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Abstract
Objective—To compare the tensile biomechanical properties of age-matched adult human articular
cartilage from normal, degenerate, and osteoarthritic knees, and to determine the relationships
between tensile properties and biochemical and structural properties hypothesized to underlie
functional biomechanical deterioration.

Methods—Age-matched articular cartilage samples were obtained from the lateral and medial
femoral condyles (LFC and MFC) of knees that exhibited (1) minimal fibrillation, characteristic of
normal aging (NLA), (2) overt fibrillation associated with degeneration (DGN), or (3) overt
fibrillation associated with osteoarthritis (OA). DGN samples were from knees that exhibited
degeneration but not osteophytes while OA samples were from fragments removed during total knee
arthroplasty. Cartilage samples were analyzed for tensile properties, cell and matrix composition,
and histopathological structure.

Results—Differences in tensile, compositional, and surface structural properties were indicative
of distinct stages of cartilage degeneration, early, advanced, and late, with early degenerative changes
in NLA samples being more advanced in the MFC than the LFC, including higher surface fibrillation,
lower intrinsic fluorescence, and lower mechanical integrity. The transition from early to advanced
degeneration involved a diminution in mechanical function, surface integrity, and intrinsic
fluorescence. The transition from advanced to late degeneration involved an increase in cartilage
water content, an increase in degraded collagen, and loss of collagen.

Conclusions—These results provide evidence of coordinated mechanical dysfunction, collagen
network remodeling, and surface fibrillation. Even in the cartilage of knees exhibiting overt
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fibrillation but not extensive erosions characteristic of clinical OA, most features of advanced
cartilage degeneration were present.
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INTRODUCTION
Aging, cartilage fibrillation, and osteoarthritis (OA) may be contributing factors to the site-
specific deterioration of the biomechanical function of articular cartilage in the knee joint. The
effects of these factors can be difficult to separate because the incidence of both cartilage
fibrillation and clinical OA increases with aging1. The tensile biomechanical properties of
human knee articular cartilage vary between macroscopically normal,2–4 fibrillated normal,
and fibrillated OA statees4 due to pathological state, age and site within the knee (Table 1 and
supplement). Normal aging is associated with marked decreases in tensile modulus and strength
in the LFC, but not in the MFC where tensile properties were already low in young adults.

Biomechanical failure of articular cartilage in degeneration and in OA has been hypothesized
to be due to (1) degradation and loss of collagen and proteoglycan matrix components, (2)
abnormal collagen network remodeling, (3) consequences of decreased cellularity, and (4)
mechanical wear. The tensile stiffness and strength of cartilage depend on the organization of
the collagen network, with highest values normally at the articular surface where collagen
fibers are aligned along the tangential axis of testing5,6. Fragmentation and loss of collagen
molecules are increased at sites adjacent to focal cartilage lesions7. Collagen degradation
reduces the tensile stiffness and strength of articular cartilage,8 whereas proteoglycan
extraction reduces compressive9 but not tensile stiffness10. Together, these results suggest that
collagen degradation and loss contribute primarily to the tensile biomechanical weakening of
human cartilage.

Abnormal collagen network remodeling, comprised of both synthesis and degradation of
collagen, has also been postulated to result in cartilage weakening. With the upregulated
synthesis of matrix molecules including collagen in OA cartilage11, collagen content can be
maintained despite collagen degradation and be manifest as diminished intrinsic cartilage
fluorescence in clinical OA12 and experimental animal models13. This rapidly-metabolized
collagen may result in a network that has a reduced ability to withstand tensile loads in early
cartilage degeneration.

Alteration in the cellular content of cartilage has also been implicated in cartilage weakening
associated with cartilage degeneration and development of OA. The cell density of adult
articular cartilage is decreased with cartilage fibrillation14. Such decreased cell density may
be detrimental to matrix homeostasis and lead to tissue deterioration and, thus, cartilage
biomechanical function.

Finally, mechanical wear could directly cause cartilage weakening at the articular surface. India
ink staining highlights alteration of the articular cartilage surface which is slight with normal
aging3. With severe wear and erosion of the cartilage surface that are characteristic of OA,
India ink staining of the articular surface is considerable15.

