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Abstract

Background: Strategies for articular cartilage repair need to take into account

topographical differences in tissue composition and architecture to achieve durable

functional outcome. These have not yet been investigated in the equine stifle.

Objectives: To analyse the biochemical composition and architecture of three differ-

ently loaded areas of the equine stifle. We hypothesise that site differences correlate

with the biomechanical characteristics of the cartilage.

Study design: Ex vivo study.

Methods: Thirty osteochondral plugs per location were harvested from the lateral

trochlear ridge (LTR), the distal intertrochlear groove (DITG) and the medial femoral

condyle (MFC). These underwent biochemical, biomechanical and structural analysis.

A linear mixed model with location as a fixed factor and horse as a random factor

was applied, followed by pair-wise comparisons of estimated means with false dis-

covery rate correction, to test for differences between locations. Correlations

between biochemical and biomechanical parameters were tested using Spearman's

correlation coefficient.

Results: Glycosaminoglycan content was different between all sites (estimated mean

[95% confidence interval (CI)] for LTR 75.4 [64.5, 88.2], for intercondylar notch (ICN)

37.3 [31.9, 43.6], for MFC 93.7 [80.1109.6] μg/mg dry weight), as were equilibrium

modulus (LTR2.20 [1.96, 2.46], ICN0.48 [0.37, 0.6], MFC1.36 [1.17, 1.56] MPa),

dynamic modulus (LTR7.33 [6.54, 8.17], ICN4.38 [3.77, 5.03], MFC5.62 [4.93, 6.36]

MPa) and viscosity (LTR7.49 [6.76, 8.26], ICN16.99 [15.88, 18.14], MFC8.7

[7.91,9.5]�). The two weightbearing areas (LTR and MCF) and the non-weightbearing

area (ICN) differed in collagen content (LTR 139 [127, 152], ICN176[162, 191], MFC

127[115, 139] μg/mg dry weight), parallelism index and angle of collagen fibres. The

strongest correlations were between proteoglycan content and equilibrium modulus

(r: 0.642; p: 0.001), dynamic modulus (r: 0.554; p < 0.001) and phase shift (r: �0.675;
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p < 0.001), and between collagen orientation angle and equilibrium modulus

(r: �0.612; p < 0.001), dynamic modulus (r: �0.424; p < 0.001) and phase shift

(r: 0.609; p < 0.001).

Main limitations: Only a single sample per location was analysed.

Conclusions: There were significant differences in cartilage biochemical composition,

biomechanics and architecture between the three differently loaded sites. The bio-

chemical and structural composition correlated with the mechanical characteristics.

These differences need to be acknowledged by designing cartilage repair strategies.

K E YWORD S

cartilage ECM fibre orientation, collagen type II, proteoglycans, stiffness, topographical
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1 | INTRODUCTION

