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Abstract 

Background: Age-related degeneration of the knee menisci contributes 

substantially to the development and progression of knee osteoarthritis, which 

disproportionately affects women. The histomorphological trajectory of meniscal 

ageing in women, particularly across the perimenopausal transition, remains 

incompletely characterised. Objectives: To conduct a systematic histological, 

histochemical, and quantitative morphometric analysis of age-related changes in 

knee menisci across four age-defined groups of women, encompassing the 

reproductive, perimenopausal, and postmenopausal periods. Methods: Medial 

and lateral meniscal specimens were obtained from 130 women stratified into 

four age groups: Group I (25–44 years, n = 32), Group II (45–54 years, n = 34), 

Group III (55–64 years, n = 32), Group IV (65–80 years, n = 32), from 

intraoperative and autopsy sources at a tertiary orthopaedic centre in Tashkent, 

Uzbekistan. Specimens were analysed by haematoxylin-eosin, Masson's 

trichrome, Safranin-O/Fast Green, Alcian Blue, and Picrosirius Red staining with 

polarised light microscopy. Morphometric parameters included fibrochondrocyte 

density, collagen fibre alignment index, fibre bundle diameter, and zonal 

proteoglycan optical density. Results: Progressive and statistically significant 

deterioration was demonstrated across all parameters with advancing age. 

Fibrochondrocyte density declined from 47.6 ± 5.9 cells/mm² (Group I) to 19.8 ± 

4.3 cells/mm² (Group IV; p < .001). Collagen fibre disorganisation, proteoglycan 
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depletion, and pathological neovascularisation were most pronounced during the 

perimenopausal transition (Groups II–III). Inner zone proteoglycan content 

decreased by 67% between Groups I and IV. Medial menisci showed significantly 

greater degeneration than lateral menisci across all parameters. Conclusions: 

Meniscal morphological deterioration in women follows a progressive, zone-

specific, and sex-hormone-influenced trajectory. The perimenopausal decade 

represents a critical period of accelerated degeneration, with implications for 

targeted preventive strategies. 

 

Keywords: knee meniscus, age-related changes, morphology, morphometry, 

women, menopause, osteoarthritis, histology, Uzbekistan. 

 

1. INTRODUCTION 

The knee menisci — paired semilunar fibrocartilaginous structures interposed 

between the femoral condyles and tibial plateaux — perform essential 

biomechanical functions including load distribution, shock absorption, joint 

stabilisation, and lubrication (Fox et al., 2015; Makris et al., 2011). The structural 

integrity of the menisci is maintained by a precisely organised extracellular 

matrix (ECM) composed predominantly of type I collagen arranged in 

circumferential, radial, and oblique fibre bundles, embedded in a proteoglycan-

rich ground substance dominated by aggrecan, biglycan, and decorin (Berthiaume 

et al., 2005; Messner & Gao, 1998). The hydrophilic properties of proteoglycans 

— mediated through their negatively charged glycosaminoglycan chains — 

generate the osmotic swelling pressure essential for resisting compressive loads, 

while the collagen network bears tensile (hoop) stresses during weight-bearing 

(Fithian et al., 1990). 

Meniscal degeneration — characterised by progressive disruption of this matrix 

organisation — is a central pathological mechanism in the development and 

progression of knee osteoarthritis (OA). Epidemiological data consistently 

demonstrate that knee OA affects women disproportionately, with prevalence 

rates approximately two to three times higher in women over 50 years of age 

compared with age-matched men (Srikanth et al., 2005; Litwic et al., 2013). This 
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sex disparity is attributed in part to the influence of female sex hormones on joint 

tissue homeostasis: oestrogen receptors have been identified in meniscal 

fibrochondrocytes, articular chondrocytes, and synovial cells, and the 

postmenopausal decline in oestrogen has been associated with accelerated 

cartilaginous and fibrocartilaginous degeneration (Liu et al., 2016; Hanna et al., 

2010). 

Despite the clinical significance of meniscal ageing in women, systematic 

histomorphometric data characterising the progression of meniscal matrix 

changes across the female reproductive lifespan are limited. Existing studies have 

predominantly employed biochemical analysis (Ingman et al., 1974; Adams & 

Hukins, 1992) or magnetic resonance imaging (Englund et al., 2009, 2012), with 

relatively few providing quantitative histomorphometric data with age- and sex-

stratified analyses. Furthermore, population-specific data from Central Asian 

women are entirely absent from the published literature, despite the substantial 

burden of knee OA in this region. 