Thus, these proposed mechanisms of biomechanical weakening may, individually or in concert,
contribute to the deterioration of cartilage biomechanical function and the progression of OA
disease. The hypothesis of this study was that aged human articular cartilage exhibits tensile
weakening that is associated with variations in tissue composition and structure, in a depth-
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and site-associated manner, indicative of one or more of the postulated mechanisms of cartilage
deterioration. The specific aims of this study were to characterize and compare articular
cartilage from NLA, DGN, and OA joints, isolated from different depths at the LFC and MFC
sites in terms of (1) tensile biomechanical properties, (2) density of cells, (3) content of
extracellular matrix components, and (4) structure of the articular surface. By examining NLA,
DGN, and OA samples, the results of this study were interpreted in terms of stages of cartilage
degeneration.

MATERIALS AND METHODS
Sample Selection and Preparation

Age-matched samples (mean±SEM, 68±2 yrs, range 50–91 yrs, Table 2) in the form of 10-mm
osteochondral cores were isolated using a surgical instrument (Osteochondral Autograft
Transfer System; Arthrex, Naples, FL) from the anterior region of the MFC (n=24 cores) and
LFC (n=24 cores) approximately 1.5cm lateral or medial to the intercondylar notch. The
accuracy of the core position within a knee was ~0.5cm. The cores displayed (1) mild age-
associated surface roughening of the articular cartilage surface, grade 1 as described in 16

(NLA, n=23 cores from 14 donors), (2) overt fibrillation, grade 3 16 associated with
degeneration but not OA (DGN, n=12 cores from 8 donors), or overt fibrillation, also grade 3
16, but associated with OA (OA, n=13 cores from 11 donors). NLA and DGN samples were
from twenty-two cadavers obtained from tissue banks with donation areas in the Western and
Southern areas of the United States. Cadaveric knee joints were stored at 4°C prior to shipment,
shipped on wet ice, and obtained within 48hrs of death. OA samples were obtained with
Institutional Review Board approval from eleven patients undergoing TKR, stored at 4°C, and
obtained within 16hrs. In all, samples were from one knee of each of 33 donors, from both the
LFC and MFC of most (9/14) NLA knees and many (4/8) DGN knees, but relatively few (2/11)
OA knees.

While the fibrillated cartilage surfaces of DGN and OA samples appeared grossly similar, the
above criteria clearly distinguished the status of the knee joints, with the OA knee joints having
cartilage degeneration and erosion that was much more extensive overall than DGN knee joints.
The extent of cartilage erosion and OA disease was characterized by the overall joint grade
and presence of osteophytes (Table 2) and further quantified as the area of full thickness
cartilage erosion (as measured from digitized gross images of the joint surfaces, Table 2).
Because of the presence of osteophytes in most joints from which OA samples were obtained,
and because the area of cartilage erosion on the femoral condyles and the joint overall was
higher in OA samples than DGN or NL samples (supplement), these experimental groups were
considered to represent distinct stages of cartilage degeneration.

Tissue samples were graded macroscopically16, isolated, and immersed in phosphate buffered
saline with proteinase inhibitors (PBS with PI)17 at 4°C for 1hr, and then stored at −70°C until
the time of testing. Samples were thawed in ~1ml of PBS with PI for 15min at room temperature
prior to analysis. Previous studies indicate that cartilage mechanical properties are not affected
by a single freeze-thaw cycle18.

Structural Indices of Fibrillation
Samples were analyzed for cartilage thickness and surface roughness (reflectance score after
India ink staining) as described previously3,17. An osteochondral fragment was isolated for
histopathological analysis (Mankin-Shapiro score including surface irregularity) from a region
adjacent to cartilage used for biomechanical and biochemical analyses17.
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Biomechanical Properties
The remaining cartilage of each core was sliced into ~0.3-mm thick layers, at a distance from
the articular surface of 0% (superficial layer, including the articular surface), 30% (middle
layer), and 60% (deep layer) of the average cartilage thickness. A portion of the slices were
cut into tapered specimens with the gage region oriented in the medial-lateral direction, parallel
to the splitline direction typical for this site5 for equilibrium and constant strain-rate tensile
testing, which was performed as described previously3,19.

