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Abstract

Significant complications in the management of osteoarthritis (OA) are the inability to identify early cartilage changes during the development
of the disease, and the lack of techniques to evaluate the tissue response to therapeutic and tissue engineering interventions. In recent studies
several spectroscopic parameters have been elucidated by Fourier transform infrared imaging spectroscopy (FT-IRIS) that enable evaluation of
molecular and compositional changes in human cartilage with progressively severe OA, and in repair cartilage from animal models. FT-IRIS
permits evaluation of early-stage matrix changes in the primary components of cartilage, collagen and proteoglycan on histological sections at a
spatial resolution of ∼6.25 μm. In osteoarthritic cartilage, the collagen integrity, monitored by the ratio of peak areas at 1338 cm−1/Amide II, was
found to correspond to the histological Mankin grade, the gold standard scale utilized to evaluate cartilage degeneration. Apparent matrix
degradation was observable in the deep zone of cartilage even in the early stages of OA. FT-IRIS studies also found that within the territorial
matrix of the cartilage cells (chondrocytes), proteoglycan content increased with progression of cartilage degeneration while the collagen content
remained the same, but the collagen integrity decreased. Regenerative (repair) tissue from microfracture treatment of an equine cartilage defect
showed significant changes in collagen distribution and loss in proteoglycan content compared to the adjacent normal cartilage, with collagen
fibrils demonstrating a random orientation in most of the repair tissue. These studies demonstrate that FT-IRIS is a powerful technique that can
provide detailed ultrastructural information on heterogeneous tissues such as diseased cartilage and thus has great potential as a diagnostic
modality for cartilage degradation and repair.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Osteoarthritis (OA) is a progressively disabling disease of
the joints resulting in impaired motion, severe joint pain and
reduced quality of life. Approximately 11% of individuals 65
years of age or older have been estimated to have symptomatic
knee OA [1]. On average, 16 to 21 million individuals in the
United States are diagnosed annually with OA, and its incidence
is further increasing because of an aging population [2–4].
Although OA is a common disease, a proven sensitive and
accurate diagnostic method is still unavailable for the early
stages of OA. Although MRI is increasingly utilized for
evaluation of cartilage changes in the clinical environment [5],
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only with a high field strength magnet, such as that used for in
vitro studies [6–8], can spatially-resolved detailed information
on compositional cartilage changes be elucidated. It would be
extremely beneficial, both economically and with respect to
public health, if the early molecular and compositional changes
in osteoarthritic cartilage could be assessed before macroscopic
later-stage cartilage damage occurs.

The most prominent feature of OA is the gradual erosion of
articular cartilage. Articular cartilage is a dense connective
tissue, which provides a smooth, frictionless articular surface
for weight bearing during joint loading and motion. The
primary molecular components of cartilage are water, collagen,
proteoglycan (PG), non-collagenous proteins and cells, the
chondrocytes [9]. Collagen and PGs play a major role in the
regulation of mechanical properties of cartilage. Collagen is a
fibrillar triple helical molecule with intermolecular crosslinks.
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Type II collagen forms the structural framework of the matrix
and provides tensile and shear resistance for cartilage.
Aggrecan, the predominant PG in cartilage is composed of a
protein core to which glycosaminoglycans (GAGs) are
covalently attached. These GAGs are repeating disaccharides
(chondroitin sulfate and keratan sulfate) with highly negative
charges under physiological conditions. PGs contribute consid-
erable compressive strength to the tissue, largely because of
their charge. The superficial zone of cartilage contains flattened
chondrocytes, the highest concentration of water, low PG
content and a densely packed layer of collagen fibrils oriented
parallel to the surface which helps to distribute the forces during
compression [9]. In the middle, or transition zone of cartilage,
the collagen fibrils are less organized and PG content increases.
Rounded chondrocytes are surrounded by extracellular matrix
in this zone. The deep zone contains collagen fibrils oriented
perpendicular to the articular surface, the highest concentration
of PGs and lowest water content. The chondrocytes are grouped
in columns in this region. The characteristic changes in cartilage
during osteoarthritis are damage to collagen network, increased
swelling of the tissue and the loss of proteoglycan [10,11]. It is
thought that the chondrocytes respond to the tissue damage by
increasing proteoglycan and collagen synthesis with an attempt
to repair cartilage [12,13]. The damage will ultimately progress
and lead to the degradation of cartilage when repair fails.