Articular cartilage acquires its topographical heterogeneity in biome-

chanical characteristics during late gestation and early postnatal life.1,2

The process mainly consists of a depth-dependent redistribution of

biochemical components, such as glycosaminoglycans (GAGs) and col-

lagen, with specific disposition and orientation or architecture, within

the different layers of the tissue. This redistribution is highly depen-

dent on the biomechanical forces to which the different areas are

exposed after birth.3,4 Early developmental changes and adaptation,

as well as site-dependency of the biochemical, biomechanical and

structural characteristics within the same joint have been studied in

the equine fetlock.4–8 The equine stifle has been less explored. Bio-

chemical and biomechanical properties have been studied, but struc-

tural characteristics and constituent architecture of its articular

cartilage have not been investigated so far.9,10

The relationship between structures, that is, the architecture and

the biomechanical characteristics of articular cartilage have gained

increasing interest in past years in the human field.11,12 Since the

architecture of the extracellular matrix of cartilage, together with its

biochemical composition, determines the biomechanical properties of

the tissue and is hence a crucial factor for its functionality, the topo-

graphical differences in native architecture within the joint become

clinically relevant when considering cartilage repair. Strategies for car-

tilage regeneration or repair would need to take these differences into

account in order to achieve a durable functional outcome.5,13

The stifle is a biomechanically versatile joint, with a unique load-

ing pattern that includes impact, compression, tension and shear load-

ing, and also contains non-weight-bearing areas. Being a high-mobility

joint, focal articular cartilage damage, either caused by trauma or by

the developmental orthopaedic disorder osteochondrosis dissecans

(OCD), can cause lameness and may ultimately lead to osteoarthritis.14

The most affected locations are the lateral trochlear ridge (LTR), in the

form of OCD, and the medial femoral condyle, in which the develop-

ment of subchondral cystic lesions is more frequent.15 Mosaicplasty

has been proposed as a therapeutic approach for the latter condi-

tion.16 This autologous transplantation of an osteochondral block from

a non-weight-bearing area of the joint (the distal intertrochlear groove

[DITG]/intercondular notch) to the damaged area, is also widely used

in human orthopaedic surgery.17,18 Considering how differently these

two areas within the same joint are loaded, they can be expected to

exhibit not only biomechanical and biochemical differences,9 but also

a different architecture.

The first aim of this study was to analyse three clinically

relevant areas of the equine stifle that are subjected to different in-

vivo loading patterns: the lateral femoral trochlea (subjected to mixed

shear and impact forces through patella), the medial femoral condyle

(MFC) (impact and shear forces through tibia) and the DITG

(non-weight-bearing). We hypothesised that they would differ in their

biochemical, biomechanical composition and also in their architecture,

which would be reflected in the depth-dependent distribution of the

structural components and collagen fibril orientation respectively.

The second aim was to examine the relationships between these site-

dependent biochemical and structural characteristics, and the principal

biomechanical features of the articular cartilage.

2 | MATERIALS AND METHODS

2.1 | Sample size estimates

Sample size estimates (using Wilcoxon signed ranks analysis of data)

were performed using an online calculator19 and based on previous

studies.5,20 With a power of 80% and alpha of 0.05, this yielded a

sample size of 12–27, depending on the primary parameter (estimate

mean differences in GAG and collagen content between two different

sites of the fetlock joint) that was used to calculate the effect size. A

conservative choice was made to collect 30 samples per location.

2.2 | Sampling procedure

Hindlimbs from livestock criollo horses between 4 and 6 years of age

were harvested from an abattoir and stored frozen at �20�C. On the
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day of the sample collection, after thawing, the joints were opened,

the patella was removed, and the articular surfaces were examined for

gross abnormalities. Any joints showing macroscopic abnormalities,

including osteophytes, cartilage fibrillation or discolouring were

excluded. Finally, 30 stifles were included in the study. From these,

osteochondral plugs of 10 mm depth and 8.5 mm diameter were har-

vested using a hollow drill (Acufex®, Smith and Nephew), from three

different locations within the joint (Figure 1A). Thirty osteochondral

plugs were harvested from the MFC, the DITG and the LTR, respec-

tively, making a total of 90 osteochondral plugs. The osteochondral

plugs were labelled and stored at �80�C until further processing.

For the medial condyle, the sampling location was chosen to rep-

resent the area sustaining the most biomechanical impact and com-

pressive forces, based on published biomechanical studies of the

equine stifle9,21,22: the transition point between the cranial and middle

third of the cartilage-covered portion of the condyle on a longitudinal

axis and in a central location on the transverse axis (Figure 1B). For

the site on the LTR, which is subjected to mixed shear and impact

forces through the patella, the location was defined as halfway

between the proximal end of the trochlea and the synovial plica that

separates the lateral femorotibial and femoropatellar joints, on the

axial surface of the trochlea. The third sampling area was the non-

weight-bearing DITG of the femur.

