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ABSTRACT

Objective: The structural anisotropy of articular cartilage controls its deformation response. As proteoglycans and col-
lagen vary with depth, simple uniaxial compression results in inhomogeneous deformation with distinct depth-depend-
ent mechanical properties. Investigations into depth-dependent mechanical properties of articular cartilage have previ-
ously required tissue modification after specimen isolation. Such modifications include histological processes, freezing,
subchondral bone removal, and fluorescent staining that may alter the tissue, limiting in vivo applicability. Design: Us-
ing a custom tissue-sectioning device, 0.1 mm thick unfixed, unstained, osetochondral samples were obtained. A cus-
tomized apparatus loaded samples to 12.5%, 24%, and 29% compression in under a microscope with 10x magnification.
Equilibrium load was measured after stress relaxation. Intra-tissue displacement was measured by tracing groups of
cells between the different compression levels using a digital imaging program. Cell distance from the subchondral
bone was measured to identify intra-tissue displacement and calculate strain. Results: The results reveal that stress lev-
els and intra-tissue displacement increased with greater tissue compression (p < 0.05). Intra-tissue displacement de-
creased as depth from the articular surface increased (p < 0.01). This occurred for each level of tissue compression.
Overall compressive resistance is seen to increase with depth from the articular surface. Conclusions: The current study
identifies a method directly visualising and assessing the depth-dependent structural response to compression. The abil-
ity to avoid tissue modification after specimen isolation, allows this procedure to more closely approximate in vivo con-
ditions and may provide an important method for analyzing the coordinated changes in cartilage composition and func-
tion due to ageing and disease.
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1. Introduction associated with the compressive stiffness of articular
cartilage, throughout the tissue may alter the compressive
resistance within those specific areas [4].

The relationship between the depth-dependent struc-
ture and mechanical properties of articular cartilage has
long been of interest. Investigations have involved the
use of techniques requiring tissue to be substantially
modified from its fresh, functional condition. Modifica-
tions including histological processes, freezing, sub-
chondral bone removal, and fluorescent staining all occur
after specimen procurement and may potentially obscure
or alter the understanding of the mechanical role of the
extracellular matrix in articular cartilage [5-12]. The cur-
rent study proposes a novel method that limits tissue
modification after specimen procurement while provid-
ing direct visualisation of the structural response of articu-
lar cartilage to compressive loading. A novel tissue-sec-

Articular cartilage is a complex connective tissue with a
depth-dependent extracellular structure. Structural non-
uniformities within the tissue reveal that both proteogly-
cans (PG) and collagen vary as a function of depth. PG
content has previously been shown to increase with depth
to the lower transitional zone [1,2]. The depth-dependent
arrangement of collagen has been used to divide cartilage
into three structural zones; a superficial zone (SZ) where
collagen fibres are oriented parallel to the articular sur-
face, a transitional zone (TZ) where collagen is oriented
more randomly, and a deep zone (DZ) where collagen
fibres are oriented perpendicular to the articular surface
[3]. This structural configuration within the extracellular
matrix affects the mechanical properties of the tissue. For
example, differences in PG concentration, which has been
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tioning device allowed the samples to remain fresh, un-
fixed, unstained, and attached to subchondral bone. The
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thin cross-section of the samples allowed direct viewing

of the tissue’s structural response to compressive loading.

This method, requiring very little tissue modification
may be particularly applicable to degenerate conditions
of articular cartilage that may nonuniformly alter the
extracellular matrix.