1.1. FT-IRIS of articular cartilage

The technique of Fourier transform infrared (FT-IR)
spectroscopy is a powerful tool to study the previously
described changes in degenerative cartilage at the molecular
level. The frequency at which a molecule absorbs infrared
radiation is sensitive to conformation and can be used to obtain
information on the orientation of biomolecules and the chemical
compositions in tissues by evaluation of unique molecular
spectral signatures of each component [14–18]. The coupling of
an FT-IR spectrometer with an array detector to an optical
microscope, namely Fourier transform infrared imaging spec-
troscopy (FT-IRIS), enables infrared imaging of histological
sections of tissues at a pixel resolution of 6.25 μm in
combination with microscopic visualization of the samples.
Thus, FT-IRIS can be utilized to determine the relative content,
molecular nature, distribution and orientation of the individual
components of histological sections of tissues.

FT-IRIS has emerged as a valuable technique for the
characterization of cartilage properties over the past 5 years
[19–25]. The advantage of this technique in cartilage research is
its ability to determine the content and spatial distribution of
specific molecular components in cartilage without the
requirement of sophisticated markers, and to determine the
orientation of collagen fibrils when polarized FT-IRIS is used.
Further, the ability to utilize just one tissue section to obtain all
the aforementioned information is very convenient. In contrast,
the use of standard histological techniques generally requires
preparing individual tissue sections for staining each compo-
nent of interest. The characteristic spectral features for the
primary cartilage components, collagen and PG, have been
differentiated by careful examination of model compounds
[20,23], and thus enable the creation of FT-IRIS images based
on the distribution of each component.

Recent studies in our group have successfully derived IR
parameters that are sensitively correlated with cartilage
degeneration [22,25] and with collagen fibril orientation [24].
Therefore, subtle changes in the structure or chemical
composition of cartilage during cartilage degeneration can be
quickly identified. This is essential when evaluating the
degradation of cartilage or repair techniques and engineered
cartilage tissues. In the studies described here, the previously-
developed spectral parameters to assess cartilage are utilized to
monitor molecular and compositional changes in human
arthritic cartilage tissue and cells and to evaluate the properties
of repair cartilage.

2. Materials and methods

2.1. Cartilage tissues

Normal bovine patella cartilage was obtained from the knees of mature cows
purchased from Animal Parts (Scotch Plains, NJ) within 24 h post mortem.
Arthritic human tibial plateaus were obtained from male and female patients 46–
87 years of age during knee replacement surgery under an IRB-approved
protocol and immediately brought to the laboratory for processing. Normal
human cartilage was obtained from donors without documented history of joint
disease immediately after death (National Disease Research Interchange,
Philadelphia, PA) and was either snap-frozen in liquid nitrogen or stored
immediately in DMEM solution and shipped overnight. Equine tissues utilized
in our studies were part of another study under an IACUC-approved protocol
from a separate experiment. A full-thickness chondral defect was created in the
distal lateral trochlea of both equine stifles (knees), followed by treatment by a
microfracture procedure. Tissues were harvested at 6 months post-surgery.
Normal equine cartilage spatially distant from the defect was examined as a
control.

2.2. Tissue processing

All tissues were processed for paraffin embedding through a series of steps
that involves a process of dehydration, PG containment, and decalcification.
Full-depth cartilage explants were harvested using a 5-mm diameter biopsy
punch. The explants were fixed with 80% ethanol and 1% cetylpiridinium-
choloride (CPC), decalcified with 10% EDTA/Tris buffer, and embedded in
paraffin. Histological sections were cut at seven μm thickness perpendicular to
the articular surface and mounted onto BaF2 IR windows and glass slides for FT-
IRIS and histologic analysis, respectively. All sections were deparaffinized
before FT-IRIS measurements were performed.

2.3. FT-IRIS data acquisition

Transmission FT-IRIS data were acquired at 8 cm−1 spectral resolution using
a Spectrum SpotLight FT-IR Imaging system (Perkin-Elmer, Bucks, UK). This
system is comprised of an FTIR spectrometer coupled with a light microscope
and allows data collection over a customer defined rectangular region at 6.25 μm
pixel resolution. Polarized FT-IRIS data were collected to obtain information on
collagen fibril orientation with a polarizer (0°) inserted in the light path.

2.4. FT-IRIS image processing

FT-IRIS images were created based on the vibrational absorbance for the
specific molecular component of interest in cartilage using ISys software v3.1
(Spectral Dimensions, Olney, MD). The absorbance bands were baselined
followed by area integration. Previous studies have correlated the content of
collagen and PG with the integrated area under the protein amide I band (1598–
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1710 cm−1) and the infrared absorbance in the ranges of 950–1150 cm−1,
respectively [20,23]. The area under the infrared absorbance centered at
1338 cm−1 (1300–1356 cm−1), a feature attributed to CH2 side-chain vibrations,
has previously been shown to decrease in intensity as the collagen denatures
[22], was ratioed to the amide II band (1492–1598 cm−1) to evaluate the
integrity of collagen [22,25]. Images from the polarized data were created based
on the area ratio of the amide I and amide II absorbances from collagen, which
we have previously demonstrated is an index of collagen fibril orientation [24].