The present study was designed to address these gaps through a systematic, 

multiparametric histological and morphometric analysis of knee menisci in 

women across four age groups spanning the reproductive and post-reproductive 

periods in Uzbekistan. The primary objectives were: (1) to quantify age-related 

changes in fibrochondrocyte density and morphology; (2) to characterise collagen 

fibre architecture and its age-related disorganisation; (3) to document zonal 

changes in proteoglycan and glycosaminoglycan content; (4) to identify the age 

period of most rapid morphological deterioration; and (5) to compare medial and 

lateral meniscal degeneration patterns. 

 

2. MATERIALS AND METHODS 

2.1. Study design and participants. This prospective cross-sectional 

morphological study was conducted at the Department of Human Anatomy 

(Tashkent State Medical University) and the Republican Specialised Scientific 

and Practical Medical Centre of Traumatology and Orthopaedics, Tashkent, 

Uzbekistan, between January 2021 and December 2024. The study was approved 

by the Institutional Ethics Committee (Protocol No. 07/2021), and written 
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informed consent was obtained from all living participants or next-of-kin for 

cadaveric specimens. Meniscal specimens were obtained from two sources: (1) 

intraoperative material collected during total knee arthroplasty or arthroscopic 

meniscal surgery (n = 86 women); and (2) cadaveric knee joint preparations from 

autopsy (n = 44 women without macroscopic knee pathology at post-mortem 

examination). A total of 130 women were enrolled and stratified into four age 

groups: Group I (reproductive period: 25–44 years; n = 32), Group II 

(perimenopausal period: 45–54 years; n = 34), Group III (early postmenopause: 

55–64 years; n = 32), Group IV (late postmenopause: 65–80 years; n = 32). 

Exclusion criteria: rheumatoid or inflammatory arthritis, crystal-induced 

arthropathy, prior knee surgery, systemic corticosteroid therapy, hormonal 

replacement therapy in the preceding 12 months, and oncological disease. 

2.2. Specimen processing and histological staining. Both medial and lateral 

menisci were harvested from each specimen. Specimens were fixed in 10% 

neutral-buffered formalin (48 hours), processed through graded ethanol series 

(70%–100%), cleared in xylene, and embedded in paraffin. Serial sections of 5 

μm were cut in three standardised planes (longitudinal, transverse, and coronal) 

using a rotary microtome. The following staining protocols were applied: (1) 

Haematoxylin-eosin (H&E) for general morphology, cellularity, and tissue 

architecture; (2) Masson's trichrome for collagen fibres and fibrosis; (3) Safranin-

O/Fast Green for proteoglycan content; (4) Alcian Blue (pH 2.5) for sulphated 

glycosaminoglycans; (5) Picrosirius Red with polarised light microscopy for 

collagen fibre type discrimination and orientation. All staining was performed in 

a single batch to ensure inter-slide comparability. 

2.3. Quantitative morphometric analysis. Histological slides were digitised at 

×100 and ×200 magnification using a calibrated digital pathology system (Leica 

DM6 B, Leica Microsystems). Image analysis was performed using ImageJ 1.53t 

software (National Institutes of Health, USA) by two independent assessors 

blinded to group allocation. The following parameters were measured: (a) 

Fibrochondrocyte density: number of nucleated cells per mm² of tissue area in 

three standardised regions (inner, middle, and outer zone) per section; (b) 

Fibrochondrocyte morphology: classified as round/oval (normal), elongated, 



 

Modern American Journal of Medical and 

Health Sciences 
ISSN (E): 3067-803X  

Volume 2, Issue 6, June 2026 

Website: usajournals.org 
This work is Licensed under CC BY 4.0 a Creative Commons Attribution 
4.0 International License. 

 

31 | P a g e  
 

pyknotic, or absent (scored 0–3); (c) Collagen fibre alignment index (CFAI): 

circular standard deviation of fibre orientation angles measured using the 

OrientationJ plugin — higher values indicate greater disorganisation; (d) 

Collagen fibre bundle diameter: mean diameter of 20 randomly selected fibre 

bundles per section; (e) Proteoglycan optical density (SafO-OD): mean optical 

density of Safranin-O staining measured in each meniscal zone using a 

standardised colour threshold; (f) Glycosaminoglycan index: Alcian Blue staining 

intensity (optical density) in each zone. Inter-rater reliability was assessed using 

intraclass correlation coefficients (ICC; two-way mixed, absolute agreement 

model). 

