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Abstract

The general objective of this PhD project was to understand how degenerative
changes associated with collagen network de-structuring in articular cartilage (AC)
influence its microstructural response to loading. Two main testing methods were
employed: Firstly, cartilage-on-bone blocks were compressed using an indenter
incorporating a central relief channel to allow the AC to bulge into this channel
during creep compression to an extent governed by its inherent matrix constraints.
Secondly, transverse stretching and swelling experiments were conducted using
isolated cartilage samples consisting exclusively of radial zone matrix.

Three channel indentation studies are described. In the first study, a single
radial incision was made in the AC to varying depths with respect to its zonal
structure. This resulted in an altered pattern of matrix shear following compres-
sion whose intensity varied with incision depth. The second study showed that a
reduced water-binding potential in otherwise intact cartilage matrix did not lead to
altered patterns of shear, but led to surface rupture and abnormal matrix collapse.
The important role of the osteochondral junction in the development of internal
matrix shear was demonstrated in the third study.

De-structured isolated cartilage samples had a decreased transverse stiffness
compared to structurally intact samples, despite their similar glycosaminoglycan
content. It was shown that this resulted from the reduced level of fibrillar inter-
connectivity in the former, which also led to a loss of functional coupling between
the collagen network and the proteoglycans. The proteoglycans in the degenerate
matrix did, however, still contribute significantly to tissue stiffness. Further, it was
shown that tissue swelling and the maximum tensile stiffness in isolated cartilage
samples are more reliable indicators of its degenerative state than could be obtained
from a measurement of its lower isostrain modulus.

The results of the studies described in this thesis have increased our understand-
ing of the mechano-structural mechanism underlying the degenerative cascade and
provide important implications for the development of cartilage replacements and
computational models. An intact collagen network incorporating a functional zonal
distribution, sufficient fibrillar interconnectivity, and proper attachment to the sub-
chondral bone are all critical for the containment of matrix water and development
of internal shear.
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1

Background1

1.1 Introduction

Articular cartilage (AC) is an aneural, avascular layer of highly structured connective
tissue lining the bone ends in the articulating joints, protecting them from wear by virtue
of both its ultra-low friction properties and ability to reversibly deform so as to in-
crease congruence and thus reduce local contact stresses156. About two-thirds of the
dry weight of adult AC matrix is collagen, more than 90% of which consists of type II
collagen fibrils, these in turn performing a predominantly tensile role63,75,160. In terms
of mechanical function the other major matrix components in cartilage are the proteo-
glycans (PGs)160. Aggrecan is the predominant PG, representing approximately 5% of
the wet weight of the cartilage matrix87. A ’backbone’ protein named hyaluronan can
bind more than 50 aggrecan molecules forming a large polymer that is easily entrapped
within the collagen network. Typically, more than 100 negatively charged glycosamino-
glycans (GAGs) are bound to the core protein of aggrecan which makes the overall pro-
tein highly hydrophilic145,146,232. Most of the GAGs are chondroitin sulphate or keratan
sulphate, however the ratio varies between individuals and with degeneration14,18,62.
The water content of cartilage resulting from the hydrophilic PGs is approximately 75%
of its wet weight160.

The PGs play a crucial role in enabling the tension-resisting fibrils to be utilized in
compressive load-bearing via the functional coupling that exists between them. This
coupling gives rise to both the intrinsic stiffness of the AC matrix and to its timede-
pendent compressive properties via the mechanism of consolidation180. In very general
terms the negatively charged GAGs are neutralized by counter cations which, in turn,
results in water being drawn osmotically into the matrix. The network of collagen fibrils

1Part of this chapter was published as the following review paper: ”How changes in fibril-level or-
ganization correlate with the macrolevel behavior of articular cartilage”, Nickien et al. 2013, Wiley
interdisciplinary reviews. Systems biology and medicine, Volume 5(4), pp. 495-509
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Figure 1.1: Re-drawn from Benninghoff15 who described this figure as ”a schematic
representation of the principal direction of the collagen fibrils in joint cartilage. The
chondrons are represented as black ellipses.”

restricts the amount of osmotic swelling that can occur147 and this in turn pre-stresses
the fibrils in tension and confers on the cartilage matrix an intrinsic functional stiff-
ness249. It is this balance of forces between the high-swelling PGs and constraints of
the fibrillar network that confers on AC its intrinsic stiffness. This chapter provides an
overview of the relevant literature describing the collagenous architecture of AC at the
micro- and fibrillar levels, and its implications for macrolevel behavior.

1.2 The fibrillar architecture

The fibrils in the extracellular matrix make up a three-dimensional network, their pre-
dominant orientation varying with respect to zonal depth. Benninghoff15 made the first
attempt to describe the overall arcade-like structure of the collagen fibrils in AC (Fig-
ure 1.1) and this general structural plan has been subsequently confirmed by scanning
electron microscopy (SEM)53,57,99,155,163,213,241. In the superficial zone the fibrils lie
mainly parallel to the articular surface; they have a more or less random orientation
in the transitional zone, run predominantly in the radial direction in the mid and deep
zones, and finally anchor, still radially, into the zone of calcified cartilage (ZCC). The
zones are connected to each other by the continuity of the fibrils throughout the zones51.
Although the fibrils seem to be thinner in the superficial zone the total collagen content
in the different zones does not vary significantly132, implying that the number of fibres
per unit volume is higher in this region.

It should be noted that although there is a different configuration of fibrils in the
specialized pericellular and territorial regions, and involving other collagen types187, in
terms of overall load-bearing function the type II, IV and VII collagen fibrillar architec-
ture of the extracellular matrix is clearly of major importance and thus forms the focus
of this thesis161.

The variation in fibrillar architecture with zonal depth serves different mechanical
requirements throughout the full cartilage thickness. The strongly tangential array of
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Figure 1.2: A schematic representation of the morphological model of AC as proposed
by Broom21. Note that in this model the arcade concept proposed by Benninghoff15 is
extended to incorporate a repeating short-range obliquity of the radial fibrils in order to
create a pseudorandom configuration in the general matrix. (Reprinted with permission
from Ref21. Copyright 2005 John Wiley & sons, Inc.)

in-plane fibrils in the superficial layer provides a strain-limiting layer such that when
a compressive load is applied to the articular surface there is both protection against
premature rupture via radial tear propagation68,69,209 and lateral load distribution into
the deeper zones of the AC16,73,164,177. The superficial layer further aids in the con-
tainment, and thus hydrostatic pressure, inside the cartilage layer due to its relatively
low permeability71,120,152,206. The transition zone links the superficial to the radial zone
and has the highest shear compliance of the full-depth cartilage, possibly providing an
energy dissipation mechanism37. By contrast, the radial zones function more in a direct
compressive role, albeit involving quite complex modes of deformation (see below). As
a result of the complex zonal differentiation cartilage exhibits a nonuniform internal
strain distribution36,37,46,61,77,144,165,199,214,218,235,246. Also in an earlier study Broom21

proposed that the fibrillar network in the mid and deep zones of healthy AC, although
constructed from a primary array of radially orientated fibrils, takes on the appearance of
a pseudorandom configuration (Figure 1.2) because the fibrils are repeatedly deflected
out of this primary direction to create a short-range obliquity.

The deep radial fibrils enter the ZCC at the tidemark, in effect delineating the
compliant-rigid boundary in which there is structural continuity of the fibrillar architec-
ture. The ZCC finally integrates with the subchondral plate to provide a rigid cartilage-
to-bone anchoring system.

Directional properties of the fibrillar network in the tangential zone have been in-
ferred from artificially induced splits created using a round awl15,38,159. A relatively
consistent and site-specific pattern of split orientations in the tangential zone has been
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reported in cartilage samples taken from the same anatomical sites of different indi-
viduals15,38,159. However, there remains some debate as to whether directional split
lines indicate a preferred overall alignment of fibrils in the tangential zone, or rather a
difference in strain-limiting properties109,197.

Microrupture propagation experiments were earlier conducted by Broom22,23 in
which a directional notch was introduced either radially or transversely in the mid zone
cartilage matrix in its fully hydrated state and its rupture propagation behavior under
tension observed. The ease with which the tear could be propagated either along or
across the primary fibril direction in the mid-to-deep zone matrix was simultaneously
monitored mechanically and microscopically (Figure 1.3). In the healthy cartilage ma-
trix radial rupture occurred with relative ease (Figure 1.3(a)) whereas transverse rupture
was virtually impossible (Figure 1.3(b)). Instead, the transversely directed notch was
always deflected into a skewed radial tear direction either upwards or downwards.

Not only did the above described microrupture propagation experiments provide a
clear indication of mechanical anisotropy, they also gave strong indication of the degree
of transverse interconnectivity within the fibrillar network. Assuming an overall radial
alignment of fibrils in the general matrix as illustrated in Figure 1.2 the propagation
of a radial tear, that is, along the primary direction of alignment of the fibrils, would
require any fibril interconnectivity along the path of the tear to be broken (Figure 1.3(c)
and (d)). Conversely, tear propagation in the transverse direction would require that
fibrils be ruptured in tension directly; hence the difficulty of such a mode of rupture in
the healthy matrix (Figure 1.3(c) and (e)). These microrupture propagation experiments
confirmed the predominant strength direction arising from the radial fibrils in the mid
and deep zones and the lesser strength of the interfibril connections in the transverse
direction.

Interestingly, the same microrupture propagation technique applied to the osteo-
arthritic (OA) AC showed that the tissue loses its strength in multiple directions22. Thus
whereas in the healthy matrix it is impossible to propagate a rupture transversely, in the
osteoarthritic matrix propagation was relatively easy both radially and transversely. This
implies that the strength of the fibrils themselves decrease with degeneration, possibly
in combination with a decreased strength of the interconnectivity between the fibrils.

It should be noted that the optical images derived from the microrupture propaga-
tion studies are open to potential misinterpretation. Specifically, the optically resolved
fibrosity drawn out transversely across the notch root in the radial tear propagation ex-
periment (see Figure 1.3(a)) could be misconstrued as arising from a component of
transversely aligned aggregated fibrils actually present in the undisturbed matrix (see
for example references38,213. However, an earlier study by Broom24 showed that this
notch-spanning fibrosity arises from fibrils being drawn into this new configuration (and
aggregated into optically visible bundles) from their original radial arrangement as a
consequence of the intense matrix deformation generated at the rupture root as illus-
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Figure 1.3: Images illustrating the microrupture propagation technique used by
Broom23 to investigate the directional structurestrength relationships in the AC matrix.
DIC images showing (a) radial and (b) transverse rupture propagation behavior respec-
tively. The schematic reconstructions (c–e) show the inferred fibrillar rearrangements
occurring during radial and transverse rupture. The circled regions in (e) locate sites
where a skewed form of radial tearing occurs in the transverse experiment. Solid arrows
indicate tensile loading directions. 19



trated schematically in Figure 1.3(d). Interestingly, the transverse rupture propagation
experiment which led to eventual tearing, but via a skewed radial mode of propaga-
tion, was attributed to the large amount of matrix deformation in the region (see Figure
1.3(e)).

In terms of function the deformation response of cartilage to compression will be
governed by the degree to which the heavily hydrated PG component is constrained
within the fibrillar architecture. The inferred fibrillar interconnectivity derived from
the microrupture experiments described above clearly plays an important role in creat-
ing this constraining system, which was also emphasized by an additional study which
showed that depletion of the PGs did not lead to altered notch propagation stresses35.
The critical issue then is the mechanism by which this interconnectivity is achieved.

In principle, fibrils can be connected to one another by either direct physical en-
twinement or indirectly via some mediating component. A limited degree of fibrillar
entwinement has been demonstrated using transmission electron microscope (TEM)
stereo-imaging of the fibrils network34 (see Figure 1.4). Interestingly, the detectable
level of entwinement noted in this earlier study was relatively low, but whether this was
due to the limited depth of viewing provided by the TEM thin sections or to an actual
low prevalence, remained unresolved. SEM, although providing some additional con-
firmation of this entwinement (Figure 1.5), is similarly restricted in its ability to assess
levels of fibrillar entwinement simply because observations are still largely limited to
the structure exposed at or close to the surface of the sample.

An earlier TEM study by Broom and Marra24 showed the presence of multiple fib-
rils in the healthy AC general matrix which appeared to associate in a transient manner
at nodal points as if hinting at some form of nonentwinement-based or mediated inter-
action (Figure 1.6). Evidence of mediated interactions between nonentwined collagen
fibrils has emerged during the last decades (section 1.7) and although it remains unclear
as to the degree to which each of these might contribute to the strength of interconnec-
tivity between fibrils it is probably safe to assume that both entwinement and nonen-
twinementbased interactions contribute to the strength of fibrillar interconnectivity in
the AC matrix.

1.3 Fibrillar network de-structuring
Without distinguishing between a physical entwinement model versus a mediated model
of fibrillar interconnectivity Brooms earlier proposal that the fibrillar network in healthy
AC, although constructed from a primary array of radially orientated fibrils, has the
appearance of a pseudorandom configuration (see Figures 2, 4—6) actually explains a
number of important structural and mechanical properties of the cartilage matrix.

At the light microscope level the pseudorandom fibrillar architecture in the general
matrix is imaged as almost amorphous, even homogeneous, with a varying intensity of
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Figure 1.4: TEM image showing clear example of fibrillar entwinement in general ma-
trix of cartilage produced by a single repeatedly kinked radial fibril. Several fibril ele-
ments are shown in the schematic reconstruction obtained from stereo image pair, the
kinked fibril emphasized in black. Scalebar 1 µm. (Reprinted with permission from
Ref34. Copyright 1989 Informa plc)
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Figure 1.5: SEM image showing examples of fibrillar entwinement in general matrix.
Overall direction of fibrils is radial. Scalebar 2 µm. (Reprinted with permission from
Ref28. Copright 2002 John Wiley & sons, Inc.)
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Figure 1.6: TEM image showing nodal clustering of many individual fibrils in the gen-
eral matrix of healthy bovine AC. Overall alignment of fibrils is radial. Scalebar 1 µm.
(Reprinted with permission from Ref31. Copyright 1986 John Wiley & sons, Inc.)
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(a) (b)

Figure 1.7: (a) DIC image of the general matrix of healthy cartilage exhibiting a near-
amorphous texture of the extracellular regions. Scalebar 25 µm. (Reprinted with per-
mission from Ref32. Copyright 2005 John Wiley & sons, Inc.). (b) DIC image of the
general matrix of mildly malacic cartilage exhibiting a strong radial fibrosity or texture
and an associated crimp in the extracellular regions. Scalebar 25 µm. (Reprinted with
permission from Ref29. Copyright 2003 John Wiley & sons, Inc.)

radial texture reflecting degrees of departure from this pseudorandomness (Figure 1.7a).
Conversely, early degenerative changes are marked by an increasingly prominent radial
texture, often incorporating a pronounced crimp or waviness (Figure 1.7b)136. This sub-
stantial change in texture reflects major changes at the fibrillar level. Most importantly
there is a trend toward an increasing degree of longer-range fibril aggregation in the
radial direction in the general matrix as revealed by both TEM and SEM28,52,98,124,133

(Figure 1.8). Texture analysis indicating the degenerative state of the collagen network
in cartilage is also currently being developed for MRI applications58.

In view of the fact that the turnover of type II collagen in AC is extremely slow130,148

what mechanism could bring about these major changes in the fibrillar network associ-
ated with degeneration without requiring new fibrils to be produced in this new form?
Again, Broom21–23 has proposed that the degenerate structure arises from a relatively
straightforward destructuring of the normal pseudorandom configuration. However, for
this to occur one has to presume that there is a loss of fibrillar interconnectivity that
would allow aggregation to occur, and over quite large radial distances. We therefore
need to return to the question of how interconnectivity is achieved. If physical en-
twinement is the sole mechanism then any long-range aggregation would be difficult to
achieve since the fibrils would either need to be ruptured in order to extract them from
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(a) (b)

Figure 1.8: (a) TEM image of a mildly degenerate matrix exhibiting more extended fibril
aggregation and mild crimp morphology. Scalebar 1 µm (Reprinted with permission
from Ref47. Copyright 2002 John Wiley & sons, Inc.). (b) SEM view of strong radial
arrays in general matrix of OA femoral head cartilage. Scalebar 2 µm (Reprinted with
permission from Ref28. Copyright 2002 John Wiley & sons, Inc.).
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their repeatedly entwined relationships. Conversely if there was no fibril rupture any
local aggregation would always be associated with adjacent intense transverse tangling,
in effect representing a crowding of the entwinement sites. Alternatively, a substantial
amount of nonentwined mediated interconnectivity would allow for easier fibril aggre-
gation over substantial radial distances without requiring any fibril rupture once the
mediated interconnections are destroyed.

The sheer prominence of radial fibrosity in the degenerate matrix certainly favors
this latter mode. These concepts are illustrated in the physical models presented in
Figure 1.928. The model shown in Figure 1.9ac, because it contains only entwined
connections, allows only limited aggregation and over short distances with associated
intense tangling. The model in Figure 1.9df contains a mixture of entwined and me-
diated connections (30 and 70%, respectively) and once the latter are removed a much
more extended aggregation is possible with a lesser degree of residual tangling from the
fewer entwinement connections. TEM studies of the degenerate matrix tend to confirm
this mixed mode model as for example in Figure 1.10. Note especially the significant
runs of parallel fibril bundles and an associated transverse tangling, presumably reflect-
ing the relative amount of fibril entwinement in the region.

It also appears that there are several quite different pathways that can lead to destruc-
turing or transformation of the pseudorandom fibrils into the radially aligned aggregated
bundles, and with the commonly associated crimp morphology. For example, repeated
traumatic loading of the healthy matrix in vitro of an intensity sufficient to produce a
degree of fibrillation has been shown to induce destructuring of the fibrillar network,
again leading to the characteristic crimped and aggregated fibrillar morphology25 (Fig-
ure 1.11a). Further, sequential digestion of the PG component followed by limited
attack on the collagen will similarly induce destructuring27 (Figure 1.11b). Again, it is
not difficult to envisage that a mediated mode of fibril interconnectivity could be dis-
rupted either by repeated mechanical trauma or by limited enzymatic degradation, thus
leading to a destructuring of the fibrillar network.

It is also not unreasonable to assume that changes in the AC matrix that occur with
OA have the potential to influence the integrity of the collagen network and thus con-
tribute to its destructuring. Section 1.7, for example, lists various matrix molecules that
affect the structure of the network and which show an altered expression during OA.
Other changes include altered PG turnover134, alteration in the level of certain inflam-
matory factors138, and the increased activity of certain MMPs85.

It is worth noting at this point that while coupling between the high-swelling PGs
and the fibrillar network gives rise to the intrinsic compressive resistance of AC, pre-
vious studies have demonstrated experimentally that the collagen-PG relationship can-
not be the primary source of the strength of fibril interconnectivity. Broom and Silyn-
Roberts35 found that selective removal of the PG component in normal AC, although
having the effect of dramatically reducing its compressive resistance, did not alter sig-
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Figure 1.9: Series of images of an analog of the fibrillar network in cartilage and il-
lustrating its potential to undergo destructuring and aggregation, and created from an
initial radial array of parallel strings incorporating repeating sites of interconnectivity
along their lengths. In all images the radial direction representing the native orientation
of the array elements is vertical. The fibrillar model represented in images (ac) contain
radial elements that have 100% entwinement-based interconnections: (a) is the intact
array, (b) and (c) showing partial and advanced destructuring, respectively. Note the in-
creasing amount of near-transverse tangling that is always associated with any localized
destructuring of the fibrillar network into near parallel, radial aggregates. The fibrillar
model in images (df) incorporate only 30% entwinement-based interconnections (iden-
tified by solid circles), the remaining 70% being nonentwinement based and thus able to
be removed without residual tangling; (d) is the intact array, (e) and (f) illustrate partial
and advanced destructuring, respectively. Note that this advanced degree of degrada-
tion leads to large scale rearrangement of array into aggregated parallel bundles aligned
in the radial direction. (Reprinted with permission from Ref28. Copyright 2002 John
Wiley & sons, Inc.)
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Figure 1.10: TEM image of fibrillar architecture in general matrix of malacic bovine
AC. Note pronounced aggregation of radially aligned fibrils and secondary transverse
tangling. Scalebar 2 µm. (Reprinted with permission from Ref28). Copyright 2002
John Wiley & sons, Inc.)