The values for a specific parameter were quantitatively scaled using a
corresponding color code for each FT-IRIS image where red equals higher
values and blue equals lower values. For the polarized data, the collagen fibril
orientation was quantitated as previously described [24]; an amide I/II ratio
≥2.7=fibrils parallel to the articular surface, an amide I/II ratio ≤1.7=fibrils
perpendicular to the articular surface, and amide I/II ratios between 2.7–1.7
indicated random or mixed fibril orientation.

For the studies of chondrocytes, FT-IRIS images of collagen content, PG
content and pk1338/amide II were created for human osteoarthritic cartilage
samples with Mankin grade 1.5, 4 and 11.5. A straight line was drawn across the
center of a random cell in the deep zone of osteoarthritic cartilage, and the pixel
values for the IR parameters: collagen content, PG content and pk1338/amide II,
in the extracellular matrix and the chondrocytes were then extracted from the
images using ISys software. The pixel values for each IR parameter were then
plotted vs. their distance to the center of the cell.

2.5. Histologic evaluation

PG content and the cartilage tissue morphology were demonstrated with
Alcian blue stain and Hematoxylin and Eosin (H&E) stain, respectively. On
the Alcian blue-stained histological cartilage sections, dark blue corresponds
to PG, red/pink to nuclei, pale pink to cytoplasm [26]. H&E stains nuclei as
blue, while cytoplasm and most other tissue structures stain as pink to red
[26]. For polarized light microscopy studies, histologic sections were stained
with Picrosirius red, which stains collagen type I, II and III [27]. Two cross
polarizers were used such that highly ordered collagen perpendicular to the
articular surface appeared bright or red, while collagen that is not ordered
(non-birefringent) appears darkest. The contrast of fibrils oriented more
parallel to the articular surface appeared darker than for collagen
perpendicular to the articular surface. All microscopic images were acquired
through a Nikon digital camera using BioQuant Nova software (Version
5.00.8 MR, R&M Biometrics, TN).

The human osteoarthritic cartilage tissues were evaluated histologically
based on the Mankin grading system using Alcian Blue and H&E staining. The
histological Mankin score is the standard grading system for cartilage based on
structural fissuring, cell cloning, loss of proteoglycan and tidemark integrity
[28,29]. Grade 0 represents normal cartilage and grade 14 represents severely
degenerated cartilage. Two investigators evaluated randomized and blind-coded
samples independently.
3. Results

3.1. Normal bovine patella cartilage

A representative spectrum obtained from the middle zone of
cartilage is shown with the absorbance bands of interest labeled
(Fig. 1A). Representative FT-IRIS images of collagen content
(Fig. 1E), PG content (Fig. 1F), and collagen fibril orientation
(Fig. 1G) for normal bovine patella cartilage were created to
illustrate the structure and composition of cartilage samples.
The zonal distribution of collagen and PG in cartilage is
apparent, whereby more abundant collagen and PG are present
in the middle and deep zones of cartilage. The collagen fibrils
are oriented parallel to the articular surface at the superficial
zone, random in the middle, and perpendicular to the surface at
the deep zone. All the above FT-IRIS findings are consistent
with accompanying histology outcomes (Fig. 1B–D). The
boundaries of the cartilage zones can be identified based on
polarized FT-IRIS determined collagen orientation, such that
the superficial zone spanned the regions of the image with an
amide I/II ratio ≥2.7, the deep zone spanned regions with an
amide I/II ratio ≤1.7, and the middle zone spanned the region
between these two, with amide I/II ratios between 2.7–1.7 [24].

3.2. Human osteoarthritic cartilage

The PG content and morphology of osteoarthritic human
tibial plateau cartilage were demonstrated by Alcian blue (Fig.
2A) and H&E (Fig. 2B) stains on the histological sections,
respectively. Progressively severe osteoarthritis was indicated
by the increasing Mankin grades of the cartilage. FT-IRIS
images were created based on PG content (Fig. 2C), collagen
content (Fig. 2D), collagen fibril orientation (Fig. 2E) and the
collagen molecular integrity (Fig. 2F).

In general, slightly reduced collagen content and greatly
reduced PG content were evident on the FT-IRIS images with
progression of OA. The PG results were consistent with the
Alcian blue histology, showing PG loss that began at the
articular surface and was observed throughout most of the tissue
with disease progression. The orientation of collagen fibrils
changed dramatically at the surface of cartilage, even in the
earlier stages of OA. An unusually large zone of surface parallel
fibers was evident, possibly indicative of compressed matrix as
a result of reduced resistance to load. By the later stages of the
disease, a total lose of orientation was observed. Further
cartilage changes were evident by examination of the collagen
integrity parameter (Fig. 2F). The quality of matrix collagen
decreased as the Mankin score increased, evidenced by a
general decrease in the integrated area of the 1338 cm−1

absorbance (Fig. 2F). Interestingly, it appears that collagen
degradation is present in the deep zone as well as in the cartilage
surface in early stages of disease.

