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Abstract 

Background 

Deteriorating meniscal function is thought to play a role in knee osteoarthritis. Meniscal 

proteoglycans maintain mechanical stiffness of the tissue through electrostatic effects. This study 

aimed to investigate whether the mechanical properties of macroscopically intact meniscus are 

preserved in osteoarthritis.  

Methods 

Discs of lateral meniscal tissue two millimetres thick and of five millimetres diameter from 

osteoarthritic knees and from healthy donors were placed within a confined compression chamber, 

mounted in a materials testing machine and bathed in isotonic 0.14M PBS, hypotonic deionised 

water or hypertonic 3M PBS. Following equilibrium, a 10% ramp compressive strain was applied 

followed by a 7200 second hold. Resultant stress relaxation curves were fitted to a nonlinear 

poroviscoelastic model with strain dependent permeability using finite element modelling to 

determine mechanical parameters. All samples were assayed for proteoglycan content. Comparison 

of results was undertaken using multivariate ANOVA. 

Results 

Thirty samples from osteoarthritic knees and 18 samples from healthy donors were tested. No 

significant differences in mechanical parameters or proteoglycan content was observed between 

groups. In both groups Young’s modulus (E) was significantly greater, and zero-strain permeability 

significantly reduced, in samples tested in deionised water compared to samples tested in 0.14M or 

3M PBS (all p <0.05).  

Conclusion 
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Mechanical parameters of intact lateral meniscus in osteoarthritic knees are similar to those found 

in healthy knees. Proteoglycan concentration and their electrostatic contribution to mechanical 

stiffness of the meniscus is maintained in menisci derived from osteoarthritic knees. Whilst 

macroscopic tears in the meniscal ultrastructure may contribute to osteoarthritis, intact meniscal 

tissue maintains its function. 

Keywords: meniscus, proteoglycans, mechanical properties, confined compression, cadaveric 

Introduction 

Whilst osteoarthritis was historically thought to be a mechanical condition, induced by ‘wear and 

tear’ of the joint [1], there is now widespread appreciation that it is a multifactorial disease, with 

biochemical, mechanical and immunological components [2]. Osteoarthritis is a common condition, 

affecting more than 240 million people worldwide [3] with arthritis of the knee being the 

commonest form. It is predicted that the demand for total knee replacement, the only ‘curative’ 

treatment for knee osteoarthritis, will increase significantly in coming years, with pent up demand 

exacerbated by the effects of the coronavirus pandemic [4]. 

The menisci are two paired structures lying within the knee joint, between the articulating surfaces 

of the femur and tibia. Whilst the role of the meniscus was historically under-appreciated, leading to 

wanton resection of the tissue following injury, it is now appreciated that the menisci have multiple 

functions, including load transmission across the knee joint [5], congruity of the joint [6], especially 

in the lateral compartment of the knee, and also in stability of the knee [7], particularly in states 

where the anterior cruciate ligament has been damaged [8]. Damage to a meniscus is thought to 

increase the likelihood of subsequent osteoarthritis, but the mechanism through which this occurs is 

unclear [9].  It is, however, undeniable that the meniscus undergoes macroscopic degradation [10] in 

osteoarthritic knees, with the incidence of ‘degenerative’ meniscal tears often heralding the 

development of osteoarthritis in subsequent years or accompanying it. This recognition is leading to 

a step change in the management of such degenerative meniscal tears, with conservative 

management or physiotherapy now supported in lieu of surgical debridement. Whilst the meniscus 

undergoes macroscopic injury [11] and calcification [12] in osteoarthritic knees, as well as 

degradation of its collagen content [13], there is conflicting data on whether the proteoglycan 

content of the tissue is maintained or is also reduced, and whether this, in turn might influence the 

mechanical properties of meniscal tissue in osteoarthritic knees [10,14,15]. 
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In tissues that have a predominantly compressive stress environment such as articular cartilage, the 

nucleus pulposus of the intervertebral disc and the meniscus, proteoglycans play a significant role in 

augmenting mechanical stiffness of the tissue through electrostatic effects [16–18]. Between 60-70% 

of the compressive modulus at equilibrium is thought attributable to such electrostatic effects in 

these tissues. Negatively charged moieties attached to proteoglycans in the form of 

glycosaminoglycans, lead to the development of a Donnan osmotic pressure acting to imbibe fluid 

and swell the tissue. This swelling pressure is resisted by the tension in the collagen network of the 