2.3 | Biochemical analysis

Cartilage derived from the border of the sampling area was used for

DNA, GAG and hydroxyproline (HYP) quantification. Samples were

digested overnight in papain solution, 500 μL per sample (0.01 M

cysteine, 250 μg/mL papain, 0.2 M NaH2PO4 and 0.01 M EDTA) at

60�C. Total DNA was quantified on the papain digest using the

Qubit 4.0 fluorimeter with the Qubit dsDNA BR Assay Kit (Q32853)

according to the manufacturer's instructions. Total GAG content was

determined by photospectrometry at 540 and 595 nm after reaction

with dimethylmethylene blue using a microplate reader (Biorad). Col-

lagen was quantified by using an HYP assay. Samples were freeze-

dried and hydrolysed at 108�C overnight in 4 M NaOH. HYP was

measured after reaction with Dimethylaminobenzaldehyde, the

absorbance was read at 570 nm using a microplate reader

(Clariostar®, BMG Labtech).

2.4 | Biomechanical analysis

After thawing at room temperature, thickness of the cartilage was

analysed from micro-CT scans (Nikon XT H 225, Nikon Metrology

Europe). The micro-CT scans were done to 2–5 plugs per scan. The

plugs were in separate test tubes and a tube filled with water was

used as a reference for the calculation of Hounsfield unit (HU) values.

The scan reconstruction images were then exported to MATLAB,

where a custom script was used to generate two-dimensional

(2D) images and HU profiles for each sample individually. The sample

thickness was determined as the distance from the surface to cartilage

bone interface in pixels and the thickness in micrometres was calcu-

lated by multiplying the distance by pixel-size.

The biomechanical properties of the osteochondral plugs

were determined in indentation geometry using a stress-relaxation proto-

col.23 A custom-made measuring device was used that consisted of a dis-

placement actuator with resolution of 0.1 μm (PM1A11939, Newport)

and a load cell of 0.25 kg (Model 31, Honeywell International Inc.).

A goniometer was applied to ensure perpendicularity between the carti-

lage surface and the plane-ended cylindrical indenter (Figure 2). The

diameter of the indenter was 0.55 mm. The osteochondral plugs were

LTR

DITG

MFC

(A) (B)

F IGURE 1 The three sampling
locations (A) DITG, distal intertrochlear
groove; MFC, medial femoral condyle;
LTR, lateral trochlear ridge. (B) Example of
determining sampling location for the
MFC (B).
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fixed at the bone with three screws to the bottom of a custom-made

holder (an acrylic cup with a stainless-steel bottom) that was filled with

PBS (phosphate-buffered saline, 310 mOsmol/L).

Full contact between the indenter and the cartilage surface was

ensured with an equilibrium pre-stress of 40 kPa (1 g). Pre-strain

remained below 2% for all samples from the first point of contact

(recorded load). The testing protocol included four steps, each of them

followed by 600 s relaxation time. Preliminary tests showed that the

relaxation time of 600 s was long enough for the samples to reach

equilibrium. A step size of 4% of the remaining cartilage thickness was

utilised with a ramp rate of 100%/s (of the cartilage thickness). After

the stress-relaxation protocol, without a lift-off, a sinusoidal dynamic

test was implemented using 4% peak-to-peak strain amplitude of the

remaining thickness, 4 cycles, and three different frequencies: 0.1, 0.5

and 1 Hz.

From the stress-relaxation protocol (Figure 3A), Young's equi-

librium modulus (EEq), the strain-dependent instantaneous modulus

(EE) and the initial instantaneous modulus (E0) were determined.23

The equilibrium and the instantaneous moduli were calculated by

fitting a linear least-squares fit to the stress–strain measurement

data.24 The dynamic modulus (Edyn) was determined from the sinu-

soidal test, from the ratio of the stress and strain amplitudes

(Figure 3B), and a phase shift (θ) was analysed from a Fourier trans-

form. To account for the indentation geometry effect on the

results, the Hayes correction was utilised.24

2.5 | Structural analysis

After fixation in formalin, and histologic preparation, the samples were

processed for depth-dependent microscopic and spectroscopic analy-

sis of tissue composition and structure.