Changes in chondrocyte territorial matrix that accompany
OA progression were also investigated (Fig. 3). PG, collagen
and collagen integrity parameters were mapped across chon-
drocytes in the deep zone of cartilage, as illustrated in the FT-
IRIS images of collagen amide I and in the light microscope
image ofMankin grade 11.5 cartilage (Fig. 3A). In nearly normal
cartilage (grade 1.5), PG content was found to be greater in the
territorial matrix compared to the adjacent surrounding matrix
(Fig. 3B). However, in the more diseased tissues, PG content in
the territorial matrix tended to be more similar to the adjacent
matrix, possibly indicative of the chondrocytes inability to make
a sufficient amount of PG. In contrast, a lesser amount of
collagen was present in the chondrocyte territorial matrix
compared to the surrounding matrix in the nearly normal tissues,
and this did not change in the more diseased tissues (Fig. 3C).
However, the territorial matrix collagen integrity did appear to
be reduced with increasing disease state (Fig. 3D). Together,
these results suggest that although the chondrocyte continues to
make a normal amount of collagen in OA, the process of
collagen degradation may begin immediately as the tissue
becomes more osteoarthritic.
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3.3. Equine repair cartilage

As an avascular tissue, articular cartilage has limited
capacity to repair itself. In the case of a full-thickness defect,
when the subchondral plate is penetrated, bone marrow goes
out to the subchondral surface and initiates a cellular response
for tissue healing [30]. Typically, the repair cartilage formed
is “fibrocartilage” which is characterized by a low GAG
content and the presence of collagen in a random orientation
[31,32]. FT-IRIS was utilized to evaluate the properties and
quality of repair cartilage tissues after microfracture treatment,
a clinically-utilized technique for treating full-thickness
chondral defects that permits invasion of bone marrow into
the defect [33]. It is apparent on the images that the
distribution of collagen is different (Fig. 4A) and that less PG
is present in the repair cartilage tissue compared to the
adjacent normal cartilage (Fig. 4B). The collagen integrity
parameter appears to be higher in some regions of the repair
tissue compared to the adjacent normal control cartilage (Fig.
4C), which could reflect differences in the age of the
collagen, whereby the repair collagen is “newer” than the
adjacent normal tissue. A clear zonal distribution of collagen
fibril orientation was not obvious in the repair tissue (Fig.
4D). Most fibers were randomly aligned through the full
depth of cartilage. On the surface, however, collagen fibrils
grew into the adjacent normal tissue and formed a well-
defined superficial layer with the fibers oriented parallel to
the articular surface. The above findings parallel the histology
outcomes on H&E stained sections (Fig. 4E) and the results
from polarized light microscopy studies on the picrosirius red-
stained histology sections (Fig. 4F).

4. Discussion

The studies described demonstrate the application of FT-
IRIS as a powerful technique to monitor progression and to
evaluate repair tissue in diseases that involve cartilage
degeneration. Although the data presented were all ex vivo
analyses, there is great potential for in vivo analyses utilizing
infrared fiber optic probe technology [34]. Identification of
early alterations in cartilage that involve degradation of major or
minor matrix components, such as minor collagens and small
proteoglycans, all of which are required for matrix stabilization
and integrity [35], would likely be feasible utilizing these
techniques.

Previous reports suggested that the initial event in OA
starts at or just below the articular surface, in the uppermost
region of the matrix, the laminar splendens (LS) and
superficial tangential zone (STZ) [36], although subchondral
bone alterations were considered critical in the disease
process as well [37,38]. In the current study, human articular
Fig. 1. A representative spectrum obtained from the middle zone of normal
bovine patella cartilage with the absorbances of interest labeled (A). Histological
images of normal bovine patella cartilage based on H&E for morphology (B),
Alcian blue for proteoglycan (PG) content (C) and picrosirius red for collagen
fibril orientation (D). The corresponding FT-IRIS images of collagen content
(E), PG content (F), and collagen fibril orientation (G) are shown. The red and
dark blue in the color scales indicate the highest and lowest contents for collagen
or PG in E, F, and indicate collagen fibril orientation parallel and perpendicular
to the articular surface in G, respectively. The boundaries of the cartilage zones
were identified based on the amide I/II ratio from polarized FT-IRIS. The
superficial, middle and deep zones spanned regions with an amide I/II ratio
≥2.7, between 2.7–1.7, and ≤1.7, respectively.