Biochemical Properties
The remainders of the tissue slices, adjacent to tensile samples, were analyzed for cell and
matrix components. A portion was weighed wet, lyophilized, weighed dry, solubilized with
proteinase K and analyzed for DNA20, hydroxyproline21, intrinsic fluorescence20, and sulfated
glycosaminoglycan (GAG)22. The remaining portions were analyzed for degraded collagen
(COL in αCT) by analyzing the guanidine extracted cartilage for alpha-chymotrypsin
extractable collagen3,23. DNA was converted to cell number assuming 7.3 pg DNA/human
chondrocyte24. Hydroxyproline content was converted to collagen (COL) content using a mass
ratio of collagen to hydroxyproline of 7.125. Intrinsic fluorescence was measured at excitation
(Ex) and emission (Em) wavelengths corresponding to the maximum fluorescence of
pyridinoline (Ex 295/Em 395 nm) and pentosidine (Ex 335/Em 385 nm) crosslinks, and the
intrinsic fluorescence was reported as a ratio of pentosidine-associated to pyridinoline-
associated fluorescence (fluorescence ratio)3. The contents of DNA, COL, and GAG were
calculated as the mass normalized to wet weight.

Statistics
Initially, the effect of degeneration on the various mechanical and biochemical parameters was
assessed using repeated measures ANOVA with anatomical location (LFC or MFC) and depth
from the surface (superficial, middle, or deep) as repeated factors. Then, for all variables
analyzed, the effects of degeneration and depth were analyzed for each anatomical location,
LFC and MFC, separately. When experimental group or depth from the articular surface had
an effect, planned comparisons were made between experimental groups at each depth. The
effects of depth within each experimental group were not analyzed to maintain statistical power.
To limit the experiment-wise error rate, each comparison was tested using a significance level
alpha = 0.05/number of comparisons26. Percentage data were arcsine transformed to improve
normality prior to statistical analyses. For ordinal data (i.e., histopathology index and surface
irregularity), the effects of location and experimental group were tested using the Scheirer-
Ray-Hare test26, followed by a Dunn’s test for specific group comparisons. All data are reported
as mean ± SEM.

Relationships between mechanical parameters and age, structural parameters, and biochemical
parameters were assessed by parametric univariate linear regression analysis as well as
multivariate linear regression using the backward elimination procedure. The relationship
between each mechanical parameter and histopathology index was assessed by the
nonparametric Spearman’s rank method. To determine the ability of the structural,
biochemical, and biomechanical indices to distinguish between the macroscopically normal
and degenerate samples, a receiver operating characteristic curve was generated and analyzed
as previously described17, with methods and results detailed in the supplement.
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RESULTS
Structural Indices of Fibrillation

Indices of cartilage fibrillation indicated that the articular surfaces of NLA cartilage samples
were mildly roughened while those of DGN and OA samples were overtly fibrillated. Overall
cartilage thickness (Figure 1a) was similar for NLA, DGN, and OA groups (p=0.6) and for
LFC and MFC sites (p=0.6). Overt cartilage fibrillation was evident as more intense ink-
staining (lower reflectance score, Figure 1b) and higher variance of the reflectance score (an
index of the surface roughness, Figure 1c) in DGN and OA than NLA samples (supplement).
Differences in the reflectance score between groups varied inversely with the histopathology
index (Figure 1d), whose values indicated advanced cartilage degeneration, and the surface
irregularity histopathology score (Figure 1e). Thus, NLA samples exhibited surface
roughening, while DGN and OA samples exhibited severe cartilage degeneration with overt
fibrillation but had cartilage thickness similar to that of NLA samples.

Biomechanical Properties
The tensile biomechanical properties of NLA, DGN, and OA cartilage samples varied
dramatically. Overall, ramp modulus (Figure 2b), strength (Figure 2c), and failure strain
(Figure 2d) were depth-dependent (p<0.005, p<0.05, and p<0.005, respectively), and
equilibrium modulus (Figure 2a) tended to be depth-dependent (p=0.2). Tensile ramp modulus,
strength, and failure strain tended to be lower in the MFC than the LFC (p=0.06, p=0.06, and
p=0.09, respectively), while equilibrium modulus was similar between sites (p=0.6). Specific
group differences, as a function of site and depth, are summarized below.