28



(a) (b)

Figure 1.11: (a) TEM image showing destructuring of the collagen network in healthy
AC because of repeated impact loading. Scalebar 1 µm. (Reprinted with permission
from Ref26. Copyright 1986 BMJ Publishing Group). (b) TEM image showing destruc-
turing of the collagen network in healthy AC resulting from sequential PG and collagen
degradation. Scalebar 1 µm. (Reprinted with permission from Ref27. Copyright 2005
John Wiley & sons, Inc.)
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nificantly its resistance to radial rupture, the latter being a measure of the strength of the
interfibril connections. Nor does PG removal on its own lead to destructuring: rather,
some additional degradative assault on the network fibrils themselves seems to be re-
quired27.

1.4 Cartilage swelling
An important physicochemical consequence of fibril network destructuring is matrix
swelling11,28,29,48,147,154,169,179,205,234. Using a novel cutting method Broom and Flachs-
mann29 prepared thick transverse layers of mid-to-deep zone AC taken from both healthy
and softened (i.e., malacic) regions of bovine patellae. They then exposed the tissues
to distilled water to create an extreme osmotic pressure. The softened matrix swelled
extensively in contrast to the minimal swelling occurring in the healthy matrix. TEM
studies48 have shown that the swollen matrix has a highly expanded and irregular fibril-
lar network with significant levels of fibril aggregation (Figure 1.12). Such experiments
confirm the crucial role played by the fibrillar network in maintaining the normal in-
tegrity of the matrix and its related functional properties. An overly softened AC will
clearly be less effective both in sustaining high stresses without risk of structural damage
and in functioning as a load-spreading layer.

The above described correlation between fibril interconnectivity and matrix swelling
behavior is consistent with the earlier suggestion by Kenedi et al.117 that the collagen
fibrils in the superficial zone even in the unloaded tissue are in a state of pretension.
When AC is released from its subchondral constraint there is a tendency for the surface
layer to curl concave upwards when allowed to freely hydrate and the degree of upwards
curling has been shown to be strongly dependent of the degree of matrix destructuring21.
The minimally interconnected mid-to-deep zones of malacic AC, once freed of their
subchondral integration swell substantially48. However, the strain-limiting tangential
zone counters excessive upper zone swelling thus leading to this observed and extreme
curling behavior. This macro-level curling therefore becomes a convenient though ap-
proximate indicator of fibrillar interconnectivity in the AC matrix and thus of the degree
of destructuring, which can occur prior to fibrillation of the articular surface183.

1.5 The microstructural response to loading
Of fundamental importance is how the fibrillar network in AC responds to direct com-
pression, the primary mode of loading in the joint. The high weight bearing abilties
of AC originate from several distinct material phases that contribute to its mechanical
function39,59,119,121,139,143,232. First is the solid phase mainly consisting of the collagen
fibrillar network, along with chondrocytes and PGs. Second is the fluid phase largely
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Figure 1.12: TEM image of the swollen softened or malacic cartilage matrix showing
some fibril aggregation with crimp and a significant dispersion of the network elements.
Scalebar 1 µm (Reprinted with permission from Ref48. Copyright 2002 John Wiley &
sons, Inc.)
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made up of water, and third is the ionic phase largely due to the presence of nega-
tively charged aggregated molecules in PGs. The swelling pressure, a sum of hydro-
and electrostatic forces, is balanced by the tensile resistance of the fibrillar network
and frictional drag from fluid flow. Intuitively therefore, from a purely structural stand-
point, one could suggest that the permeability of the collagen network, and hence the
microstructure of the solid phase, stands out as the important common factor governing
the weight bearing properties of cartilage152,231.

The stiffness of AC in compression, tension and shear indeed depends on the in-
tegrity and content of the collagen network8,9,60,74,83,113,114,116,118,191,208. During car-
tilage degeneration this stiffness is reduced due to network de-structuring and, conse-
quently, internal fluid flow increases1,2,4,5,112,115,141,175,193,204,211,220,221,245. Thus, the
microstructural response to compression is essential for the mechanical functioning of
AC.

The ability of AC to redistribute stress away from the directly loaded region has been
demonstrated previously in several experiments that captured the cartilage-on-bone re-
sponse under load72,100,105–107,174,222. These previous studies imaged the lateral bulging
of the tissue under compression, such that the articular surface formed a smooth and
curved transition between the directly loaded and adjacent non-directly loaded regions.
In addition, it was also shown that a significant shear discontinuity formed primarily be-
tween the tangential layer and the mid to deep matrix in the directly loaded region and
beyond, such that fibrils and cells were sheared laterally when the tissue was subject to
direct compression222.

Note especially that whereas below the shear disconintuity the matrix maintains its
relatively undisturbed radial configuration, immediately above this boundary the matrix
is extensively sheared with a localized in-phase repeating collapse of the normal fibrillar
network (Figure 1.13bd). This collapsed fibrillar morphology is remarkably similar to
that observed in the PG-depleted, compressed matrix (see Figure 1.14b) thus suggesting
that a similar fibril response is obtained from the AC general matrix whether compressed
for a short period of time in its PG-depleted state or compressed to a full equilibrium
strain in its PG-intact state.

The inter-zonal matrix shear at the shear discontinuity was attributed to the strain-
limiting tangential zone interacting with a less stiff radial zone which is, in turn, inte-
grated with the subchondral bone via the zone of calcification72,222,223. Further, these
shear discontinuities are rendered even more complex in the transition between the
directly and nondirectly loaded regions of the AC (Figure 1.13). Other experiments
and modelling studies have further demonstrated the variation in mechanical properties
across the matrix zones associated with the depth-dependent structural inhomogeneity
in cartilage37,81,95,199,207,225,244. Studies have also shown that when the tangential zone
is artificially removed and the remaining matrix then compressed, the shear discontinu-
ity disappears, thus indicating that there is no inter-zonal matrix shear16,72. Further, in
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this modified state the ability of the matrix to redistribute stress away from the directly
loaded regions is compromised.

Previous studies have also shown that in the healthy matrix the transverse intercon-
nectivity in the collagen network of the radial zone28,34,47,48 plays an important role in
this mechanism of stress redistribution away from the directly loaded region16,172,223,227.
In mildly degenerate cartilage where the general matrix has undergone fibrillar destruc-
turing and lost some of this transverse inter-connectivity, the lateral bulging of the tissue
when compressed is significantly reduced and so too the intensity of inter-zonal matrix
shear223,227.

By coupling this shear visualisation with a specialised indentation technique that
incorporates a central relief channel into which the non-directly loaded cartilage is al-
lowed to bulge228, the shear discontinuity in the boundary region between the directly
loaded region and bulge is greatly accentuated and thus becomes a visual indicator of
subtle alterations in the cartilage matrix response to loading due to either degeneration
or other modes of structural disruption. It was found that in progressing from mild,
to moderate, to severe levels of degeneration, the shear bands varied in extent in the
channel bulge region from minor to non-existent, respectively227.

1.6 Mechanical role of the proteoglycans

PG changes with degeneration

The density of the PGs in normal AC is roughly inversely proportional to the collagen
content; i.e. PG content is the highest in the deeper zones and lowest in the uppermost
layers113,123,146,166,167. Biochemical analysis of the full-depth cartilage further shows
that there is no change in PG content with age3,18,20,40,131,146,162,217, however there is
a reduced water-binding ability due to a decrease in fixed negative charge67,82,153,216,
and the chondroitin sulphate:keratan sulphate concentration decreases14,18,62. Further,
PG fragments are released into the surrounding fluid at earlier stages which indicates an
increased PG turnover18,41,157,198. In degenerate AC the size of the large PG aggregates
has decreased14,122 and the concentration of hyaluronan is slightly increased14,62, pos-
sibly because this ’backbone’ protein is formed faster than the free-binding monomers
degrade150.

The influence of PGs on the mechanical response

The highly contrasting response of AC to compression after it has been depleted of its
PGs include substantially lower stiffness, increased outflow of matrix fluid and faster
attainance of creep equilibrium13,35,83,84,110,114,137,148,170,185,191,249. A more in-depth
study by Guterl et al79 showed that cartilage stiffness was decreased by 98% after full

33



Figure 1.13: Micro-to-nano level images illustrating the normal cartilage-on-bone re-
sponse to compression including the transition region of the deformed matrix near the
edge of the indenter. (a) DIC image showing the overall pattern of deformation and
associated shear boundary (or chevron discontinuity) rendered prominent by the lines
of chondrocyte continuity (Reprinted with permission from Ref223. Copyright 2007 El-
sevier Ltd). (b) Microlevel DIC image of matrix response typically observed at shear
boundary as in the boxed region in (a). Note the intense creasing of the matrix above
the boundary in contrast to the largely undisturbed matrix below. (c) SEM image of the
boxed region in (b) showing the fibril continuity across the shear boundary. (d) SEM
image of the boxed region in (c) showing repeating waves of fibrillar collapse that cor-
relate with the DIC image in (b) (bd: Reprinted with permission from Ref16. Copyright
2010 Elsevier Ltd)
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Figure 1.14: TEM images of AC showing response of collagen network in general ma-
trix to radial compression (a) prior to and (b) following PG removal. The fibrils in
the compressed intact matrix have retained their spatial discreteness whereas the fib-
rils in the PG-depleted matrix have responded via repeating waves of collapse to form
a distinct band structure. Arrows indicate direction of compression. Scalebar 2 µm
(Reprinted with permission from Ref33. Copyright 2005 John Wiley & sons, Inc.)

PG depletion, roughly two-thirds of which was accounted for by electrostratic interac-
tions with the matrix fluid.

Further, earlier studies by Broom and Poole33 employed a method involving micro-
compression of the fully hydrated tissue combined with simultaneous differential inter-
ference contrast (DIC) optical imaging and chemical fixation to capture the compressed
state. Their technique provided a direct view of the compressive compaction of the ma-
trix in the radial direction at microscopic levels of resolution which was then followed
by TEM analysis of the compacted fibrils. Their study also included an investigation of
the influence of PG removal on matrix compression. Viewed at the microscopic level,
the non-PG depleted matrix compressed without any discordant structural alteration
(Figure 1.14a). Conversely the digested matrix exhibited a dramatic structural collapse
(Figure 1.14b) which clearly reflected the ease with which the matrix water could be
removed, and thus allowing fibrillar compaction to occur.

It can therefore be inferred from the above studies that the distinctive repeating
bands of compaction are associated with the near-equilibrium compressed state in which
a substantial fraction of the matrix water has been displaced. It is also important to stress
that such fibril-level structural responses in the loaded tissues can only be obtained by
chemical fixation in their near-equilibrium state and it would be advantageous to ex-
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tend such imaging to conditions involving transient loading. However, current imaging
techniques do not permit this.

1.7 Other matrix proteins
There are a number of nonentwinement-based interactions between collagen fibrils in
the AC matrix. These interactions include crosslinking by non-enzymatic glycation
products, which are known to increase the stiffness of the matrix with ageing10,236.
Also, there is a variety of matrix molecules in AC that are known to associate with
the type II collagen fibril, some of which may play an important role in the forma-
tion of the fibrillar network and its maintenance176,178,238,239,247. These include small
leucine-rich proteins like decorin237, biglycan202, fibromodulin86 and lumican190, car-
tilage oligomeric protein195, collagen IX248, and certain types of matrillins182. The
expression of these molecules may also play a role in the process leading to aggregation
of the collagen fibrils as part of the destructuring of AC43,56,91,135,168,182. The exact
mechanisms by which these matrix proteins contribute to the building up and also de-
structuring of the collagen network is not known. A more in-depth understanding of
their respective roles could provide useful insights into how degeneration of the ACma-
trix progresses88.

Further, the activity of proteolytic enzymes such as MMP-13, certain aggrecanases
and serine proteases is increased during degeneration19,88. It has also been shown that
the PGs ’shield’ the collagen fibrils from proteolytic damage, i.e. that the PGs are
cleaved before the collagen fibrils188. However, it has also been shown that the amount
of damage to the collagen fibrils increases with degeneration, which might results in
lower fibrillar interconnectivity and the associated increased compliance of AC17,92.
That cartilage softening is observed before damage to the collagen fibrils indicates the
important of AC de-structuring prior to proteolytic cleavage94.

1.8 Computational models
Cartilage mechanics studies attempting to incorporate the triphasic nature of cartilage121,139,
while having shown some good success, have the following underlying structure-related
limitations103,139,219. (1) The solid phase model does not consider the structural hetero-
geneity of the fibrillar network and associated complexity in its permeability. (2) The
model also assumes that the solid phase is linear elastic and intrinsically non-dissipative.
(3) The zonally-differentiated fibrillar architecture, and associated permeability varia-
tion, is ignored. In view of these limitations, there has been work done to develop hyper-
elastic models that account for the non-linearity in the solid phase cartilage stress-strain
response78,93,121, strain dependent permeability that more realistically represents the
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changing porosity and hence fluid flow with increasing compression of the matrix7,44

and fibril-reinforced biphasic models that consider the zonally differentiated ultrastruc-
ture103,242. These advances in modeling have greatly improved not only the simulation
of actual cartilage mechanics, but facilitated a better understanding of the complexity
that lays in this field of study and the development of strategies to optimise between
model complexity, cost and relevant function103.

The structural findings reviewed in this chapter are clearly relevant to the devel-
opment of predictive models of the AC-bone tissue system. Current computation-
ally based AC models have in some cases implemented the fibrillar component as a
separate structure104,128,171,186,203,212,219. They have been expanded to include depth-
dependent biphasic and fibril parameters125–127 and a continuum finite element for-
mulation for the fibrillar network response has been developed129,243. The fibrillar
arcade-like structure was subsequently implemented243, followed by a PG-induced ma-
trix swelling model242. A more recently publicated model also incorporated the altered
turnover of matrix molecules following de-structuring210. Unfortunately, many of these
models are limited by the degree of structural simplification required. Considering how
important a role fibril network interconnectivity has been show to play in actual tissue
studies, and especially how it changes with degeneration, perhaps one of the major chal-
lenges facing modellers is how such a structural feature can be usefully incorporated.

1.9 Summary
The primary structural principles at the fibrillar level that confer on AC its load-bearing
ability can be summarized as follows:

1. The high-swelling PGs are constrained within a highly structured fibrillar net-
work.

2. The strain-limiting tangential fibrils transition into the highly interconnected radi-
ally aligned fibrillar network in the mid and deep zones and finally anchor in the
zone of calcification, these two constraining boundaries having a major influence
on how the intervening cartilage matrix responds to load.

3. The fibrillar network in the mid-to-deep zones of the normal matrix has a pseu-
dorandom appearance because of the repeated short-range obliquity of the radial
fibrils.

4. Fibrillar network destructuring is a consequence of a breakdown in fibril intercon-
nectivity.

5. This destructuring process can occur via multiple pathways which include trauma,
selective enzymatic attack, and natural degeneration.
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Finally, all of the above key features embodied in the fully integrated cartilage-bone
system have been illustrated, albeit simplistically, in the physical model shown in Fig-
ure 1.15 which illustrates (a) the crucial functional coupling between the tension-only
fibrillar elements and the high-swelling PGs, and (b) the constraints provided by both
the articular surface and subchondral attachment30. The structural ideas summarised
in this chapter provide a conceptual framework for the various components of research
described in the thesis.
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Figure 1.15: (a) Balloon-and-string model of AC-on-bone illustrating the functional
coupling between the tension-only collagen fibrils and the high-swelling PGs. A three-
dimensional cage-work, within which the PGs are constrained, is generated from the
regular interconnections of the radially aligned string elements which are, in turn, re-
peatedly deflected obliquely. The string elements are anchored into a subchondral base
plate and at the upper level turn into the surface to form a strain-limiting tangential
layer. (b) Compression with localized load of 80 kg. (c) Shear load of 40 kg applied via
strain-limiting tangential layer (Reprinted with permission from Ref30. Copyright 1985
Informa plc).
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2

General objective

The overall objective of this PhD project was to gain a deeper understanding of how de-
generative changes in AC affect its structural response to loading. The structural compo-
nents that have received primary attention are the two proteins that are most abundantly
present (in terms of weight-%) and contribute significantly to the mechanical properties
of AC, i.e. the collagen fibrillar network and the PGs. In addition, internal fluid flow
mechanisms were also investigated to a certain extent. The results of this thesis have
the potential to increase our understanding of the mechanostructural changes associ-
ated with cartilage degeneration and perhaps also provide insights into the degenerative
cascade. The thesis findings also highlight the structural challenges facing researchers
attempting to develop in vivo cartilage replacements.

A specific focus of this research has been on the micro- and nanostructural response
due to lateral deformation of the AC matrix following compression. The reason for
this specific focus was because this aspect of the cartilage matrix behaviour had not
been extensively addressed in previously published literature, even though it is clearly
important in terms of the internal mechanical environment.

Two different methods of mechanical testing were used to investigate the structural
response of cartilage to lateral deformation: 1) channel indentation, and 2) transverse
stretching and swelling of the radial zone matrix. The channel indenter was used to
study the micro-level matrix response to compression (particularly the shear disconti-
nuity and shear bands) and associated fluid flow mechanisms. Transverse stretching and
swelling further demonstrated the ability of the cartilage matrix to constrain lateral de-
formation which was investigated at both the micro- and fibrillar levels using DIC optics
and SEM respectively.
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3

Global materials and methods

3.1 Sample preparation

The bovine patella was utilized as the animal model for the research described in this
thesis due to its ready availability in large numbers, but more importantly due to it ex-
hibiting characteristic of degeneration similar to those seen in human osteoarthritis82.
These degeneration-related changes in both human and bovine cartilage include colla-
gen network de-structuring, cell cluster formation, and loss of staining intensity for the
presence of PGs82.

Patellae from prime male animals (˜2-3 years old) were used as an intact animal
model, and patellae from mature female animals (˜5-7 years old) as a model for early
cartilage degeneration. The reason for using different genders for the intact and degen-
erative model is simply that the female animals are normally slaughtered at a much older
age since they are kept longer for milk production. This difference in age range corre-
lated generally with the degree of degeneration; the prime male patellae being almost
invariably intact, whereas the mature female patellae generally exhibited a spectrum of
degrees of structural disruption.

Fresh patellae were collected from the abattoir and then immediately stored at -
28°C for a period of no longer than 6 months45. Prior to experimentation, each patella
was thawed in cold running water and the cartilage surface stained with Indian ink to
confirm visually the extent of any surface fibrillation, this being indicative of the level
of degeneration within the bovine patella model82,158.

A single cartilage-on-bone block (its size depending on the requirements for each
study) was obtained from the distal-lateral quadrant of each patella using a hacksaw.
This site was selected both because of its relatively planar articular surface and, most
importantly, because it is the region on the articular surface of the patella known to
manifest the earliest signs of surface disruption or fibrillation. The four sides of the
cartilage-on-bone block were then quickly ground with 40 grit carborundum paper to
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Figure 3.1: How the extent of cartilage-on-bone lateral bulging (x) was measured from
a sample image.

ensure that the exposed cartilage/bone cross-sections were flush. The sample was then
equilibrated in 0.15M saline at 4C for at least half an hour. The samples were then
imaged microscopically and thickness and lateral bulging measurements were obtained
from these images. Thickness was measured from the center of all specimen sides and
then averaged. Figure 3.1 shows how lateral bulging was measured, which was also
done on all sides and measurements were averaged.