Fig. 2. Alcian blue (A) and H&E (B) stained histological sections and FT-IRIS images created based on PG content (C), collagen content (D), collagen fibril
orientation (E) and the molecule integrity of collagen (F) for samples of human tibial cartilage with Mankin grade 1.5, 3.5, 4, 7.5, and 11.5, respectively.
Each set of FT-IRIS images utilized the same scale. The color bars represent the corresponding pixel values for each IR parameter, where red and dark blue
indicate the highest and lowest contents for PG content (C), collagen (D), or collagen integrity (F), and indicate collagen fibril orientation parallel and
perpendicular to the articular surface (E), respectively.
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cartilage tissues with increasingly severe degeneration were
investigated using FT-IRIS. Our results indicate that in
addition to the surface, however, there are also molecular
changes in collagen in the deeper zones of cartilage in early
OA. These changes continue to proceed with the progression
of OA through later stages of the disease. Specifically, we
have demonstrated that a reduction in the spectral signature of
the 1338 cm−1 peak from the collagen molecule, an indicator
of type II collagen damage, is found in the early development
of OA [39,40].

Morphological and functional changes of chondrocytes
in osteoarthritic cartilage play an important role in the
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pathogenesis of OA. OA chondrocytes display nuclear and
cytoplasmic changes consistent with apoptotic cell death [41].
In OA cells, the amount of synthetic and secretory cell
organelles has been shown to be reduced in the cytoplasm
[42], and the structure of the chondrocyte cytoskeleton was
shown to be irreversibly disrupted with loss of cytoskeletal
filaments [42–44]. This may be related to our findings that the
integrity of collagen in the cytoplasm of chondrocytes in the
deep zone of cartilage decreased with the progression of OA,
while the total amount of collagen remained stable. In contrast,
the relative content of PG in the chondrocytes, although
increased in normal cartilage compared to the adjacent matrix,
was reduced with OA progression, most likely reflecting an
inability to produce adequate PG in the osteoarthritic cartilage
matrix.

One challenge of assessing a therapeutic or tissue
engineering intervention is to detect the compositional and
structural changes in articular cartilage repair tissue formed
by various tissue engineering approaches. Although standard
biochemical assays can provide average chemical composi-
tion for a whole piece of tissue, this method of assay may
not provide all the required information for a heterogeneous
tissue such as cartilage. This study supports the role of FT-
IRIS to quickly and accurately characterize the distribution
and structure of cartilage components, therefore enabling
further correlation between cartilage properties and function.
The repair tissue formed with a microfracture procedure
contains less PG and an abnormal distribution of collagen
compared to normal cartilage, which may explain the poor
resultant mechanical properties often exhibited by repair
tissue [31,32].

In spite of the advantageous applications of FT-IRIS in
evaluating cartilage damage and repair, there are certain
limitations to the use of this technique. First, the tissue
sections for FT-IRIS imaging are generally dehydrated
during processing. Therefore it is not possible for FT-IRIS
to precisely measure the content of water in the tissue, a
component that has been shown to change in the early
stages of OA [45–47]. Second, FT-IRIS is an invasive
technique, requiring physical removal of the tissue for data
acquisition. Practically, such an assessment would only be
performed in a clinical situation at a very late stage of the
disease when tissue would be removed anyway, such as for
knee replacement or when a debridement procedure is
warranted. Thus, although FT-IRIS can detect minor changes
in the chemical compositions of cartilage in the early stages
of OA, this technique does not fulfill the non-invasive
requirement for clinical use. It would be valuable to develop
Fig. 3. Light microscope image of cartilage sample with Mankin grade 11.5 and
FT-IRIS image based on amide I (collagen) showing a typical region across a
deep zone chondrocyte where data were acquired (illustrated by the dotted line)
(A). IR parameters of PG content (B), collagen content (C) and collagen
integrity (D) were mapped across chondrocytes in the deep zone of human tibial
cartilage with Mankin grades 1.5, 4 and 11.5. In B–D, all of the curves were
normalized to the pixel values of the adjacent extracellular matrix. Dashed lines
indicate the cell centers.



Fig. 4. FT-IRIS images created based on collagen content (A), PG content (B), collagen integrity (C), and collagen fibril orientation (D) in equine repair cartilage tissue
after microfracture treatment. Color scale indicates the pixel values for the content of collagen or PG or integrity (1338 cm−1/amide II), as well as the orientation of
collagen fibrils (amide I/II). Histology studies on H&E stained (E) and picrosirius red stained (F) sections show the morphology of the tissue and the orientation of
collagen fibrils. The repair tissue and the adjacent normal cartilage were illustrated as “R” and “N” on the images, respectively.
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a non-invasive device that can incorporate detection of
specific ultrastructural changes in the OA tissue while
overcoming the disadvantages of ex vivo FT-IRIS analyses.
This goal has been addressed in our lab with a novel design
of an infrared fiber optic probe (IFOP) that enables
evaluation of the chondral surface in joint diseases in a
clinical setting [22,34]. With the continuing development of
novel techniques for the operative treatment of osteochon-
dral injuries [48,49], IFOP evaluations could become
extremely important during arthroscopic procedures, where
crucial decisions are made regarding salvaging or removing
cartilage and meniscus.

