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Depth-Wise Proteoglycan Content in
Normal and Osteoarthritic Human
Articular Cartilage
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Abstract

Background: Fourier transform infrared (FTIR) microspectroscopy is a promising method for estimating the depth-
wise composition of articular cartilage. The aim was to compare the specificity of two earlier introduced, presumably
proteoglycan (PG)—specific FTIR parameters (i.e., absorption in the carbohydrate region with and without normalization
with Amide | absorption) to estimate the reference PG content of normal and osteoarthritic human articular cartilage.
This study is a direct continuation of our earlier studies, from which the presented data are reanalyzed. Design: Earlier,
FTIR microspectroscopy, digital densitometry, histological analyses, and polarized light microscopy were conducted in vitro
for articular cartilage samples of human patellae (n = 72). In the present study, earlier data were combined and statistically
reanalyzed in a depth-wise manner to clarify the specificity of FTIR parameters introduced for the estimation of PG content
of articular cartilage. Digital densitometry for Safranin O-stained samples was used to indicate reference PG content.
Results: Direct absorption of the carbohydrate region estimated well the PG content in the middle and deep zones of
articular cartilage and appeared to be superior compared to carbohydrate values normalized with Amide | absorption.
However, in the superficial zone, the specificity of both FTIR-derived PG parameters was limited. Conclusions: Limitations of
current FTIR-based PG parameters in the superficial zone of articular cartilage should be recognized and carefully taken
into account in future studies using FTIR microspectroscopy for PG content estimation. Further research is needed to
improve the specificity of FTIR parameters for the estimation of PG content of articular cartilage.
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Introduction

In osteoarthritis (OA), articular cartilage undergoes dra-
matic changes in its composition." Fourier transform
infrared (FTIR) microspectroscopy is a promising method
for estimating the depth-wise composition of articular
cartilage on a pixel-by-pixel basis. In FTIR microspec-
troscopy, absorption of infrared light is measured point by
point within a microscopic tissue section, and infrared
absorption spectrum is determined for each pixel.
Different molecules in biological samples show typical
absorption characteristics that can be used to detect and
quantify the molecule of interest (e.g., proteoglycan [PG]
and collagen in cartilage). At present, FTIR microspec-
troscopy is the only experimental technique enabling

simultaneous measurement of depth-wise collagen and
PG content.

In several studies using FTIR microspectroscopy, the
collagen and PG contents of cartilage tissue have been
determined.”'® The most commonly used and simplest
analysis technique is to directly calculate the areas under
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the absorbance spectrum. Specifically, arcas under the
Amide I peak (1585-1720 cm™') and carbohydrate region
(985-1140 cm™") have been considered to estimate the col-
lagen and PG contents, respectively.’ Furthermore, to
reduce artifacts related to variation in thickness between
the microscopic sections, Kim et al.® suggested normalizing
the absorbance in the carbohydrate region with that of the
Amide 1 peak. Both of these PG parameters have been
shown to correlate with the histologically or biochemically
determined PG content.*® However, in human articular
cartilage, we have earlier speculated that the use of a ratio
parameter (i.e., ratio of carbohydrate to Amide I) includes
more uncertainty than the direct area of the carbohydrate
region, although actual reference data for the depth-wise
distribution of PG content were not reported.' Thus, com-
prehensive comparison of these two FTIR-derived PG
parameters with the depth-wise reference data for the PG
content has not been reported for human cartilage.
Moreover, in a recent methodological study, the specificity
of carbohydrate-based parameters was also clarified by
enzymatically degrading the PGs in bovine cartilage tis-
sue.' That study concluded that specificity of current PG
parameters may not be optimal, and these parameters seem
to be somewhat affected by the collagen absorption.'
However, for human osteoarthritic cartilage, the depth-wise
contribution of collagen absorption to FTIR-derived PG
parameters is currently unknown.

The aim of this study was to compare the specificity of
the two aforementioned FTIR microspectroscopical PG
parameters to estimate the reference PG content of articular
cartilage in a large sample material consisting of normal
and osteoarthritic human tissue. Specifically, we aimed in
answering the following questions: (1) when evaluating PG
content with FTIR microspectroscopy, which one of the
traditional parameters provides the best correspondence
with the reference method (i.e., digital densitometry) in dif-
ferent tissue depths? (2) Should the absorbance in the car-
bohydrate region be normalized with that of the Amide
I peak? (3) Are the current FTIR parameters sensitive
enough to detect OA-related changes in the PG content?
Furthermore, the contribution of collagen absorption to PG
parameters was further clarified in this study.