extra-cellular matrix.  Proteoglycans are therefore integral to meniscal function. What is unclear, 

however, is whether their effect in maintaining stiffness of the meniscal tissue is preserved in 

menisci within osteoarthritic knees. Indeed, it is possible that a loss of proteoglycan function might 

contribute to the osteoarthritis disease process, making the meniscus less stiff and hence unable to 

perform its primary function of load transmission, leading to joint degeneration. The goals of this 

study were to determine whether the mechanical properties of intact meniscal tissue is maintained 

in osteoarthritis, by comparing meniscal tissue from osteoarthritic knees with those from knees 

without osteoarthritis. The secondary outcome was to infer from this data whether the role of 

proteoglycans within meniscal tissue is maintained in menisci derived from osteoarthritic knees.  

 Methods 

This was an ex vivo study. Prior to commencement, ethical approval was granted from our local NHS 

Research Ethics Committee. Meniscal tissue was obtained from two sources. Six fresh frozen lateral 

menisci were obtained from a body bank, all from donors less than 65 years of age, with no history 

of significant knee injury, knee osteoarthritis or knee surgery. Each donor contributed a single 

meniscus. Additionally, 30 lateral menisci were obtained from patients undergoing total knee 

replacement for symptomatic end stage osteoarthritis. The age, sex and knee laterality were 

recorded on recruitment.  Inclusion criteria were patients with tricompartmental knee osteoarthritis 

severe enough to merit total knee replacement. Exclusion criteria were any history of significant 

knee injury, meniscal injury or ligamentous rupture, as well as previous knee surgery of any 

description. Patients requiring knee replacement for a diagnosis other than primary osteoarthritis 

were also excluded. Lateral menisci were detached from their anterior and posterior attachments 

and excised intact at the time of surgery, as is routinely the case during total knee replacement 

surgery. These were immediately frozen until required for testing.  

On the day of testing a hollow punch was used to obtain cylindrical samples of meniscal tissue 5mm 

in diameter (Fig 1). A custom sectioning device, using two microtome blades held 2mm apart was 

used to remove the superior and inferior surfaces of each samples, such that a cylindrical sample 

was obtained. Due to macroscopic degradation, samples from osteoarthritic knee menisci were 

taken from the central portion of the meniscus, yielding one viable sample per meniscus. Cadaveric 

menisci were used to derive three samples per meniscus, from the anterior, middle and posterior 

regions. Sample thickness was verified with a micrometre gauge. Samples were allowed to defrost 

for 2 hours prior to any testing. 

A custom confined compression chamber and hollow indenter were designed and 3D printed (Figure 

2). The compression chamber had a latticework at its base with a pore diameter of 40µm, with a 

similar lattice at the base of the custom indenter. The indenter fitted the chamber such that 

negligible side clearance was present, allowing confined compression conditions. The apparatus was 

placed within a Bose Electroforce 3100 materials testing machine, fitted with a 22N load cell. This 

experimental setup has previously been validated in assessing the mechanical properties of 

meniscus and articular cartilage [19,20]. 

Samples were individually placed in the confined compression chamber and the entire apparatus 

bathed in solution such that fluid permeated the tissue, the confined compression chamber and the 

indenter. Samples were tested in one of three solutions – deionised water, 0.14M PBS and 3M PBS. 

Deionised water was used to eliminate the effect of mobile ions within the tissue, 0.14M PBS was 
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used to mimic the physiological environment and 3M PBS was assumed to eliminate all ionic effects 

[21,22].  

A 0.3N preload was applied to identify the meniscal surface, following which the sample was allowed 

to reach equilibrium – determined by a <2% change in force measurements over a 30 minute period.  

Samples tested in 0.14M and 3M PBS required two hours to reach equilibrium, whilst those tested in 

deionised water required up to 15 hours. A 10% ramp strain was applied at 1% strain per second, 

with the sample allowed to relax for two hours whilst force data was collected.  

As previously described [18], a finite element model was constructed in FEBio [23] using a non-

linear, large strain, biphasic, poroviscoelastic model with strain dependent permeability. Appendix 1 

described the model in detail.  

Such a model has been used in the literature to describe both articular cartilage and meniscus 

[19,24]. The finite element mesh consisted of 100 hexahedral elements defined by 404 nodes. A 

convergence study was conducted to investigate an appropriate mesh size, this suggested a 

percentage error of <0.1% for a model with 404 nodes compared to one with ~1000 nodes. Hence a 

404-node model was chosen to allow an acceptable compromise between accuracy and 

computational calculation efficiency.  Boundary conditions were set appropriate to confined 

compression, and the Poisson’s ratio was set to zero, so that for small strains, !! ≅ #, the Young’s 

modulus. 