3.2 Proteoglycan depletion

In two studies reported in this thesis the cartilage was either partially or near-completely
depleted of its PGs prior to experimentation. Partial PG depletion of full-depth cartilage-
on-bone samples (chapter 5) or near-complete PG depletion of 400µm thick cartilage
layers (chapter 8) was achieved by incubation in the presence of approximately 875 units
of testicular hyaluronidase per mL of solution for 24 hours at 37 °C under mild agitation.
The units are given as an approximate because the commercial product (Sigma-Aldrich
Type I-S) is a lyophilized powder containing 400-1000 units per mg. The incubation
medium for optimal hyaluronidase activity consisted of 0.1M sodium acetate and 0.1M
sodium chloride disolved in distilled water and adjusted to pH 5. The medium fur-
ther contained the following protease inhibitors: 2mM phenylmethanesulfonyl fluoride
(PMSF), 2mM ethylenediaminetetraacetic acid (EDTA), 5mM benzamidine HCl, and
10mM N-ethylmaleimide200.
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3.3 Mechanical assessments

3.3.1 Channel indentation
Only intact prime male patellae were used for the channel indentation studies. A block
of cartilage-on-bone approximately 1.5x1.5x1.5 cm in size was sawn from each patella.
After equilibration in saline the samples were embedded in a custom-built holder using
quick-setting dental plaster. While the plaster was setting a paper towel soaked in 0.15M
saline was placed on top of the sample such that it remained fully hydrated. After the
plaster had hardened a fitted polyethylene container was positioned around the sample
holder and the sample submerged in 0.15M saline both prior to and during indentation.

A channel indenter of 8x7mm with a 1-mm wide channel in its centre was used
for cartilage-on-bone creep compression. This device allowed the investigation of not
only the directly compressed and adjacent uncompressed regions, but also the additional
channel region which provides a controlled environment where the cartilage can bulge
inwards to an extent governed by its intrinsic matrix constraints.

The indenter was placed centrally on the articular surface. A steel ball, centrally
positioned at the top of the indenter, ensured that there was an equal load distribution
from the crosshead on to the channel indenter. The experiments were performed using
a small Instron® materials testing machine (model 5543) fitted with a 1kN load cell.

A compressive displacement rate of 0.6mm per minute was applied to the indenter
until a stress of 4MPa was reached, after which this stress was held for 3 hours to ensure
near-equilibrium creep conditions. The creep stress of 4MPa was chosen both because it
lies within the physiological range of stress for the human knee226 and because it allows
for comparison with other studies conducted in the Experimental Tissue Mechanics lab-
oratory. After 3 hours the position of the indenter was maintained constant, the saline
drained and the sample fixed in situ in 10% formalin overnight. The sample was then
removed from its holder and the bone trimmed away to leave only a thin supporting
subchondral layer (2 to 3 mm thick), which was then decalcified in formic acid for 3
to 4 days. Using a scalpel, the sample was cut in half, creating a cross-sectional plane
perpendicular to the channel axis from which 30-µm-thick cryosections were obtained.
Several parameters were measured from the images of these cryosections; i.e. the un-
compressed height, the directly compressed height, bulge height and bulge angle (see
Figure 3.2). These measurements were then used to calculate the compressive strain
( (uncompressed-compressed height) / uncompressed height ) and bulge height (bulge
height / uncompressed height) normalized with respect to the uncompressed height.

3.3.2 Tensile experiments
After equilibration in 0.15M saline two of the flush-ground sides of the blocks were
photographed side-on and measurements of cartilage-on-bone lateral bulging and radial
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Figure 3.2: Macro view of a channel-indented cartilage-on-bone sample, including the
channel indenter footprint. Note: h1, h2 = heights of the uncompressed regions; h3, h4
= heights of the directly compressed regions; hb = height of the bulge region, θ 1, θ 2 =
bulge angle

thickness were obtained. These macro-level measurements provided an additional, al-
beit crude, means of confirming the relative normality or degeneration of the AC based
on both its propensity for visible lateral and radial swelling.

For the normal samples with their lesser thickness of AC the uppermost 400µm layer
containing the tangential and transition zones was removed using a sledging microtome
and this layer discarded. The next 400µm layer of AC was then similarly removed and
this furnished a test sample that consisted almost entirely of the radial zone matrix ad-
jacent to but not including any calcified cartilage (see Figure 3.3). For the much thicker
degenerate samples a layer of up to 800µm could be removed and still furnish another
400µm thick layer of radial zone cartilage immediately adjacent to the calcified zone.
Using this procedure it was possible to then provide transverse samples for experimen-
tation that were consistently taken from the deeper general matrix and not affected by
the penetration of radial fissures associated with the fibrillated tissues. The absence of
any matrix alignment other than radial was confirmed with DIC microscopy (see sec-
tion 3.4.1). Appendix B.2 contains a description of the stiffness of samples that did not
exclusively contain radial zone matrix.

Based on the sample’s 400µm layer cryotomed thickness and measured width its
cross-sectional area was recorded. The sample was then inserted in custom-built min-
igrips fitted to the Instron® testing machine equipped with a 50N load cell. To en-
sure there was no pre-strain in the sample prior to testing the sample was hung axially
aligned from the upper grip and then introduced into the lower grip while aiming for a
pre-load gauge length of ˜12mm. The sample was then carefully extended without any
detectable increase in load only until any obvious curvature along its length was elimi-
nated, after which an accurate gauge length corresponding to the distance between the
grips was recorded. A 0.15M saline well at room temperature was then positioned so as
to immerse the sample. The specific tensile loading protocols varied per study and are
described within the relevant chapters.
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(a) (b)

Figure 3.3: Schematics showing which cartilage layer was retrieved for stretching and
swelling experiments (a) and the associated microstructure (b).

3.3.3 Swelling experiments

Transverse samples of dimensions 3x3mm2 used for the swelling studies were first im-
aged and photographed following equilibration in 0.15M saline for one hour. They were
then transferred into distilled water for one hour to allow free swelling and then their
new transverse dimensions recorded. The percentage increase in en face area was mea-
sured by using the alignment and area measurement tools in the ImageJ® software, and
will henceforth be referred to as the percentage of (transverse) swelling.

3.4 Histology

3.4.1 DIC microscopy

While maintained in a fully hydrated state, cryosections were cover-slipped and imaged
at low magnification with brightfield optics to obtain the macroscopic level of deforma-
tion, and then analysed microstructurally using DIC optics.

In summary, the DIC technique involves light from a white light source passing
through a sequence of a polarizer, Nomarski prism, and condenser before it transmits
through the sample54,173. The Nomarski prism is a type of Wollaston prism which
separates the polarized light into spatially separated and out-of-phase beams. Due to a
different refractive index or specimen thickness, or both, the waves in different locations
can be altered differently by passing through the sample. The light then passes through
an objective lense, and a second Nomarski prism will re-combine the beams, effectively
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counter-acting the effect of the first Nomarski prism. However, depending on whether
the respective positions of the sample that the beams have been transmitted through
had similar or different optical properties, the interference of the beams will be either
enhanced, leading to a bright region, or weakened, leading to a darker region in the
resulting image. A final polarizer, aligned perpendicular to the first polarizer, is required
to filter out any light that passed linearly through the sample.

The resulting image can create an illusion of a 3-dimensional effect between sites of
contrasting optical properties, however this is merely a side-effect of DIC microscopy
and should not be misinterpreted as such. The main advantages of DIC compared to
polarized light microscopy are the excellent resolution which can be achieved due to
the Nomarski filter while maintaining the tissue in its fully hydrated state, the ability
to enhance contrast between sites with varying optical behaviour, and that relatively
thick sections can be used which are more representative of the bulk tissue than thinner
sections.

In practise, for the studies reported here DIC microscopy provides contrast between
areas with an altered predominant collagen fibril direction, when it is impossible to re-
solve the individual fibrils themselves. This is because the predominant collagen fibril
direction affects the refraction index when the light passes through the sample. In ad-
dition, the light will also be refracted differently by areas of varying tissue density, e.g.
due to aggregated fibrillar bundles in the degenerate matrix.

3.4.2 SEM

Formalin-fixed sections were prepared via standard hyaluronidase treatment, dehydra-
tion, criticial point drying and double platinum sputter coating (by a Quorum® Q150RS
sputter coater) for SEM. The SEM model used was the Philips XL30 FEG, manufac-
tured in the Netherlands. The detector used for high resolution imaging was the Everhart
Thornley secondary electron detector for magnifications of 70 to 6,500x; and for ultra-
high resolution imaging the ”through the lens” detector was used for magnification of
6,500x and higher. A voltage of 5kV and spot size 2 were used.

3.4.3 Proteoglycan stains

Stains for PGs were used only in studies which incorporated PG depletion (chapters 5
and 8). A PG stain was not used in the study assessing the effect of early degeneration on
tissue stiffness (chapter 7) because a loss in stain intensity is not normally observed this
early in the degeneration process82. A biochemical assay which quantified the amount
of GAGs was used instead for this particular study (see section 7.2).
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Toluidine blue staining protocol

0.04% (4g/100mL) toluidine blue powder was added to 0.2M acetate buffer at pH 442.
A tissue section was then submerged in the toluidine blue stain mixture for 5 minutes,
rinsed in tap water for 1 minute42, and warm air-dried at 40 °C. The section was then
placed on a microscope slide and mounted hydrated on a coverslip. Note that when
using cryosections the observed colour following toluidine blue staining is more purple
instead of blue as can be observed when using paraffin sections (for reference stainings,
see papers by Henson & Vincent and Olson et al.89,181).

Safranin-O staining protocol

As a control for the toluidine blue staining an additional safranin-O staining was per-
formed on a batch of samples described in chapter 5. After the usual fixation and decal-
cification process, a portion of the sample was submerged in 70% ethanol. A histology
processing machine then dehydrated the sample fully using increasing grades of ethanol
solutions up to 100%. The machine then cleared the sample using a sequence of xylene
baths, and finally embedded it in paraffin wax. A microtome was then used to obtain
10µm sections which were mounted on adhesive ”superfast plus slides”. The sections
were then stained using Safranin-O and Fast Green solutions201 and coverslipped.

For both the toluidine blue and the safranin-O staining the stained sections were an-
alyzed using standard unfiltered light microscopy so as not to compromise the relative
intensity of the stains. To enable sample comparison the same lighting conditions (mi-
croscope lamp brightness, and exposure, gain, brightness and contrast settings on the
imaging software) were used for capturing the images.

3.5 Statistical procedures
All values reported in the results sections are averages ± the standard deviation (SD).
IBM® SPSS® Statistics version 21 was used to compare values and/or assess corre-
lations between groups. As a consequence of the relatively small sample sizes in the
studies it could not be assumed that the data followed a normal distribution, hence only
non-parametric statistical tests were used. The specific test used for each study is given
in the respective chapters.
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4

How a radial focal incision influences
the internal shear distribution in
articular cartilage with respect to its
zonally differentiated microanatomy1

4.1 Objective

It has been shown in previous studies that the extent of lateral load redistribution as
revealed by shear bands and the shear discontinuity is impaired in either degenerate
samples223,227 or samples which had been depleted of the uppermost tangential carti-
lage layers16. However, severely degenerate samples exhibited both a loss of struc-
tural integrity in the surface layer and an increased amount of matrix de-structuring. It
was therefore difficult to delineate easily the relative contributions to load redistribution
arising from alterations in general matrix properties such as fibril interconnectivity and
those arising from focal disruption of the tangential or superficial zone of the otherwise
intact tissue.

Thus, the aim of this study was to compare the compressive deformation response
of completely normal cartilage- on-bone samples that ranged from completely intact
with those containing a single radial cut varying in depth with respect to the zonally
differentiated structure of the AC. Specifically, the aim was to investigate how such a
focal disruption of varying severity might influence the internal shear response of the
normal cartilage matrix at the microstructural level, the possibility being that intense
shear deformation in the matrix has the potential to contribute to its eventual structural

1This chapter has been published as the following paper: ”How a radial focal incision influences the
internal shear distribution in articular cartilage with respect to its zonally differentiated microanatomy”,
Nickien et al. 2015, Journal of Anatomy, Volume 227(3), pp. 315-324
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Figure 4.1: Macro view of a channel-indented cartilage-on-bone sample, including the
channel indenter footprint. Note: h1, h2 = heights of the uncompressed regions; h3, h4 =
heights of the directly compressed regions; hb = height of the bulge region; hr = distance
from the tidemark to the reference incision tip.

disruption.

4.2 Materials and methods
Cartilage-on-bone samples were embedded in a holder as described in section 3.3.1. Us-
ing a thin blade, the sample was artificially disrupted with a radial incision commencing
at the articular surface and penetrating to a defined depth that was controlled by varying
the extent of protrusion of the blade from its holder, the aim being to achieve cuts rang-
ing from superficial right down to the calcified cartilage. For each sample, an additional
reference incision of equal depth was made in the region of cartilage distant from the
intended site of indentation, repeatability of the incision depth having been confirmed
previously using a separate group of non-test samples. The articular surface was then
re-stained with Indian ink to reveal the incision site en face, after which the channel in-
denter was positioned on the cartilage surface with the incision line located lengthwise
and as central as possible within the channel (Fig. 4.1). The sample was then submerged
in saline, loaded, fixed, decalcified, and analyzed with DIC microsopy as described in
chapter 3.3.1. AC thickness was quantified from measurements taken both outside the
indenter imprint [(h1 + h2)/2] and in the directly loaded region [(h3 + h4)/2] (see Figure
4.1), and the average axial compressive strain determined. In addition, the distance be-
tween the tidemark and the incision tip both in the bulge (hb) and in the uncompressed
region (hr) was also determined from the macro-level images.

Using the lines of chondron continuity as indicators of the primary fibrillar direc-
tion108, the tangential zone was defined as the region in which the chondrons were
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aligned tangential to the articular surface, the radial zone similarly defined as the region
in which the chondrons were aligned radially. The transition zone was accordingly de-
fined as the region in between the tangential and radial zones in which the chondrons
tended to have a somewhat ambiguous alignment (Fig. 4.2). Although the blending na-
ture of these inter-zonal boundaries made the depth measurements relatively imprecise,
it is still possible to discuss the approximate depth of any incision with respect to this
zonal differentiation. The incision depths were established from the reference incisions
in the optical cryosections and divided into three categories post hoc: those not exceed-
ing the transition zone and defined as shallow (Fig. 4.2A); those entering the radial zone
and defined as mid-depth (Fig. 4.2B); and those extending right down into the zone of
calcified cartilage and defined as full-depth (Fig. 4.2C).

A total of 18 samples containing incisions of varying depths were indented as per
the procedure described above. Six samples were classified as shallow, six as mid-depth
and six as full-depth. An additional six samples without incisions were indented and
utilised as controls. An independent-samples KruskalWallis test was performed to test
the null hypothesis that the distribution of the variables across all of the groups was the
same. The significance level used was 0.05.

4.3 Results

General observations

All strain vs. time graphs showed a typical creep response of the tissue with a near-
equilibrium strain being achieved after 3h. The average axial strain was 0.51 ± 0.058
irrespective of incision depth, including the controls, and its distribution did not vary
significantly between groups (P = 0.665). Thus, whether or not an incision to any depth
was present in the bulge region had no demonstrable influence on the macro-level com-
pressive response of the tissue in the directly loaded region.

The incision boundary in those samples with a shallow incision appeared as a straight
line from the incision tip up to the articular surface (see dotted line in Fig. 4.3B).
In contrast, this same boundary in the mid-depth and full-depth incision samples was
curvilinear (Fig. 4.3C,D), with the latter having the highest degree of curvature.

The distance radially from the tidemark to the incision tip was compared between
the undisturbed control site (hr) and the bulge region (hb) for the shallow and mid-depth
incision samples (i.e. hr - hb in Fig. 1). The difference hr - hb between sample groups
was significant (P = 0.026), with the average values being 366 ± 236 µm and -80 ±
319 µm for samples with a shallow vs. mid-depth incision, respectively. The positive
values indicate that the matrix immediately beneath the incision has been compressed
during indentation (Fig. 4.3B). Conversely, the negative values obtained for the mid-
depth incision indicate that with this same degree of compression there has been an
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Figure 4.2: Images showing: (A) shallow incision not exceeding the transition zone; (B)
mid-depth incision in radial zone; and (C) full-depth incision down to the subchondral
bone. Scale bar: 100 µm.
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Figure 4.3: Images showing the bulge region of: (A) the control; (B) shallow; (C)
mid-depth; and (D) full-depth incision samples. The oblique-counteroblique shear band
pattern appearing both at the top and in the deep matrix of the bulge of the control and
shallow incision samples are indicated with black arrows in (A) and (B). The distinct
shear discontinuity extending into the bulge is indicated with white arrows in all images.
The dashed white lines emphasise the straight cut boundary in the shallow incision
sample (B) vs. its curvilinear form in both the mid-depth and full-depth incision samples
(C and D, respectively). Scale bar: 500 µm.
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upwards extension of the general matrix (Fig. 4.3C).

Internal matrix shear development

Internal matrix shear can be inferred from both the presence of the characteristic oblique-
counter-oblique bands in the bulge region and the shear discontinuity formed in the
directly compressed region and extending into the bulge228. The shear bands were ob-
served only in the control and shallow incision samples, and were less extensive in the
latter and were confined to the uppermid and deep radial zones (see black arrows in
Fig. 4.3A,B). Progressively higher magnification imaging of these shear bands revealed
a well-defined structural response arising from a repeating and coordinated in-phase
collapse of the radially aligned fibrosity (Fig. 4.4AC), which was also mirrored in the
morphological distortion of the chondrocyte columns (Fig. 4.4B). The shear bands in
the deep radial zone (see lower black arrows in Fig. 4.3A,B), although less clear, seem
also to have arisen from this same in-phase collapse (Fig. 4.5).

In all samples the shear discontinuity extended from the directly compressed matrix
into the bulge region (indicated by white arrows in Fig. 4.3). In the shallow incision
samples and controls, this shear discontinuity became less distinct as it merged with
the region containing the oblique shear bands (Fig. 4.6A,B). In the mid- and full-depth
samples, the shear discontinuity faded just before it reached the incision (Fig. 6C,D).
The shear discontinuity in the bulge region appeared sharper with increasing incision
depth (c.f. Fig. 4.6C,D), which is consistent with there being a more acute change in
direction of the lines of chondrocyte continuity (see enlargements in Fig. 4.6E and F,
respectively).

4.4 Discussion
In this study, a channel indentation technique has been utilised as an experimental tool
to investigate how the morphological response to compression of cartilage-on-bone is
modified by a focal discontinuity created by a radial incision. With this incision posi-
tioned near centrally within the relief channel and aligned parallel to its axis, the car-
tilage matrix in this region is free to bulge upwards to an extent dictated by its own
structural integrity. By varying the incision depth it has been possible to investigate
the altered patterns of shear arising in the cartilage matrix from the intrinsic transverse
constraint provided by each of its primary structural zones.

It is important to note that the channel indentation technique, by its very nature, does
not capture the physiological response of the cartilage-on-bone system in vivo. How-
ever, the technique does provide a means of investigating the deformation behaviour
of a fully intact healthy matrix (see Fig. 4.3A) and exploring how specific modes of
departure from structural normality, whether induced artificially or by degeneration,

53



Figure 4.4: Higher magnification images of the shear bands in the bulge region of the
control sample shown in Fig. 4.3A. Progressively higher magnification views of the
boxed region in (A) are shown in (B) and (C). The crimp in the dark shear bands is
clearly imaged along with the alternating direction of the fibrosity within the crimped
shear bands. Scale bar: 10 µm.
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Figure 4.5: (A) Faintly resolved alternating oblique-counter-oblique shear bands in the
deep radial zone adjacent to the tidemark below the bulge region of the control sample
in Fig. 4.3A; (B) an enlarged view of the boxed region in (A). Crimp formation is faintly
visible in the ellipsed region marked in (B). The tidemark is indicated with the dotted
line in (A). Scale bar: 50 µm.
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Figure 4.6: Images showing the deformation fields revealed by the lines of chondrocyte
continuity in the bulge region of (A) control, (B) shallow, (C) mid-, (D) full-depth inci-
sion samples. (B) Arrow 1 indicates the straight incision boundary; arrow 2 indicates the
tangential strain-limiting layer; RT indicates the region of transition matrix below the
tangential layer; circled region indicates faint shear band development in upper bulge
region. (E and F) Enlargements of boxed regions in (C and D), respectively. Scale bar:
100 µm.
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can lead to an altered morphological response. Earlier studies have shown that neither
shear bands nor a compression-induced shear discontinuity in the bulge region can be
generated if the cartilage matrix is either severely destructured, i.e. where there is a
substantial loss of transverse interconnectivity in the radial zone227, or when a normal
matrix has had its tangential zone artificially removed16.