Methods
Human Articular Cartilage Samples

In the present study, the experimental data from our ear-
lier studies"'* were combined and statistically reanalyzed
in a depth-wise manner. The sample material consisted of
human osteochondral samples (n = 72) from 14 patellae
from the right knees of cadaveric human donors (aged 55
+ 18 years). Samples were prepared from 6 locations in

each patella (superomedial, superolateral, central medial,
central lateral, inferomedial, and inferolateral). After sam-
ple preparation, cartilage was detached from the subchon-
dral bone and processed for FTIR microspectroscopy,
histological analyses, polarized light microscopy, and
digital densitometry."'?

Histological Analyses

Histological grading was chosen as an indicator for OA pro-
gression."'? OA grade of all samples was assessed according
to the Osteoarthritis Research Society International (OARSI)
histopathology grading system with subgrades."” Based on
the OARSI grading, samples were divided into 3 groups:
normal (n = 35, OARSI grade = 0), early O4 (n = 15,
OARSI grade = 1.0-1.5), and advanced OA (n =22, OARSI
grade = 2.0-4.5).

FTIR Microspectroscopy

For the evaluation of the PG and collagen contents, micro-
scopic unstained sections (thickness = 3 um) were used in
FTIR microspectroscopy. Measurements were conducted
with the PerkinElmer Spectrum Spotlight 300 imaging sys-
tem (PerkinElmer, Shelton, CO) using the following meas-
urement settings: spatial pixel resolution of 6.25 um,
spectral resolution of 4 cm ™', and acquired spectral region
of 2000-670 cm™'. The depth-wise PG and collagen con-
tents of the samples were estimated by measuring the inte-
grated absorbance of the carbohydrate region (1140-985
ecm ') and Amide I peak (1585-1720 cm™), respectively,
from the pixel-wise infrared absorption spectrum.’
Furthermore, the ratio between the carbohydrate region and
Amide I peak was calculated as a second indicator of the
PG content.®

Digital Densitometry

Digital densitometry was used as a reference method to
quantify the depth-wise PG distribution.'? Microscopic sec-
tions (thickness = 3 pm) were stained with Safranin O in
standardized conditions (pH 4.6). The staining intensity of
Safranin O in the microscopic sections was determined
with a digital densitometer by quantifying optical density
(OD) of the samples. OD is an index for a relative PG con-
tent.'*"> Three microscopic sections from each sample
were analyzed and averaged to minimize error due to pos-
sible variation in section thickness.

Polarized Light Microscopy

To account for the presumably different zonal thicknesses
between the groups in the PG content analysis, an enhanced
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Figure 1. The mean depth-wise profiles of each Fourier
transform infrared (FTIR) parameter (carbohydrate, Amide I,
and carbohydrate/Amide 1) and optical density (OD) within
each sample group as normalized to their maximum value. (A)
Normal samples, (B) early osteoarthritis (OA) samples, and (C)
advanced OA samples. Standard deviations of the profiles have
been indicated in the graphs.

polarized light microscopy (ePLM) system (Leitz Ortholux
I POL, Leitz Wetzlar, Wetzlar, Germany) was used to esti-
mate the relative thicknesses of superficial, middle, and
deep zones in each OA group."'® Depth-dependent collagen
fibril orientation and birefringence were calculated for each
sample by averaging 3 parallel measurements, and the
thickness of the superficial zone was estimated by combining
this information. The interface between the middle and
deep zones was localized at the point where the orientation
curve reached the angle of close to 90° (perpendicular
to cartilage surface). The estimation of the thickness of

cartilage zones is described along with the schematic figure
in an earlier study."’