Proteoglycan (PG) content and distribution were determined with

digital densitometry (DD) from Safranin O-stained sections using a

CCD camera (SenSys, Photometrics Inc.) mounted on a light micro-

scope (Leitz Orthoplan, Leitz).25 Greyscale images of the sections

were captured and converted into optical density. Optical density was

determined quantitatively in a depth-wise manner.

The collagen content was estimated with Fourier transform

infrared (FTIR) spectroscopy (A Perkin Elmer Spotlight 300, Perkin

Elmer) using the integrated absorbance of the amide I region

(Wavelength:1585–1720 cm�1).26,27

Polarised light microscopy (PLM) (Leitz Ortholux II POL, Leitz)

was used to analyse the collagen orientation angles (0� indicating an

angle parallel to the cartilage surface and 90� indicating an angle per-

pendicular to the cartilage surface) and to determine the parallelism

index of the collagen fibrils, based on Stokes parameters.28 The

collagen fibril orientation angle in the samples was measured in a

depth-dependent manner using a Leitz Ortholux II POL polarised light

microscope (Leitz Wetzlar), a CCD camera (Photometrics Inc.), a

monochromatic light source, and polarisers. For DD, FTIR and PLM

analysis, three sections were measured from each sample using a

4� magnification objective and averaged.

2.6 | Statistical methods

RStudio (version 2021.09.2, RStudio, PBC) and Matlab (version R2020b,

Mathworks) were used for the statistics. A linear mixed model (lme4

package, version 1.1-27.1) with location as a fixed factor and horse as a

random factor was used, followed by pair-wise comparisons of estimated

means with false discovery rate correction, to test for differences

between locations. For the depth-dependent analysis with DD and FTIR,

each measurement was analysed in 1% steps from cartilage surface to

calcified cartilage. The measured value at each depth was considered as

the dependent variable, while the effect of the site and horse were fixed

and random variables, respectively. Square root transformation of data

was used for the biomechanical data and the collagen content, while log

transformation was applied to GAG data. Correlations between

biochemical and biomechanical parameters were tested using Spearman's

correlation coefficient. Statistical significance was set at p < 0.05.

3 | RESULTS

3.1 | Biochemical analysis

GAG content was significantly different among all sites (Figure 4A). The

estimated mean of GAG content was highest for MFC (estimate mean

[95% confidence interval (CI)] 93.7 [80.1, 109.6] μg/mg dry weight),

which was significantly different from LTR (estimate mean [95% CI]

75.4 [64.5, 88.2] μg/mg dry weight; p < 0.05) and from intercondylar

notch (ICN) (estimate mean [95% CI] 37.3 [31.9, 43.6] μg/mg dry weight;

p < 0.0001). DNA content was highest for ICN (estimate mean [95% CI]

0.136 [0.125, 0.147] μg/mg dry weight), which was significantly higher

compared to LTR (estimate mean [95% CI] 0.109 [0.098, 0.120] μg/mg

dry weight; p < 0.001), and compared to MFC (estimate mean [95% CI]

0.112 [0.101, 0.123] μg/mg dry weight; p < 0.001). The latter two were

not significantly different (Figure 4B). Collagen content was highest in ICN

(estimate mean [95% CI] 176 [162, 191] μg/mg dry weight) and was sig-

nificantly different compared to LTR (estimate mean [95% CI]

139 [127, 152] μg/mg dry weight; p < 0.001) and MFC (estimate mean

[95% CI] 127 [115, 139] μg/mg dry weight; p < 0.0001). Here too, LTR

and MFC were not significantly different (Figure 4C). When corrected for

cellularity, GAG-levels were significantly lower in the ICN compared to the

other two locations, but collagen/DNAdid not differ significantly between

the three sites (Figures 4D,E).