The previously reported shear bands that form within the bulge region16,227,228 are
assumed to arise from a complex mode of deformation produced by an indirect, down-
wards compression of the upwards-swelling matrix into the relief channel. This com-
pression is a direct result of draw-down either by the intact tangential zone or by the
partly intact transition zone (Fig. 4.3A,B), and is evident from the regular, repeating
manner in which the interconnected, radially aligned fibrils collectively collapse via
kink formation within the alternating shear bands (Fig. 4.4). The fact that these bands
have an oblique-counter-oblique morphology is a direct consequence of the axisymmet-
ric pull-down from both transverse directions, and this is termed a coherent response
arising from a largely intact, zonally differentiated cartilage matrix.

The oblique shear bands were observed only in the intact samples and in those con-
taining a shallow incision (Fig. 4.3), and this indicates that a component of transverse
strain-limitation is essential for their development. Further, the constraint provided by
the tidemark creates a similar but reduced shear response in the deep cartilage matrix
(see lower black arrows in Figs 4.3A,B and 4.5). It is hypothesized that the primary
transverse constraint is provided by those fibrils in the uppermost tangential layer be-
ing aligned parallel to the articular surface, as reflected in the control sample response
(Fig. 4.3A). A lesser degree of constraint is also provided by the transition zone as in-
dicated by the reduced amount of shear band formation in the shallow incision samples
(Fig. 4.3B). This is consistent with the observations of Glaser & Putz72, who reported
that the transition zone contains load-redistributing properties similar to the tangential
zone but effective to a lesser extent. However, whether or not the transition zone then
contributes to the shear band development when there is a fully intact tangential zone
remains unresolved in the present study.

Because the transition zone contains fibrils that arch upwards into the tangential
zone in both transverse directions15,155,241, the matrix with a shallow incision is still
able to provide axisymmetric pull-down but with less intensity than in the intact matrix
(c.f. Fig. 4.6A,B). The straight cut boundary of the shallow incision (see arrow 1 in
Fig. 4.6B) indicates that the matrix immediately adjacent to it is largely undisturbed.
Such a straight incision boundary can only arise if there is little relative shear between
the uppermost strain-limiting layer (see arrow 2 in Fig. 4.6B) and the transitionmatrix
immediately below (see region marked RT). Thus, there is little indirect force transmis-
sion from the directly indented cartilage into the region of matrix immediately above
the incision tip and adjacent to this boundary. Hence, this region can be considered as
stress-shielded by the transition matrix immediately below the incision tip (see region
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marked with a circle in Fig. 4.6B). It can be argued that this transition region is able to
develop a degree of transverse re-alignment of the fibrils sufficient to enable it to carry
the bulk of the pull-down forces acting almost axisymmetrically from the incision tip.
This then leads to some shear band formation in the upper radial zone (see circled region
in Fig. 4.6B).

As a structural reference point, the schematic in Fig. 4.7 shows how the fibrillar
architecture is differentiated across the three primary zones of the uncompressed AC.
Based on the microscopic observations, the schematics in Fig. 4.8 illustrate the different
fibrillar responses to compression following the incorporation of an incision to the three
specified depths.

Figure 4.8A illustrates how the intact tangential layer is able to translate the pull-
down (and shear) from the adjacent directly compressed regions into an indirect com-
pression of the bulging matrix, creating the axisymmetric shear bands. A similar mech-
anism produces a reduced amount of shear in the shallow incision sample (Fig. 4.8B).
By contrast, in the mid-depth incision sample (schematic Fig. 4.8C) the forces from the
adjacent directly compressed regions act almost independently on each side of the inci-
sion. Its force trajectories are spread in a curvilinear manner over almost the entire re-
gion of matrix above the incision tip. There is now a significant degree of shear between
the uppermost strain-limiting layer and its underlying transition zone, hence the distinct
non-linear form of the incision boundary (see also dashed lines in Fig. fig:CI4xC).
The tangential and transition zones are pulled towards the directly compressed region,
and because of the intrinsic inter-zone structural continuity the radial zone is similarly
sheared laterally as is apparent from the lines of chondrocyte continuity (Fig. 4.6C).

Because the mid-depth incision has completely destroyed the continuity of both the
tangential and transition zones, the pull-down forces are diminished to the point where
there is now insufficient indirect transmission of compression into the bulge region and
thus no shear bands are generated (see also Fig. fig:CI4xC). This lack of indirect com-
pression also leads to a decreased resistance to the upwards bulging of cartilage matrix
in the channel. This can be seen from the decreased value of the parameter hr - hb when
comparing mid-depth and shallow incision samples (see Results section).

Further, the curvature of the incision boundary of the mid-depth incision samples is
lower than that of the full-depth incision samples because the matrix in the former is
still constrained to a limited degree by the transverse interconnectivity of the fibrils in
the remaining intact portion of the radial zone. This is indicated in schematic Fig. 4.8C
by the reduced size of the transverse force vectors at the incision tip relative to those
shown at the shallow incision tip (schematic Fig. 4.8B). There is, of course, a complete
absence of these vectors in the full-depth incision sample (schematic Fig. 4.8D).

All samples, whether intact or incised, exhibited a gross shear boundary in the ra-
dial zone matrix extending from the edges of each of the directly compressed regions
into the bulge222. Both the abruptness and extent of this boundary varied with incision
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Figure 4.7: Simplified schematic illustrating the zonally differentiated fibrillar orienta-
tions in the uncompressed AC. The outlined region identifies that part of the cartilage
matrix from which the schematics in Fig. 4.8 are derived.
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Figure 4.8: Schematics showing fibrillar responses as inferred from the actual tissue
responses imaged in Fig. 4.6. The red arrows indicate the relative magnitudes of the
transverse forces that constrain lateral movement. (A) In the compressed control sample
these forces are largest due to the strain-limiting properties of the intact tangential layer.
(B) The lesser constraint is provided by the intact portion of the remaining transition
zone. (C) The only lateral constraint remaining is that provided by fibrillar interconnec-
tivity in the radial zone. (D) All constraint is now absent due to the full-depth radial
incision.
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depth (see Fig. 4.6). However, rather than reflecting a localised structural discontinuity,
this boundary is generated by the juxtaposition of two distinct deformation fields within
the same radial zone structure: one deformation field arises from the lateral movement
of the matrix in the directly compressed region; the other from the upwards bulging of
the matrix into the relief channel. A similar phenomenon of upwards bulging was also
demonstrated in an earlier study by Bevill et al.16 using samples that had their entire tan-
gential layer removed and were similarly compressed. These authors showed that with
decreasing osmolarity (i.e. increased swelling pressure) the bulge height normalised
to the uncompressed thickness of the surface-removed samples actually increased, thus
confirming that the bulge is not simply a residue of undisturbed matrix left in the channel
by the compressed regions on either side.

Because this gross shear boundary represents a localised collapse of the collagenous
network in the mid-zone matrix, the acuteness of shear as indicated by the distortion in
the lines of chondrocyte continuity is an indicator of the difficulty or ease with which
this collapse can occur. The increasing acuteness of shear in progressing from the in-
tact to the shallow-incision samples, and then to the mid- and full-depth incisions (Fig.
4.6AD) suggests that resistance of the radial matrix to collapse relies on it having a
component of transverse continuity along which force transmission can take place. Note
especially that in the full-depth incision samples transverse matrix continuity over the
full cartilage depth has been destroyed, hence these samples exhibited the most acute
or sharpest shear boundary (Fig. 4.6D and enlargement in 4.6F). By contrast, with the
shallow incisions there is still a sufficient component of transverse fibrillar alignment
in the remaining thickness of intact transition zone to provide for some transverse force
transmission. The mid-zone incision response clearly demonstrates an intermediate be-
haviour (Fig. 4.6C,E).

The combined presence of the oblique/counter-oblique shear bands and the gross
shear boundaries as revealed in the channel indentation experiment therefore provide a
baseline micro-morphological response that characterises a completely normal cartilage-
on-bone system. This new study demonstrates that in addition to the previously demon-
strated effects of both matrix destructuring227 and complete articular surface removal16,
a focal radial incision that disrupts the normal transverse continuity of the cartilage also
leads to an altered internal pattern of matrix shear whose intensity varies with incision
depth.

Potential clinical implications

This study has shown that with a shallow focal incision (i.e. to a depth not exceeding the
transition zone) and at a substantial compressive stress, the cartilage matrix still contains
sufficient strain-limiting abilities to distribute loads away from the directly compressed
area and thereby provide a degree of protection for the underlying matrix. It implies
that a significant depth of surface fibrillation is required during in vivo cartilage degen-
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eration to effect major differences in the mechanical micro-environment. In the clinical
context, the current study highlights the importance of transverse connectivity in the car-
tilage matrix, especially in the uppermost layers, and this is of potential relevance when
considering the suturing of cartilage grafts. Finally, the work presented in this chapter
stresses the importance both of recreating the superficial zone in tissue-engineered carti-
lage, and developing computational models with appropriate depth-varying anisotropic
material properties.
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5

The effect of a reduced water-binding
potential within the cartilage matrix on
the microstructural response to
compression

5.1 Objective
It has been established that the microstructural response of AC to compression is im-
paired during degeneration as evident from the absence of shear bands and/or the shear
discontinuity223,227. Several potential contributors to this impairment are a reduced
functionality of the superficial zone, a lower degree of fibrillar interconnectivity, and a
decreased water-binding ability of the matrix due to a partial loss of PGs, all of which
are reported to occur during cartilage degeneration (see chapter 1). The important role
of the uppermost strain-limiting layer has been shown in studies investigating the effect
on the deformation response of either complete removal of this layer or of applying a
single focal incision (16 and chapter 4). The objective of the study presented in this
chapter was to additionally investigate the isolated effect of a reduced water-binding
ability of the AC matrix on the microstructural response to loading by employing par-
tial PG depletion prior to channel indentation.

5.2 Materials and methods
Patellae from prime male animals were used in this study such that the effect of PG
depletion could be investigated in otherwise structurally intact samples. After obtain-
ing a cartilage-on-bone block it was incubated in buffer medium either with (n=6) or
without hyaluronidase (n=6) (see section 3.2), before it was channel indented, fixed and
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decalcified (as described in section 3.3.1). Five additional depleted samples were pre-
pared which remained un-indented but served to visualize the effect of hyaluronidase
depletion on the PG distribution within the cartilage matrix.

Displacement was normalized to original thickness as measured from the cryosec-
tions, and normalized displacement vs. time curves were produced for the creep re-
sponse of all samples from which the ramp loading period was excluded. This normal-
ized displacement should not be confused with tissue strain since it has been noted in
our lab previously that formalin fixation may cause the cartilage to shrink, and hence
the thickness measured from the cryosections is lower than the actual cartilage original
thickness. A logarithmic trendline of best fit was additionally plotted into the graphs
using Microscoft® Excel, and the equation variables a and b from the standard formula
y=a ln(x) + b and R2 values were obtained. Variable a increases when the sample takes a
longer time to reach near-equilibrium (after 3 hours of creep loading), whereas variable
b is proportional to the strain at the start of the creep response.

The cryosections from the samples with a 30µm thickness were also analyzed using
DIC microscopy (see 3.4.1). From these images the directly compressed height, uncom-
pressed height, bulge height and bulge angle were measured and computed as described
in 3.3.1. In addition, the distance between the articular surface and the shear discon-
tinuity vertically from the articular surface was measured at the interface between the
directly compressed and uncompressed region and normalized using the uncompressed
height.

The same sections as those used for DIC microscopy were stained with toluidine
blue as described in 3.4.3 and analyzed with conventional light microscopy. In addition,
a portion of the PG-depleted cartilage-on-bone blocks was used for safranin-O staining
according to the protocol described in section 3.4.3 and this functioned as a control for
the toluidine blue staining.

Statistical analysis

In SPSS, the Mann-Whitney U test with a 0.05 significance level and a 95% confidence
interval was used to compare values between the depleted and control groups.

5.3 Results
Mechanical response

The average near-equilibrium creep strain was higher in the depleted samples com-
pared to the controls (see Table 5.1), however this difference was not significant in this
relatively small sample group. Fitting of logarithmic trendlines to the creep response
resulted in R2 values larger than 0.86. Using the formula y=a ln(x) + b, the average
value of a was significantly higher for the controls than the depleted samples, whereas
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Equilibrium
strain

a b

Controls 59.1±2.7 % 0.09±0.02 0.00±0.15
Depleted 64.7±5.5 % 0.06±0.01 0.39±0.09
P-value 0.065 0.009* 0.002*

Table 5.1: Average values ± SD. Logarithmic curve fitting of the creep response resulted
in the parameters a and b using the standard formula y = a ln(x) + b. Parameter ’b’ is
thus not the actual strain directly following the ramp loading but represents the estimate
of best fit for this strain. Significant P-values of a Mann-Whitney U test (P<0.05) to
indicate differences between depleted and control groups are indicated with and asterisk.

(a) (b)

Figure 5.1: Typical creep response for a control sample (a) and a PG depleted sample
(b).

the average value of b was significantly higher for the depleted samples than the con-
trols (Table 5.1). This indicated that near-equilibrium was reached faster in the depleted
samples compared to the controls and that the initial creep stress directly following the
ramp loading was reached at higher strains. These findings can also be observed from
the strain vs. time creep curves (see Figure 5.1).

DIC microscopy analysis

A typical shear band pattern within the bulge was visible in the DIC images of all
samples (see Figures 5.2 and 5.3). However, the intensity of shear bands in two of the 6
depleted samples was relatively limited due to a surface rupture in their bulge region (see
arrow in Figure 5.2c). These ruptures did not progress further than the transition zone.
In addition, a third depleted sample revealed a series of microcracks near the articular
surface in the directly compressed region (see arrows in Figure 5.4b). The remaining
two depleted samples and all control samples did not reveal any surface damage.
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(a) (b) (c)

Figure 5.2: Representative microscopic images of the bulge morphology in the controls
(a) and PG-depleted (b) samples. A sample exhibiting a rupture in the bulge region is
also shown (c), the rupture being indicated by an arrow. Further, a high-magnification
DIC image of the boxed region is provided in Figure 5.3.

Average values of bulge height and angle were not reported in this section because
it was impossible to obtain comparable measures from samples containing a surface
rupture in the region of the bulge proper. Due to the low sample number it was not
possible to compare the values of the few remaining samples.

A distinct shear discontinuity in regions adjacent to the directly compressed regions
was visible in the DIC images of both the depleted and the control samples (see Figure
5.4). However, the shear discontinuity appeared closer to the articular surface in the
depleted compared to the control samples, with average values of 10.7±1.5% versus
14.7±2.0%, respectively.

The DIC images of the depleted samples revealed micro-structural matrix collapse
near the articular surface within and adjacent to the directly compressed regions (see
arrows in Figures 5.4 and 5.5). By contrast, such a degree of matrix collapse was not
observed in the control samples. Within these collapsed areas the chondrocytes ap-
peared closer together within and adjacent to the directly compressed region, but at the
articular surface in the bulge they appeared further apart than in the equivalent region in
the control samples (see Figures 5.4, 5.5 and 5.6).

Proteoglycan stainings

Toluidine blue-stained sections of PG-depleted uncompressed cartilage-on-bone blocks
showed a distinct line between the PG-rich and the PG-depleted areas at a distance of
approximately 1/3 of the cartilage thickness from the articular surface (see Figure 5.7).
However the staining was not generally of the same intensity at both sides of a given
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Figure 5.3: Image of the boxed region in Figure 5.2c of a PG-depleted sample taken at
a higher magnification. It clearly shows the intense shear bands within the bulge.
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(a)

(b)

Figure 5.4: Representative DIC images of the shear discontinuities in the control (a) and
PG-depleted samples (b). 68



(a)

(b)

Figure 5.5: Representative DIC images of the directly compressed regions in the control
(a) and PG-depleted samples (b).

69



(a)

(b)

Figure 5.6: Representative DIC images showing the uppermost layer of the bulge region
in the control (a) and PG-depleted samples (b).
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Figure 5.7: A section of an un-indented depleted sample stained with toluidine blue.

section of a depleted compressed sample (see Appendix A), indicating varying extents
of depletion possibly due to a sample being positioned on its side during depletion.

The toluidine blue and safranin-O staining correlated well with each other based
on the sample-paired images (see Figure 5.8). However, the much thinner sections
required for the safranin-O staining somewhat impaired the amount of detail visible in
the toluidine blue sections. The safranin-O stained sections showed, however, a clearer
contrast between PG-rich and -depleted areas compared to the toluidine blue stained
sections.

The stained sections of the compressed non-depleted control samples revealed that
PGs were abundant throughout the entire cartilage matrix (see Figure 5.8a). There ap-
peared to be a slight increase in PG density above the shear discontinuity in the di-
rectly compressed regions and a slight decrease within the center of the bulge. The
cartilage surface-adjacent layer with a decreased PG-staining intensity in the depleted
compressed samples was continuous throughout the uncompressed, compressed and
bulge regions (see Figure 5.8b). Within this depleted layer the staining intensity seemed
slightly increased at the articular surface at the top of the bulge and in the upper half
of the curvature between the compressed and non-compressed regions (see arrows in
Figure 5.8b).

5.4 Discussion

In this study the water-binding ability of the AC matrix was reduced by partial depletion
of the PGs. Even though this depletion was uneven in some of the depleted samples as
revealed by the images of the stained sections (Figure 5.8b and 5.8c), a number of con-
sistent observations resulting from the partial depletion experiments were made which
lead to a number of discussion points. Further, a complete PG depletion is never ob-
served in degenerate cartilage82, but rather a decrease in PG concentration in the upper-
most layers. The partially depleted samples in this study approximate this degenerate
change and can therefore be used to investigate the consequences of a reduced amount
of PGs in the uppermost layer while the collagen network remains intact.
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(a)

(b)

(c)

Figure 5.8: Representative images of toluidine blue-stained sections from channel in-
dented control (a) and partially PG-depleted (b) samples. The arrows in (b) indicate
regions with an increased staining intensity within the depleted areas. A safranin-O
stained section of the same depleted sample in (b) is shown in (c).
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The importance of an intact collagen network

The similar shear band patterns within the bulge of both the depleted and the control
samples indicate that the ability of the uppermost layers to re-distribute the compressive
load tangentially was not substantially impaired. Rather, the still intact collagen network
was functional even with a reduced water-binding ability in the uppermost layers. This
indicates that partial PG depletion alone cannot account for the substantial reduction or
even absence of shear bands as was observed in a range of degenerate cartilage227, but
that collagen network de-structuring is more likely to be the major cause for this.

The distinct shear discontinuity in both the depleted and the control samples further
reveals that the compressed cartilage was still able to constraint lateral matrix bulging
from the directly compressed to the non-compressed regions and to confine the amount
of cartilage matrix undergoing the most substantial amount of compression (i.e. the
matrix above the shear discontintuity). Compression of the uppermost layers did not
affect the location within the matrix where the discontinuity was generated, but simply
resulted in this matrix being closer to the articular surface. The development of a shear
discontinuity is also impaired in degenerate cartilage223 and this study shows that this is
probably not due to a decreased PG content in the uppermost layers. Rather, it is more
likely that this loss of internal shear during degeneration is caused by a reduced strain-
limiting property of the surface layer and/or a reduction in fibrillar interconnectivity.