Model parameters were determined by fitting the experimental force on the sample in the 

relaxation phase to the calculated force in the FE model using the fminsearch function in Matlab 

(Mathworks, Massachusetts, USA) and E, $", %, &, '# and (# as fitting parameters. After each 

iteration, Matlab amended the model and re-called the FEBio solver. The goodness of fit in the stress 

relaxation fit was assessed using a coefficient of determination as described by Soltz and Ateshian

[19]. Converged best fit parameters were compared using multivariate ANOVA with Bonferroni 

correction for multiple comparisons, with significance set at p ≤ 0.05. Once tested, samples were 

immediately re-frozen.  

Proteoglycan content in each sample was determined by a proprietary assay (Biocolour Ltd, County 

Antrim, UK). Prior to applying the assay, all samples were washed with deionised water 10 times to 

remove any excess salt, as the results of the assay could be skewed by presence of excessive salt.  

A papain extraction reagent was prepared by adding 800mg sodium acetate, 400mg EDTA and 40 mg 

cysteine hydrochloride to 100ml of a 0.2M sodium phosphate buffer. The pH of this solution was 

corrected to 6.4 and 250 microlitres of a papain crystallised suspension was added. Each sample was 

then cut in half using a scalpel and its wet weight was recorded – the assay required a wet weight of 

20-50mg. Individual samples were them placed in labelled microcentrifuge tubes with 1ml of the 

papain extraction reagent. All samples were placed in a warm water bath (65°C) and set to shake 

slowly. Samples were left overnight to digest, then centrifuged at 10000g for 10 minutes 

50µl of the supernatant of each test sample was added to individual microcentrifuge tubes and 

made up to 100µl using the previously prepared papain extraction reagent. Tubes containing 

1,2,3,4,5µg of the assay reference standard were also prepared and made up to 100µl in a similar 

fashion. A millilitre of the assay dye reagent was then added to each sample.  

All samples were placed on a mechanical shaker for 30 minutes, during which time a precipitant was 

observed to form, a further 10 minutes of centrifugation was undertaken at 12000g. The 

supernatant from each tube was then carefully removed and 0.5ml of the dye dissociation reagent 

added. A vortex mixer was used to allow the bound dye to dissolve into solution and 200µl of each 

sample was transferred to a 96 microwell plate. A microplate reader was used to measure 

absorbance at 656nm.  

The luminescence values for the assay reference standard solutions were used to create a standard 

curve. A best fit line was applied to this curve using Microsoft Excel (Microsoft, Redmond, 
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Washington, United States) – the equation for this line was then used to calculate proteoglycan 

content for individual samples. Proteoglycan content was compared between samples using 

univariate ANOVA, with significance set at p≤0.05. Proteoglycan content was considered as the sole 

dependent variable, with the solution tested, the meniscus tested, and the region of the sample 

considered as fixed factors.  

Results 

A total of 48 meniscal samples were tested – 30 derived from patients with knee osteoarthritis (30 

donors) and 18 from cadavers (6 donors). The age and sex of donors is shown in Table 1. Means 

sample thickness was 1.99 (s.d 0.02) mm across both groups 

Group Cadaveric healthy knees Osteoarthritic knees 

Mean age 55.3 (s.d 11.7) years 70.0 (s.d 8.6) years 

Sex (%) 50% male 53.3% male 

Table 1 - Meniscal donor characteristics 

Following best fitting, the viscoelastic coefficient, '#, and relaxation time, (#, were close to zero in 

all samples, hence finite element modelling was conducted twice for all samples: with and without 

'# = 0. No difference was observed in the other material parameters between these two 

conditions, and thus it was assumed that no viscoelastic behaviour of the solid phase occurred. '# 

was therefore prescribed to be zero and is not presented or discussed further. 

Table 2 shows the mean derived values for the mechanical parameters of the tissue derived from 

tricomparthealthy and osteoarthritic knees in all solutions, along with mean goodness of fit in each 

solution.  

