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SUMMARY 
With increasing interest in treating osteoarthritis at its earliest 
stages, it has become important to understand the mechanisms 
by which the disease progresses across a joint. Here, second 
harmonic generation (SHG) microscopy, coupled with a 
simple two-dimensional spring-mass network model, was used 
to investigate the collagen meshwork architecture at the 
cartilage surrounding osteoarthritic lesions both across the 
surface and through the deep cartilage matrix. We found that 
minor weakening of the collagen meshwork leads to the 
bundling of fibrils and the generation of microcracks. This 
bundling appears to be an irreversible step in the degradation 
process, as the stress concentrations appear to drive the 
progression of damage. 
 
INTRODUCTION 
The functional structure of articular cartilage is a fluid swollen 
biological gel that primarily consists of a meshwork of 
collagen fibrils entrapping a matrix of negatively charged 
proteoglycans to which the fluid is bound. This structure is 
maintained by a relatively sparse array of cells that balance the 
degenerative and repair processes.  Osteoarthritis and related 
joint disease involves the loss of this balance, and the 
associated degradation and dysfunction of the tissue [1]. 
 
As one of the major structural components and determinants 
of function in the cartilage matrix, collagen also plays a 
central role in the disease process [2]. Collagen meshwork 
disruption is rarely repaired, generally progressing to form 
lesions [3], and is therefore of considerable importance in 
understanding and diagnosing both disease initiation and 
progression. Hypothesising that collagen meshwork changes 
drive the degradation process, we used second harmonic 
generation microscopy (SHG) to describe the ‘wavefront’ of 
visible progression of osteoarthritis and the changes in 
collagen meshwork architecture that precede it. Combining 
this with a spring-mass network model, we examined the 
mechanisms behind the progression from normal to abnormal 
cartilage surfaces.  
 
METHODS 
Sample Preparation:  6 normal and 6 osteoarthritic bovine 
knee joints were obtained from an abattoir within 24 hours of 
slaughter and immediately frozen. Osteoarthritic joints were 
selected as those with focalised 10 to 20 mm diameter regions 

of Outerbridge grade IV degradation. Normal joints were 
selected as those with no visible fissures or fibrillation. 
 
Prior to testing, the joints were defrosted in 0.15 M saline at 
an ambient temperature of 19°C. Cartilage was removed from 
the femoral condyle with a sharp blade and placed surface-
down on a coverslip reservoir for imaging. The reservoir was 
filled with 0.15 M PBS to maintain hydration. In normal 
joints, a 10 x 10 mm full thickness slice of cartilage was used. 
In the osteoarthritic joints, a 10 x 15 mm slice of cartilage was 
used to capture the transition the edge of the lesion in 
osteoarthritic samples and randomly in normal samples.  
 
SHG Experiments:  SHG was performed in the forward and 
backward directions using the laser scanning microscope setup 
described in [4]. In summary, the pump laser was tuned to 810 
nm and SHG collected at 405 nm from the backscatter of 
forward signal within the cartilage matrix. As SHG is sensitive 
to the structural organization of the χ(2) scatterers at sub-
micron scales [5], the images provide information regarding 
the level of alignment and organisation in the architecture of 
the collagen meshwork within each pixel. All images were 
taken at 200 x 200 µm. 
 
Simulation:  A two-dimensional spring-mass network model 
was developed in C++ to represent the collagen meshwork in 
the superficial zone, with dampling applied to represent non-
collagenous proteins. An array of nodes (25 x 25) was 
connected by springs (S) of elastic modulus E = 1000 Pa, with 
damping provided by dashpots (D) with a viscosity of η = 0.5 
Pa s, arranged in series. The stress on each node can be 
represented mathematically as 

€ 

σ = EεS +ηdεD dt
 where ε was 

the strain on each node, applied through the springs. Each 
spring acted in one direction only and was free to rotate about 
the nodes. Nodes were spaced at 10 µm, which was also the 
resting length of the springs. 
 
RESULTS AND DISCUSSION 
Some insight into the mechanisms and mechanics of surface 
collagen disruption can be gained from the visibly normal 
tissue adjacent to the defect (see fig 1, 2). In the visibly and 
microscopically normal tissue (fig 1), regions of similar 
alignment can be observed. Within the area probed in the 
images presented here, a number of regions oriented in 
different directions were observed. Tissue from pristine joints 
did not show this region-dependent alignment but rather 



consistent, weak alignment in directions of principal stress, 
similar to that reported by Mansfield et al. [6]. 
 

 
Figure 1: Visibly normal tissue adjacent to the lesion 
observed at different polarizations (given by arrows).  
 
The distribution of these regions of highly aligned matrix have 
mechanical implications, as the distribution of stress in the 
superficial layer becomes uneven and stress concentrations are 
generated at their boundaries. This process is essentially a 
crack growth phenomenon, in which the high stresses around 
the crack tip drive its progression (lengthening). Here, high 
stresses around the aligned areas pull the collagen out of its 
cohesive meshwork, forming bundles on the sub-micron scale. 
With continuing degradation (enzymatic degradation and/or 
mechanical insult) these fibrils align to the point at which they 
bundle in sufficient numbers for the texture to be resolved 
(microns to tens of microns scale, fig 2). At this stage, the 
isolated areas have joined to form longer as well as wider 
bundles and groups of bundles. The direction of alignment 
changes with depth to form a highly anisotropic lamellar 
architecture, which progresses to widescale disruption (fig 3).  
 

 
Figure 2: Visibly normal tissue at the edge of the visible 
degradation front taken at the surface (A) and 4 µm into the 
tissue (B). 
 
A simulation of collagen meshwork disruption and its effect 
on the surrounding matrix is given in fig 4. Here, bundling and 
increased alignment (fig 4B) is caused by the weakening of a 
small area at the centre of the network, eventually forming a 
microcrack (fig 4C). The springs at the edges of this crack (not 
considering the weakened springs) experience more stress, 
given by the length of the springs, than those in the intact 
matrix and form bundles as they align. This effect will 
arguably lead to enlargement of the crack, due to overstressing 
of adjacent fibrils. This can be simulated by ‘breaking’ springs 

that carry stress above a certain threshold. A higher threshold, 
or healthy matrix, resists this enlargement. A low threshold, or 
weakened matrix, places higher stresses on adjacent nodes, 
accelerating crack progression.  
 

 
Figure 3: Large scale disruption of the collagen meshwork, 
from the area of low level visible degradation, at the surface 
(A) and 10 µm into the tissue (B). 
 

 
Figure 4: Result of collagen meshwork disruption simulated 
using the spring-mass network model. (A) shows a 1-D stress 
of 2 kPa applied to an intact (normal) meshwork. (B) shows 
the same situation after damage (spring weakening) is applied 
to a small region in the centre of the network; (C) shows 
progression by breaking springs stretched beyond 300%. 
 
CONCLUSIONS 
This study has mapped the progression of osteoarthritic 
degradation in bovine femoral condyles using SHG to image 
the collagen meshwork architecture. The polarisation and 
phase-matching requirement of SHG, particularly when 
coupled with a network model to represent the collagen 
meshwork, allows interesting insights to be gained into the 
mechanisms underlying progression and initiation of collagen 
bundling at the surface, and the interplay between mechanical 
and enzymatic damage.  
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