In conclusion, FT-IRIS analyses can provide detailed
ultrastructural information on cartilage and other biological
tissues by examination of multiple parameters on just one tissue
section per sample. Thus, there is great potential for FT-IRIS to
be utilized as an important diagnostic tool to accurately and
quickly distinguish cartilage degradation in musculoskeletal
diseases including osteoarthritis and trauma injuries, and to
assess repair tissue and therapeutic efficacy in these clinical
conditions.

Acknowledgments

This study was supported by NIH EB000744 (NPC) and
utilized the facilities of the HSS Core Center for Skeletal
Integrity NIH AR46121. The authors thank the Soft Tissue
Laboratory at HSS for providing some of the tissues utilized in
this study.
References

[1] D.T. Felson, Y. Zhang, An update on the epidemiology of knee and hip
osteoarthritis with a view to prevention, Arthritis Rheum. 41 (8) (1998)
1343–1355.

[2] J.H. Hogue, T.L. Mersfelder, Pathophysiology and first-line treatment of
osteoarthritis, Ann. Pharmacother. 36 (2002, Apr.) 679–686.

[3] S.G. Leveille, Musculoskeletal aging, Curr. Opin. Rheumatol. 16 (2)
(2004, Mar.) 114–118.

[4] R.C. Lawrence, M.C. Hochberg, J.L. Kelsey, F.C. McDuffie, T.A. Medsger
Jr., W.R. Felts, et al., Estimates of the prevalence of selected arthritic and
musculoskeletal diseases in the United States, J. Rheumatol. 16 (1989)
427–441.

[5] H.G. Potter, L.F. Foo, Magnetic resonance imaging of articular cartilage:
trauma, degeneration, and repair, Am. J. Sports Med. 34 (4) (2006)
661–677.

[6] C.T. Chen, K.W. Fishbein, P.A. Torzilli, A. Hilger, R.G. Spencer, W.E.
Horton Jr., Matrix fixed-charge density as determined by magnetic
resonance microscopy of bioreactor-derived hyaline cartilage correlates
with biochemical and biomechanical properties, Arthritis Rheum. 48 (4)
(2003, Apr.) 1047–1056.

[7] E.F. Petersen, K.W. Fishbein, L. Laouar, R.G. Spencer, J.F. Wenz, Ex vivo
magnetic resonance microscopy of an osteochondral transfer, J. Magn.
Reson. Imaging 17 (5) (2003, May) 603–608.

[8] K. Potter, J.J. Butler, W.E. Horton, R.G. Spencer, Response of



941X. Bi et al. / Biochimica et Biophysica Acta 1758 (2006) 934–941
engineered cartilage tissue to biochemical agents as studied by proton
magnetic resonance microscopy, Arthritis Rheum. 43 (7) (2000, Jul.)
1580–1590.

[9] M. Huber, S. Trattnig, F. Lintner, Anatomy, biochemistry, and physiology
of articular cartilage, Invest. Radiology 35 (10) (2000) 573–580.

[10] M.A. Freeman, Is collagen fatigue failure a cause of osteoarthrosis and
prosthetic component migration? A hypothesis, J. Orthop. Res. 17 (1999)
3–8.

[11] R.A. Bank, M. Soudry, A. Maroudas, J. Mizrahi, J.M. TeKoppele, The
increased swelling and instantaneous deformation of osteoarthritic
cartilage is highly correlated with collagen degradation, Arthritis Rheum.
43 (10) (2000, Oct.) 2202–2210.

[12] F.P. Lafeber, H. van Roy, B. Wilbrink, O. Huber-Bruning, J.W. Bijlsma,
Human osteoarthritic cartilage is synthetically more active but in culture
less vital than normal cartilage, J. Rheumatol. 19 (1992) 123–129.

[13] F. Nelson, L. Dahlberg, S. Laverty, A. Reiner, I. Pidoux, M. Ionescu, et al.,
Evidence for altered synthesis of type II collagen in patients with
osteoarthritis, J. Clin. Invest. 102 (1998) 2115–2125.

[14] B. Pastrana, A.J. Mautone, R. Mendelsohn, Fourier transform infrared
studies of secondary structure and orientation of pulmonary surfactant SP-
C and its effect on the dynamic surface properties of phospholipids,
Biochemistry 30 (1991) 10058–10064.

[15] D.J. Moore, M. Wyrwa, C.P. Reboulleau, R. Mendelsohn, Quantitative IR
studies of acyl chain conformational order in fatty acid homogeneous
membranes of live cells of Acholeplasma laidlawii B, Biochemistry 32
(1993) 6281–6287.