At the LFC and MFC sites, tensile properties varied distinctly between NLA, DGN, and OA
experimental groups at different tissue depths. In the superficial layer, the tensile strength was
higher in the NLA group than either the DGN or OA groups. In particular, tensile strength of
the superficial layer was higher in NLA than DGN and OA samples at both the LFC (each
p<0.005) and MFC sites (p<0.005 and p<0.05, respectively). In the middle layer, strength was
higher in NLA than DGN samples at both sites (each p<0.05) and tended to be higher than OA
samples at the LFC (p=0.08) and MFC (p=0.1) sites. In the deep layer, strength was similar
for experimental groups in the LFC (p=0.1–0.7), but higher in NLA than DGN samples
(p<0.01) and OA samples (p<0.005) in the MFC. Differences in tensile equilibrium and ramp
moduli between experimental groups followed trends similar to that of tensile strength
(supplement). Strain (distensibility) at failure for the MFC and the LFC, in particular, was
higher in NLA than either DGN or OA samples in the superficial, middle, and deep layers
(each p ≤ 0.05). Thus, compared to the NLA group, DGN and OA groups exhibited tensile
softening and weakening in a depth-varying pattern, with strength decreased markedly in the
superficial zone, and strain increased markedly in the deep zone.

Biochemical Properties
Variations in biochemical constituents with experimental group were dependent strongly on
depth and, for some components, on site. Water (p<0.05, Figure 3a), DNA (p<0.005, Figure
3b), and GAG (p<0.005, Figure 3f) contents were dependent on depth, while COL content
(p=0.9, Figure 3c), and the fluorescence ratio (p=0.09, Figure 3e) were not. COL in αCT
(p=0.08, Figure 3d) tended to be dependent on depth. In particular, water and DNA contents
were higher and GAG was lower by 4%, 129%, and 69%, respectively, in the superficial than
the deep layer. Water, DNA, COL, and GAG contents were not dependent on site (p=0.1–0.6).
The fluorescence ratio was 10% higher in the LFC than the MFC (p<0.01), and COL in αCT
tended to be lower in the LFC than the MFC (p=0.07). Distinct site and depth-dependent
variations between experimental groups are detailed below.
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Water content was higher in OA cartilage than NLA cartilage in most layers of both the LFC
and MFC. In the LFC, water content was higher in OA (p<0.005) but not DGN samples (p=0.1)
than NLA samples in the superficial layer, and neither DGN nor OA samples were higher than
NLA samples in the middle (p=0.2, p=0.09, respectively) or deep layers (p=0.1, p=0.2,
respectively). However, in the MFC, water content was higher or tended to be higher in OA
and DGN samples than NLA samples, in the superficial (p<0.005, p=0.1, respectively), middle
(p<0.025, p=0.08, respectively), and deep layers (p<0.01, p<0.05, respectively).

Variations in DNA content were most dramatic in the superficial layer. In the LFC, DNA
content was lower in the superficial layer of DGN and OA samples (each p<0.005) compared
to that of NLA samples; DNA content was lower in OA samples than NLA samples (p<0.05)
but not DGN samples (p=0.2) in the middle layer, and not different between OA, DGN, or
NLA samples in the deep layer (p=0.3–0.8). In the MFC, DNA content in the superficial and
middle layers was lower in OA samples than in NLA samples (p<0.005, p<0.05, respectively)
and tended to be lower in OA than DGN samples (p<0.05, p=0.07, respectively); in the deep
layer, there was little variation between experimental groups (p=0.6–0.8). Thus, DNA content
was decreased markedly with cartilage degeneration, especially in the superficial layer.