3.2 | Biomechanical analysis

The equilibrium modulus (Eeq) and dynamic modulus (Edyn) were signif-

icantly different among all sites (Figure 5). The estimated mean Eeq in

LTR (estimate mean [95% CI] 2.2 [1.96, 2.45] MPa) was significantly

and substantially higher compared to ICN (estimate mean [95% CI]

0.48 [0.37, 0.60] MPa; p < 0.001) and to MFC (estimate mean

[95% CI] 1.36 [1.17, 1.56] MPa; p < 0.001). LTR also had a higher ini-

tial instantaneous modulus (E0) (estimate mean [95% CI] 3.64 [3.07,
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4.25] MPa) compared to locations ICN (estimate mean [95% CI] 2.46

[2.00, 2.97] MPa; p < 0.01) and MFC (estimate mean [95% CI] 2.82

[2.32, 3.36] MPa; p < 0.05). The strain-dependent instantaneous modulus

(Eε) followed a comparable pattern. Phase shift was significantly higher in

the ICN (estimate mean [95% CI] 16.99 [15.88, 18.14]�) compared to

LTR (estimate mean [95% CI] 7.49 [6.76, 8.26] degrees; p < 0.001) and

MFC (estimate mean [95% CI] 8.7 [7.91, 9.5]�; p < 0.001).

3.3 | DD: Depth-dependent proteoglycan
distribution

Proteoglycan content was significantly different (p < 0.05) between

all three locations, through the whole normalised thickness of the

samples (Figure 6), with MFC showing the highest content, followed

by LTR and ICN. The profiles indicated lower levels of PGs in the most

superficial layers and increasing PG content in the middle and deep

layers for all the samples.

3.4 | Spectroscopy: Depth-dependent collagen
distribution

Collagen content distribution among sites was significantly different

(p < 0.05) between ICN and MFC, and between ICN and LTR, in the

superficial and middle layers of the samples (Figure 7). Collagen con-

tent in MFC and LTR differed significantly in the superficial and deep

zone. Note that the small peaks in density just below the surface seen

in LTR and MFC are missing in ICN.

3.5 | Polarised light microscopy: Depth-dependent
fibril orientation angle and parallelism index

In the superficial layer, the orientation angle of collagen fibrils was

lower, that is, more parallel to the articular surface in all sites, com-

pared to the middle and deep layers. However, the ICN showed a

much less sharp change in orientation angle with a gradual change

from 0 to 90�, resulting in a thicker transitional zone compared to LTR

and MFC (Figures 8 and 9).

In line with the above, the parallelism index of the collagen fibrils

was significantly different (p < 0.05) between ICN and LTR, and

between ICN and MFC in the superficial zone and in the middle zone,

where also the difference between MFC and LTR was significant. The

change in degree of parallelism as a function of depth is more abrupt

(hence, taking place over a shorter distance) in LTR and MFC. In the

ICN, this change is more gradual and takes place over a considerably

longer distance.

Representative images of DD, spectroscopy and polarised light

microscopy of the three analysed locations are shown in Figure 9.
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3.6 | Correlation analysis

3.6.1 | Biochemistry versus biomechanics

A positive significant correlation was observed between GAG content

and Eeq, E0 and Edyn (Table 1) and between collagen content and phase

shift. A negative significant correlation was observed between GAG

content and phase shift and between collagen content and Eeq

and Edyn.

3.6.2 | Depth-dependent collagen and PG
distribution, fibril orientation angle and parallelism
index with biomechanical proprieties

PG content, defined from DD, had a positive correlation with Eε and

the other elastic moduli and a negative correlation with phase shift

(Table 2). Also, collagen content showed a positive correlation with Eε

and phase shift. Collagen orientation angle correlated negatively with

Eeq, Eε, and Edyn, and positively with θ. The parallelism index correlated

significantly with phase shift.

