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Abstract

Fourier Transform Infrared Imaging (FTIRI) is a new
method for quantitatively assessing the spatial-chemical
composition of complex materials. This technique has been
applied to examine the feasibility of measuring changes in
the composition and distribution of collagen and
proteoglycan macromolecules in human osteoarthritic
cartilage. Human cartilage was acquired post-operatively
from total joint replacement patients. Samples were taken
at the site of a focal lesion, adjacent to the lesion, and from
relatively healthy cartilage away from the lesion. Sections
were prepared for FTIRI and histochemical grading. FTIRI
spectral images were acquired for the superficial,
intermediate, and deep layers for each sample. Euclidean
distance mapping and quantitative partial least squares
analysis (PLS) were performed using reference spectra for
type-1I collagen and chondroitin 6-sulphate (CS6). FTIRI
results were correlated to the histology-based Mankin
scoring system. PLS analysis found relatively low relative
concentrations of collagen (38 + 10%) and proteoglycan
(22 £ 9%) in osteoarthritic cartilage. Focal lesions were
generally found to contain less CS6 compared to cartilage
tissue adjacent to the lesion. Loss of proteoglycan content
was well correlated to histological Mankin scores (r=0.69,
p<0.0008). The evaluation of biological tissues with FTIRI
can provide unique quantitative information on how disease
can affect biochemical distribution and composition. This
study has demonstrated that FTIRI is useful in quantitatively
assessing pathology-related changes in the composition and
distribution of primary macromolecular components of
human osteoarthritic cartilage.
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Introduction

Fourier transform infrared spectroscopy (FTIR) has found
applications in industrial purity assessment studies,
pharmacological studies, forensic science, and other fields
(Maetal., 2001; Realini et al., 2001). Additionally it has
been used extensively to evaluate protein structure, lipid,
and inorganic compounds in tissues (Cooper and Knutson,
1995; Jackson and Mantsch, 1995; Kidder et al., 1997).
Recently, the coupling of an FTIR spectrometer with an
infrared microscope and focal plane array detector (64 x
64 elements) has made it possible simultaneously to obtain
4096 spectra in a spatially discrete manner yielding
wavenumber-wise image maps of infrared absorption.
While conventional methods such as standard histological
techniques, fluorescent probes and stains are useful to
display the spatial distribution of cellular and some
biochemical components in tissue, quantification with
these methods is difficult. Biochemical assays, while
quantitative, do not provide information on the spatial
distribution of tissue chemistry. Thus, FTIR spectral
imaging (FTIRI) is a promising tool for studying tissue
biochemistry in both a spatial and quantitative manner.
Pathological tissues that are studied using FTIR and FTIRI
cover a wide range of types. These range from white matter
in multiple sclerosis, Alzheimer’s disease plaque (Choo
et al., 1996), cancerous tissues (breast, colon, cervical,
sarcomas and skin) (Lasch and Naumann, 1998; Gao et
al., 1999), diseased arteries, silicone or polyester implants
of the breast (Kidder et al., 1997) to skeletal tissues such
as bone and cartilage (Paschalis et al., 1997; Boskey et
al., 1998; Cassella et al., 2000). Recent studies have
focused on bone mineral content and the organic phase in
normal and osteoporotic human bone, in osteogenesis
imperfecta (Camacho et al., 1996; Cassella et al., 2000)
and X-linked hypophosphatemia using mice models
(Camacho etal., 1995). In addition, FTIR provides insight
into the function of osteocalcin (Boskey et al., 1998) and
osteopontin (Boskey et al., 2002) on mineralization in a
knock-out mouse model as well as the role of collagen in
defining mineral properties (Paschalis et al., 1996). A few
studies have investigated the composition of articular
cartilage (Camacho etal., 2001; Potter et al., 2001) which
is of interest in diseases such as osteoarthritis, rheumatoid
arthritis and in tissue engineering.

