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ABSTRACT
The purpose of this study was to determine the effectiveness of a novel Laser Scanning Confocal
Arthroscope (LSCA) for the morphological quantification of articular cartilage chondrocytes.

Healthy and debrided regions of the knee articular cartilage of six (6) New Zealand White
rabbits were imaged during open follow-up surgery. Quantitative morphological analysis of
chondrocyte cell populations was performed and compared to known parameters. Optical
histology images were compared to conventional histology of similar sites.

Optical histology revealed viable cells in normal hyaline cartilage tissue and enabled the
visualization of fibro-cartilage in defect tissue. Morphological analysis was able to characterize the
in vivo two-dimensional equivalent-area-diameter of chondrocytes. Significant differences (P < 0.05)
were seen between the morphology of chondrocytes observed in optical and conventional
histology.

This study concludes that the LSCA is capable of illustrating the surface and sub-surface
appearance of healthy and defect articular cartilage, thereby providing a non-destructive method
for assessing cartilage condition in vivo. In this role the LSCA may find application in the
investigation of cartilage pathologies or repair techniques.
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INTRODUCTION

The limited capacity of articular cartilage to self-
regenerate leads to chondral defects and the
subsequent development of osteoarthritis.17 The
increasing problem of osteoarthritis in the aging
and more physically active population of
Australia has been widely noted.12 It has been
reported that the incidence of chondral defects is
very high in Australia, with 60% of the estimated
70,000 patients undergoing arthroscopic surgical
procedures each year exhibiting at least one
chondral defect.23 Similarly 63% of 31,500 patients
in an American arthroscopic case study demon-
strated injury of the articular cartilage of the
knee.2 Furthermore, 42% of patients with post-
traumatic knee disorders following arthroscopic
examination have reported damage to the
articular surface.14

In assessing the degree of articular cartilage
degeneration, information regarding the tissue
architecture is required. Traditional approaches
utilize destructive mechanical biopsy and
standard histological processing techniques to
provide such data. In an effort to overcome the
well-recognized limitations of conventional
histology (requiring mechanical biopsy and tissue
dehydration), and in order to more accurately
characterize native tissue architecture, there has
recently been significant development of non-
destructive cartilage assessment techniques.9

Conventional arthroscopy limits the field of
view to the surface of the tissue and does not
allow for cross-sectional imaging below the
surface.9 In order to overcome this limitation,
alternative non-invasive or minimally invasive
methods of assessing sub-surface architecture of
articular cartilage have been developed, including
optical coherence tomography (OCT),9 magnetic
resonance imaging (MRI)16, 21 and ultrasono-
graphy (US).20, 21 The latter technologies offer
promise in the early detection of changes in the

architecture and water content of articular
cartilage. In particular, OCT provides a useful tool
for the determination of tissue thickness and the
measurement of bulk tissue regeneration.9 MRI
has been shown to be able to provide quantitative
analysis of the glycosaminoglycan (GAG) content
of both natural and engineered cartilage.13

However, the resolution limitations of these
techniques restrict their applicability to the study
of macroscopic tissue pathologies.16, 21

Previously, confocal laser scanning microscopy
(CLSM) has facilitated the non-destructive
assessment of the cellular organization of arti-
cular cartilage. A number of elegant studies
have described methods employing CLSM to
characterize the dynamic volume changes in
chondrocytes under various loading conditions.4, 7, 8

Confocal microscopy has also been applied in the
assessment of bone architecture.5, 22

In order to more accurately record native tissue
architecture in vivo, we have developed a laser
scanning confocal arthroscope (LSCA).11 By
addressing the current resolution limitations of
alternative techniques, the LSCA enables the non-
intrusive and non-destructive in vivo histological
imaging of the surface and sub-surface tissue of
articular cartilage. The purpose of this study was
to demonstrate the non-destructive histology
capabilities of the LSCA when utilized as an
optical biopsy device.

MATERIALS AND METHODS

All experimental animals used in this study
were housed and operated on in the Animal
Research Laboratory of the Orthopaedic Research
Laboratory, QE II Medical Campus, at the
University of Western Australia (UWA).
Approvals from the UWA Animal Ethics
Committee (AEC) were obtained for the surgical
procedures required for the experiment, and all
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operations were conducted in strict accordance
with the guidelines detailed by the National
Health and Medical Research Council (NHMRC).

Surgical Procedures

Six Albino New Zealand White rabbits
(oryctolagus cuniculis) were used in this
experiment. Both male and female animals
weighing 2.5–4 kg, and 12–20 weeks old
were used. The medial femoral condyles of
sedated (Xylazine, 20 mg/mL) and anaesthetized
(Ketamine Hydrochloride, 100 mg/mL) animals,
were surgically accessed via a parapatellar
approach. A single defect was established on the
medial femoral condyle centralized on the distal
aspect between the condylar ridge and the
patellar groove. Defects were created using a
specifically designed (Ø 3 mm) osteochondral
punch and T-handle drill, enabling precise and
repeatable depth control (3 mm) to be achieved.
An orthopaedic curette was then used to remove
defect debris, clean the defect and define its exact
architecture. After defect establishment, the
wound was immediately closed and the animal
treated post-operatively.