2. Methods
2.1. Samples

Articular cartilage samples were obtained from 3 healthy
skeletally mature (>2 years old) mongrel dogs weighing
between 25 - 31 kg. The central load-bearing region of
the humeral head from the right limb of each animal was
cut into full thickness osteochondral blocks (1.5 mm x
1.5 mm) using a variable speed diamond saw. Using a
customized cutting device (Figure 1), 6 - 7 full thickness
0.1 mm thick by 1.5 mm wide osteochondral samples
were obtained from each block. In total, 20 samples were
obtained. The device consisted of a linear positioning
stage (Parker Automation, UK) driven by a digital mi-
crometer (Parker Automation, UK) with an accuracy of
0.0001 mm. A vertically sliding platform with a single
bevelededge razor blade attached was mounted on top of
the stage. The single beveled edge allowed for precise
blade placement, ensuring accurate tissue sectioning. A
customized specimen clamp was affixed to the far end of
the metal base allowing the razor blade to be moved to-
wards the sample. The osteochondral block was clamped

and the razor blade advanced to the edge of the specimen.

The razor blade was raised above the sample and ad-
vanced 0.1 mm with the micrometer. The razor was then
brought down creating a 0.1 mm thick full thickness car-
tilage sample with subchondral bone attached. The sub-
chondral bone was cut to 1 mm in length and the cut was
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Figure 1. Diagram of the tissue-sectioning device. The osteo-
chondral sample is held in the customized clamp (A). The
single bevel-edged razor blade is able to move up and down
to slice the 0.1 mm osteochondral dices (B). C shows the
movable metal block holding the cutting apparatus. D is a
digital micrometer (Parker Automation, UK) with an accu-
racy of 0.0001 mm that was used to move the blade towar ds
the tissue sample.
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parallel to the articular surface. Samples were then placed
on edge and a digital photo taken and thickness meas-
ured using the imaging equipment described below. In
this way, multiple specimens could be obtained from one
tissue block. The tissue was continually hydrated with
PBS + PI throughout storage, specimen procurement, and
mechanical testing.

2.2. Mechanical Testing

A customized compressive loading apparatus (Figure 2)
was used to load samples in laterally unconfined com-
pression between the objective and light source of an
inverted microscope (Nikon) in transmission mode. The
loading device consisted of an aluminum plate attached
to the microscope stage with a micrometer on one side
and a load cell (National Instruments, USA) on the other
side of a centrally placed standard microscope slide
(Fisher, USA). The specimen was placed between two
glass loading platens (one contacting the subchondral bone,
the other contacting the articular surface). The loading
platen contacting the subchondral bone was 0.1 mm thick
standard cover glass (Thomas Scientific, USA) and was
advanced by a micrometer to contact the subchondral
bone of the specimen. Two additional pieces of 0.1 mm
cover glass were affixed to the underlying microscope
slide to act as a guide limiting lateral movement of the
loading platen. Limiting the lateral constraint to the
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Figure 2. Diagram of the compression device. The microme-
ter was used to advance the indenter towards the tissue sam-
ple(A). Theindenter consisted of 0.1 mm cover glass and was
prevented from lateral movement as it was advanced
through two 0.1 mm pieces of cover glass affixed to the un-
derlying microscope glass dide. A 0.1 mm piece of cover
glass covered the specimen and indenter, preventing the
cartilage from folding up when compressed. This cover
glass was weighed down with two, 10 g weights outside of
the field of view of the microscope. The cartilage specimen
was advanced against a loading platen (B) that consisted of
a microscope slide placed on end and was attached to the
load cell (National Instruments, USA).
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loading platen also allowed water to flow out of the car-
tilage during compression. The loading platen contacting
the articular surface of the cartilage was a microscope
slide (Thomas Scientific, USA) placed on end and at-
tached to a load cell. Once placed between the loading
platens, the cartilage specimen was covered by a piece of
standard No. 1 cover glass (22 x 30 x 0.130 mm; Tho-
mas Scientific, USA) and was weighted down on either
side of the specimen with two, 10 gram weights to pre-
vent cartilage buckling during compression.