Cartilage is composed of collagen fibrils embedded
within a hydrated, proteoglycan gel matrix which expands
to maintain stiffness during compression. As the
extracellular matrix degrades over time, morphological
and chemical changes occur causing the cartilage to
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fibrillate and ultimately degrade. Molecular level changes
include the fibrillation of the superficial collagen fibres, a
disruption of the collagen fibre orientation, and a decrease
in proteoglycan (specifically chondroitin and keratan
sulphate) and water content. In addition, changes in the
amount of other proteoglycans such as biglycan, decorin
and aggrecan may be important.

Camacho et al. show that FTIRI (Camacho et al., 2001)
in bovine articular cartilage provides a novel alternative
for visualizing cartilage components and clearly depicts
the zonal variations in composition, with differences
between the superficial, intermediate and deep zones. Using
FTIRI coupled with multivariate data processing
techniques, Potter et al. show that this technique can be
used to obtain spatially resolved quantitative compositional
data for selected pure components of cartilage i.e.
chondroitin 6-sulphate (CS6) and type-II collagen (Potter
etal., 2001).

In this paper, these ideas have been extended and
applied to human osteoarthritic articular cartilage to assess
spatial chemical modifications within the different zonal
layers at different degrees of degeneration. The zonal
distribution of type-II collagen and proteoglycans such as
CS6, chondroitin 4-sulphate, aggrecan, biglycan, and
decorin has been evaluated in diseased and healthy
cartilage. Correlations between histological severity (based
on an aggregate Mankin’s score and loss of CS6 and type-
IT collagen have been calculated for the superficial,
intermediate, and deep layers. Regions comprising a focal
lesion were compared to an adjacent region as well as a
distant control region. Additionally, the distribution of
collagen in the interterritorial matrix was compared to the
territorial matrix surrounding the chondrocytes.

Materials and Methods

Human cartilage specimens

Fresh human cartilage specimens were obtained from
patients following joint replacement surgery (knee n=4,
hip n=1) in concordance with the Biosafety Committee at
the University of California, San Francisco. All subjects
underwent surgery for degenerative joint disease
(osteonecrotic patients were excluded based on clinical and/
or radiological findings). Disease extent was established
by pre-operative radiography graded using the Kellgren/
Lawrence score (Kellgren and Lawrence, 1957). Within
each surgical tissue specimen three samples were identified
and extracted with a 6mm dermal punch: (1) A focal lesion,
in the tibial compartment with enough cartilage to analyze
(for specimens with complete narrowing of the medial
compartment, the lateral tibial compartment was used) (2)
an adjacent region within 15 mm of the focal lesion, and
(3) a control region with no evident degeneration, either
the homolateral femoral condyle or in the contralateral side
of the tibia when it was possible. Subchondral bone was
removed with a scalpel before the cartilage samples were
flash frozen in Optimal Cutting Temperature (OCT)
compound (Tissue-Tek, Sakura, Tokyo, Japan) and then
stored at -80°. Sections with a 7um thickness were cut
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perpendicular to the articular surface using a cryostat (CM
1850, Leica Microsystems, Bannockburn, IL). Adjacent
sections were transferred to a Barium Fluoride (BaF,)
window for FTIRI and a standard glass slide for
histological grading. The OCT embedding material was
removed from the FTIRI samples by adding a few drops
of de-ionized water and rapid removal with a pipette prior
to air-drying the sample. Histological samples were fixed
in neutral buffered formalin and stained with Safranin-O
(Hyllested et al., 2002) and all specimens were evaluated
histologically for OA severity.

Histological samples were graded by two trained
observers (A. Brouchet and E. David-Vaudey) using a
modified Mankin score (Mankin et al., 1981), i.e. without
scoring the cartilage bone interface (tidemark) and the
subchondral bone, as our samples had the bone removed
prior to sectioning. The mean score between observers
was considered for correlative analyses with the FTIR
results.

FTIRI acquisition

FTIRI spectral images were recorded in transmission mode
with a commercially available IR imaging system
consisting of a mid-infrared step-scan interferometer
coupled to an IR microscope that includes a 64 x 64
mercury cadmium telluride focal-plane array detector
(ImageMax, Thermo Electron Corporation, Waltham,
MA). Each detector element records an interferogram that
was averaged over 32 acquisitions. The interferograms
were then apodized and Fourier transformed into 16cm'
resolution spectra over the range of 500-4000cm™ for a
total of 4096 spectra with a 400pum x 400pum field of view.
To investigate regional depth-wise variations in collagen
and proteoglycan composition, three acquisitions were
made for each sample to cover the superficial, intermediate,
and deep layers of cartilage. The three layers were
identified histologically based on cell shape.
Representative tissue spectra and histology images are
shown in Figure 1.