[16] D.J. Moore, S. Gioioso, R.H. Sills, R. Mendelsohn, Some relationships
between membrane phospholipid domains, conformational order, and cell
shape in intact human erythrocytes, Biochim. Biophys. Acta 1415 (1999)
342–348.

[17] P.I. Haris, D. Chapman, The conformational analysis of peptides using
Fourier transform IR spectroscopy, Biopolymers 37 (1995) 251–263.

[18] A. Pevsner, M. Diem, IR spectroscopic studies of major cellular
components: III. Hydration of protein, nucleic acid, and phospholipid
films, Biopolymers 72 (4) (2003) 282–289.

[19] K. Potter, L.H. Kidder, I.W. Levin, E.N. Lewis, R.G.S. Spencer, Imaging
of collagen and proteoglycan in cartilage sections using Fourier transform
infrared spectral imaging, Arthritis Rheum. 44 (4) (2001) 846–855.

[20] N.P. Camacho, P. West, P.A. Torzilli, R. Mendelsohn, FTIR microscopic
imaging of collagen and proteoglycan in bovine cartilage, Biopolymers 62
(1) (2001) 1–8.

[21] J. Rieppo, M.M. Hyttinen, J.S. Jurvelin, H.J. Helminen, Reference sample
method reduces the error caused by variable cryosection thickness in
Fourier transform infrared imaging, Appl. Spectrosc. 58 (1) (2004)
137–140.

[22] P.A. West, M.P. Bostrom, P.A. Torzilli, N.P. Camacho, Fourier transform
infrared spectral analysis of degenerative cartilage: an infrared fiber optic
probe and imaging study, Appl. Spectrosc. 58 (4) (2004, Apr.) 376–381.

[23] M. Kim, X. Bi, W.E. Horton, R.G. Spencer, N.P. Camacho, Fourier
transform infrared imaging spectroscopic analysis of tissue engineered
cartilage: histologic and biochemical correlations, J. Biomed. Opt. 10 (3)
(2005, May–Jun) 031105.

[24] X. Bi, G. Li, S.B. Doty, N.P. Camacho, A novel method for determination
of collagen orientation in cartilage by Fourier transform infrared imaging
spectroscopy (FT-IRIS), Osteoarthr. Cartil. 13 (12) (2005) 1050–1058.

[25] P.A. West, P.A. Torzilli, C. Chen, P. Lin, N.P. Camacho, Fourier transform
infrared imaging spectroscopy analysis of collagenase-induced cartilage
degradation, J. Biomed. Opt. 10 (1) (2005, Jan.–Feb.) 14015.

[26] E.B. Prophet, B. Mills, J.B. Arrington, L.H. Sobin, Laboratory Methods in
Histotechnology, American Registry of Pathology, Washington, DC, 1992.

[27] L.C. Junqueira, G. Bignolas, R. Brentani, Picrosirius staining plus
polarization microscopy, a specific method for collagen detection,
Histochem. J. 11 (1979) 447–455.

[28] H.J. Mankin, H. Dorfman, L. Lippiello, A. Zarins, Biochemical and
metabolic abnormalities in articular cartilage from osteo-arthritic human
hips: II. Correlation of morphology with biochemical and metabolic data,
J. Bone Jt. Surg. Am. 53 (1971) 523–537.

[29] H.J. Mankin, A.Z. Thrasher, D. Hall, Biochemical and metabolic
characteristics of articular cartilage from osteonecrotic human femoral
heads, J. Bone Jt. Surg. Am. 59 (1977) 724–728.

[30] W. Akeson, D. Amiel, D. Gershuni, Articular cartilage physiology and
metabolism, in: D. Resnick (Ed.), Diagnosis of Bone and Joint Disorders,
WB Saunders, Philadelphia, 1994, pp. 23–40.

[31] T. Minas, S. Nehrer, Current concepts in the treatment of articular cartilage
defects, Orthopedics 20 (1997) 525–538.

[32] S.C. Ghivizzani, T.J. Oligino, P.D. Robbins, C.H. Evans, Cartilage injury
and repair, Phys. Med. Rehabil. Clin. North Am. 11 (2) (2000, May)
289–307 vi.

[33] J.R. Steadman, W.G. Rodkey, J.J. Rodrigo, Microfracture: surgical
technique and rehabilitation to treat chondral defects, Clin. Orthop.
Relat. Res. (391 Suppl.) (2001, Oct.) S362–S369.

[34] G. Li, M. Thomson, E. Dicarlo, X. Yang, B. Nestor, M.P. Bostrom, et al., A
chemometric analysis for evaluation of early-stage cartilage degradation by
infrared fiber optic probe spectroscopy, Appl. Spectrosc. 59 (12) (2005,
Dec.) 1527–1533.