4 | DISCUSSION

These results show that biomechanical properties, composition and

architecture of equine articular cartilage have significant site-to-site

variation within the stifle joint, strongly suggesting an adaptation to

the local mechanical loading environment. The LTR is subjected to

mixed shear and compressive forces during motion, generated by the

sliding over it of the lateral aspect of the patella, but also to mere

compression when the horse is standing on the limb with the patella

in a locked position. The distal intetrochlear groove experiences

short-lasting transient contact with the patella during flexion but is to

a large extent a non-weight-bearing area. The femoral condyle is con-

stantly subjected to compressive forces while the horse is standing

and experiences mixed compressive and shear forces during

locomotion.22

The largest differences occurred between the weight-bearing and

non-weight-bearing areas. LTR and MFC exhibited the highest GAG

content, which correlated with the equilibrium modulus. This higher

stiffness in the LTR and MFC, that experience the highest compres-

sive forces, is biologically logical. The finding is also in line with cor-

roborated knowledge, that at equilibrium, once the fluid has ceased
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F IGURE 7 Graphical representation of
the collagen fibril orientation angle
defined from PLM images of the three
locations and the mean difference
between them, represented in a depth-
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depicted profiles indicate the mean value
of each location (full line with markers)
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The mean difference between each pair is
indicated with a marker and the significant
differences (p < 0.05) are noted with a
triangle. DITG, distal intertrochlear
groove; LTR, lateral trochlear ridge; MFC,
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flowing out of the tissue, GAGs are mainly responsible for the tissue's

compressive stiffness.29 Furthermore, earlier studies in both young

and mature horses have shown that healthy cartilage responds to

increased loading through exercise programs by producing more

GAGs with collagen levels remaining stable, hence, increasing the

relative GAG content of the extracellular matrix, which observa-

tions underline the interplay between loading and largely

GAG-determined stiffness of the cartilage.30,31 The high correlation

between GAG content and equilibrium modulus found in our study

(r = 0.60) is close to the one reported by Changoor et al. (r = 0.71)

in a study comparing biochemical and biomechanical characteristics

of articular cartilage, and subchondral bone in the equine stifle, in a

larger number of locations but using a smaller study population.9

Similar to our results, in that study the MFC also contained the

highest amount of GAGs.

In our study, collagen content was higher in the less loaded area

of the ICN when compared to the two loaded areas of MFC and LTR.

This concurs with a study where cartilage from two locations within

the fetlock joint was compared between foals undergoing a training

program (i.e., more loading) and foals being raised at pasture (i.e., less

loading).32 The cartilage of the trained group showed less collagen

content than the non-trained group, while the number of crosslinks in

the trained animals was higher in the loaded areas. The lower collagen

content in higher loaded areas, as found in our study and the one

cited above, suggests that there is a re-distribution of collagen from a

‘default situation’ at birth that takes place in the early postnatal phase

and is mostly based on loading. In that sense, the non-weight-bearing

trochlear notch analysed in the present study can be considered to be

closer to the prenatal ‘default’ stage of cartilage structure than in the

loaded sites. Comparable rearrangements during the development of

components exposed to different amounts of loading can be seen also

in other tissues of the locomotion apparatus. The bone mineral den-

sity of the metacarpal and sesamoid bones in foals was significantly

higher in box-rested foals compared to those subjected to train-

ing.33,34 Similarly, the collagen content in the tendons of foals receiv-

ing box rest was higher than those being exercised, but the number of

crosslinks was higher in the tendons of the exercised group.35

As an engineering material, articular cartilage is commonly

described as fibril-reinforced poroviscoelastic, and the behaviour of

the tissue consists of fluid flow-dependent and flow-independent

mechanisms. Viscoelasticity is a key characteristic of cartilage function

and the current results show big differences in the viscoelasticity

between the sites. In addition to being the softest site, ICN was seen

to exhibit highly viscous behaviour (Figure 5D) compared to the more
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elastic LTR and MFC regions (which had a lower phase shift). Based

on the current correlation analysis and past results, PGs, with their

capability to bind water, increase the cartilage elasticity (Tables 1 and

2)36 and allow the tissue to withstand compressive forces.