Pure components

FTIR spectra for common components of the extracellular
matrix of cartilage were acquired for use in multivariate
analyses of the spectral image data described above.
Specifically the following components were used: type-1I
collagen from bovine nasal cartilage; chondroitin 6-
sulphate from shark cartilage; chondroitin 4-sulphate from
bovine trachea; biglycan, decorin, and aggrecan from
bovine articular cartilage (Sigma Aldrich, St. Louis, MO).
Each pure component sample was mixed in a potassium
bromide matrix (1:100 sample:KBr ratio) and pressed into
7mm pellets. Reference spectra were acquired with the
bench interferometer component of the FTIRI system
described above (Nexus 870, Thermo Electron
Corporation, Waltham, MA). For each component, FTIR
spectra with a resolution of 16cm™ were recorded and
averaged over 256 acquisitions.

Multivariate Analysis
The cartilage spectral image data were analyzed in a
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Figure 1: (A) Histological slide (left) represents the
articular sample from a diseased area of knee 4. (B)
Visible light microscopic images corresponding to the
superficial, intermediate and deep layer zones analyzed
by FTIRI. (C) A typical FTIR spectrum obtained from
the superficial layer of this articular cartilage.
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commercial chemical imaging software suite (Isys, Spectral
Dimensions, Olney, MD). All Image and reference spectra
were truncated to the fingerprint region (900-2000 cm™) and
corrected with a first order baseline subtraction.

The Euclidean distance and partial least squares (PLS)
methods described by Potter et al (Potter et al., 2001) were
applied here to examine the distribution of collagen and
proteoglycan components in the different cartilage layers
and at different degrees of degeneration. The Euclidean
distance was calculated between each sample spectral image
and a component’s reference spectrum on a pixel by pixel
basis,
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where D(X,y) is the distance at a point X,y of the spectral
image, A(X,y)i is the vector normalized absorbance at
pixel X,y for wavenumber i, & is the vector normalized
pure component reference absorbance at wavenumber i,
and w, and w, define the spectral range. The resulting
image represents a qualitative map of spectral similarity
between the cartilage sample and component of interest.
Euclidean distance maps for multiple components (e.g.
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Figure 2: FTIR spectra of standards: A) Hyaluronic Acid B) Decorin C) Chondroitin-6-Sulphate D) Type II Collagen
E) Biglycan F) Aggrecan. Notable absorbance peaks for collagen include the Amide I (1658 cm™), Amide II (1550
cm™), Amide IIT (1242 cm™), while the proteoglycans exhibit absorbance peaks for the Amide I stretch (1652 cm™),
Amide II and N-H bend (1559 cm™), Sulphate stretch (1243 cm™) and the carbohydrate ring vibrations (926-1166

cm™)

collagen and CS6) were superimposed to create a colour
image where each component’s distance is represented by
a primary colour (red or blue). Common regions of spectral
similarity combined to give a secondary colour (magenta),
while low intensity or black colour corresponded to
mutually dissimilar regions.

A quantitative assessment of component concentration
was performed using PLS. The relative concentration of
matrix components was determined by assuming that the
sample cartilage spectra represent a linear combination of
their collagen and proteoglycan components. For each
dataset a partial least squares model is constructed from
the reference spectra and fit on a pixel by pixel basis to
give relative concentration maps for each component. In
this study, the model was limited to collagen and CS6 as
the primary components of the extracellular matrix.
Regions of interest were identified manually to calculate
the relative mean component concentrations for each
sample. Additionally, the territorial and inter-territorial
matrix sites were manually segmented to investigate the
degree of extracellular heterogeneity.
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Statistical analysis

FTIRI PLS data are reported as mean (of some number of
pixels within the section) + standard deviation. Statistical
comparisons with histological results were done using a
non-parametric Spearman correlation and Student t-test
(p < 0.05 was considered significant).

