular cartilage is diametrically opposed. Such therapies, if they are not limited to the articular cartilage, could negatively influence the biomechanical properties of the meniscus.




4.4. Weakness of the Study


One of the weaknesses of our study is that our arthritis-free samples were of the same age as the arthritic samples. We therefore cannot rule out age-related damage to the control group’s menisci, which can affect the mechanical behavior. Further, the number of arthritic samples from the arthritis group and from the arthritis-free samples differed. Laboratory studies are not entirely comparable with in vivo conditions. Patients’ demographics, which could be a potential source of bias, are missing due to the European general data protection regulation such as weight, height and BMI. However, a study [41] could show that there was no statistically significant relationship between weight, BMI and meniscal parameters.





5. Conclusions


This study is the first to examine the mechanical characterization of the viscoelasticity of arthritic menisci compared to arthritis-free menisci based on a complete indentation mapping test over the entire meniscus with subsequent correlation of the proteoglycan content. In contrast to most of the previous studies [7,11,12,13,34], a method for nondestructive automatic mapping of the biomechanical properties over the entire meniscus was performed.



The investigations showed that in the final stage of gonarthritis, the attenuation behavior of the meniscus was lower compared to the arthritis-free knee (up to 50% with respect to the posterior horn). This nondestructive automatic mapping method of the biomechanical properties of menisci showed that the posterior horn was in particular affected.



The mapping of IM and histological examination of the meniscus showed a direct correlation between changes in proteoglycan content and altered mechanical properties of the meniscus under gonarthritis. This study showed that the stiffness of the meniscus under OA is increasing under increasing proteoglycan content.
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Figure 1. Mach-1 thickness measurement via the needle method (A,B); measuring positions on the meniscus (C). 
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Figure 2. Exemplary representation of the thickness determination from the measurement data, red arrow: first contact point of the needle with the sample, blue arrow: transition point at which the load runs against the stop criterion; the distance between both points represents the thickness of the meniscus. Evaluation done with the Mach-1 Analysis Version 4.1.0.17. 
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Figure 3. Subdivision into anterior horn, middle section and posterior horn for histological examinations, each subdivided into two parts for transversal and longitudinal incisions. 
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Figure 4. Mapping of instantaneous modulus (IM) in arthritis-free samples (A) and arthritic meniscus (B). 
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Figure 5. Comparison of the IM in MPa (A) arthritic: 0.17 ± 0.1 MPa; arthritis-free: 0.12 ± 0.07 MPa (p = 0.06) and maximum applied load (B) arthritic: 0.02 ± 0.02 N; arthritis-free: 0.01 ± 0.01 N over the posterior horn of the meniscus between menisci (p = 0.01), taken in total knee replacements (TKR) due to osteoarthritis and menisci, taken from donors without osteoarthritis as a control group: * = statistically significant difference with p < 0.05; error bar with +/− 1SD. 
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Figure 6. Comparison of the IM in MPa (A) arthritic: 0.17 ± 0.07 MPa; arthritis-free: 0.14 ± 0.08 MPa (p = 0.18) and the maximum applied load (B) arthritic: 0.03 ± 0.02 N; arthritis-free: 0.02 ± 0.01 N (p = 0.02) over the entire meniscus tissue between menisci, taken in TKR due to osteoarthritis and menisci, taken from donors without osteoarthritis as control group: * = statistically significant difference with p < 0.05; error bar with +/− 1SD. 
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Figure 7. Examples for the Safranin O (SO) score 0–5 (A–F) for longitudinal cuts taken with 4x magnification; (A) Grade 0: no SO staining; (B) Grade 1: minimum SO staining; (C) Grade 2: very weak SO staining; (D) Grade 3: weak SO staining; (E) Grade 4: strong SO staining; (F) Grade 5: very strong SO staining; A+B corresponds to the arthritis-free group and C–F to the arthritic group. 
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Figure 8. Histogram of all arthritis-free SO stained sections (A); Histogram of all arthritic SO stained sections (B). 
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Figure 9. Scatterplot with adjustment line concerning the correlation between SO score and IM over the posterior horn of the meniscus (A) and the entire meniscus tissue (B) for all samples (arthritic and arthritis-free). 






Figure 9. Scatterplot with adjustment line concerning the correlation between SO score and IM over the posterior horn of the meniscus (A) and the entire meniscus tissue (B) for all samples (arthritic and arthritis-free).



[image: Applsci 10 09012 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Force [N]

0.75-
0.3
0:25-

-0.25-
-0.5-
0. fow

=25
-1.5-
-1.75-
oL

=2 25
—Za=
—2.J 9=

- Yiim

3

Discharge

Load ﬁ

¥
Displacement [mm]

8





nav.xhtml


  applsci-10-09012


  
    		
      applsci-10-09012
    


  




  





media/file18.png
<

o

o ] Qo

<

o

e oo o

™

o

e <

o

o

e

-

o

=

o
o o o o o
= « N - =
(=] [=] o [=) [=)

ediN ul I

o

© o

0

o

S

<

o

0

™

o

=]

™

o

]

ol

=}

o~

o~

o

n

-

o

e

-

o

]

[=)

o

=

[=)
o o o o o o
n = «© N - =
[=] [=] o [=] o [=]

ediN ul I

SO-Score

SO-Score





media/file16.png
A Histogram: SO-Score over all arthritis-free samples B Histogram: SO-Score over all arthritic samples

35.12 33.65






media/file2.png





media/file5.jpg





media/file3.jpg
Force [N]

ors
oz

s
05
28]
s
2
o

Discharge

Load

Displacement [mm]





media/file1.jpg





media/file7.jpg





media/file10.png
arthritis-free

arthritic

0.02+0.02*

3 >
B [N] peoj] xew jo anjea ueajy

0
0

03
02
.01
0.00

arthritis-free

arthritic

017 0.1
0.12 £0.07

(=] (=] o =)
a o - S
[=] [=] f=1 =

A [ed] Wi jo @njeA uesy





media/file12.png
<

arthritis-free

0.03zx0.02"
002+001*
arthritic

g 3 8 8§ 3§ 8
[N] peoj xew jo anjea uespy

0.14£0.08

B

0.17 £0.07

8

o

[edw] Wi jo enjea uesy

§ § 2
=] (=] (=]

0.10

0.00





media/file9.jpg
'malma






media/file0.png





media/file14.png
__ e
100 pm 100 pm

i L .





media/file8.png





media/file11.jpg
T






media/file6.png





media/file15.jpg





media/file17.jpg