Simultaneously, collagen fibres and their architecture increase the vis-

cosity.36 The viscous and inertial losses in the continuum are critical

to load resistance and dissipation, and were more pronounced in the

ICN tissue that undergoes mainly sliding motion of the patella.
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F IGURE 9 Representative examples of full-thickness cartilage sections from LTR, DITG and MFC represented in the different imaging
modalities. In all images, the articular surface is at the top of the image and subchondral bone is located at the bottom. (A) Digital densitometry
image for depth-dependent determination of the proteoglycan distribution: The colour scale indicates the amount of proteoglycans with yellow
containing the highest amount and blue containing the least amount. The scale numbers are arbitrary units. (B) Spectroscopy image for depth-
dependent determination of the collagen distribution: The colour scale indicates the amount of collagen content with yellow containing the
highest amount and blue containing the least amount. The scale numbers are arbitrary units. (C) Polarised light images for determination of the
collagen fibril orientation: The colour scale indicates the angle of the collagen fibres with yellow showing orientation parallel to the surface (0�)
and dark blue orientation perpendicular to the surface (90�). (D) Polarised light images for determination of the collagen fibril parallelity index:
The colour scale indicates the parallelism index (PI) of the collagen fibres with yellow showing parallel orientation of the fibres (PI 1) and
dark blue random orientation towards each other (PI 0).

TABLE 1 Correlations between biochemical and biomechanical variables

Eeq Eε E0 (θ) Edyn
r r r r r

GAG 0.596*** 0.273** 0.421*** �0.584*** 0.524***

Coll �0.462*** �0.354** �0.218* 0.527*** �0.392***

Abbreviations: Edyn, dynamic modulus; Eeq, equilibrium modulus; Eε, strain-dependent instantaneous; E0, initial instantaneous modulus; r, Spearman

correlation coefficient; θ, phase shift.

*p < 0.05; **p < 0.01; ***p < 0.001.
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With respect to the collagen architectural arrangement of the

sampled sites, the findings closely followed the observations of the

biochemical composition and a strong correlation was observed

between the collagen orientation angle and the related parallelism

index, and mechanics. Overall, the cartilage function is seen to be

more influenced by the architecture and arrangement of the collagen

network, rather than the absolute amount of the structural protein,

being in line with the previous studies.37 There were only minor dif-

ferences in the architecture of LTR and MFC. At both sites, there

were short transitional zones in which the predominant orientation

angle changed from 0� (parallel to the articular surface) to

90� (perpendicular to that surface) and consequently a small zone with

a low parallelism index. In an architectural sense, this translates as the

Benninghoff arcades having long pillars and a relatively low arch.

Resulting in a relatively large deep zone, which is known to have the

greatest resistance against compressive forces.38 The situation in the

ICN was different with a much thicker transitional area, a conse-

quently larger area with a low parallelism area and also a relatively

thinner deep zone, in accordance with the lower GAG-content and

compressive stiffness of the tissue.

The current results emphasise the importance of the intricate

architecture and interplay between cartilage structure and func-

tion. Other reports on the relation between the structure of carti-

lage and its biomechanics in the horse and other species, including

humans, are in line with our results.8,12,39,40 Still, studies on equine

cartilage repair techniques commonly evaluate the quality of the

obtained repair tissue by means of histological and biochemical

analyses only failing to test the repair tissue structurally and even

more important functionally, that is, biomechanically.13 Our find-

ings once more stress the important relationship between loading

and biomechanical functionality of articular cartilage and how this

is achieved by nature through site-dependent adaptations in both

composition and architecture of the tissue. Therefore, biomechani-

cal evaluation of repair cartilage within experimental research

appears not only an important asset, but in fact a conditio sine qua

non for a proper functional evaluation.