Results

Radiological and histological grading

Pre-operative radiographs confirmed moderate to severe
joint space narrowing and/or the presence of osteophytes
in all subjects. All four knee replacement patients were
diagnosed with Kellgren-Lawrence grade 111 OA while the
single hip replacement patient was found to be grade IV.
Histological sections of cartilage at lesion sites were found
to have a mean Mankin score (out of 12) of 8.8 + 2.2 while
adjacent tissue was 4.0 + 0.8 and control tissue was 4.3 +
1.3. Significant differences (p <0.01, p <0.05) were found
for lesion vs. adjacent and control tissue respectively. No
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Figure 3: Representative red-blue composite images of Euclidean distance maps for CS6 and collagen in the
superficial (A) and intermediate (B) layers from a healthy sample (control). In these images blue represents collagen,
red represents CS6 and magenta represents both collagen and CS6. (Independent colour scale)

significant difference in Mankin score was found between
the adjacent and control tissue groups. One outlier sample
with a score greater than two standard deviations difference
from the mean was removed.

Pure components results and spectra analysis

The FTIR spectra for type-II collagen, CS6, biglycan,
decorin and aggrecan are shown in Figure 2. The
characteristic features for collagen were compared with
peak assignments derived from literature (Huc and
Sanejouand, 1968; Lazarev et al., 1985). The collagen
spectrum exhibits typical features of a protein spectrum
with absorbance band at 1649 ¢cm™' (amide I), 1545 cm'!
(amide IT) and at 1250 cm™! (amide III). The main features
of the CS6 spectra arise from sugar groups ranging from
1000 to 1200 cm™, sulphate (1240 cm™) and carboxylate
absorbance bands (1610 cm™, 1411 cm™). These data were
consistent with prior published spectra for CS6 (Orr, 1954).
There is considerable overlap in the absorbance bands for
methylene (1480 cm™), methyl (1375 cm™), amide I and IT
between collagen and CS6.

Qualitative analysis

Euclidean distance analysis was performed on all FTIRI
datasets using the reference type-II collagen and CS6
spectra. Representative red-blue composite distance maps
for CS6 and type-II collagen are shown in Figure 3. CS6
(red) was seen primarily in the matrix adjacent to the cells
(the pericellular space). In contrast, the interterritorial space
appeared blue indicating a strong spectral similarity with
collagen. This was especially evident in maps of the
collagen-rich intermediate layer. The territorial space
between cells appeared magenta due to contribution of both
CS6 and collagen. As with CS6, aggrecan was found to
have highest spectral similarity in the pericellular space,
with content in the area immediately adjacent to cells
compared to the interterritorial space. High spectral
similarity was found for decorin and biglycan in the
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superficial zone and the pericellular space with decorin
primarily adjacent to the cells.

Semi-quantitative analysis

Collagen and CS6 content in the specimen

A partial least squares analysis was performed on the FTIRI
datasets to extract constituent concentrations for CS6 and
type-1I collagen within the different layers. Combining data
for all tissue samples, cartilage was found to be 38% + 10
% collagen and 22% + 9% CS6. From the articular surface
and moving towards the deep layer relative CS6 content
was found to be 19% =+ 8%, 23% + 8% and 24% + 10%
respectively.

Atan individual level (see Figure 4), the CS6 PLS score
difference (lesion versus adjacent tissue) was found to be
significantly lower (p < 0.0001) in the superficial layer.
The mean difference approaches 0 in the mid layer and
increases again in the deep layer. No significant lesion Vs.
surrounding differences in the collagen content were found
across cartilage layers.

Biochemical modifications according to histological
severity of OA.