How the proteoglycans affect fluid flow

The much more intense matrix collapse observed in and adjacent to the directly com-
pressed regions in the depleted samples compared to the controls indicates that less
water is retained in the depleted matrix after compression. The reduced water-binding
ability is also evident from the increased amount of compressive strain caused by the
reduced volume of both the solid PG mass and associated matrix fluid79. An interesting
question resulting from these observations is: where has this water moved to, and would
the increased influx notably affect the mechanical environment at this location?

Assuming that fluid will flow from regions of higher to lower pressure, the channel in
the indenter provides a defined relief region for investigating lateral matrix displacement
in AC under compression. However, it was not possible to draw a valid comparison of
bulge height and angle between the depleted and control samples because 2 of the 6
depleted samples contained a surface rupture in the bulge. Additional experiments,
perhaps at a lower stress level to prevent surface ruptures, are needed for a more rigorous
investigation of this issue. However, the structural-based data from the 4 un-ruptured
depleted samples in this study do suggest that bulge height would be increased and
the bulge angle decreased. It is possible that an increased influx of fluid flow and/or
a decreased constraint from the collagen fibrils in the uppermost layers, both of which
did not lead to a reduced intensity of shear bands or shear discontinuity but might be
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sufficient to affect bulge height and angle. However, more samples would need to be
analysed to provide statistical certainty (see appendix A).

Interestingly, there seems to be an increased amount of extracellular matrix between
the chondrocytes near the articular surface within the bulge of the depleted compared to
the control samples (see Figure 5.6). This matrix in the depleted samples is of a similar
morphology to the collapsed matrix within and adjacent to the directly compressed re-
gion, but at those sites the cells were more closely packed than those in the non-depleted
controls. This does suggest that there has been an increased amount of fluid flowing into
the upper part of the bulge in the depleted sample.

The functional coupling between the proteoglycans and the fibrillar network

The ruptures observed in the bulge region of 2 depleted samples, and in the directly
compressed region of another, confirms the importance of the functional coupling be-
tween the collagen network and the PGs in the normal cartilage matrix. It should be
noted that surface ruptures have never been observed during the many similar channel
indentation experiments performed in the Experimental Tissue Mechanics laboratory
(Department of Chemical and Materials Engineering, the University of Auckland). The
hydrophilic PGs trapped within the fibrillar network thus makes the collagen fibrils less
prone to rupture, probably by limiting the amount of excessive extension.

Further, the much faster attainment of creep equilibrium in the depleted cartilage
compared to the controls (which is consistent with previous studies35,137,148) indicates
that matrix re-organization following attainment of the creep stress occurred to a lesser
extent in the depleted compared to the control samples. This indicates that the water-
binding PGs in the upper layers normally allow such matrix re-organization during com-
pression to occur, possibly by reducing friction between the local collagen fibrils similar
to the GAGs in tendons192. Re-organization of the fibrillar network allows an increas-
ingly wide-spread distribution of internal stress which prevents high stress concentra-
tions that could lead to tissue damage.

Implications from the stained sections

Although the sections stained with toluidine blue revealed less contrast between PG-rich
and PG-poor areas than those stained with safranin-O, it was still possible to detect con-
sistent features within the compressed depleted samples that were absent in the controls.
The asymmetry in the amount of PG depletion between both sides of a stained section
was probably due to the fact that the side of the cartilage-on-bone block facing down-
wards within the incubation medium containing jar was not controlled for. However, all
of the sides contain at least some decrease in PG concentration. The low contrast be-
tween PG-rich and PG-poor areas in the toluidine blue sections, the impaired structural
detail in the safranin-O sections, and the asymmetrical PG depletion severely compli-
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cate the interpretation of the presented data thus allowing only very tentative inferences
to be drawn. A more in-depth investigation would need to be conducted to provide more
robust conclusions.

In contrast to the depleted samples, the control samples do not show a decrease in
PG concentration at the articular surface within the directly compressed region which
indicates that this was due to the hyaluronidase treatment. If anything, there might even
be an increased PG density in this area compared to the matrix underneath, which would
be caused by the increased amount of compression. Similarly, a slightly decreased
concentration of PGs in the centre of the bulge could be the result of a lower amount of
compression in this region.

The consistently lower PG concentration in the uppermost cartilage layer within the
directly compressed regions of the depleted samples when compared to the uppermost
layer in the adjacent bulge and non-compressed regions suggests that the compression
might have led to some re-localization of the PGs into the non-directly compressed
relief areas. This implication arises from the assumption that even if the depletion had
been asymmetrical, it would still have been relatively even and gradual along the surface
plane and the visible lack of uniformity in the stained sections is therefore most likely
caused by the channel indentation.

Conclusion

This study has shown the importance of an intact collagen network for the development
of internal shear patterns due to lateral matrix re-distribution following compression. A
reduced water-binding ability of the uppermost layers, as seen in the advanced stages
of cartilage degeneration, does not contribute substantially to these features. However,
within the directly compressed region the reduced water-binding ability leads to a de-
creased amount of local water after compression and an associated collapse of the extra-
cellular matrix. The locally decreased water content also resulted in an accelerated at-
tainment of the equilibrium creep strain, thus indicating that less matrix re-organization
took place after loading. In addition, partial depletion of the PGs caused an increase in
the amount of surface ruptures occurring after compression which was attributed to the
increased strain in the collagen fibrils. All of these findings emphasize the important
role that the PGs play in enhancing the ability of the cartilage matrix to maintain its
structural integrity during mechanical loading.

Finally, staining of the compressed cartilage-on-bone samples suggests that the PGs
may be able to move within areas with a very low PG concentration, which is in accor-
dance with the low binding force between the PGs and the collagen fibrils. However,
the significant limitations resulting from the staining protocol make this aspect of the
study inconclusive.
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6

How the osteochondral junction
influences the microstructural response
of articular cartilage to compression

6.1 Objective

Articular cartilage is attached to the subchondral bone through the osteochondral junc-
tion. During the development of this cartilage-bone interface the immature cartilage
layer participates in endochondral ossification. When the deep layer of cartilage is
transformed into bone its collagen network will undergo re-modeling and become more
closely packed prior to the production of mineral deposits which align with the collagen
fibrils97,152,194,250. During maturation a zone of calcified cartilage develops in which
the fibrils and the mineral deposits are orientated radially250. In addition, the tidemark
is believed to originate from matrix deposits above the relatively impermeable calcified
cartilage and provides an even more impermeable barrier which shields further vascular-
ization and calcification6,90. In addition to the fibrillar connection between the tidemark
and the bone, the rugosity of both the tidemark and the cement line play an important
role in the shear strength of the cartilage-bone interface240.

Within normal AC a shear discontinuity arises between the directly compressed and
non-compressed regions which manifests as a sudden change in directionality of the
chondrons and the collagen fibrils222. Above the shear discontinuity the chondrons and
fibrils are aligned towards the compressed articular surface, whereas below the shear
discontinuity they are aligned away from it. The shear discontinuity is believed to arise
from a combination of lateral matrix flow following compression and the associated
constraint provided by the zonally differentiated collagen network222. The bulk of the
AC in which the interconnected fibrils are orientated radially is relatively compliant and
more permeable than the superficial tangential and transition zones which are highly
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strain-limiting66,151. At the base of the deep zone, the fibrils are anchored into the
subchondral bone which supposedly provides juxtaposed strain-limitation which addi-
tionally constrains lateral matrix bulging and contribute to the development of the shear
discontinuity207,222. However the extent to which the osteochondral junction contributes
to the development of the shear discontinuity has, to the author’s knowledge, not been
investigated.

Further investigations into lateral deformation of compressed cartilage-on-bone have
been performed using a specialized indenter which incorporated a relief channel such
that the cartilage matrix was allowed to bulge into this channel to an extent governed
by its inherent matrix constraints228. Within the cartilage that had bulged into this
relief channel a distinct shear band pattern could be observed228. These shear bands
emerged from both the transferred compression into the channel region and the bilateral
constraint of the uppermost layers16,228. Some additional shear could also be observed
near the osteochondral junction, which was attributed to the constraint provided by the
fibrils anchoring into the calcified region and the associated resistance to shear (see
chapter 4).

The objective of this study was to investigate how the osteochondral junction in-
fluences the microstructural response of AC to loading, with a particular focus on the
development of internal deformation features such as the shear discontintuity and the
shear bands.

6.2 Materials and Methods
Bovine patellae (n=32) were obtained from young adult bulls because of their consis-
tently intact articular surface. Cartilage-on-bone blocks were removed from the distal-
lateral quadrant as described in section 3.3.1 and equilibrated in 0.15M saline overnight.
16 of the 32 samples were then prepared for ’standard’ cartilage-on-bone channel inden-
tation as described in section 3.3.1. The subchondral bone of the remaining 16 samples
was secured in a vice such that the cartilage layer was horizontally aligned and facing
upwards. A full-depth cartilage layer was then carefully removed from the bone using
a sharp curved blade and the isolated layer was placed in a covered container without
direct contact with water so as to prevent any potential matrix curling due to water up-
take. While maintaining its normal zonal orientation (i.e. with the tangential layer at the
top) the channel indenter was positioned centrally on the articular surface, the sample
submerged in 0.15M saline and loaded in compression.

Six of the 16 samples in both the cartilage-on-bone and isolated cartilage group were
channel indented using a 4MPa creep stress which is known to be within the range of
physiological stress levels experienced by the knee joint (see section 3.3.1). Since this
4MPa creep stress led to ruptures in the cartilage-only indented matrix (see Results sec-
tion) the remaining 10 samples in each group were indented using a 2MPa creep stress
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such that the cartilage-only layers remained intact and valid quantitative comparisons
with the on-bone samples could be drawn.

All samples were then formalin-fixed in situ, the on-bone samples decalcified, and
30µm cryosections were obtained for microscopic analysis (see sections 3.3.1 and 3.4.1).
Data from the displacement of the crosshead was normalized with respect to the unde-
formed thickness as measured from the cryosections, such that stress vs. normalized
displacement curves could be plotted. Quantitative data from the isolated cartilage and
cartilage-on-bone group were statistically compared using a Mann-Whitney U test with
a 0.05 significance level and 95% confidence interval.

6.3 Results

Mechanical response

Stress vs. normalized displacement curves obtained for the initial 0.6mm/min com-
pression stage prior to sustained creep loading at 2MPa indicated an almost immediate
’stiffness’ increase in all of the on-bone samples (see Figure 6.1a). The isolated cartilage
samples however showed a less consistent response, i.e. some had a similar response to
the on-bone samples whereas others showed an initial region of increasing strain with
relatively low increase in stress prior to a region of increasing ’stiffness’ (see Figure
6.1a). To quantifiy this difference in mechanical behaviour the normalized displace-
ment at a nominal 0.02MPa of the two sample groups were compared and found to
be significantly higher for the isolated cartilage samples compared to the cartilage-on-
bone samples (see Table 6.1). The 0.02MPa normalized displacement in the isolated
cartilage samples were also highly variable and ranged between 0.03 and 0.51 whereas
the lower normalized displacement in the on-bone samples was relatively consistent.
The mechanical response of isolated cartilage samples with a relatively high 0.02MPa
strain was termed ”Type A response” whereas that of more on-bone-like behaviour was
termed ”Type B response”.

A comparison of the normalized displacement vs. time curves for the 2MPa creep
loading indicated that the isolated cartilage samples reached near-equilibrium more
rapid and attained a higher normalized displacement than the cartilage-on-bone samples
(Figure 6.1b). Logarithmic curve fitting of the creep response curves further supported
these observations. The parameters ’a’ and ’b’ were respectively significantly lower and
higher for the isolated cartilage compared to the cartilage-on-bone samples, thus indi-
cating that in the isolated cartilage the initial normalized displacement at the beginning
of creep was higher and the time to achieve an equilibrium normalized displacement
under creep loading was less (see Table 6.1). The R2 values of these logarithmically
fitted curves were always higher than 0.97. However, it should be noted that the iso-
lated cartilage samples that exhibited relatively low values of their 0.02MPa normalized
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(a)

(b)

Figure 6.1: (a) Typical Stress vs. normalized displacement curves of the 0.6mm/min
compressive extension stage prior to 2MPa creep loading (b) Typical normalized dis-
placement vs. Time curves of the 2MPa creep stage. Note that normalized displacement
is greater than 1 because the original thickness, to which the crosshead displacement
was normalized, is smaller than the actual undeformed cartilage thickness due to tissue
shrinkage in formalin.
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Isolated cartilage
(n=10)

Cartilage-on-
bone (n=10) P-value

Strain at 0.02MPa [-] 0.24 ± 0.17 0.01 ± 0.00 0.000*
Equilibrium strain [-] 0.99 ± 0.20 0.71 ± 0.10 0.000*
a 0.08 ± 0.01 0.10 ± 0.02 0.002*
b 0.91 ± 0.22 0.61 ± 0.09 0.000*
bulge height [mm] 0.57 ± 0.10 0.66 ± 0.07 0.075

Table 6.1: Average values ± SD. The P-values indicate the asymptotic significance of a
Man-Whitney U test and were considered significant when <0.05 (*).

displacements in the initial loading stage consistently showed a creep response that was
more similar to that of the cartilage-on-bone samples (see Figure 6.1b). An explanation
for this apparent inconsistency will be offered following presentation of the structural
data (see below).

Structural analysis

Multiple surface ruptures were observed in all isolated cartilage samples that were in-
dented using a 4MPa creep stress (see Figure 6.2). In these samples, ruptures were
always present in the bulge region and some samples additionally revealed ruptures in
the directly compressed regions. One of the samples was split in half after only ˜3
minutes of testing and this also was the only sample which included a rupture that had
started from the bottom instead of the surface of the sample. Four of the 5 isolated
cartilage samples that did not rupture throughout its entire depth showed internal ma-
trix shear discontinuities in the bulge region and/or at the junction between the directly
compressed and non-compressed regions (see arrows in Figure 6.2).

Of the 2MPa creep samples, the uncompressed sides of the isolated cartilage sam-
ples exhibiting relatively high 0.02MPa normalized displacement levels substantially
curled upwards following compression (see Figure 6.3a). In contrast, for those same
isolated cartilage samples that exhibited relatively low levels of 0.02MPa normalized
displacement the entire isolated cartilage layer remained approximately horizontal (see
Figure 6.3).

Bulge height was not significantly different between the isolated cartilage and on-
bone groups. However, when the isolated cartilage samples with the three lowest 0.02MPa
normalized displacements were removed from the isolated cohort the average bulge
height was significantly lower for the isolated cartilage samples than for the on-bone
samples (Table 6.1). Further, shear discontinuities and shear bands appeared in all
cartilage-on-bone samples and in the 5 isolated cartilage samples with the lowest 0.02MPa
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Figure 6.2: A representative microscopical image of the 4MPa compressed isolated
cartilage section. The white arrows indicate surface ruptures and the yellow arrows
indicate shear discontinuities.

normalized displacement values, whereas neither shear continuities nor shear bands
were visible in the remaining isolated cartilage samples exhibiting the higher values
of 0.02MPa normalized displacement (see Figures 6.3 and 6.4). The shear bands in the
on-bone samples were, however, more pronounced than those in the isolated cartilage
layers exhibiting the low 0.02MPa nomrlaized displacements (see Figure 6.4). None
of the isolated cartilage samples revealed shear bands near the osteochondral junction
like those observed in previous studies of cartilage-on-bone samples loaded under 4MPa
creep conditions (e.g. in reference227 and chapter 4).

A closer examination of the isolated cartilage samples exhibiting mechanical be-
haviour more similar to the cartilage-on-bone samples showed that the deep zone car-
tilage matrix immediately adjacent to the subchondral bone was strikingly different to
the deep radial zone matrix immediately above it. Whereas in the latter the chondrons
and fibrillar texture exhibited the normal overall radial alignment, in the deepest car-
tilage matrix the chondrons in this region were randomly orientated and the collagen
network was much denser and much more randomly organised (compare detail in upper
and lower boxed regions in Figure 6.5).
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(a) Isolated cartilage sample displaying a ’Type A’ response (see text for details). There
is significantly more tissue curling with this response type.

(b) Isolated cartilage sample displaying a ’Type B’ response. There is no tissue curling
with this response type.

(c) Cartilage-on-bone sample. Note the similarity with the above Type B response.

Figure 6.3: Representative microscopy images of sections from samples in the respec-
tive groups following 2MPa creep. The yellow arrows indicate shear discontinuities.
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(a) Bulge region of an isolated cartilage
specimen exhibiting a Type A mechanical
response (see Figure 6.1.

(b) Bulge region of an isolated cartilage
sample exhibiting a Type B response (see
Figure 6.1.

(c) Bulge region, cartilage-on-bone. Note
similarity with the above Type B response,
compared to Type A.

Figure 6.4: Representative images of the samples’ microstructure in each group
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Figure 6.5: DIC and SEM images of an isolated cartilage sample with a severely strain-
limiting region adjacent to the subchondral bone and exhibting a ’type B’ mechanical
response (see Figure 6.1.
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6.4 Discussion
The consistent rupturing of the articular surface observed in the isolated cartilage layers
subjected to 4MPa creep loading demonstrates that the structural relationship between
the cartilage and bone is of fundamental importance in enabling cartilage to sustain joint
loads without damage. It is clear that the AC layer can only transmit physiological levels
of compressive stress without suffering structural damage if it is structurally integrated
with its underlying subchondral bone. The mechanism through which this safe stress
transmission occurs can be deduced from the 2MPa creep loading experiments in which
no ruptures in the articular surface of the isolated cartilage samples were observed. The
development of a shear discontinuity and shear bands in the ruptured 4MPa compressed
isolated cartilage samples indicates that the ruptures in these samples have not exceeded
the transition zone (see chapter 4) and might indicate a protective role for the transition
zone in preventing rupture progression (Figure 6.2).

Regarding the relatively large variation of the 0.02MPa normalized displacement of
the isolated cartilage samples it seems plausible that the sides of some isolated cartilage
samples curled upwards after the addition of 0.15M saline to the bath. This upwards
curling was due to the larger constraint against tissue swelling of the tangential com-
pared to the underlying zones. The extent of upwards curling was higher in the samples
which showed a less dense collagen network adjacent to the subchondral bone (see Fig-
ure 6.5). This curling then lead to higher 0.02MPa normalized displacement values
because in order to compress the cartilage, the indenter first needed to straighten the up-
wards curling cartilage underneath which takes notably less force than when indenting
flat cartilage.

The more rapid attainment of creep equilibrium in the isolated cartilage compared
to the cartilage-on-bone samples following 2MPa creep indicate the relative ease with
which the matrix components could be displaced following compression. The constraint
that is normally provided by attachment to the subchondral bone limits the extent of de-
formation in the fibrillar network and, as a result, the proteoglycan mass. In addition,
it is possible that in the isolated cartilage samples the matrix water could more eas-
ily escape from the bottom of the undirectly loaded regions due to the absence of an
underlying impermeable layer. When restricted from leaving the normal cartilage-on-
bone matrix by both the relatively impermeable subchondral bone and the superficial
tangential zone66,151 the water functions as a load-bearing medium which transfers the
compressive load to the bone.

Further, the containment of water also plays a role in the lateral re-distribution of the
compressive stress in the cartilage as is evident from the shear discontinuity and shear
bands in the cartilage-on-bone samples and their absence or reduced intensity in the
isolated cartilage samples (see Figures 6.3 and 6.4). Following compression the water
will be forced laterally away from the directly compressed region, but will be (partially)
constrained by the hydrophilic PGs depending on the amount of pressure applied. The
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PGs are, in turn, constrained by the fibrillar network and this mechanism leads to the
recoverable, zonally differentiated deformation response of AC. Its relative compliance
enables the bone to bear the majority of the load whilst the cartilage deforms without
being damaged. Thus, the water attenuates the compressive load, and the PGS and the
fibrillar network contain the water.