[35] J.D. Sandy, M.W. Lark, Proteolytic degradation of normal and osteoar-
thritic cartilage matrix, in: K.D. Brandt, M. Doherty, L.S. Lohmander
(Eds.), Osteoarthritis, Oxford Univ. Press, New York, 1998, pp. 84–93.

[36] H.E. Panula, M.M. Hyttinen, J.P. Arokoski, T.K. Langsjo, A. Pelttari, I.
Kiviranta, et al., Articular cartilage superficial zone collagen birefringence
reduced and cartilage thickness increased before surface fibrillation in
experimental osteoarthritis, Ann. Rheum. Dis. 57 (1998) 237–245.

[37] A.J. Bailey, J.P. Mansell, T.J. Sims, X. Banse, Biochemical and mechanical
properties of subchondral bone in osteoarthritis, Biorheology 41 (3–4)
(2004) 349–358.

[38] T. Hayami, M. Pickarski, Y. Zhuo, G.A. Wesolowski, G.A. Rodan, L.T.
Duong, Characterization of articular cartilage and subchondral bone
changes in the rat anterior cruciate ligament transfection and meniscecto-
mized models of osteoarthritis, Bone 38 (2) (2006) 234–243.

[39] A.P. Hollander, T.F. Heathfield, C. Webber, Y. Iwata, R. Bourne, C.
Rorabeck, et al., Increased damage to type II collagen in osteoarthritic
articular cartilage detected by a new immunoassay, J. Clin. Invest. 93
(1994) 1722–1732.

[40] A.P. Hollander, I. Pidoux, A. Reiner, C. Rorabeck, R. Bourne, A.R.
Poole, Damage to type II collagen in aging and osteoarthritis starts at the
articular surface, originates around chondrocytes, and extends into the
cartilage with progressive degeneration, J. Clin. Invest. 96 (1995)
2859–2869.

[41] F.J. Blanco, R. Guitian, E. Vazquez-Martul, F.J. de Toro, F. Galdo,
Osteoarthritis chondrocytes die by apoptosis. A possible pathway for
osteoarthritis pathology, Arthritis Rheum. 41 (1998) 284–289.

[42] A. Fioravanti, F. Nerucci, M. Annefeld, G. Collodel, R. Marcolongo,
Morphological and cytoskeletal aspects of cultivated normal and
osteoarthritic human articular chondrocytes after cyclical pressure: a
pilot study, Clin. Exp. Rheumatol. 21 (6) (2003, Nov.–Dec.) 739–746.

[43] N. Capin-Gutierrez, P. Talamas-Rohana, A. Gonzalez-Robles, C. Lavalle-
Montalvo, J.B. Kouri, Cytoskeleton disruption in chondrocytes from a rat
osteoarthrosic (OA)-induced model: its potential role in OA pathogenesis,
Histol. Histopathol. 19 (4) (2004, Oct.) 1125–1132.

[44] K. Yamamoto, T. Shishido, T. Masaoka, A. Imakiire, Morphological
studies on the ageing and osteoarthritis of the articular cartilage in C57
black mice, J. Orthop. Surg. (Hong Kong) 13 (1) (2005, Apr.) 8–18.

[45] P.K. Paul, M.K. Jasani, D. Sebok, A. Rakhit, A.W. Dunton, F.L. Douglas,
Variation in MR signal intensity across normal human knee cartilage, J.
Magn. Reson. Imaging 3 (1993) 569–574.

[46] N.P. Cohen, R.J. Foster, V.C. Mow, Composition and dynamics of articular
cartilage: structure, function, and maintaining healthy state, J. Orthop.
Sports Phys. Ther. 28 (1998) 203–215.

[47] R.W. Moskowitz, M.A. Kelly, D.G. Lewallen, Understanding osteoarthri-
tis of the knee—Causes and effects, Am. J. Orthop. 33 (2 Suppl.) (2004,
Feb.) 5–9.

[48] E.L. Cain, W.G. Clancy, Treatment algorithm for osteochondral injuries of
the knee, Clin. Sports Med. 20 (2) (2001, Apr.) 321–342.

[49] J.M. Farmer, D.F. Martin, C.A. Boles, W.W. Curl, Chondral and
osteochondral injuries. Diagnosis and management, Clin. Sports Med.
20 (2) (2001, Apr.) 299–320.


	Fourier transform infrared imaging spectroscopy investigations in the pathogenesis and repair o.....
	Introduction
	FT-IRIS of articular cartilage

	Materials and methods
	Cartilage tissues
	Tissue processing
	FT-IRIS data acquisition
	FT-IRIS image processing
	Histologic evaluation

	Results
	Normal bovine patella cartilage
	Human osteoarthritic cartilage
	Equine repair cartilage

	Discussion
	Acknowledgments
	References