As seen in Figure 5, the CS6 concentration varied with
histological degeneration as assessed by the Mankin score.
Significant (p < 0.0008) loss was seen in the superficial
layer of specimens with severe osteoarthritis (Mankin score
8-12) compared to those with mild OA (Mankin score
ranging from 0-4). CS6 loss was also significant for
specimens with mild compared to moderate OA (p <0.004)
and moderate to severe OA (p < 0.05). In contrast, the
only significant difference in collagen content of the
superficial layer was found between moderate and severe
degeneration (p < 0.05). Using the Spearman correlation,
it was confirmed that a significant loss of CS6 in the
superficial layer was associated with histological severity
(R =-0.69; p < 0.0008). There was also a significant
correlation between collagen content in the intermediate
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Figure 4: Difference in PLS between region adjoining the lesion and lesion in (A) CS6 and (B) collagen content in

the different layers of the specimen

and superficial layer (R = 0.64, p < 0.003) as well as
between the deep and intermediate layer (R = 0.54, p <
0.02). This suggests that changes in collagen distribution
are consistent across cartilage layers, regardless of the OA
stage.

Distribution across the matrix of collagen molecules

The pixel to pixel variation in collagen content across the
section reflects the heterogeneous distribution of collagen.
As shown in Figure 6, collagen was located primarily in
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the interterritorial matrix (TM/ITM < 1). The TM/ITM ratio
for collagen did not vary in mild and moderate
osteoarthritis. The regional variation across the matrix was
especially marked in the superficial layer where
degradation occurs in the pericellular and territorial matrix
and precedes the interterritorial changes. The TM/ITM ratio
for CS6 was > 1, indicating that CS6 is located primarily
in the territorial matrix.
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Figure 5: (A) CS6 content variation with Mankin Score in terms of the PLS score. (B) Collagen content variation
with Mankin Score in terms of the PLS score. Sup: superficial; Med: intermediate; Deep Layers.

Discussion

In this paper the biochemical nature of human osteoarthritic
articular cartilage was investigated using several physical
and microscopic methods. Quantitative information about
the distribution of the major chemical constituents of
articular cartilage was evaluated with FTIRI. This marks
one of the first reports on differences in collagen and
proteoglycan distribution not only in different cartilage
layers, but in focal lesion areas, in cartilage tissue adjoining
the lesion, and in control cartilage. Specific spectral
absorbance bands arising from the major components of
cartilage were difficult to identify because of the significant
spectral overlap for collagen, proteoglycans, and other
minor matrix proteins; thus, peak ratio intensity
measurements were not sufficient. Instead a multivariate
analysis was used to obtain semi-quantitative
measurements for type-II collagen and chondroitin 6-
sulphate.

Considerable individual and inter-individual variation
was found in both the distribution and content of collagen
and proteoglycan underscoring the heterogeneity of the
OA process as shown in previous studies (Rizkalla et al.,
1992). Substantial variations of the major components
across the different layers were also evident. Nevertheless,
CS6 content is clearly lowest in the superficial layer while
the highest density of collagen molecules corresponds to
the tangential region just under the articular surface. These
findings are in agreement with previous studies (Camacho
etal., 2001).

At an individual level, cartilage from a focal lesion
contains less CS6 compared to cartilage adjacent to the
lesion highlighting the focal process of OA. These results
are similar to those obtained by Squires et al. (2003) for
early focal lesions and adjacent areas in aging cartilage.
Our results fail to demonstrate an increase in CS6 content
in control samples.

Using Euclidean distance collagen mapping combined
with PLS analysis it was confirmed that collagen molecules
were primarily located in the interterritorial matrix of
osteoarthritic cartilage. The ratio of territorial to
interterritorial matrix collagen increased in the intermediate
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and deeper layers. This suggested increased collagen
deposition in the territorial matrix of the deep layer is an
indication of repair (Pfander et al., 1999). In contrast, CS6
was mainly located in the pericellular space (TM/ITM
always >1) which was consistent with histological staining.
The Mankin grade is a composite score used to evaluate
histological degeneration associated with osteoarthritis. It
has been criticized for its complexity since it takes into
account architectural features, cellular, and chemical
modifications related to OA. In this study, Mankin score
was well correlated to biochemical parameters determined
by FTIRI. Histological correlations based on the modified
Mankin score suggested that degeneration was strongly
associated with CS6 loss in the superficial layer; with a
loss of proteoglycan staining, especially near the articular
surface. There was also evidence for collagen degradation
in the superficial zone at the end stage of OA (Mankin
score 8-12). We would have expected to have a lower
collagen content in moderate OA than in mild OA since
the collagen denaturation occurs early in the osteoarthritic
process (Hollander et al., 1995).