The fibrillar network can only successfully contain the water when it is sufficiently
constrained by both the superficial transition zone (STZ) and the deep zone16,207. This
constraint by the deep zone can be provided by either anchoring of the fibrils into the
subchondral bone or by a layer of deep zone cartilage that has greater strain-limiting
properties than that of the normal deep radial zone cartilage. Such an explanation is con-
sistent with the behaviour of the isolated cartilage samples that behaved more like the
cartilage-on-bone samples as illustrated in Figure 6.3207. It is assumed that these deep
zone regions of increased fibrillar density as visualized by SEM (Figure 6.5) have de-
creased permeability because they are in the process of being transformed into bone97.
The thicker this layer, the more the isolated cartilage will behave like the cartilage-
on-bone samples207. That the intensity of the shear bands is reduced in those isolated
cartilage samples which exhibited on-bone-like behaviour, compared to the on-bone
samples, indicates that the deep layer is less strain-limiting and/or more permeable than
the subchondral bone. However, it is clear that the strain-limiting abilities of this deep
developing region are a sufficient match to those of the uppermost cartilage zones since
samples that contained this region did not exhibit any curling following equilibration in
0.15M saline (see Figure 6.3).

It has previously been shown that the shear discontinuity does not appear in the ab-
sence of the uppermost cartilage layers16. The current study additionally shows that
the shear discontinuity is also absent when the cartilage is removed from the underly-
ing calcified regions and confirms the hypothesis that the shear discontinuity originates
from the dual constraints imposed by the fibrillar network both at the surface and the
subchondral bone. Further, on such a relatively small scale it can be presumed that the
connectivity between the fibrils and the calcified region is strong in tension and not sim-
ply dependent on an interlocking of the separate layers by the rugosity of the interface,
and that this fibrillar connection is essential for the development of the shear discontinu-
ity. These findings demonstrate the importance of a functional osteochondral junction
in cartilage load-bearing, and should be acknowledged by researchers investigating car-
tilage repair techniques.

The shear bands are either diminished or absent in the isolated cartilage layers due
to the reduced containment of matrix fluid in the bulge region which was also indicated
by a significantly smaller bulge height in the isolated cartilage compared to the on-bone
samples when the three isolated cartilage samples with the lowest 0.02MPa normalized
displacement values were removed from the isolated cartilage group. The compressive
stress on the fibrillar network in the bulge is greater when the water cannot escape
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in the presence of the osteochondral junction, which causes the network to collapse
and, combined with the bilateral constraint of the uppermost layers, will lead to the
development of the shear bands. The channel indenter thus provides a suitable means
of investigating fluid flow and mechano-structural responses in the cartilage matrix, and
may be used by other researcher seeking to investigate these features.

Conclusion

The osteochondral junction influences the microstructural response of AC to compres-
sion in two major ways: firstly by constraining the fibrillar network such that internal
shear is developed, and secondly by its relative impermeability to matrix water. The
dual constraint on the collagen fibrils by both the uppermost strain-limiting layers and
the attachment to the subchondral bone result in the formation of the shear discontinuity
which demonstrates the substantial amount of internal matrix shear during compression.
The containment of matrix water within AC during compression is important for its in-
herent stiffness and hence the rapid attenuation of compressive stress to the much stiffer
subchondral bone. Without this stress attenuation the cartilage will rupture. In addition,
the retained water in the cartilage matrix attenuates hydrostatic pressures imposed on
to the matrix components and the chondrocytes. This study thus shows the importance
of the osteochondral junction for the microstructural response of AC to loading which
should be acknowledged by researchers seeking novel cartilage replacement methods.
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7

How collagen network de-structuring
during early cartilage degeneration
decreases tensile stiffness

7.1 Objective
The motivation for this study was to establish the extent of fibrillar connectivity as
a defining factor in cartilage mechanical behaviour. The findings should indicate the
importance of incorporating fibrillar interconnectivity in computational and physical
models of AC, and demonstrate its role in influencing cell behaviour and the associated
degenerative cascade88,140,224,233.

To do this cartilage tissue was obtained from established bovine tissue sources for
intact and destructured matrices82, and subjected to tensile and swelling experiments.
The hypothesis is that transverse stiffness will decrease and swelling will increase with
increasing levels of fibrillar network de-structuring.

7.2 Materials and methods
Sample preparation and loading protocol

A total of 16 intact prime male and 15 mildly fibrillated mature female bovine patellae
were used in this study. Fibrillation was merely focal, corresponding to an OOCHAS
score of 1-2189, and did not penetrate into the radial zone from which cartilage sam-
ples were obtained for stretching and swelling experiments. A single cartilage-on-bone
block with en face dimensions of ˜15x15mm and ˜ 20mm of subchondral bone was ob-
tained from the distal-lateral quadrant of each patella. A radial zone cartilage layer was
extracted from the block as described in section 3.3.2 and divided into four parts: one
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Figure 7.1: Schematic showing how transverse radial zone samples were obtained for
experimentation.

part of ˜5x15mm2 to be used for tensile stiffness assessment, one part of ˜3x3mm2 to be
used for swelling studies, one part of ˜5x5 mm2 to be used for water and GAG assays,
and the remaining portion for micro- and ultra-structural analysis (see Figure 7.1).

For each sample a 15% isostrain modulus was obtained from the 5x15mm2 portion
of the transverse layer as follows:- The sample was stretched to 15% strain at a constant
rate of 10% per minute. A 15% isostrain modulus (K) was obtained by converting the
load at this fixed strain to a nominal stress based on the original cross-sectional area.
This isostrain value of 15% was used because it had been determined in preliminary
experiments that it was a strain sufficient to induce some lateral expansion of the matrix
without creating a wholesale realignment of the fibrillar network along the loading di-
rection. This, in turn, made it easier for us to investigate the relationship between subtle
changes in degeneration, network interconnectivity, and mechanical properties.

Swelling experiments were performed as described in section 3.3.3.

Micro- and ultra-structural analysis

For the micro- and ultra-structural analysis, through-thickness cryosections (50µm thick)
were obtained from transverse samples such that all radially-aligned chondrocytes within
a given chondron were in the same field of view when analysed microscopically. Using
a previously described micro-tensile device positioned under a DIC microscope15 the
sample was imaged before and after the application of 15% transverse strain. Stretched
and un-stretched reference samples were then prepared for SEM.
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Water and GAG content

Each cartilage sample was blotted with filter paper to remove any excess surface wa-
ter, its wet weight determined and then dehydrated at 40C for 36 hours and finally
re-weighed to obtain the water content. The samples were subsequently digested at 55C
for 15 hours using 0.56 units/mL papain in PBS at pH 6.0 supplemented with 150 mM
sodium chloride, 55 mM sodium citrate, 5mM EDTA, and 5mM cysteine hydrochloride.

For GAG content determination a standard dye solution was used consisting of 16
mg 1,9-dimethylmethylene blue dissolved in 5 mL ethanol diluted with 950 mL distilled
water and supplemented with 2.0 g sodium formate and 2.0 mL formic acid65. A series
of GAG standards were produced using commercially available bovine chondroitin-4-
sulphate. The digests were diluted with distilled water after which both the diluted
digests and the standards were mixed with the dye solution. The GAG concentration
in the samples was determined using a plate reader which measured the absorbance of
535nm wavelength light in each solution.

Statistical analysis

In SPSS, the Mann-Whitney U test with a 0.05 significance level and a 95% confidence
interval was used to compare values between the intact and degenerate groups. Spear-
mans rho with a 2-tailed significance level of 0.05 was computed to define correlations.

7.3 Results
Cartilage thickness and on-bone lateral bulging

Cartilage thickness and its degree of on-bone lateral bulging were significantly higher
for the degenerate compared to the intact group (Table 7.1, Figure 7.2) and overall there
was a significant positive correlation between cartilage thickness and lateral bulging
(Table 7.1).

90



Intact samples
(n=16)

Degenerate sam-
ples (n=15) P-value

Cartilage thickness [mm] 2.17 ± 0.18 2.81 ± 0.45 0.000*
Max. off-bone bulging[mm] 0.43 ± 0.27 0.91 ± 0.32 0.000*
15% Isostrain modulus [MPa] 1.06 ± 0.80 0.33 ± 0.21 0.001*
Swelling 11% ± 11% 51% ± 27% 0.000*
Water content [w-%] 84.27% ± 2.74% 86.38 % ± 2.01% 0.030*
GAG content [% dry weight] 27.57% ± 5.26% 31.30% ± 4.87% 0.060

Table 7.1: Average values ( SD) of all parameters measured for the intact and degen-
erate sample groups. The P-values indicated were obtained using a Mann-Whitney U
test. Differences between the intact and degenerate group were considered statistically
significant when P<0.05 (see asterisks).
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Stiffness
&
Swelling

Stiffness
& Thick-
ness

Stiffness
& Bulging

Stiffness
& Water
content

Stiffness
& GAG
content

Swelling
& Thick-
ness

Swelling
& Bulging

Swelling
& Water
content

Overall Correlation coefficient -0.748** -0.729** -0.738** -0.626** 0.139 0.780** 0.723** 0.530**
Significance 0.000 0.000 0.000 0.000 0.457 0.000 0.000 0.002
N 31 31 28 31 31 31 28 31

Intact samples Correlation coefficient -0.865** -0.415 -0.857** -0.597* 0.665** 0.509* 0.686** 0.676**
Significance 0.000 0.110 0.000 0.015 0.005 0.044 0.005 0.004
N 16 16 15 16 16 16 15 16

Degenerate samples Correlation coefficient -0.168 -0.518* -0.209 -0.393 0.182 0.232 0.137 -0.011
Significance 0.550 0.048 0.494 0.147 0.516 0.405 0.655 0.970
N 15 15 13 15 15 15 13 15

Swelling
& GAG
content

Thickness
& Bulging

Thickness
& Water
content

Thickness
& GAG
content

Bulging &
water con-
tent

Bulging &
GAG con-
tent

Water
content
& GAG
content

Overall Correlation coefficient 0.114 0.848** 0.544** 0.058 0.554** -0.163 0.005
Significance 0.542 0.000 0.002 0.758 0.002 0.408 0.978
N 31 28 31 31 28 28 31

Intact samples Correlation coefficient -0.827** 0.579* 0.306 -0.681** 0.489 -0.634* -0.439
Significance 0.000 0.024 0.249 0.004 0.064 0.011 0.089
N 16 15 16 16 15 15 16

Degenerate samples Correlation coefficient 0.439 0.786** 0.375 -0.239 0.049 -0.456 0.125
Significance 0.101 0.001 0.168 0.390 0.873 0.117 0.657
N 15 12 15 15 13 13 15

Table 7.1: Correlation coefficients for stiffness, swelling, thickness, bulging, water and GAG content. Correlations were considered significant for P<0.05
(*) and P<0.01 (**).



Transverse stiffness and swelling of radial zone matrix

The modulus of the degenerate cartilage matrix was significantly lower than that of the
intact group, and transverse swelling of the degenerate matrix also increased signifi-
cantly relative to the latter (see table 7.1 and figures 7.2 and 7.3). Although the intact
samples generally exhibited low levels of transverse swelling and the degenerate sam-
ples low levels of stiffness, the spread of both the stiffness values within the intact group
and the swelling values within the degenerate group was relatively high (see Figure 7.3).
Overall, there was a significant negative correlation between stiffness and swelling (Ta-
ble 7.1), and decreased stiffness and increased swelling correlated significantly with
increased cartilage thickness and lateral bulging.

Micro- and ultra-structural observations

Whereas the intact matrix exhibited little resolvable directional texture (Figure 7.4 a)
the degenerate matrix was characterised by a micro-level radial fibrosity (Figure 7.4
b). Further, the application of the 15% transverse strain with subsequent fixation at
that strain did not have any obvious influence on the above matrix textures (images not
included).

At the nano-level, the fibrils in the unstretched intact matrix (Figure 7.4 c) exhibit an
overall radial orientation with a short-range repeating obliquity giving a pseudo-random
appearance. By contrast, in the unstretched degenerate samples (Figure 7.4 d) the fibrils
have aggregated into thick bundles and reveal a strong radial orientation. Applying 15%
lateral strain resulted in little obvious rearrangement of the network in the intact samples
(Figure 7.4 e), whereas large inter-fibrillar spaces were created in the degenerate matrix
(Figure 7.4 f). In addition, in the degenerate samples the collagen network had in some
cases collapsed and revealed a typical crimp morphology (see Figure 7.5).

Water and GAG content

Water content increased slightly in the degenerate samples compared to the intact sam-
ples ( 2 w-%, see Table 7.1). Further, water content correlated significantly overall with
a reduced transverse stiffness, an increased on-bone AC thickness and an increased
bulging and transverse swelling of the radial zone matrix (Table 7.1). Conversely, there
was no overall correlation between water and GAG content (Table 7.1).

GAG content was not significantly different between the intact and degenerate groups
and did not significantly correlate with any other factor overall (Tables 7.1 and 7.1).

Within-group correlations

Within the intact group all recorded parameters correlated with each other significantly,
except between water content and GAG content, bulging and thickness, and stiffness
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Figure 7.2: Images illustrating typical swelling responses from the intact and degenerate
matrices: (a, b) Cross-section images of full-depth cartilage-on-bone samples showing
examples of contrasting degrees of cartilage bulging between intact and degenerate sam-
ples respectively. (c-f) Comparative swelling behaviours in transverse slices of radial
zone cartilage taken from intact (c & e) and degenerate (d & f) samples respectively.
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Figure 7.3: Scatter plot showing the 15% isostrain stiffness vs. swelling values of all
intact (closed circles) and degenerate (open circles) samples. The ellipses enclose either
the intact or degenerate samples and emphasize that the swelling values are low for most
intact samples and stiffness values are low for most degenerate samples. Three outliers
of the ellipse around the intact samples are indicated by red arrows.
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Figure 7.4: Representative micro- and ultra-structural images of the radial zone matri-
ces obtained from the respective sample groups. (a, b) DIC images of the intact and
degenerate cartilage respectively. Note that the texture of the intact extracellular matrix
(a) is much less distinct than that of the degenerate matrix (b), the latter exhibiting a pro-
nounced radial fibrosity with an associated crimp morphology. (c-f) SEM images of the
fibrillar network in the intact (c, e) and degenerate (d, f) matrices before and following
15% transverse stretching (arrows indicate stretch direction).
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(a)

(b)

Figure 7.5: SEM images of a cartilage sample stretched transversely to 15% strain. The
collagen network has collapsed in the radial direction and shows the associated crimp
morphology (a). An image of the boxed region taken at higher magnification is shown
in (b).
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Figure 7.6: Correlation map showing significant correlations between various parame-
ters measured in current study. Dashed lines = intact group; dotted lines = degenerate
group; positive and negative correlations are shown in black and red respectively.

and thickness (see Table 7.1 and Figure 7.6). Within the degenerate group, none of the
measured parameters correlated with each other significantly, except between thickness
and stiffness, and thickness and bulging (Table 7.1, Figure 7.6).

7.4 Discussion

Macroscopic differences between normal and degenerate states

The greater cartilage thickness and on-bone bulging in the degenerate compared to the
intact samples (Table 7.1, Figure 7.2) is consistent with an increased amount of collagen
network de-structuring as revealed by DIC and SEM (Figure 7.4). This, in turn, is con-
sistent with the idea that the degenerative process involves a substantial de-structuring
of the fibrillar network in its primary role as a containment system for the high-swelling
PGs. Despite being crude measures of degeneration the positive overall correlation
between thickness and bulging is clearly consistent with this shared mechanism of de-
structuring.
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How degeneration influences transverse stiffness

Mechanical confirmation of the de-structuring process is provided by our isostrain mod-
ulus data and was verified by the significant inverse overall correlation between stiffness
and thickness, and stiffness and bulging (Table 7.1). The significantly lower transverse
stiffness of the radial zone matrix in the degenerate group compared to the intact group
(Table 7.1) is entirely consistent with this network de-structuring mechanism. With
transverse stretching the fibrils in the intact network will be restrained by their high
level of interconnectivity. Additionally, the hydrophilic PGs within this tightly inter-
connected network, and also responsible for inducing a pre-stressed state in the fibrils,
further increases this transverse stiffness. The structural rearrangement resulting from
the modest 15% extension employed, when captured by chemical fixation, is generally
little modified from that of its initial unstretched state, this reflecting the structural stabil-
ity arising from the interconnectivity of the normal network. This concept is illustrated
schematically in Figure 7.7 a.

Conversely, the fibril aggregation in the degenerate samples, and visible at both the
microscopic and fibrillar levels, is an obvious indicator of network de-structuring and
thus of a loss of interconnectivity. Also, the lesser degree of constraint on the high-
swelling PGs would reduce the level of fibril pre-stressing. Thus, with stretching the
matrix provides much less resistance, hence its lower transverse stiffness. Further, the
impaired fibrillar interconnectivity results in a much less uniform mode of deforma-
tion as can be seen from the large non-fibrillar spaces present in the stretched structure
(Figure 7.4 f and also illustrated schematically in Figure 7.7 b).

How degeneration influences transverse swelling

The fact that degeneration increases transverse swelling in the radial zone is reflected in
the significant overall correlation between swelling and AC thickness, and swelling and
on-bone bulging (Table 7.1). The higher transverse swelling in the degenerate group
compared to the intact group (Table 17.1) can again be explained by the increased level
of fibril network de-structuring (Figures 7.4), hence the significant overall correlation
between reduced transverse stiffness and increased swelling (Table 7.1). The tightly
interconnected fibrillar network in the intact samples will restrict matrix swelling re-
gardless of the osmolarity of the bathing solution. This is assumed to arise from the
very limited extensibility of the individual collagen fibrils184 and the tight interconnec-
tivity between them any major changes in swelling pressure will not lead to a substantial
increase in matrix volume (Figure 7.7 a). Conversely, the de-structured network charac-
teristic of the degenerate matrix is less able to withstand this osmotically driven swelling
and thus swells dramatically (Figure 7.7 b).
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Figure 7.7: Schematics illustrating the probable fibril-level response to transverse
stretching and swelling of the intact (a) and degenerate (b) matrices (0.0M = high
swelling; 0.15M = low swelling).
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Water and GAG content in the degenerate matrix

The slight increase in water content in the degenerate samples compared to the in-
tact samples (Table 7.1) correlated significantly with decreased stiffness and increased
swelling, thickness and bulging (Table 7.1) thus indicating that water content is related
to matrix de-structuring. Interestingly, water content did not overall correlate with GAG
content (Table 7.1). This is consistent with previous published findings (see section
1.6) and supports the idea that water content is more closely related to the constraining
efficacy of the collagen network than to the osmotic pressure induced by the PGs.

Further, the absence of any significant change in GAG content between the intact
and degenerate groups (Table 7.1) suggests that structural rather than content changes
largely account for the altered swelling and stiffness properties associated with early
degeneration. However, it should be noted that these structural changes will occur not
only as a de-structuring of the fibrillar network but also in the PGs, the latter having
been identified recently as having the potential to influence the mechanical properties of
the AC matrix122. It would be valuable to address the timeline of events during matrix
degeneration in future studies by e.g. immunostaining of MMPs, aggrecanases and/or
the degradation neo-epitopes of aggrecan and collagen.

Variation in the data

The scatter plot in Figure 7.3 shows that the boundary between complete normality
and very early degeneration across both sample groups is clearly blurred as is evident
from the clustering of data in the low stiffness/low swelling region. This suggests that
relatively minor disruption of the articular surface does not necessarily correlate with
obvious changes in the underlying AC zones.

Figure 7.3 also shows a relatively large spread both in the stiffness values for the
intact samples and in the swelling values for the degenerate samples. To address this
large spread in the above two parameters we investigated the correlations between all
measured variables in the intact and degenerate groups; those that were significant are
shown diagrammatically in Figure 7.6.