Source Healthy menisci 

(18 samples) 

OA menisci 

(30 samples) 

Young's Modulus (MPa) 0.66 (0.08) 0.66 (0.07) 

Zero strain dependent permeability (x10-15m4/Ns) 0.02 (0.01) 0.03 (0.01) 

Exponential strain dependent coefficient 0.01 (0.00) 0.01 (0.00) 

Exponential stiffening coefficient 0.21 (0.01) 0.23 (0.01) 

R2 (Goodness of fit) 0.80 (0.03) 0.74 (0.02) 

Table 2 - Derived mechanical parameters 

No significant difference was observed in mechanical parameters between menisci from either 185 

source or between meniscal region sampled.  A pooled analysis of all samples was therefore 186 

conducted to investigate the effect of solution on mechanical parameters, illustrated in Table 3. 187 

Mean values (s.e) 

Solution 

Deionised 

water 0.14M PBS 3M PBS 

Young's Modulus (MPa) 1.22 (0.09)* 0.52 (0.09) 0.24 (0.09) 

Zero strain dependent permeability (x10-

15m4/Ns) 0.01 (0.01)* 0.03 (0.01) 0.04 (0.01) 

Exponential strain dependent coefficient 0.11 (0.00) 0.11 (0.00) 0.11 (0.00) 

Exponential stiffening coefficient 0.23 (0.02) 0.21 (0.02) 0.22 (0.02) 

R2  (Goodness of fit) 0.80 (0.03) 0.77 (0.03) 0.74 (0.03) 

*p<0.05 compared with 0.14M PBS/3M PBS 

Table 32 - Mechanical parameters in different solutions 

Mean proteoglycan concentration did not differ significantly between source of tissue (Table 4), 189 

region of meniscus or solution of testing.  190 

191 

192 
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Proteoglycan content (μg/ g of 

tissue) 

Source 

Cadaveric 

knee (18 

samples) 

Osteoarthritic 

knee (30 

samples) 

Mean 

(s.d.) 

135.22 

(34.11) 

144.86 

(30.46) 

Table 4 - Proteoglycan content by source of tissue 

Discussion 

This study suggests that in knees with end stage osteoarthritis, the mechanical behaviour of intact 

meniscal tissue is unchanged from the healthy state. This finding contrasts with experiments 

exploring the behaviour of articular cartilage in osteoarthritis. Studies of tissue derived from both 

femoral and tibial cartilage in severe arthritis has demonstrated a significant reduction in stiffness, 

coupled with increased permeability compared to healthy cartilage [25–28].  

The pathogenesis of osteoarthritis is incompletely understood. A variety of cellular mechanisms are 

proposed. Chondrocyte hypertrophy is implicated in the development of osteoarthritis and is 

associated with production of matrix metalloproteinases, leading directly to cartilage degradation 

[29]. Loss of integrity of the collagen network is thought to allow leaching of proteoglycans from 

articular cartilage in osteoarthritis, restricting the ability of the tissue to retain fluid, hence increasing 

permeability and decreasing stiffness [30]. Coupled with this, chondrocytes increase production of 

type I collagen in lieu of type II, the former containing less lysine, glucosyl and galactosyl residues, all 

of which are understood to mediate interaction with proteoglycans [31]. Proteoglycan production 

itself is also decreased. These cellular changes provide an insight into why the stiffness of articular 

cartilage is reduced in osteoarthritis.  

Histological analysis of menisci from osteoarthritic knees, compared to menisci from patients 

undergoing partial meniscectomy (i.e. those with macroscopic injury), has demonstrated higher 

proteoglycan content in the osteoarthritic knee menisci, but no other changes in cellularity or 

collagen alignment [32]. Notably, this study was performed in tissue which had been fixed in 

formalin and embedded in paraffin wax, precluding any mechanical analysis. Study of 

macroscopically degenerate menisci derived from osteoarthritic knees has demonstrated a fall in 

equilibrium modulus, which worsened with increasing degeneration, coupled with increased 

permeability [33]. This would suggest, as one might expect, that as the menisci are macroscopically 

damaged, their ability to maintain their mechanical stiffness is degraded. However, unlike articular 

cartilage, there is little evidence of biochemical or cellular changes in the menisci in osteoarthritic 

knees.  

The reasons for the difference observed  between menisci and cartilage are uncertain. Articular 

cartilage is subject to significant deformation in vivo, with strains up to 30% reported (Bingham et 

al., 2008)(35) under certain conditions. Menisci operate in a similar environment to articular 

cartilage and would be subject to similar loads. The presence of degenerative tears of the menisci in 

the context of arthritis is well recognised [35]. However, meniscal extrusion is also a recognised 

finding in osteoarthritic knees [36]. It is possible that menisci in osteoarthritic knees are extruded in 

the course of the arthritis process, perhaps protecting them from stress which might lead to 

breakdown of their collagen network.  