On a clinical level, the site-dependent differences are of interest

when considering the cartilage properties of donor sites for the repair

of osteochondral defects. Subchondral bone cysts, for example, are a

commonly encountered osteochondral disease in the horse, often

communicating with the articular surface of the medial femoral con-

dyle. Mosaicplasty, involving harvesting osteochondral plugs from a

non-weight-bearing area of the joint and implanting them into the

defective area, is one of the proposed therapies. In an experimental

study, in sound horses in which plugs were harvested from the medial

femoral trochlear ridge and implanted in the contralateral medial fem-

oral condyle, in 50% of the horses these plugs had kept their native

hyaline cartilage cover at 9–12 months follow-up, in the other 50%

the tissue changed to hyaline-like cartilage or fibrocartilage.17 In

humans, mosaicplasty has been used more extensively with positive

clinical long-term outcomes, but the results vary greatly depending on

age, sex, and size of the lesion.41 Allografts consisting of donor carti-

lage from the exact same location needing repair would contain similar

characteristics to the recipient site, since the cartilage has been

‘trained’ for a similar biomechanical environment during maturation.

However, with allografting, there are challenges with tissue availability

and the possibility of an immunologic response by the recipient

remains.42,43 With the advancement of cartilage repair strategies, such

as three-dimensional bio-printing, it would seem a logical path to spe-

cifically adapt constructs to the local biomechanical environment they

will be implanted into.

A limitation of the current study is that a single site per biome-

chanical region was analysed. The variation between samples from

the same site was low, so we are confident that we were able to sam-

ple in a consistent way, but the investigated characteristics might alter

if the sampling location had been more proximal or distal within the

same region. In a recent study in which three sites were analysed

within the same region, significant biochemical differences could not

be found but the aggregate modulus showed differences between

sites, as was the case with the study by Changoor et al.7,10 Since our

aim was to characterise areas with a specific in-vivo loading pattern

and to compare these areas, extensive mapping of the regions was

not performed.

In conclusion, elaborate variances in the biomechanical properties

between three differently loaded sites of the adult equine stifle joint

are reported for the first time. These differences are related to the

biochemical composition and the architecture of the extracellular

matrix of the cartilage. Having implications for practice, and guiding

TABLE 2 Correlations between structural and biomechanical features of the cartilage.

Eeq Eε E0 (θ) Edyn
r r r r r

PG content (DD) 0.642*** 0.417*** 0.270** �0.675*** 0.554***

Collagen content (FTIR) �0.326** �0.156 �0.057 0.489*** �0.196

Collagen orientation angle (PLM) �0.612*** �0.235* �0.188 0.609*** �0.424***

Parallelism index (PLM) �0.126 �0.105 �0.032*** 0.285** �0.089

Note: Angle, orientation angle of collagen fibrils. Significant correlations are in bold.

Abbreviations: DD, digital densitometry = PG content; Edyn, dynamic modulus; Eeq, equilibrium modulus; Eε, strain-dependent instantaneous modulus;

E0, initial instantaneous modulus; (θ), phase shift; FTIR, Fourier transform infrared spectroscopy intensity = collagen content; PI, parallelism index of

collagen fibrils; r, spearman correlation coefficient.

*p < 0.05; **p < 0.01; ***p < 0.001.
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directions for future allotransplantation, the results show for instance

how collagen matrix architecture (fibril orientation) alters cartilage bio-

mechanics more than the bulk amount of the protein. Given the fact

that the mechanical functionality is the key characteristics of articular

cartilage, rather than qualitative histology and biochemical measure-

ments alone, biomechanics should be the main benchmark for judging

the (potential) performance of constructs or other regenerative tech-

niques for defect repair at given sites of the joint.
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