There were many more correlations between factors in the intact than in the degen-
erate group which again can be explained with respect to changes in the integrity of the
fibrillar network. The highly interconnected structure in the intact samples facilitates in-
terplay between the network and the PGs. Hence, even a small change in GAG content
or a minor amount of de-structuring (occurring within the range of normality) will in-
fluence matrix stiffness and swelling propensity. Conversely, in the highly destructured
degenerate matrix the functional coupling between the PGs and the collagen network
is substantially lost and any minor reduction in GAG content or further de-structuring
will have only a marginal effect on the stiffness and swelling changes that have already
taken place.
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Considering only the intact group (Figure 7.6), it can be observed that the only
parameters that do not correlate with each other are water content with thickness and
bulging, and stiffness with thickness. However, it should be noted that water content
was measured in the radial zone matrix whereas thickness and bulging are full-depth
AC parameters (incorporating full zonal inhomogeneities) and their lack of correla-
tion probably reflects this difference between full AC and radial matrix response. That
no significant correlation existed between lateral stiffness and AC thickness within the
same intact group (Table 7.1, Figure 7.6) is simply a reflection of the normal anatomical
variation between individuals.

Another interesting finding within the intact group was that GAG content and swelling,
thickness and bulging were all negatively correlated with each other. This suggests that
the higher weight percent of GAGs measured in the intact matrix simply reflects a higher
level of constraint provided by the collagen network, resulting in a decrease in swelling,
thickness and bulging.

In the degenerate matrix the only significantly correlated parameters were thickness
with bulging and stiffness (Figure 7.6). The significant correlation between thickness
and stiffness but not bulging with stiffness indicates that cartilage thickness might be a
slightly more accurate measure of degeneration than off-bone AC bulging. Further, the
fact that thickness correlated significantly with stiffness but stiffness not with swelling
was somewhat unexpected. However, it should be born in mind that all stiffness values
in the two groups were obtained at the relatively low isostrain value of 15%. The lesser
level of fibril recruitment through a loss of interconnectivity in the degenerate group
at this low isostrain probably accounts for the apparent lack of correlation between
swelling and stiffness.

Conclusion and implications

The degree of AC degeneration in the samples used in this study was assessed using
three macro-level measures namely surface fibrillation visualized by Indian ink stain-
ing, full-depth thickness, and the extent of on-bone lateral bulging. All three measures
are shown to be approximate indicators of degeneration, but are much less effective at
accurately indicating micro-level matrix changes. Sub-surface structural changes can
occur prior to surface fibrillation revealed by Indian ink.

The greater degree of network interconnectivity that characterises the intact matrix
provides a higher level of constraint on the high-swelling PGs. This, in turn, leads to
both an increased transverse stiffness of the general matrix and a significant limitation
of its degree of swelling regardless of the osmolarity of the bathing solution. By con-
trast, the de-structured network in the degenerate matrix results in a loss of functional
integration between the fibrillar network and the high-swelling PGs. We also show that
changes in the network configuration rather than changes in GAG concentration have a
primary role in determining the degree to which both transverse stiffness and swelling

102



are influenced by degeneration.
In terms of the integrated response to compression of the cartilage-on-bone system

previous studies have shown that degeneration-related network de-structuring reduces
the ability of the compliant cartilage to redistribute localised high contact stresses223,227.
It seems important that the functional changes associated with this fibril-level de-structuring
and described in the present study are incorporated in our understanding of the degen-
erative cascade88,140,224,233.
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8

The isolated effect of collagen network
de-structuring on transverse stiffness
and swelling in the articular cartilage
matrix

8.1 Objective

The functional coupling between the constraining collagen network and the high-swelling
PGs in AC is crucial for its deformation response to loading. A reduced degree of fib-
rillar interconnectivity during early cartilage degeneration leads to a less homogenous
network response to transverse stretching and decreases cartilage stiffness when no sig-
nificant changes in GAG content are observed (see chapter 7). It has additionally been
shown that the reduced degree of interconnectivity leads to a loss of functional coupling
between the collagen network and the PGs. However, the PGs normally contribute sig-
nificantly to tissue stiffness as shown by the decreased stiffness of intact cartilage sam-
ples following PG depletion (see chapter 5) but it remains unresolved whether their con-
tribution changes during early degeneration when the collagen network is de-structured.

The objective of this new study therefore was to investigate the extent to which both
collagen network de-structuring and the PGs individually contribute to tissue stiffness
during early degeneration. This will have implications for the interactions between these
two structural components and increase our current understanding of the local structure-
mechanics in the degenerate cartilage matrix.
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8.2 Materials and methods

A total of 10 intact prime male and 10 mildly fibrillated mature female bovine patellae
were used in this study. A single cartilage-on-bone block with en face dimensions of
˜13x15mm and ˜20mm of subchondral bone was obtained from the distal-lateral quad-
rant of each patella. Full-depth cartilage-on-bone thickness and the extent of lateral
cartilage-on-bone bulging were quantified as described in section 3.3.2 to provide crude
measurements of the degenerative state of the cartilage in addition to the Indian ink
staining. A radial zone transverse cartilage layer was extracted from the block as de-
scribed in section 3.3.2 and divided into four parts: two parts of ˜5x15mm2 to be used
for tensile stiffness assessment, and two parts of ˜3x3mm2 to be used for swelling stud-
ies.

One each of the samples for stretching and swelling was near-completely depleted
of their PGs as described in section 3.2, whereas the other stretching and swelling spec-
imens were incubated under the same conditions (same buffer medium, temperature,
agitation, and time) but without the enzyme so they could function as controls.

The stretching samples were then stretched as described in 3.3.2 to 100% strain
at a constant rate of 10% per minute. The nominal stress values at any given strain
were computed based on the original cross-sectional area, and the stress-strain curves
were plotted. If a reduction in the rate of increasing stiffness was observed than it was
assumed that this was due to either slipping from the sample from the clamps or sample
rupture and the plot was cut off from this point onwards. The 15% isostrain modulus
was calculated at 15% strain (or after 90 seconds of testing) to investigate the effect of
a decreased level of fibrillar interconnectivity in the cartilage matrix before any major
realignment of the fibrils occurred. In addition, maximum stiffness was computed using
the portion of the curve corresponding to the loading region from 50 secs before and
up to the maximum point to provide an indication of cartilage stiffness after fibrillar
realignment.

An additional qualitative indication of collagen network integrity was provided by
swelling experiments which were performed as described in section 3.3.3. After deter-
mination of transverse swelling these specimens were fixed and kept for toluidine blue
staining to confirm visually the absence of sulphated PGs during both the tensile and
swelling experiments (see section 3.4.3).

Statistical procedures

A Mann-Whitney U test was used to compare values between groups and differences
were considered significant when P<0.05 with a confidence interval of 95%. Further,
overall and within-group effects of hyaluronidase treatment were investigated using a
Wilcoxon signed ranks test and a 2-tailed asymptotic significance level of 0.05.

105



Figure 8.1: Representative Stress vs. Strain curves for all sample groups.

8.3 Results
The effect of early degeneration

The full-depth cartilage-on-bone layer was significantly thicker in the degenerate com-
pared to the intact samples, with average values of 2.75±0.29 and 2.31±0.24, respec-
tively (P=0.002). The extent of lateral off-bone cartilage bulging however was not sig-
nificantly different between groups with average values of 0.52±0.24 for the intact and
0.65±0.11 for the degenerate group (P=0.123).

Stretching of the non-depleted intact cartilage layers generally resulted in a stress-
strain curve with a gradually increasing positive gradient (see Figure 8.1). Conversely,
the stress-strain curves of the non-depleted degenerate samples revealed a gradually
decreasing positive gradient (see Figure 8.1).

Comparison of the non-depleted samples between the intact and degenerate group
revealed no significant difference in 15% isostrain modulus (P=0.529), however maxi-
mum stiffness was significantly higher (P=0.015) and transverse swelling significantly
lower (P=0.000) in the intact group (see Table 8.1 and Figures 8.2 and 8.3).

The effect of the proteoglycans

Hyaluronidase treatment resulted in near-complete removal of the sulphated PG com-
ponent from the cartilage samples as observed from the images of toluidine-stained
sections (see Figure 8.4).
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15% Isostrain
Stiffness [MPa]

Maximum Stiff-
ness [MPa]

Swelling

Intact, control 0.42±0.40 0.77±0.56 2%±5%
Intact, depleted 0.14±0.12 1.64±1.76 0%±5%
Degenerate, control 0.38±0.18 0.20±0.08 15%±5%
Degenerate, depleted 0.06±0.03 0.16±0.10 -8%±6%

Table 8.1: Average values ± SEM

Figure 8.2: Histogram visualizing the average values ± SD. The brackets indicate sta-
tistically significant differences between sample groups.
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(a)

(b)

Figure 8.3: Scatter plots showing individual sample values of 15% isostrain modulus
(a) or maximum stiffness (b) vs. transverse swelling.
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(a)

(b)

Figure 8.4: Toluidine blue stained sections of a depleted (a) and non-depleted (b) sam-
ple.

109



The stress-strain curves from the depleted intact samples showed an initial toe region
with a relatively low stiffness, after which a transition could be observed to a linear
region with an increased stiffness (see Figure 8.1). The stress-strain curves for the
degenerate samples consistently increased linearly for the entire duration of the tensile
test (see Figure 8.1).

Following PG removal the 15% isostrain modulus was significantly decreased in the
intact and degenerate group (P=0.005 for both, corresponding to a decreased value in
all 10 samples)(see Figure 8.5). The maximum stiffness was not significantly affected
by PG depletion in either group (P=0.114 for the intact group and P=0.508 for the de-
generate group) which in the degenerate group could be attributed to the three samples
with the highest stiffness of the depleted group since these were the only samples with a
higher stiffness than their associated controls (see Figure 8.6). Transverse swelling was
significantly lower after PG depletion in the degenerate group (P=0.005), but not in the
intact group (P=0.385) (Figures 8.5 and 8.6).

The effect of network de-structuring

The 15% isostrain modulus of the depleted samples was not significantly different be-
tween the intact and degenerate group (P=0.165), however the maximum stiffness was
significantly higher (P=0.004) and transverse swelling significantly lower (P=0.005) in
the depleted intact compared to the depleted degenerate samples (see Table 8.1 and
Figures 8.2 and 8.3).

8.4 Discussion
Degeneration level of the samples in this study

Although no micro- or ultra-structural imaging techniques were employed in this study,
the bovine patellae and experimental methods used were very similar to those reported
in chapter 7. It is therefore justifiable to draw comparisons between the macro-structural
measurements and mechanical data from both studies. This further allowed inferences
to be drawn between the probable fibril level responses in this current study involving
PG depletion and those reported in chapter 7. However, it is possible that hyaluronidase
depletion affected the collagen structure in the unstretched state. Perhaps the depletion
of proteoglycans alone could lead to fibrillar aggregation if the proteoglycans are re-
quired for the spatial separation between individual collagen fibrils. This could imply
the significance of retaining the proteoglycans in the cartilage matrix during the natural
course of degeneration. It could therefore be interesting to assess the effect of proteo-
glycan depletion on the collagen network in a future investigation.

In the current study, the more advanced level of degeneration in the mildly fib-
rillated samples as compared to the intact samples was confirmed by its significantly
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(a)

(b)

Figure 8.5: Scatter plots showing all individual values of 15% isostrain stiffness
vs.transverse swelling of the intact (a) and degenerate (b) samples. All the grey points
are controls and black are PG-depleted. Note that controls and PG-depleted are paired,
i.e. obtained from the same sample indicated by the number in the legend.
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(a)

(b)

Figure 8.6: Scatter plots showing all individual values of maximum stiffness vs. trans-
verse swelling of the intact (a) and degenerate (b) samples. The data points indicated in
red in plot (a) are from the samples in the intact group for which the maximum stiffness
of the depleted was higher than their paired control. Similarly, the data points ellipsed
in plot (b) are from the samples in the degenerate group which had a higher maximum
stiffness following PG depletion.
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greater full-depth cartilage-on-bone thickness and its increased transverse swelling and
decreased maximum tensile stiffness of the radial zone cartilage, all of which are consis-
tent with nano-level de-structuring of the collagen network. However, the 15% isostrain
modulus and extent of lateral off-bone cartilage bulging were not significantly different
between the intact and degenerate sample groups which indicates that their levels of
degeneration were not as structurally different as those in the study reported in chapter
7. This lower degree of structural variation between the intact and degenerate sample
groups was also evident from the clustering of the non-depleted control samples in the
low-swelling, low-stiffness region in Figure 8.3a.

The lesser degree of structural variation between the intact and degenerate samples
thus shows that swelling values and maximum tensile stiffness are more reliable indica-
tors of fibrillar network integrity than the 15% isostrain modulus. However it should be
noted that retrieving an accurate 15% modulus is impossible due to a number of limita-
tions involved when performing a tensile experiment. Measurement of the ˜5mm width
of a cartilage specimen prior to the tensile experiment is complicated by the ease with
which the callipers can indent the soft tissue. Further, the interlocked stresses within
the test samples caused them to curl to varying degrees, thus mounting these samples in
the jaws of the Instron machine invariably involved a degree of inhomogeneity of strain
within the sample and therefore introducing a minor error in measuring bulk tissue stiff-
ness. These limitations complicate the detection of a significantly different mechanical
response when the level of degeneration in the samples does not vary to a great extent.
Despite this low variance in degree of degeneration there were still consistent differ-
ences observed between the intact and degenerate groups which are described in the
remainder of this discussion section.

Recruitment of PGs

Stiffening during stretching of the non-depleted intact cartilage layer as evident from
the increasing positive gradient of the stress-strain curve can be attributed to both the
higher degree of fibrillar re-alignment in the loading direction and the associated in-
creased constraining pressure on the high-swelling PGs during the tensile test (Figure
8.1). The increasing stiffness is more gradual in the controls than in the depleted in-
tact samples because of the functional coupling between the fibrillar network and the
PGs in the former; the high-swelling PGs will tend to make this fibrillar realignment
more difficult thus increasing the stiffness, which is consistent with reports of previous
studies13,35,83,84,110,114,137,148,170,185,191,249. The PGs therefore play a protective role by
preventing fibril failure as was observed following PG depletion and then compression
of samples in chapter 5.

Conversely, in the degenerate non-PG-depleted samples the stress-strain curves showed
strain-weakening behaviour during the test but not in the depleted degenerate samples
which exhibited a relatively constant stiffness (see Figure 8.1). This strain-weakening
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Figure 8.7: Schematic of the suggested mechanism behind the observed strain-
weakening during stretching of non-depleted degenerate samples. The left schematic
shows the pre-stretched collagen network with some of the interconnections shown in
red. It is hypothesized that these red interconnections break during stretching, result-
ing in a reduced cartilage stiffness. The right schematic shows the resulting structure
in which the red interconnections are now absent. The visible radial collapse/crimp is
consistent with the SEM images in Figure 7.5 in chapter 7.

behaviour was unexpected and somewhat puzzling. The question is why should the ma-
trix show such a change from one level of stiffness to a lesser level with increasing strain
— a concept sometimes referred to as strain-softening? A possible explanation could
be that the reduced level of interfibril interconnectivity in the degenerate matrix leads
to weaker interactions between fibrillar structures, which are then increasingly prone to
disruption only after a certain strain level is reached. Up to this point, the matrix has
a certain stiffness response which is then reduced once these weaker interactions are
broken which then enables fibril realignment to proceed and at a slightly lesser stress.
This suggested concept is schematically presented in Figure 8.7. In the depleted sam-
ples the PGs are unable to retard the rupture of the interconnections, hence the stiffness
is relatively constant and reduced in value from the beginning of the tensile test.

In addition, the 15% modulus was significantly decreased following PG depletion
in both the intact and degenerate groups which further shows that the PGs are impor-
tant contributors to tissue stiffness at this lower strain despite slight collagen network
de-structuring as indicated by thickness and swelling values in the degenerate group.
Maximum stiffness values however were not affected by hyaluronidase treatment in the
intact sample group because at this high strain level the PGs have been fully consol-
idated and are not able to provide additional resistance to loading. Hence, the much
stiffer collagen fibrils relative to the PGs now bear the majority of the additional stress,
and as a result the maximum stiffness is predominantly determined by the integrity of
the collagen network rather than the presence of the PGs. The maximum stiffness val-
ues are thus not significantly altered by PG depletion since the fibrillar stiffness was
unaffected by this treatment.
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In the degenerate sample group however, the three depleted samples with the high-
est maximum stiffness were the only samples that had a higher stiffness than their non-
depleted controls (see encircled data in Figure 8.6b), which indicates that these three
samples had the stiffest collagen network and that the recruitment of the fibrils at 100%
strain led to a higher stiffness in the absence of PGs. That PG depletion in the remaining
degenerate samples led to a decreased maximum transverse stiffness indicates that the
PGs in those control samples were still able to prevent fibrillar extension even at these
high strains because the functional coupling between the PGs and the stretched fibrillar
network is still enabled. That the PGs have not yet been fully consolidated might be be-
cause the de-structured collagen network is less capable of constraining the hydrophilic
matrix.

Further, transverse swelling values were unaffected by PG depletion in the intact
sample group because the very high degree of interconnectivity within the fibrillar net-
work permits only minimal osmotic swelling so that the network swelling response is
little changed when the PGs are removed. It should also be noted that the fibrils them-
selves have the ability to retain intrafibrillar water and that the amount of intrafibrillar
water increases after removal of the PGs because of relative relaxation of the collagen
fibrils76,149,229, which explains why water content is not reduced following PG deple-
tion70,83,142,230. Hence, neither water content or swelling potential decrease following
hyaluronidase depletion of intact samples.

In the degenerate sample group however transverse swelling was significantly lower
following PG removal because the de-structured fibrillar network was already in a re-
laxed state even before the depletion which allowed free swelling of the PGs. It’s in-
teresting though that the surface area of the depleted degenerate samples actually seem
to decrease upon placement in a lower osmolarity solution (see negative values in Table
8.1 and Figures 8.2 and 8.3). This volumetric decrease possibly results from the migra-
tion of residual PGs within the cartilage sample into the surrounding bathing solution
due to osmosis when placed in distilled water.

The isolated effect of network de-structuring

Considering that collagen fibrils can extend to no more than ˜4% strain before fractur-
ing184 it can be assumed that the tensile response of up to 100% strain of the collagenous
matrix in the absence of PGs is mostly due to reorganization of the fibrillar network. The
stiffness of the depleted network is similar for the intact and degenerate samples during
the initial stages of stretching as evident from the values of the 15% modulus, which in-
dicates that the collagen network at this low strain provides similar resistance to loading.
However, since swelling values indicate an increased degree of network de-structuring
in the degenerate samples compared to the intact we can assume that the structural de-
formations during the initial 15% of strain would have been different as well, despite
them leading to similar stiffness values. The higher level of fibrillar interconnectivity in
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the intact samples restricts matrix deformation, whereas the more rapid realignment of
fibrils in the degenerate matrix due to a reduced interconnectivity also leads to increased
stiffness.

Note also that increased fibrillar interconnectivity can lead to a higher 15% isostrain
stiffness as reported in chapter 7 but that the intact and degenerate samples in the current
PG depletion study were more similar in terms of their microstructural architecture. It
is suspected that a significantly higher 15% isostrain stiffness would be found for the
intact vs. the degenerate samples if sample numbers were increased for this study so
as to ensure an overall greater difference in structure between the intact and degenerate
groups.

The more rapid increase in stiffness during the test observed in the depleted intact
samples arises from the limited degree of easy re-alignment of the bulk of the highly
interconnected fibrils comprising the network. In contrast, the stiffness remains low and
relatively constant in the depleted degenerate samples for the entire duration of the test
because of its lower degree of interfibrillar connectivity which facilitates much easier
re-alignment of fibrils in the direction of stretching.