Sample Preparation

Twelve weeks after osteochondral defect
establishment, the rabbits were once again
surgically examined. Ten to twenty minutes prior
to surgery a contrasting agent necessary for
fluorescence microscopy (2–3 mL Flourescien
5 g/L, 2–3 mL Acriflavine 0.5 g/L or 2–3 mL
Calcien 0.05 g/L) was introduced via direct
injection into the synovial capsule of a sedated
(Xylazine, 20 mg/mL) and anaesthetized animal
(Ketamine Hydrochloride, 100 mg/mL). The knee
joint of the specimen was then manually articu-
lated to ensure complete diffusion and maximum
absorption of the contrasting agents. After a

period of absorption time (20 minutes), the
previously altered femoral condyle was surgically
accessed through a parapatellar approach.
The joint was opened via a large incision, and
the synovial capsule penetrated to expose the
articular surface. The patellar was relocated
cranially after the patellar ligament was severed.
The joint was thoroughly irrigated (0.9% g/L
Saline) before the LSCA was used to image the
articular surface.

After LSCA imaging, euthanasia of the animals
was performed (Pentobarbitone 325 mg/mL) and
the complete femoral condyles were excised.
Samples were then fixed, decalcified and
processed for histological analysis. Following
dewaxing and hydration, processed samples
were treated with progressive Haematoxylin and
Eosin (H&E) staining, or with Alcian Blue
staining. Standard light microscopy (Lecia DC100)
was used for the bulk of tissue analysis. Mor-
phological analysis of histological images was
performed using image-processing software
(Optimas, Media Cybernetics Pty. Ltd.).

Cartilage Imaging

The surgical laser scanning confocal arthroscope
(LSCA) system has been previously described.11

The setup of this system is outlined in [Fig. 1(A)].
The lens assembly and magnification of the LSCA
[Fig. 1(B)] used in this experiment differs from
that previously reported, with a field of view of
189 × 208 µm and magnifications of 33× (X) and
30× (Y) respectively. Images are in displayed in an
XY orientation; in a focal plane parallel to tissue
surface [Fig. 1(C)]. Due to this XY presentation,
distinguishing the articular surface is more
difficult than the obvious demarcation evident in
conventional XZ histologic images. Confocal
technology utilizes laser delivered light to a
fluorescence-penetrated specimen at controllable
wavelengths. The reflection or fluorescence that
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results from this focus is channelled back through
a confocal pinhole and various filters, via an
optical fibre pathway, and converted into a digital
computer based image by a photomultiplier tube
(PMT). The LSCA employs a specialized optical
fibre scanner that performs as both the laser
delivery and returning reflection/fluorescence
vehicle.3 In addition the optical fibre is also
utilized as the confocal pinhole and filtration
mechanism.3

Imaging of the cartilage is carried out with
direct contact between the tip of the probe and
the cartilage surface. As with any confocal
fluorescence microscopy, the maximum focal
plane depth is limited by both contrasting agent
penetration into the tissue sample and increasing
light path return length through the sample.
Comparing histologically established tissue
thickness with current pathological and ana-
tomical data, the maximum focal plane depth

achievable with clinically viable contrasting
agents is currently considered 200–300 µm.11

Analysis of Optical Histology

Image processing software (Optimas, Media
Cybernetics Pty. Ltd.) was used to quantitively
assess cell populations and establish cell morpho-
logy. Setting a luminance intensity threshold and
then running an automated area analysis macro
identified individual cells. Individual and distinct
chondrocytes were analyzed using this method,
while overlaid cells, separating cells and groups
of cell clusters where identified and measured
en masse. The morphological parameters were
then averaged according to the number of cells in
each grouping. Additionally, images were also
analyzed via manual identification of chondrocyte
cell boundaries utilizing the individual area
tracing capabilities of the software.

Fig. 1 (A) Laser Scanning Confocal Arthroscope Hardware and System Layout; (B) Hand Held Probe; (C) Focal Plane
Cartesian Co-ordinate System: XY represents a focal plane parallel to the surface of the tissue; XZ represents a focal plane
perpendicular to the surface of the tissue.
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Statistical Analysis

In the analysis to accurately characterize cell
morphology and thereby confirm the identity of
the cells as chondrocytes, a normal distribution
was assumed. The mean and variance of each
sample set were calculated and used to establish
the 95% confidence interval. The 95% confidence
interval was compared to the expected range of
values of chondrocyte diameters.18 A two-sample
Normal Test assuming unknown, unequal
variance was used to assess mean differences
between the sample sets of chondrocyte area

equivalent diameters, as identified in optical
histology and conventional histology images. The
hypothesized zero mean difference was tested for
optical histology sample sets compared to
standard histology sample sets.