Prior to placing the osteochondral sample on the mi-
croscope slide, PBS + PI was placed on the microscope
slide. Additional PBS + PI was added before covering
the sample with the No. 1 cover glass. This ensured that a
thin film of fluid was present between the cartilage and
the glass both above and below the cartilage that both
guarded against tissue dehydration and served as a lubri-
cant to decrease friction associated with specimen move-
ment towards the loading platen attached to the load cell.
The micrometer advanced the glass loading platen to
contact the subchondral bone and compress the tissue to
bulk strains of 12.5%, 24%, and 29% at a compression
rate of 30 pm/s. The loading platen in contact with the
cartilage was also attached to the load cell. The load cell
was attached to a power source and a digital multimeter.
Before experimentation, signals from the load cell (mV)
were calibrated in the milligram range up to 100g and
found to be linear. The signal from the load transducer
was converted into nominal stress (by dividing force by
the cross-sectional contact area of the tissue) at each
level of bulk tissue strain. At each bulk tissue strain level,
the sample was allowed to stress relax until the stress
changed by less than 0.001 MPa in 5 minutes and then
the equilibrium load was measured.

2.3. Imaging and Strain Calculation

Both bulk and intra-tissue displacements were measured
optically using a Nikon Diaphot microscope (Nikon, USA)
with a 10x objective. Specimen images were obtained
before loading and after each compression level using a
digital camera (Diagnostic Instruments, USA). A micro-
computer running Spot Imaging Software (v.4.6.1.26;
Diagnostic Instruments, USA) allowed cells throughout
the thickness of the tissue to be identified and changes in
displacement at various bulk tissue strains to be calcu-
lated. Since the cartilage deformations extended over
length scales much larger than the size of an individual
cell, they were used as intrinsic fiducial markers [13]. As
the chondrocytes are roughly three orders of magnitude
greater than the effective pore size of the extracellular
matrix, they are essentially affixed to the matrix and their
movement in response to tissue compression may be
considered indicative of the movement of the matrix
surrounding them [13].

Copyright © 2012 SciRes.

Tissue displacement was calculated from digital images
of the full thickness tissue. The resulting 16-bit, grayscale
images captured the field of view of the microscope (1597
x 1119 pixel resolution in a field of view of 1.2 mm x
0.9 mm). Measurements were calibrated with a ruler with
0.1 mm divisions (Diagnostic Instruments, USA). Using
Spot Imaging Software, bulk tissue displacement was
calculated by measuring the distance between the articu-
lar surface and the subchondral bone at each compression
level. Each measurement was then subtracted the original
uncompressed tissue thickness. Intra-tissue displacements
were calculated by measuring the distance between the
inferior border of selected chondrocytes and the subchond-
ral bone. These measurements were taken at each bulk
tissue compression level. The distance between the chon-
drocyte and the subchondral bone was subtracted from
the reference distance of the same cells from the sub-
chondral bone in the uncompressed tissue. The measured
chondrocytes were placed into the following groups: su-
perficial zone (0 um - 60 pm beneath the articular sur-
face), transitional zone (61 pm - 180 pm beneath the ar-
ticular surface), and radial zone (181 pm beneath the
articular surface—subchondral bone). Cells were placed
into these groups based on measurements from the un-
compressed sample. They were subsequently traced
through the different bulk tissue compressions and used as
fiducial markers of the different cartilage zones. These
zonal thicknesses have previously been determined for
canine humeral cartilage by our lab [2]. Both bulk and
intra-tissue displacements were converted into nominal
strain by dividing the displacement (either of the bulk
tissue or the cells within each zone) by the uncompressed
tissue thickness (when calculating bulk tissue strain) or
distance between inferior border of the chondrocytes and
the subchondral bone in the uncompressed state (when
calculating intra-tissue strain).

2.4, Statistics

One-way analysis of variance (ANOVA) with Tukey post
hoc tests were used to compare the average stresses asso-
ciated with bulk tissue compression as well as to com-
pare the average intra-tissue strains within the structural
zones between bulk compression levels. Significance was
determined at o < 0.05 unless otherwise stated and all
statistical analysis was conducted using SPSS v.16 (Chi-
cago).