Implications for the integrated tissue response

The findings in this study suggest that the PGs restrain fibrillar extension at low levels
of tensile strain even in the de-structured early degenerate cartilage matrix. However,
in order to achieve interaction between the collagen network and the PGs a sufficient
amount of strain must then first be applied to the mildly de-structured network in order
to increase the effectiveness of network constraints on the PGs. Similarly, a higher level
of compression of the full-depth cartilage-on-bone layer would be required to facilitate
network-PG coupling and associated lateral matrix deformation in the degenerate matrix
which in turn contributes to the development of internal matrix shear evidenced by the
presence of shear discontinuities.

Conclusion

In addition to the known roles of the collagen network and the PGs in the intact carti-
lage matrix, this new study has demonstrated their respective contributions to transverse
stiffness and swelling in the cartilage matrix in its early phase of degeneration. The
PGs still contribute significantly to tissue stiffness at lower strain levels. The PGs are
therefore still functional at shielding the collagen fibrils from excessive strain, up to a
certain point during stretching when ’strain-weakening’ is observed. At higher strains
the de-structured collagen network in the degenerate cartilage is significantly weaker
than that of the intact cartilage. The reduced degree of fibrillar interconnectivity in the
degenerate cartilage then leads to a decreased ability to resist fibril re-alignment in the
direction of loading. This study has further shown that matrix swelling and maximum
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transverse stiffness are more reliable indicators of the collagen network integrity than
the lower isostrain modulus.
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9

Final remarks

9.1 Overall limitations

Use of an animal model

As was stated in chapter 3 the reason for using the bovine patella in the studies pre-
sented in this thesis was that it is readily and inexpensively available without any ethical
concerns, and more importantly because it exhibits characteristics of degeneration that
are structurally similar to those seen in human osteoarthritic cartilage. Since the pri-
mary objective of this project was to study the mechano-structural relations involving
the fibrillar network and the PGs in AC the findings are applicable to the human joint
where the same components dictate the loading response.

Influence of gender and age

In chapters 7 and 8, in order to obtain a comparison between the response of the nor-
mal versus the mildly degenerate matrix we have used patellae from both prime male
(˜2-3 years) and mature female animals (˜5-9 years) respectively. While acknowledging
that there may well be subtle gender related matrix differences, perhaps at the molec-
ular level, the many published analyses previously conducted on bovine cartilage have
revealed no obvious gender-related micro-anatomical differences82. Although it has
been reported that cartilage thickness in males is greater than that in females even if
corrected for joint size49,55,64,101,102, the studies reported here utilized a 400 µm thick
layer of radial zone cartilage and investigated the tissue at the microstructural rather
than the ful-depth level. Noting that this current project is concerned with the influence
of fibrillar de-structuring, there is justification for comparing the behaviour of cartilage
matrices taken from normal vs fibrillated patellae irrespective of gender.
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SEM limitations

SEM preparation in the studies presented involved formalin fixation, PG depletion, crit-
ical point drying and sputter coating. Other investigators have suggested several im-
provements to this method, such as more superior fixatives50, not using a fixative80,
and cryofracture instead of cutting50,52,96. While acknowledging that these suggestions
might provide images that more accurately represent the actual structure, the quality
of the SEM data obtained from the samples in this thesis was sufficient to indicate
clear differences in fibrillar network structure between the intact and degenerate sam-
ples (chapter 7), and that in the immature deep layer (chapter 6).

Sample size

Statistical analyses were used only to support the visual micro-structural data as the
sample size was small and, consequently, the power of the test relatively low.

Starting point of the tensile experiments

The objective method used to determine slack length at the start of a tensile test (as de-
scribed in section 3.3.2) was visual only which could have lead to inconsistent starting
points between experiments due to human error. After the cartilage strips were clamped
in the grips any obvious curvature could be best observed from the side of the samples.
This curvature was then removed by slowly moving the grips further apart, taking care
not to stretch the sample past the point of being initially straight and thus pre-load the
sample. The response of the load cell was also monitored during the straightening of
the sample to ensure that no load was being exerted onto the sample. This was the most
accurate method achievable with the available facilities during the experiments. Alter-
natively, a constant load could have been used as the starting point of the test instead of
an unstretched, straightened sample. However an important part of the structural data
analysis was based on the constant strain between samples. If the starting point of the
test would have been defined by a pre-load then this pre-load would have lead to an in-
creased pre-strain in the degenerate samples compared to the intact samples, resulting in
much more inconsistent starting points based on strain. Thus, although the human error
must be taken into account when analyzing the experimental data, visually straighten-
ing out of the samples is considered to be the most suitable method with the equipment
available to investigate the effect of a constant strain on intact vs. degenerate samples.

The interpretation of qualitative results

An important aspect of many of the studies presented in this thesis has been structural
analysis which can be susceptible to bias of the observer’s response. In chapter 4 for
example it is not possible for the observers to be blinded to incision depth. However the
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Figure 9.1: Schematic of a PG aggregate in cartilage. Hyaluronidase cleaves within the
hyaluronan backbone, whereas chondroitinase merely cleaves the negatively charged
sulphate groups off the GAGs on the PG monomer sidechains.

different structural responses due to the varying incision depths were so obvious that
it is unlikely that bias has had a major effect on the conclusions of this research. To
strengthen these conclusions though it can be suggested for future studies to develop
a system which transforms the qualitative data into quantitative data, e.g. by using
image analysis software. This could be particularly useful to potentially detect smaller
structural variations between samples. If image analysis is used as such in the future,
it should be noted that the imaging conditions should be highly consistent between
samples. Due to time constraints such analyses were not performed during this PhD
trajectory.

The use of hyaluronidase and not chondroitinase for proteoglycan removal

In literature chondroitinase is often used instead of hyaluronidase to investigate the ef-
fect of GAG removal on tissue properties12,79,110,171,200. The main functional differ-
ence between these enzymes is that hyaluronidase cleaves the PG aggregates within
the hyaluronan backbone GAG, whereas chondroitinase merely removes the negatively
charged sulphate groups on the GAG sidechains of the proteoglycan monomer (see Fig-
ure 9.1). Thus, hyaluronidase effectively removes the entire proteoglycan molecules by
creating smaller fragments of the aggregates which are then relatively easily removed
from the cartilage, while the overall length of the aggrecan is not drastically reduced
by chondroitinase which renders the bulk of the molecules in the matrix. Chondroiti-
nase is therefore more suitable to investigate the osmotic effect of the proteoglycans and
hyaluronidase can be better used to investigate the effect of both their charge and mass.

In the studies described in this thesis the choice to work with hyaluronidase rather
than chondroitinase was based on preliminary studies with both enzymes. The method
and results of these preliminary studies are provided in appendix D. In general, it seemed
that the chondroitinase treatment used resulted in a decreased removal of polyanionic
GAGs that bind to toluidine blue215 when compared to hyaluronidase treatment. This
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presumably also led to the significant decreased transverse swelling in chondroitinase
compared to hyaluronidase treated samples. The reason for the higher effectiveness
of hyaluronidase could be that its removal of the entire PG increases tissue permeabil-
ity, permitting the enzyme to access deeper into the matrix. However, the mere usage
of chondroitinase to remove mainly the negative charge of the PGs has also shown to
drastically decrease tissue stiffness79, and thus chondroitinase can be justifiably used to
assess the effect of PG removal. Although it would been interesting to further optimize
and explore the use of chondroitinase rather than hyaluronidase in the studies described
here, the time constraints associated with this project unfortunately did not allow for
this.

Even though commercially available hyaluronidase as used in the studies presented
here tends to be cheaper than chondroitinase, it may also be more likely to contain con-
taminant proteases which could potentially affect the collagen network in the cartilage
matrix111. However prior structural investigations following the use of hyaluronidase
has not revealed any changes to the collagen matrix27. Further, in the studies presented
in this thesis protease inhibitors were added to the incubation solution which would also
reduce the activity of potential contaminant proteases111. The use of hyaluronidase was
therefore justified for the investigation of the effect of PG removal on the structure-
mechanics of articular cartilage.

9.2 Summary
This section provides an overview of how the studies presented in this thesis have
demonstrated the importance of an intact collagen network and the associated contain-
ment of the PGs and matrix water for the microstructural response of AC to compres-
sion.

The collagen network

Within AC the structure of the collagen network in the superficial tangential zone leads
to relatively high strain-limiting properties that are slightly reduced in the transition zone
and smallest in the radial zone1,246. In addition, the deepest non-calcified zone in im-
mature cartilage also appears to be highly strain-limiting (chapter 6 and appendix B.2).
In the study in chapter 4 this strain-limitation was demolished eliminated in the non-
directly compressed region by employing a focal incision extending to varying depths
from the articular surface with respect to the inherent zonal distribution. It was shown
that if the radial incision did not proceed further than the transition zone that then some
compressive stress could still be redirected transversely from the directly compressed
to the non-compressed regions, whereas no compressive stress was redirected when the
transverse continuity of the transition zone was completely lost. The interconnectivity
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of the fibrils in the radial zone was insufficient for such high degrees of lateral com-
pressive stress attenuation, although it was still able to resist the sideways pull from the
uppermost layers to a limited degree.

Further, the attachment of the collagen network to either the subchondral bone
and/or the deepest non-calcified zone in immature specimens is critical for the shear
discontinuity to arise as shown in chapter 6. An intact superficial tangential zone is also
essential for its development16. However in the absence of a more strain-limiting deep
zone the cartilage will simply curl upwards following compression hence diminishing
the internal shear stresses leading to the shear discontinuity. Therefore, attachment to
the stiff underlying regions constraints the fibrillar network from being drawn towards
the uppermost layers. In essence, the shear discontinuity is an indicator of how well the
fibrillar network can constrain lateral movement of the PGs and associated water, which
is important for the safe transmission of stresses from the AC into the subchondral bone.

In chapter 7 intact and mildly degenerate radial zone samples were stretched to 15%
strain to assess the effect of fibrillar interconnectivity on transverse stiffness. The results
showed a lower stiffness for the degenerate compared to the intact samples despite there
being no significant difference in GAG content between the groups. The increased level
of network interconnectivity in the intact samples, which also led to decreased osmotic
swelling, thus demonstrated the increased resistance to lateral deformation in the radial
zone region of the normal cartilage matrix. While depletion of the PG component from
both the intact and degenerate samples significantly reduced their respective differences
stiffnesses, the relative stiffness differences between the intact and degenerate samples
did not change significantly. Further, maximum stiffness and swelling values proved to
be more accurate measures of mild degeneration than the 15% isostrain modulus.

The proteoglycans

The study presented in chapter 5 clearly demonstrates the important water-binding role
of the PGs in influencing the tissue's compressive stiffness, and the importance of this re-
tained water in preventing excessive extension of the collagen fibrils. Further, the GAG
concentration in the intact cartilage specimens was significantly correlated with its 15%
isostrain transverse tensile stiffness which indicates its ability to exert pressure on the
fibrillar network (chapter 7). This interaction was lost in the mildly degenerate matrix
due to the decreased constraint provided by the collagen network with its decreased in-
terconnectivity. Further, the significant decrease in transverse tensile stiffness, even at
the relatively low 15% strain recorded following PG depletion, further indicates the sub-
stantial importance of the containment of matrix water by the hydrophilic PGs. It also
indicates the ease with which lateral matrix deformation occurs following compression.
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Matrix water

The study in chapter 4 demonstrated that a loss of transverse continuity created by a fo-
cal incision advancing down below the transition zone was associated with an increased
tendency of the underlying matrix to bulge upwards into the channel relief zone. This
indicated that the uppermost strain-limiting zones play an important role in restrain-
ing the cartilage matrix, as does the osteochondral junction region as shown in chapter
6. The study in chapter 6 also showed that the decreased permeability of the collagen
network is essential for the resistance to water outflow because the PGs alone cannot
achieve this. Containment of water results in a higher tissue stiffness and attenuation of
compressive stresses transmitted into the stiffer subchondral bone such that the cartilage
remains undamaged.

9.3 Recommendations for future work
The findings summarised in the above section have potential implications for research
towards both effective cartilage replacement and computer modelling studies. An in-
tact collagen network incorporating a functional zonal distribution, sufficient fibrillar
interconnectivity, and proper attachment to the subchondral bone are all critical for the
containment of matrix water and development of the shear discontinuity. The contain-
ment of water is important because it attenuates the compressive stress transmitted by
the AC into the subchondral bone, thereby protecting the fibrillar network from failure.
Further, internal matrix shear as depicted by, for example the shear discontinuities, indi-
cates high stresses on the chondrocytes at this junction, and the chondrocytes are known
to respond to their mechanical environment140. Entrapment of the PGs within the dense
collagen network is also critical for the containment of water. All of these structural
features should therefore be incorporated in new models of AC to ensure effective pro-
tection of the underlying subchondral bone.

Regarding the importance of an intact collagen network it would be interesting to
investigate the biochemical factors contributing to degenerative network changes and
whether these are reversible. Some questions that remain unanswered are: is there a
biochemical component which causes fibril aggregation, which might be dissolvable?
Is there a biochemical component that is able to recreate the intact from a de-structured
network? Can the chondrocytes be manipulated to produce the right factors? Identify-
ing the biochemical nature of fibrillation, and posibbly repair, would bring us one step
further to OA prevention and an improved quality of life.
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Appendix A

Addition to chapter 5
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(a) (b)

(c) (d)

(e) (f)

Figure A.1: Microscopy images of all non-depleted sample sections showing the bulge
and internal shear bands.
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(a) (b)

(c) (d)

(e) (f)

Figure A.2: Microscopy images of all depleted sample sections showing the bulge and
internal shear bands. The bulge in (a) and (b) contain surface ruptures.
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(a) (b)

(c) (d)

(e) (f)

Figure A.3: Strain vs. Time curves of the creep stage of the non-depleted control sam-
ples.
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(a) (b)

(c) (d)

(e) (f)

Figure A.4: Strain vs. Time curves of the creep stage of the depleted samples.
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(a) S1

(b) S2

(c) S3

(d) S4

(e) S5

(f) S6

Figure A.5: Toluidine blue stained sections of non-depleted control samples.
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(a) S1

(b) S1

(c) S2

(d) S2

Figure A.6: Figure continues on next page
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(e) S3

(f) S3

(g) S4

(h) S4

Figure A.6: Figure continues on next page
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(i) S5

(j) S5

(k) S6

Figure A.6: Toluidine blue and safranin-O stained sections of depleted samples.
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Appendix B

Addition to chapter 7

B.1 Sub-appendix B1

B.2 Sub-appendix B2
While performing the stretching studies a number of samples in the intact group ex-
hibited an abnormally high stiffness. DIC imaging revealed that within these samples
the cartilage layer that had been adjacent to the subchondral bone contained chondro-
cytes that were not radially aligned (see images in Figure B.3 on next page). As a result,
these samples were removed from the sample pool to allow comparison of the transverse
stiffness in the radial zone between the intact and degenerate group.

Upon examination of this ’non-radial’ region in SEM (see image 6.5 in chapter 6)
it became clear that the collagen structure had an increased fibrillar density and higher
degree of network interconnectivity than that observed in the radial zone, which explains
the observed increase in stiffness. As discussed in chapter 6, it is thought that this layer
participates in endochondral ossification. The resulting increased tensile stiffness in the
deep zone of these immature speciments is consistent with a previous study by Roth &
Mow196.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure B.1: continues on next page
134



(k) (l)

(m) (n)

(o) (p)

Figure B.1: Stress vs. Strain curves of the intact samples
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure B.2: continues on next page
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(k) (l)

(m) (n)

(o)

Figure B.2: Stress vs. Strain curves of the degenerate samples
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(a) 15% stress = 21.6 MPa (b) 15% stress = 19.9 MPa

(c) 15% stress = 13.6 MPa (d) 15% stress = 13.5 MPa

(e) 15% stress = 7.7 MPa (f) 15% stress = 5.1 MPa

Figure B.3: DIC images of the isolated cartilage layers which exhibited exceptionally
high 15% strain stresses. Note the non-radial orientation of the chondocytes at the base
of these samples.
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Appendix C

Addition to chapter 8
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure C.1: continues on next page
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(i) (j)

(k) (l)

(m) (n)

(o) (p)

Figure C.1: continues on next page
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(q) (r)

(s) (t)

Figure C.1: Stress vs. Strain curves for all depleted and associated control samples
in the intact sample group. When the graph indicated rupture/slippping of the sample
during the test, the graphs were discarded from this point for data analyses.

(a) (b)

(c) (d)

Figure C.2: continues on next page

142



(e) (f)

(g) (h)

(i) (j)

(k) (l)

Figure C.2: continues on next page
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(m) (n)

(o) (p)

(q) (r)

(s) (t)

Figure C.2: Stress vs. Strain curves for all depleted and associated control samples in
the degenerate sample group.
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Appendix D

Preliminary PG removal trials

In this appendix the methods and results of preliminary trials on the effectivitiy of
hyaluronidase and chondroitinase as cartilage GAG removal enzymes are reported. Based
on these trials hyaluronidase was chosen as the preferred enzyme. The reader is referred
to section 9.1 for a more in-depth discussion on the general use of hyaluronidase vs.
chondroitinase.

D.1 Methods

The chondroitinase incubation solution was composed of 0.125 units of chondroitinase
ABC (from Proteus Vulgaris, Sigma) per mL of 50 mM Tris, pH 8.0, 60 mM sodium
acetate and 0.02% BSA buffer complemented with protease inhibitors 2mM phenyl-
methanesulfonyl fluoride (PMSF), 2mM ethylenediaminetetraacetic acid (EDTA), 5mM
benzamidine HCl, and 10mM N-ethylmaleimide12,110,171,200. Cartilage-on-bone blocks
prepared for channel indentation and cartilage strip prepared for swelling experiments,
as described in chapter 3, were fully submerged in the incubation solution for 24 hours
at 37 degrees Celsius under mild agitation. The samples were then rinsed in 0.15M
saline prior to either channel indentation or swelling experiments as described in chap-
ter 3. In addition, control samples were incubated in the same manner in buffer solution
containing the protease inhibitors but not the enzyme. Thus, the incubation conditions
and protease inhibitors were the same for chondroitinase as for hyaluronidase (the latter
described in section 3.2), only the buffer solutions were different as to accommodate
optimal specific enzyme conditions as described by the manufacturer (Sigma).
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(a)

(b)

(c)

Figure D.1: Toluidine blue stained sections of chondroitinase-depleted channel indented
cartilage-on-bone samples.

D.2 Results
Channel indentation

Chondroitinase depletion of the samples prior to channel indentation resulted in a rel-
atively thin layer of non-stained cartilage near the articular surface (see Figure D.1) as
compared to the hyaluronidase depleted samples (shown in Appendix A). However the
control samples incubated in the buffer medium but without the enzyme did not reveal
this decreased amount of staining at the articular surface, thus indicating that the enzyme
had been active in the depleted samples (see Figure D.2).

Swelling experiments

Incubation with chondroitinase did not result in a clearly visible decrease in toluidine
blue staining intensity in the depleted samples compared to their non-depleted controls
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(a)

(b)

(c)

(d)

Figure D.2: Toluidine blue stained sections of cartilage-on-bone samples incubated in
non-enzyme-containing chondroitinase buffer solution prior to channel indentation.
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(see Figure D.3). As shown in Figure 8.4 the hyaluronidase treatment was obviously
more effective at removing sulphated GAGs from the cartilage.

Radial zone cartilage samples incubated with chondroitinase (n=7) showed on av-
erage 5.3% ± 6.2% less swelling than their undepleted controls whereas the samples
incubated with hyaluronidase (n=10) showed on average 6.2% ± 9.5% less swelling
than their undepleted controls. Performing a Wilcoxon signed rank test for paired sam-
ples revealed that chondroitinase treatment did not lead to significantly altered swelling
behaviour of the cartilage (p=0.078), and that hyaluronidase treatment did lead to sig-
nificantly less swelling than their untreated controls (p=0.0098). However due to the
low sample number and the proximity of the p-value following testing on swelling of
chondroitinase-treated samples to the critical value of 0.05 these results may not be
conclusive.
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(a)

(b)

Figure D.3: Toluidine stained sections of a radial zone cartilage samples depleted with
chondroitinase (a) and its associated control (b).
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