RESULTS

Optical Histological Assessment

The LSCA generated in vivo images of rabbit
articular cartilage from the healthy and defect
tissue sites on the femoral condyle of each

Fig. 2 Optical Histology of Normal Rabbit Articular Cartilage. (A) Surface image of condyle. Note orientation of collagen
fibers visible in surface image. Contrasting agent 5 g/L Flourescien; (B) Typical sub-surface image of condyle, characterized
by distinctive cell size and smooth surface texture. Note general uniform trend in tissue orientation. Contrasting agent 5 g/
L Flourescien; (C) and (D) Sub-surface image of unaltered femoral condyle. Note chondrocyte density increases with depth
of tissue. Contrasting agent 0.5 g/L Acriflavine.
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specimen. The articular surface was identified by
focussing the optical plane of the LSCA on the
cover-slip surface in contact with the tissue, then
moving the focal plane forward until the surface
came into focus. The articular surface is dis-
tinguished from subsurface images by the
presence of “surface texture” [Fig. 2(A)] and by
the absence of distinctive cell patterns [Fig. 2(B)].

Optical histology of healthy articular cartilage
tissue (Fig. 2) revealed a typically smooth surface

texture with relatively homogenous sub-surface
distribution of viable chondrocyte cells. The
general orientation of collagen fibers was occa-
sionally visible in surface images. The sites of
articular tissue damage demonstrated a typically
rough surface texture [Figs. 3(A) and (B)]. Optical
histology of sites tissue damage display a fibro-
tissue appearance with surface cracking and a
typically rough texture at the margin of the defect
[Figs. 3(C) and (D)].

Fig. 3 Optical Histology of Defect Site of Rabbit Articular Cartilage. (A) Surface image of top edge of defect site. Note
differing orientation of collagen fibers demonstrating changing surface texture. Contrasting agent 5 g/L Flourescien;
(B) Surface image of defect site. Note differing orientation of cell boundaries demonstrating rough surface texture and
“cracking” indicative of surface damage. Contrasting agent 5 g/L Flourescien; (C) Sub-surface image of edge of defect site.
Image typifies native fibro-tissue healing mechanism, characterized by smaller cell size and more random cell orientation.
Surface texture variable and cell orientation random. Contrasting agent 5 g/L Flourescien; (D) Sub-surface image of bottom
of defect site. Image typifies native fibro-tissue healing mechanism near sub-chondral region. Characterized by rough
surface texture and very few variable cells. Contrasting agent 5 g/L Flourescien.
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Quantitative Chondrocyte Analysis

The in vivo optical histology images containing
identifiable chondrocytes were analyzed using
the image analysis software package Optimas
(Media Cybernetics Pty. Ltd.). Two subsurface
optical histology images of healthy chondrocytes
[Figs. 4(C) and (D)] were analyzed, yielding
numerous chondrocytes (n = 189). For the pur-
pose of comparison to standard histological
images, cell equivalent-area-diameter provided a
useful measure; Opt 1. (n = 57) mean diameter
12.78 µm, standard deviation 1.74; Opt 2. (n = 132)
mean diameter 10.88 µm, standard deviation 2.06.

Despite differences in image orientation, the
direct comparison between LSCA optical his-
tology images and conventional histological
images was facilitated by the comparison of
similarly quantifiable morphologic features again
employing the Optimas (Media Cybernetics Pty.
Ltd.) image analysis software package. Two
sample sets of chondrocytes from subsurface
standard histological images of healthy tissue
were identified [Figs. 2(C) and (D)]. Distinct
luminescence thresholds were applied to these
images enabling numerous cells (n = 222) to be

identified and morphologically analyzed; Hist 1.
(n = 107) mean diameter 9.74 µm, standard
deviation 1.63; Opt 2 (n = 175) mean diameter
8.44 µm, standard deviation 1.20.

Comparison between the average equivalent
area diameters of the chondrocyte cells iden-
tifiable in the optical histology and standard
histology images is most powerfully illustrated by
the mean of each sample group (Fig. 5: Opt 1,
Opt 2, Hist 1 and Hist 2). The obvious differences
between each sample group in average diameter
and threshold sample size are also clearly
illustrated. In order to statistically confirm the
observed difference in morphology between
optical histology sample sets and standard
histology sample sets, a hypothesized zero means
difference was tested (Normal Test assuming
unknown, unequal variances). The zero means
difference hypothesis was rejected (p < 0.05)
for optical histology sample 1 (Opt 1) compared
to standard histology sample 2 (Hist 2) and
rejected (p < 0.05) for optical histology sample 2
(Opt 2) compared to standard histology sample 1
(Hist 1).