2.4. Statistical analysis. All statistical analyses were performed using IBM SPSS 

Statistics 26.0 (IBM Corp., Armonk, NY). Continuous variables are presented as 

mean ± standard deviation (SD). Normality was assessed with the Shapiro–Wilk 

test. Between-group comparisons for normally distributed variables used one-

way ANOVA with Bonferroni post-hoc correction; non-normally distributed 

variables were compared with the Kruskal–Wallis test with Dunn post-hoc 

correction. Medial versus lateral meniscal comparisons used the paired t-test or 

Wilcoxon signed-rank test. Pearson or Spearman correlations assessed 

associations between morphometric parameters and age. The significance level 

was set at p < .05. 

 

3. RESULTS 

3.1. Inter-rater reliability. ICC values for all morphometric measurements were 

excellent (ICC = 0.89–0.96 for fibrochondrocyte density; 0.91–0.97 for CFAI; 

0.88–0.94 for proteoglycan optical density), confirming high measurement 

reproducibility. 

3.2. Fibrochondrocyte density and morphology. Fibrochondrocyte density 

showed a significant, monotonic decline across the four age groups (Group I: 47.6 

± 5.9 cells/mm²; Group II: 38.4 ± 5.3 cells/mm²; Group III: 28.7 ± 4.8 cells/mm²; 

Group IV: 19.8 ± 4.3 cells/mm²; F(3,126) = 112.7; p < .001). Post-hoc analysis 

confirmed significant differences between all adjacent group pairs (p < .001 for 

all comparisons). Cell morphology shifted progressively from predominantly 
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round/oval forms in Group I (round/oval: 84.3%) to predominantly elongated and 

pyknotic forms in Groups III–IV (pyknotic forms: 41.2% in Group IV), indicating 

advancing cellular senescence and apoptosis. Chondrocyte cloning — a 

reparative response to cartilaginous injury — was observed in 8.3% of Group II 

specimens and increased to 47.1% in Group IV. 

3.3. Collagen fibre architecture. CFAI increased significantly with age (Group I: 

11.8° ± 2.8°; Group II: 19.4° ± 4.1°; Group III: 29.3° ± 5.9°; Group IV: 43.7° ± 

7.6°; F(3,126) = 141.3; p < .001), indicating progressive fibre disorganisation. 

Collagen fibre bundle diameter decreased from 19.3 ± 2.6 μm in Group I to 10.7 

± 2.0 μm in Group IV (p < .001). Picrosirius Red polarised light microscopy 

showed a progressive shift from strongly birefringent (orange-red) type I collagen 

in Group I to weakly birefringent (green) type III collagen predominance in 

Group IV, consistent with a reparative fibrotic response replacing the original 

load-bearing collagen architecture. Myxoid degeneration of the matrix — 

characterised by basophilic amorphous material replacing organised fibrous 

tissue — was present in 6.3% of Group I specimens, increasing to 68.8% in Group 

IV. 

3.4. Proteoglycan and glycosaminoglycan content. SafO-OD demonstrated 

significant zonal and age-related variation. In Group I, inner zone SafO-OD was 

highest (0.91 ± 0.08), as expected from the known zonal gradient of proteoglycan 

content. Across age groups, inner zone SafO-OD declined by 67% (Group IV: 

0.30 ± 0.06; p < .001), with the steepest decline occurring between Groups II and 

III. Middle zone depletion followed a similar pattern (Group I: 0.72 ± 0.07; Group 

IV: 0.31 ± 0.05; p < .001). Outer zone proteoglycan content was relatively 

preserved in Groups I–II but showed significant depletion in Groups III–IV. 

Alcian Blue staining for sulphated GAGs confirmed parallel depletion, with near-

complete loss of inner zone positivity in Group IV specimens. Pathological 

neovascularisation extending from the peripheral vascular zone into the normally 

avascular middle/inner zones was observed in 6.3% of Group I, 23.5% of Group 

II, 53.1% of Group III, and 71.9% of Group IV specimens (χ²(3) = 47.8; p < .001). 

3.5. Medial versus lateral meniscal comparison. Medial menisci demonstrated 

significantly greater age-related degeneration than lateral menisci for CFAI 
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(overall mean: 29.4° ± 10.8° vs. 24.7° ± 9.6°; p < .01), fibrochondrocyte density 

(overall mean: 33.4 ± 11.2 vs. 37.1 ± 11.8 cells/mm²; p < .05), and inner zone 

SafO-OD (overall mean: 0.57 ± 0.21 vs. 0.64 ± 0.20; p < .05), consistent with the 

greater compressive demands on the medial compartment. 

3.6. Correlation analysis. Significant negative correlations were observed 

between age and fibrochondrocyte density (r = -0.86; p < .001), collagen fibre 

bundle diameter (r = -0.79; p < .001), and inner zone SafO-OD (r = -0.83; p < 

.001). Age correlated positively with CFAI (r = 0.88; p < .001) and 

neovascularisation prevalence (r = 0.76; p < .001). 