Differences in the collagen network were evident in COL content, COL in αCT, and the
fluorescence ratio. In the LFC, there was a tendency for COL content of NLA samples to be
higher than DGN and OA samples in superficial (p=0.08, p=0.1, respectively), middle (p=0.2,
p<0.05, respectively), and deep (p=0.08, p<0.01, respectively) layers. In the MFC, COL
content varied little in superficial, middle, and deep layers (p=0.1–1.0).

In the LFC, COL in αCT was higher in DGN than NLA samples in superficial (p<0.005) and
middle (p<0.01) but not deep (p=0.1) layers, while that in OA samples was similar to that in
NLA samples in all layers (p=0.2–0.3). In the MFC, the OA samples displayed a notable amount
of COL in αCT, being higher than NLA samples in superficial (p<0.01), middle (p<0.05), and
deep (p<0.05) layers and being higher in the superficial layer (p<0.025) but tending not to be
higher in the middle or deep layers (p=0.08–0.3) than DGN samples.

There was a striking degeneration-associated decrease in the fluorescence ratio, especially in
the LFC. The fluorescence ratio in the LFC was lower in DGN and OA samples than in NLA
samples in superficial, middle, and deep layers (each, p<0.005). In the MFC, the fluorescence
ratio was or tended to be lower in DGN and OA samples than in NLA samples in the superficial
(each, p<0.005), middle (p=0.05–0.1) and deep (each, p<0.025) layers. Taken together, the
changes in the structure of the collagen network and the fluorescence ratio indicate remodeling
and coincide with the decrease in tensile integrity of cartilage in early degeneration.

GAG content was slightly lower with the onset of early cartilage degeneration. In the LFC,
GAG content did not vary between NLA, DGN, and OA samples in the superficial, middle,
and deep layers (p=0.08–1.0). In the MFC, GAG content was higher in the superficial layer of
NLA samples than DGN (p<0.025) and OA samples (p<0.05) but varied little in the middle
and deep layers (p=0.1–0.6).

Relationships Between Mechanical, Structural, and Biochemical Properties
Tensile strength of cartilage layers correlated with certain structural and biochemical
properties. Tensile strength of the superficial layer decreased with increasing histopathological
index (ρ2=0.57, p<0.001, Figure 4a) and decreased with the fluorescence ratio of the superficial
layer (R2=0.43, p<0.001, Figure 4b). The results of additional univariate and multivariate
regression are described in the supplement.
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DISCUSSION
This study of age-matched human articular cartilage delineated the variation in tensile integrity
occurring with cartilage surface roughening in non-OA joints and with overt cartilage
fibrillation in non-OA joints and OA joints, along with variations in structural and biochemical
factors that have been hypothesized to cause cartilage deterioration. The results suggest distinct
stages of cartilage degeneration, early–NLA, advanced–DGN, and late–OA, that are prominent
at certain anatomical locations and depths (summarized in Figure 5). These stages coincided
with variations in the hypothesized causes of biomechanical weakening of articular cartilage,
including the degradation and loss of matrix components, collagen network remodeling,
decreased cellularity, and mechanical wear.

Early to advanced-stage transition involved a loss of biomechanical integrity, an increase in
surface fibrillation, and a loss of intrinsic fluorescence. Tensile integrity (described by the
tensile strength and failure strain) were markedly lower in DGN and OA than NLA samples,
differences paralleled by higher indices of surface fibrillation as well as collagen degradation
(COL in αCT) and network remodeling (fluorescence ratio) in DGN and OA than NLA
samples. These differences may underlie the tensile weakening exhibited by DGN and OA
samples (Figure 4a,b).

Advanced to late-stage transition involved an increase in cartilage water content and loss of
collagen. Water content was higher (Figure 3a), and COL content (Figure 3c) was lower in OA
samples at a stage subsequent to that when tensile integrity was diminished, surface structure
altered, collagen degraded, and the network remodeled. The increase in water content and loss
of collagen, characteristic features of OA, do not appear to instigate biomechanical weakening
since the latter was already present with advanced cartilage deterioration.