Biglycan and Decorin are small proteoglycans,
members of the leucin-rich repeat protein family. Biglycan
is composed of a 38 kDa core protein that is substituted
with 2 GAGs chains on N-terminal Ser-Gly sites (Neame
et al., 1989; Fisher et al., 1991). Biglycans are found in
the interterritorial matrix and in the pericellular area where
they are thought to modulate morphogenesis and
differentiation (Stanescu, 1990). Decorin is mainly located
in the interterritorial matrix involved in the regulation of
important biological functions like matrix organization,
cell adhesion, migration and proliferation (Gallagher, 1989;
Bock et al., 2001). In this study, quantification of the
concentration and distribution of different proteoglycans
such as decorin, biglycans, aggrecan, hyaluronic acid was
difficult due to considerable overlap of the spectra.
Although maps of spectral similarity based on the
Euclidean distance were calculated for each of these
components, it’s not clear that such methods truly
differentiate between the individual proteoglycans. For this
reason, this paper focused on the CS6 and collagen peak
features of osteoarthritic cartilage.
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Figure 6: (A) PLS for collagen mapping displaying the matrix distribution. (B) Collagen distribution in the matrix
for the different layers according to histological severity.

Lower relative concentrations of CS6 and collagen
were found in this study compared to previous work with
bovine nasal cartilage (Potter et al., 2001). This can
probably be attributed to the fact that diseased human
cartilage is known to contain fewer macromolecules. In
this respect, it would have been interesting to include non-
diseased cartilage as a true control. Moreover, the
comparison between bovine and human cartilage is also
difficult since there are important variations between
species.

Recent studies in magnetic resonance techniques show
increased relaxation time measurements in OA (David-
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Vaudey et al., 2004; Dunn et al., 2004) but these methods
are indirect measures of cartilage biochemistry. High
frequency ultrasonography was also assessed for disease
progression in osteoarthritis with promising correlation for
collagen content in osteoarthritic samples (Saied et al.,
1997; Cherin et al., 2001). However, proteoglycan
depletion is more difficult to evaluate with this technique
(Pellaumail et al., 2002). Histology is used to quantify
proteoglycan depletion using Safranin-O intensities
(Camplejohn and Allard, 1988) but for advanced
osteoarthritis, the reliability of staining intensity and
proteoglycan content is more controversial (Rosenberg,
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1971). Ultrastructural techniques, such as radio-
immunoassay (Poole et al., 1996), are applied to study
compositional changes in articular cartilage with great
precision. Infrared technology provided both quantitative
and qualitative analysis and allowed the quantification of
many components at the same time. In this respect, FTIR
combined imaging qualities and chemical information. The
other advantage of this technique stems from the fact that
no marker molecule was required and most importantly
the morphological characteristics were preserved, allowing
for a detailed account of variations in biochemical
properties as a function of anatomical position.
Nevertheless, limitations of the technique come from the
fact that for processing, tissue sections are usually
dehydrated, therefore accurate results are difficult to obtain
since water is known to be extremely important in cartilage
biochemistry.

In the future, it would be relevant to use FTIRI to assess
the biochemical modifications in a larger population, to
include normal and early stage OA, and to compare the
quantitative results against biochemical bulk analysis as a
gold standard. Identification of these changes is of interest
to better understand the pathogenesis of osteoarthritis and
prevent disease progression.
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Discussion with Reviewers

D. Jones: This is an interesting and potentially powerful
application of the technique, though the statement that it
is new (in the first sentence) is subjective. In Boskey’s
work, due to the poor penetration of the IR (due to water),
the depth of analysis is very low and the sections used
were very thin. What is the maximum depth of field of
this analysis?

Authors: That is correct that the technique, like Boskey’s
is limited to very thin sections. The maximum thickness
in our experiment was 7 microns. According to Michael
Jackson (Handbook of Vibrational spectroscopy p. 3378),
samples should be normally prepared as thin sections (5-
20 microns) from fresh frozen tissue without any fixatives
or embedding. For infrared transmission applications in
such materials (i.e. soft tissue) this is pretty much limited
to 10 microns.