Furthermore, our work demonstrates the proteoglycan content of menisci is unaltered in 

osteoarthritis, with the resultant electrostatic contribution of proteoglycans to meniscal stiffness 

also maintained.  As noted above, escape of proteoglycans is thought to be central to the 

development of osteoarthritis in articular cartilage and preservation of these proteins contributes 

both to maintenance of the low permeability and stiffness of the tissue. The preservation of these 

molecules within menisci is likely to be critical to maintaining their mechanical properties in the 
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context of osteoarthritis. It is possible, therefore, that meniscal degradation during osteoarthritis is 

in fact secondary to mechanical injury and wear as opposed to a biochemical or immunological 

process. The aneural and avascular nature of the adult meniscus may be a double edged sword, 

shielding it from metabolic degradation whilst also limiting  its ability to heal. Our modelling did not 

demonstrate any viscoelastic behaviour of the solid phase of our samples. If one assumes that solid 

phase viscoelasticity is related to the viscoelastic stress relaxation of collagen fibre tension in the 

matrix, compression and buckling of the fibrous solid phase could be considered unlikely to elicit a 

viscoelastic effect. 

Notably, in the majority of patients knee osteoarthritis preferentially affects the medial 

compartment, with resultant macroscopic degradation of the medial meniscus. Indeed, such 

degradation prevented the testing of samples taken from the medial compartment in this study. If 

intact meniscal tissue within the osteoarthritic knee does indeed retain its function, as our work 

suggests, this would lend credence to the hypothesis that the pathogenesis of meniscal 

degeneration in osteoarthritis is biomechanical, rather than secondary to inflammatory, 

immunological or metabolic changes. Indeed,  comparison of menisci using proteomic techniques 

suggests that lateral menisci in osteoarthritic knees display characteristics similar to healthy medial 

menisci, when compared with medial menisci from the same knee [37].  

Strengths of our work include robust sampling criteria and a validated methodology for data 

collection and interpretation. We have obtained a large number of samples for a tissue study, 

lending reliability to our results. Weaknesses of our work include that sampling was undertaken 

from macroscopically intact meniscal tissue, necessary for our testing methodology which  required 

cylinders of meniscal tissue. It should be noted, however, that previous work in cartilage has 

demonstrated a reduced compressive modulus ‘independent of site’ [25] and used techniques 

similar to those reported by us (Boschetti & Peretti, 2008)(27), requiring an intact disc of tissue for 

testing. Osteoarthritis samples were also all derived from the lateral menisci, though notably all 

patients were diagnosed as having tricompartmental osteoarthritis requiring total, as opposed to 

partial knee replacement. There were insufficient intact medial meniscal samples for testing. 

However, osteoarthritis is increasingly recognised as a whole joint disease [38], with inflammatory, 

metabolic and mechanical components. If this was the case, then one might expect meniscal 

degeneration to occur throughout the knee. We also did not perform any histological analyses of 

meniscal tissue in this study, which focused on the mechanical behaviour of meniscal plugs.  

We also only tested samples from the central portion of osteoarthritis menisci, behaviour may differ 

in other meniscal segments. In an ideal circumstance, we would test only the central portion of 

cadaveric menisci but we did not have access to sufficient numbers of cadaveric samples to do so. 

Our work only studies meniscal tissue in compression and we have not explored any other behaviour 

or meniscal function. Menisci derived from cadavers were in patients <65 years of age, whilst the 

mean age of patients with arthritis was 70 years – hence age is a potential confounding factor. By its 

nature, degenerative osteoarthritis affects the elderly. We did not include patient sex as a variable in 

our analysis, to our knowledge there is no data suggesting tissue mechanics differ between the 

sexes. Finally, BMI was not available for the cadaveric donors and is not reported.   

In conclusion, our work suggests that macroscopically intact lateral `menisci from osteoarthritic 

knees maintain their mechanical properties and proteoglycan content. Our work suggests that 

mechanical degradation of meniscal tissue likely accounts for the degenerative meniscal change 

observed in knee osteoarthritis, in contrast to the metabolic and immunological changes observed in 

cartilage. Preservation of this meniscal tissue, through repair or avoidance of resection where 

possible, may help slow the progression of osteoarthritis. Our work also has implication for the 

development of meniscal substitutes, which must account for the critical function of proteoglycans 

to meniscal stiffness.  
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