3. Results

In accordance with research in our lab we define the su-
perficial zone as 0 - 60 um, the transitional zone as 61 -
180 wm, and the deep zone as 181 - 600 wm depth from
the articular surface [2]. Figure 3 shows a representative
cartilage sample with distinctive groups of chondrocytes
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identified at each level of bulk tissue compression (0%,
12.5%, 24%, and 29%). The cellular movement associ-
ated with increased compression shows non-uniform tissue
deformation. Cells in the superficial part of the tissue un-
derwent greater displacement than those cells closer to
the subchondral bone. At 12.5% bulk tissue strain, the
intra-tissue strains were 0.087 + 0.0088, 0.048 + 0.0019,
and 0.029 + 0.002 for the SZ, TZ and DZ respectively.
At 24% bulk compression, intra-tissue strains increased
to 0.23 £ 0.007, 0.18 = 0.02, and 0.06 + 0.01 for the SZ,
TZ, and DZ respectively. Intra-tissue strains were great-
est at 29% bulk compression and increased to 0.33 & 0.02,
0.30 = 0.01, 0.17 = 0.04 for the SZ, TZ, and DZ respec-
tively.

Within each bulk tissue compression level, displace-
ment in the SZ was significantly greater than in both the
TZ and DZ (p < 0.01) (Figure 4). Displacement in the
TZ was significantly greater (p < 0.01) than in the DZ.
When bulk tissue levels are compared, displacement in
both the SZ and TZ increased significantly (p < 0.05) at
each level of increasing bulk tissue compression (Figure
4). Displacement in the DZ was significantly increased (p
< 0.05) only at 29% bulk tissue compression.

Stress values significantly increased (p < 0.05) at each
level of bulk tissue compression. Stress increased from
0.14 = 0.0002 MPa, to 0.15 = 0.0004 MPa, and 0.16 +
0.007 MPa for 12.5%, 24%, and 29% bulk tissue com-
pression respectively. Figure 5 shows stresses plotted
against intra-tissue strain values. The resultant slopes of
the lines are not intended as a formal modulus calculation
since the stress values correspond to the bulk tissue strain
rather than the intra-tissue strain. However, the graph
does show that as tissue depth increases, the slope of the
corresponding lines becomes steeper. This qualitative
observation does give an indication of the stiffness dif-
ferences between structural zones and further identifies
the substantially different mechanical properties between
each zone.

Loading Platen

No Contact

Figure 3. Representative sample of the tissue under the
various compression levels. The circles correspond to cells
that were tracked through the increasing compression in
the superficial zone (A), transitional zone (B, C) and deep
zone (D, E).
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Figure 4. Graph summarizing the depth-dependent proper-
ties of intra-tissue strain within the three bulk tissue strain
levels (12.5%, 24%, 29%). Significantly decreased intra-
tissue strains wer e seen with increasing tissue depth. Intra-
tissue strains also significantly increased with increasing bulk
tissue gtrains (although the increase in the DZ was only sig-
nificant upon 29% bulk tissue strain). The * symbol indi-
cates significance at the p < 0.05 level.
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Figure 5. Graph of bulk tissue stress against intra-tissue
strain for each bulk tissue compression level. The three
lines correspond to the superficial zone (SZ), transitional
zone (TZ), and the deep zone (DZ). Stressincreased in each
zone at each bulk tissue strain level. Thelines are not curve
fittings and are included to provide a qualitative under-
standing of the differential amounts of intra-tissue strain
for each zone at each level of bulk tissue strain. The in-
creasing sopes of the lines from SZ to DZ, while not quan-
titative, does show that for a given stress there is decreased
intra tissue strain. This may be interpreted as increased
compressive resistance with increased tissue depth.