The present analysis of tensile properties clarified results from previous studies by analyzing
age- and site-matched samples and assessing the role of hypothesized mediators of cartilage
deterioration. Age has confounding effects on the study of cartilage degeneration because of
the increased prevalence of OA with age1. The tensile moduli, strength, and failure strain,
determined in the present study from a substantial sample set of aged adult knees (n=34),
together with our previous study of adult knees from different age groups3 allows further
interpretation of a previous study of tensile properties4; there, the ~80% lower tensile
equilibrium modulus of surface zone cartilage from old-age OA joints compared to young
normal joints can be estimated to result from an 18% decrease associated with age (from
average ages of 33 to 69 yrs3) combined with a 62% decrease associated with cartilage
degeneration (NLA to DGN, Figure 2a).

Site-specific differences were striking and consistent with stages of cartilage degeneration
occurring earlier in the MFC than the LFC. These site-specific differences and their variation
with age were studied in detail previously in normal cartilage3. While surface roughness was
mild in NLA samples, it was greater in the MFC than LFC. This was accompanied by NLA
samples of the MFC being generally weaker than those of the LFC. The lower fluorescence in
NLA samples of the MFC middle and deep layers compared to LFC samples, but similarity in
fluorescence in younger adult samples from the MFC and LFC3 suggests aging-associated
differences between these sites. These differences may reflect responses to compressive and
shear stress which are higher in the medial than lateral compartment of the knee27 and
differences in meniscus contact28. Taken together, these results are consistent with gross
pathological analysis29,30, demonstrating a higher prevalence of degeneration in the MFC and
earlier and more severe degeneration in the MFC than LFC.

Decreased cellularity observed in this study supports the idea that a decrease in cell density in
overtly fibrillated cartilage in DGN and OA samples is associated with cartilage weakening in
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a site-dependent manner. In the LFC, cellularity (Figure 3b) decreased in the superficial layer
at a stage coincident with tensile weakening (Figure 2). In the MFC, however, cellularity was
lower at a stage subsequent to a marked decrease in tensile integrity. The decreased DNA is
consistent with histological analysis of fibrillated condylar cartilage compared to age-matched
macroscopically normal cartilage, especially in the superficial layer14. While age-matched
samples were chosen, the variation in cellularity may be due to a combination of cartilage
deterioration (NLA to DGN to OA) as well as to aging since cellularity even in macroscopically
normal cartilage decreases ~10 31–36% 14 between the ages of 60 and 90yrs. The decrease in
cartilage cells and cell density with degeneration may be due to both tissue loss and cell death.
The biochemical analysis of DNA indicated that most was within cells rather than in the
extracellular space, as the DNA in guanidine and alpha-chymotrypsin extracts (which remove
~90% of GAG matrix) was small (<2% in NLA samples and <8% in DGN and OA samples,
data not shown). In fibrillated cartilage, there may be regions of both cell cloning and other
regions of hypo-cellularity associated with cell death14,32. The altered metabolic activity of
cells in clusters may have a variety of effects on matrix composition and function33.

Several parameters were indicative of active matrix remodeling and loss of collagen matrix,
occurring with advanced cartilage degeneration and OA. The higher amount of degraded
collagen in DGN and OA samples than NLA samples may result from increased enzymatic
activity causing cleavage and denaturation of the collagen network34. The values obtained here
(Figure 3d) agree with previous studies23,34 and expand upon those by delineating site and
depth-specific variations in age-matched NL, DGN, and OA tissue. The higher COL in αCT
in OA samples of the MFC, as well as the lower fluorescence ratio of DGN and OA samples
compared to NLA throughout the depth of cartilage, suggest active chondrocyte remodeling
involving increased collagen synthesis35 and degradation12. Activated chondrocytes may
undergo phenotypic changes resulting in the synthesis of collagen other than type II,36 possibly
contributing to the hydroxyproline index of collagen measured here. The similarity in many
of the measured properties of DGN and OA samples suggests they are insensitive to the overall
condition of the joint, unlike OA-associated changes in chondrocyte metabolism37,38 and
ageing-associated changes in chondrocyte metabolism as well as certain extacellular matrix
properties38 not assessed here. Such analyses may be useful to further characterize and
distinguish NLA, DGN, and OA tissues. The site-specific variations in COL in αCT of OA
samples are consistent with more severe degeneration in the MFC. The fluorescence ratio
appears to be a simple and sensitive marker of collagen network remodeling, which may result
in a functionally inferior collagen network.