DISCUSSION

Optical histology by the LSCA revealed obvious
cellular and surface texture differences between
healthy and defect articular cartilage. Comparison
between the morphological parameters of
chondrocytes in standard histology and optical
histology images revealed that in vivo mor-
phological parameters of chondrocytes were
consistently larger in the optical histology images.
The general trend for cell morphology to be larger
in optical histology images compared to standard
histology images is clearly evident (Fig. 5). We
suggest that the variations in morphology may
be due to the effects of the requisite dehydration
and sample processing associated standard
histological evaluation.

Fig. 4 Standard H&E Histology of Rabbit Articular
Cartilage.
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The difference in populations and cell size
between sample groups can be attributed to the
typical structural variation of cartilage according
to depth. Previously, chondrocyte morphology
has been linked to notional zonal classifications,
with variations in size, shape and orientation
according to depth.18 The morphology of the cells
observed in this study has been compared to
previously established chondrocyte morphology.
Assuming normal distribution the 95% confidence
intervals for both LSCA samples were calculated
(Opt 1: 12.00–13.73 µm, Opt 2: 9.74–12.01 µm).
These figures correlate well to the stated size
range (10–15 µm) of chondrocytes in the super-
ficial and radial zones of articular cartilage.6, 18

Chondrocytes in the superficial zone are
generally characterised by a discoidal shape, with
an elongated oval outline in the XZ profile
(perpendicular to the tissue surface) and a round
outline in XY profile (parallel to the tissue

surface). Individual cells are of Ø10–15 µm,
with some clusters of cells of Ø10–20 µm.6, 18 The
tangential zone is characterized by spheroidal
chondrocytes that are round in both the XY and
XZ profiles, and are of diameter Ø10 µm or
greater.18 The results generated in this study
correspond with the range of expected values for
chondrocytes in the superficial and transitional
zones of articular cartilage. We hypothesize that
the range in observed cell morphology is linked to
focal plane depth relative to zonal classification.
Further study will be conducted to determine if
the instrument enables the accurate measurement
of focal plane depth within a sample relative to
the tissue surface.

Maximum LSCA imaging depth capability is
limited by both the penetration of contrasting
agents in articular cartilage and the tissue
thickness of the sample sites. During the course of
imaging, a range dyes were introduced to the

Fig. 5 Comparison of chondrocyte morphology between standard histology (Hist 1, Hist 2) and LSCA generated optical
histology (Opt 1, Opt 2). Individual sample sizes (N) for each threshold analysis technique (single, double, multiple, manual
or automated membrane) are also indicated. The general trend for cell morphology to be larger in optical histology
compared to standard histology is clearly evident.
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cartilage as contrast agents, with Flourescien
(5 g/L) and Acriflavine (0.5 g/L) empirically
proving the most effective. It is vital to note when
viewing optical histology images that the different
stains alter surface and subsurface appearance of
images; Flourescien induces a “negative” image of
viable cells while and Acriflavine reveals a
“positive” image of viable cells (Fig. 2).

Autologous chondrocyte implantation is
currently emerging as a leading technique for the
treatment of defects and lesions of articular
cartilage.1, 15 However, there exists some debate
regarding which ACI technique is best able to
regenerate of the specific microstructure hyaline
cartilage.10 To this end, the development of
techniques enabling the examination of cartilage
histology after ACI therapy is essential. In this
role, the further development of the LSCA will
provide an opportunity for the non-destructive
assessment of cartilage repair. A previous
investigation of ACI in a rabbit model utilized
OCT to detect structural changes and measure
tissue thickness.9 With the higher axial resolution
(~2 µm) achievable using the LSCA for optical
histology compared to that achievable by OCT
(~10 µm), potential exists for further research into
the issues surrounding ACI. In this application
the LSCA could be used to detect subtle changes
in the cellular structure of the articular cartilage in
an effort to distinguish between native repair
tissues and regenerated hyaline tissues. In
addition, the specific morphology of chondrocytes
in grafted ACI and surrounding native tissues
could be assessed in vivo.

This study demonstrates that the laser scanning
confocal arthroscope (LSCA) is capable of non-
destructively imaging the microstructure articular
cartilage in vivo, and that the LSCA is a useful
tool for the assessment of articular cartilage
condition via optical histology. This ability
suggests that the LSCA can provide informa-
tion complimentary to other non-intrusive or

minimally invasive imaging techniques such
as conventional arthroscopy, OCT,9 MRI16, 19 and
ultrasound.20 The morphological parameters of
viable cells evident in optical histology images
have been compared to conventional histology
and morphological analysis concludes that LSCA
optical histology can provide accurate measures
of chondrocyte morphology.
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