4. Discussion

This study reports a novel procedure that allows visuali-
sation of the nonuniform structural changes within ar-
ticular cartilage compression while simultaneously meas-
uring the depth-dependent mechanical properties of the
tissue. Previous investigations in this area have used
techniques that involve tissue modification after specimen
procurement including; histological procedures, freezing,
subchondral bone removal, or fluorescent staining [5-12].
Such modification may alter the tissue structure resulting
in the observation of tissue that differs from its in vivo
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condition. The present study, in using a novel tissue sec-
tioning device, is able to procure 0.1 mm, full thickness
osteochondral slices from fresh, unfixed, unfrozen tissue
(requiring no tissue modification after specimen pro-
curement) that is able to more closely approximate in
vivo conditions. The use of 0.1 mm thick specimen slices
and a compression device comprised of thin glass allows
direct visualisation of articular cartilage without the use
of fluorescent dyes or other tissue labeling. The use of
chondrocytes as fiducial markers, a method previously
used to track intra-tissue strains, was used in the current
investigation and is shown in Figure 3 [8-13].

Both the bulk tissue strain and intra-tissue strain re-
sults (Figure 4) from the current study confirm previous
findings that under compression, the superficial zone
shows the greatest displacement and the deep zone the
least [5,8-12]. Intra-tissue strains of 0.2 have previously
been reported in the superficial parts of articular cartilage
at lower levels of bulk tissue compression (8% - 16%).
This compares favourably to the 0.087 and 0.23 strains
found in the current study (at 12.5% and 24% bulk tissue
compression respectively) [11]. Additionally, previous
reports of stress levels for 24% (0.11 + 0.037 MPa ) and
32% (0.168 + 0.05 MPa) bulk tissue compression levels
are similar to the values at 24% (0.14 + 0.0002 MPa) and
29% (0.16 = 0.007 MPa) bulk tissue compression found
in the current study [11]. The specific differences be-
tween the current study and previous investigations are
likely influenced by a number of factors. 1) Our defini-
tions of SZ, TZ, and DZ thickness were previously con-
firmed using FTIR, while comparative studies found
within the literature had divided tissue into 125 um thick
levels [2,11]; 2) The difference between studies utilizing
post-procurement modifications and our study, which did
not use such modifications [2,11]; 3) A difference in
animal model. We used a canine model whereas other
studies have used a bovine model [2,11].

Numerous studies have found that the compressive re-
sistance of the deep zone is greater than the transitional
zone [6,8,10,11]. The current study also confirms this
finding (Figure 5). While only qualitatively, Figure 5
does show that with increased depth from the articular sur-
face, there is less strain for a given stress. With modulus
values being calculated as stress divided by strain, a
smaller strain value will result in a larger modulus value.
This indicates an increase in compressive resistance. The
authors acknowledge that the slopes in Figure 5 may not
be used to calculate true modulus values as the stress
values correspond to bulk tissue strains, but feel they
adequately characterize previous findings that show com-
pressive resistance increases with increasing depth from
the articular surface [6,8,10,11]. Such depth-dependent
properties most likely reflect structural differences within
the extracellular matrix. The depth-dependency of PG con-
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centration is likely critically important in explaining these
mechanical differences as these macromolecules have
long been associated with the compressive stiffness of
articular cartilage [4,11].

It is important to note that while the method described
in the current study confirmed previous findings, it did so
while avoiding the use of substantial tissue modification
procedures after specimen procurement. This testing in a
more in vivo condition has not previously been conducted
on osteochondral specimens. This relatively easy to use
and inexpensive method allows direct visualisation and
quantification of the depth-dependent mechanical proper-
ties of articular cartilage. The ability of this method to
allow the tissue to remain in a relatively unmodified state
may be of particular use for studies intending to investi-
gate the progression of disease states such as osteoarthri-
tis that exacerbate the spatial variations existing in nor-
mal, healthy articular cartilage. When dealing with such
disease states, tissue modifications may have unknown
consequences that may cause artifacts in data interpreta-
tion. Keeping tissue close to its in vivo condition will
allow a more direct study of the tissue and any changes
that may occur that affect the mechanical properties.
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