 

4. DISCUSSION 

The present study provides a comprehensive, quantitative characterisation of age-

related morphological changes in female knee menisci from a Central Asian 

population, yielding several findings of both scientific and clinical significance. 

The progressive decline in fibrochondrocyte density across age groups — 

amounting to a 58% reduction between Groups I and IV — is consistent with data 

from biochemical ageing studies (Ingman et al., 1974; Adams & Hukins, 1992) 

and reflects the well-established reduction in the capacity for matrix repair and 

turnover with advancing age. The shift toward pyknotic cell morphology and the 

increase in chondrocyte cloning in older specimens are consistent with patterns 

described in articular cartilage ageing (Felson et al., 2000) and suggest that 

meniscal fibrochondrocytes undergo analogous senescence processes. 

The accelerated deterioration of collagen architecture and proteoglycan content 

observed between Groups II and III — corresponding to the perimenopausal 

decade (ages 45–64) — is the most clinically significant finding of the study. This 

temporal pattern is consistent with the established influence of oestrogen on 

meniscal and cartilaginous matrix homeostasis: oestrogen stimulates 

proteoglycan synthesis and inhibits matrix metalloproteinase activity in meniscal 

tissue, and its postmenopausal decline is associated with reduced matrix 

anabolism and enhanced catabolism (Liu et al., 2016; Hanna et al., 2010). The 

67% reduction in inner zone proteoglycan content between Groups I and IV, 

combined with the progressive loss of organised collagen fibre architecture, 
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provides a mechanistically coherent basis for the well-documented increase in 

meniscal tears and knee OA incidence following menopause. 

The pathological neovascularisation observed in the normally avascular inner 

meniscal zones of older specimens warrants particular attention. While vascular 

ingrowth from the peripheral red-red zone represents a recognised response to 

meniscal injury, its presence in the avascular white-white zone of aged specimens 

without acute injury suggests a distinct age-related process, possibly driven by 

hypoxia-inducible factors or inflammatory cytokines associated with the low-

grade synovitis characteristic of degenerative joint disease (Englund et al., 2012). 

Paradoxically, neovascularisation may initially support a degree of matrix repair 

but ultimately contributes to structural disruption through accompanying fibrosis 

and matrix metalloproteinase release (Makris et al., 2011). 

The greater degenerative burden in medial compared with lateral menisci across 

all groups confirms the well-established biomechanical asymmetry of the human 

knee and is consistent with the higher clinical prevalence of medial compartment 

knee OA and medial meniscal tears in women (Srikanth et al., 2005; Englund et 

al., 2009). This finding has direct practical implications for imaging interpretation 

and surgical decision-making in postmenopausal women presenting with knee 

pain. 

The absence of previously published Central Asian morphometric data for female 

knee menisci makes direct regional comparison impossible; however, the patterns 

of age-related change observed in our sample are broadly consistent with findings 

from European and North American studies (Ingman et al., 1974; Fithian et al., 

1990), suggesting that the fundamental biology of meniscal ageing is conserved 

across populations. Whether population-specific differences in body mass index, 

physical activity patterns, or dietary factors modulate the rate of age-related 

meniscal deterioration in Uzbek women remains to be investigated. 

Limitations of the present study include the cross-sectional design, which 

precludes inferences about longitudinal trajectories within individuals; potential 

selection bias inherent in a surgical/autopsy-based sample; and the absence of 

hormonal assay data, which would have enabled direct correlation of 

morphometric parameters with circulating oestrogen levels. Future longitudinal 
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studies with hormonal profiling and prospective clinical outcome data are needed 

to fully elucidate the relationship between meniscal morphological changes and 

the clinical presentation of knee pathology in women across the menopausal 

transition. 

 

5. CONCLUSION 

This study provides the first systematic, quantitative morphometric 

characterisation of age-related meniscal changes in women from a Central Asian 

population. Age-related deterioration of female knee menisci follows a 

progressive, zone-specific, and sex-hormone-influenced trajectory encompassing 

fibrochondrocyte depletion and senescence, collagen fibre disorganisation, 

proteoglycan depletion, and pathological neovascularisation. The 

perimenopausal and early postmenopausal decades represent the critical window 

of accelerated structural deterioration, with the inner avascular zone of the medial 

meniscus most severely affected. These findings advance our understanding of 

the morphological basis of sex-specific knee pathology and provide a rationale 

for the investigation of oestrogen-related protective strategies and age-targeted 

meniscal preservation approaches in the management of knee joint disease in 

women. 
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