The causes of the tensile biomechanical dysfunction of articular cartilage with progressive
degeneration and osteoarthritis are consistent with contributions of mechanical and chemical
processes such as wear and aberrant metabolism, individually and in combination. Wear-
related alteration of tissue structure may be a major contributor (Figure 5); tensile strength in
the superficial layer and histopathological index exhibit a strongly inverse relationship (Figure
4a). Collagen network remodeling may also be a major contributor (Figure 5), with a strong
positive relationship between tensile strength and fluorescence ratio (Figure 4b). Compared to
NLA samples, DGN and OA samples in superficial, middle, and deep layers exhibit
concomitant tensile weakening (Figure 2), collagen degradation (Figure 3d), and lowering of
intrinsic fluorescence (Figure 3e). The increase in water content, but lack of a change in
cartilage thickness, may be indicative of wear combined with cartilage tissue swelling, or,
alternatively, the loss of matrix components throughout the full thickness of the tissue
associated with cartilage fibrillation. Additional studies are needed to elucidate the mechanisms
behind surface fibrillation and collagen network remodeling and their role in biomechanical
dysfunction and the development and progression of OA.
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Figure 1.
Structural and surface properties of human articular cartilage from the LFC and MFC. Cartilage
thickness (a), mean (b) and variance (c) of the reflectance score assessed after India ink
staining, overall histopathological index of cartilage degeneration (d) and surface irregularity
assessed by histopathological grading (e) from age-matched donors of cartilage with articular
surfaces that were macroscopically normal (NLA), mildly fibrillated (DGN), and mildly
fibrillated from joints undergoing total knee replacement (OA). *p<0.05, **p<0.01,
***p<0.005 versus NLA samples.
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Figure 2.
Tensile biomechanical properties of samples described in Figure 1. For specimens from the
superficial, middle, and deep layers, the tensile equilibrium modulus (a), tensile ramp modulus
(b), tensile strength (c), and failure strain (d) were determined from equilibrium and then non-
equilibrium failure testing of articular cartilage from aged NLA, DGN, and OA donors.
*p<0.05, **p<0.01, ***p<0.005 versus NLA samples.
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Figure 3.
Biochemical properties of human articular cartilage samples described in Figure 1. Cartilage
tissue adjacent to the mechanical test specimens was analyzed for water content (a), DNA and
calculated cell number (b), COL (c), COL in αCT (d), the fluorescence ratio of pentosidine-
associated fluorescence (Ex 355/Em 385 nm) to pyridinoline-associated fluorescence (Ex 295/
Em 395 nm) (e), and GAG (f). DNA, COL, and GAG were each normalized to wet weight.
*p<0.05, **p<0.01, ***p<0.005 versus NLA samples. †p<0.05, ††p<0.01 versus DGN
samples.
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Figure 4.
Relationships between tensile strength and structural and biochemical properties of the
superficial layer of human articular cartilage of the LFC and MFC. The relationship between
tensile strength of the superficial layer and (a) the histopathological index was assessed using
Spearman’s rank method to determine p and ρ2 values. The relationship between tensile
strength and (b) the fluorescence ratio of the superficial layer was assessed using univariate
linear regression to determine p and R2 values. Data are shown for NLA (□), DGN (△), and
OA (○) samples. Lines represent the linear regression fits of the data and are shown only to
indicate trends.
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Figure 5.
Summary of properties of human articular cartilage related to biomechanical deterioration with
aging2,3 and osteoarthritis. Histological depiction of mechanical integrity (degree of gray
shading), articular surface fibrillation, chondrocyte density, collagen network alteration
(fragmentation of fibrils and decrease in intrinsic fluorescence), and loss of GAG (▨) are
shown. Tabulated are location of changes, superficial tangential zone (STZ), middle zone (MZ)
and deep zone (DZ), denoted by • or (•) for variable changes. Absence (○) or full presence (●)
of parameters are indicated under stages noted, with changes indicated by ➞.
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