Data Analysis

All data analyses were carried out using Matlab (version
7.2, MathWorks, Inc., Natick, MA) and SPSS (version 16,
SPSS, Inc., Chicago, IL). The depth-wise profiles from
FTIR microspectroscopy analyses (Amide I absorption,
carbohydrate absorption, and carbohydrate/Amide I) and
digital densitometry (OD) were extracted for each sam-
ple.""'? All profiles were resampled to 100 points, and sub-
sequently, FTIR microspectroscopical parameters were
correlated point by point with a reference PG parameter
(OD) in a depth-wise manner using Pearson’s correlation
analysis. Furthermore, the differences between the linear
Pearson’s correlation coefficients were statistically com-
pared by using Fisher’s transform, as described by Steiger.'®
A test was chosen so that two correlation coefficients were
compared with each other at a time having one parameter
in common, that is, the reference parameter for the PG
content (OD). All depth-wise data were also averaged
throughout the entire tissue depth to obtain bulk values for
all samples and averaged within each structural zone to
obtain zone-wise values.

The mixed linear model was used for statistical com-
parisons of the relative thicknesses of superficial, middle,
and deep zones between the OA groups. In the model, OA
group and sample location within the patella were set as
fixed variables, and the cadaver was assigned as a random
variable. Least significant difference (LSD) adjustment
was used. More details of the mixed model for this sample
set have been given in our recent study.'

Results

Visually, in all sample groups, reference PG parameter
(OD) had a more abrupt slope and lower normalized values
in the superficial zone than the FTIR-based PG parameters
(Fig. 1).

Generally, it was observed that correlations were weak
or mediocre in the superficial cartilage (~1%-10%), but
they clearly increased when proceeding deeper in the tissue
(Fig. 2). Correlations between the FTIR-derived PG param-
eters and OD were, in general, significantly (P < 0.05)
higher than correlations between the Amide I absorption
and OD. However, in advanced OA, the correlation between
the Amide I absorption and OD was relatively high, and no
significant differences existed when comparing with cor-
relations between absorbance in the carbohydrate region
and OD. The correlation between the carbohydrate/Amide
I and OD was generally lower than between the nonnormal-
ized carbohydrate region absorbance and OD. When pool-
ing all the samples together, the correlation with OD
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Figure 2. Depth-wise correlations between the optical density (OD) and Fourier transform infrared (FTIR) parameters as presented
point by point for each osteoarthritis (OA) group and for whole-sample population. The statistical differences of the correlation
coefficients between the OD and FTIR parameters are indicated with striped bars below the depth-wise correlation coefficients. (A)

Normal samples, (B) early OA samples, (C) advanced OA samples, and (D) all samples pooled together.

seemed to be the highest with the carbohydrate region with-
out normalization with the Amide I absorption.

The correlations between FTIR-derived PG parameters
and OD after calculating bulk parameter values (averaged
over the tissue depth) for all samples are reported in Table 1
and Figure 3. Generally, bulk correlations between the OD
and carbohydrate region were better than between the OD
and carbohydrate/Amide 1. The correlations between the
OD and Amide I absorption were relatively weak or medio-
cre in the normal and early OA groups. Instead, the OD
versus Amide [ correlation was relatively good in the
advanced OA group.

The mean relative thicknesses of the superficial, middle,
and deep zones in each sample group are presented in
Figure 4. The relative thickness of the superficial zone
decreased significantly (P < 0.05) as OA progressed. In

contrast, no significant changes in the relative thickness
were observed in the middle zone. In the deep zone, a sig-
nificant (P < 0.05) increase in the relative thickness was
observed in advanced OA compared to normal samples.
When comparing the zone-wise correlations between
the FTIR-derived PG parameters and OD, the carbohydrate
and carbohydrate/Amide I were rather similar in normal
and early OA samples with the exception that the latter had
a significantly (P < 0.05) stronger correlation with OD in
the superficial zone (Table 1). In the advanced OA group
as well as when all the samples were pooled together, the
carbohydrate region absorbance correlated better with OD
in the middle and deep zones compared to carbohydrate/
Amide I. Overall, carbohydrate region absorbance showed
significantly higher (P < 0.05) correlations with OD com-
pared to Amide I in all groups except the advanced OA
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Table I. Linear (Pearson’s) Correlation Coefficients (r) between
the Fourier Transform Infrared—Derived Proteoglycan Parameters
and the Optical Density (OD) in Each Structural Zone (Superficial,
Middle, and Deep) and Averaged over the Entire Tissue Depth
(Bulk)

Carbo-
hydrate/
Group Zone Carbohydrate Amide| Amide |
Normal Bulk 0.709* 0.700° 0.224
Superficial 0.448° 0.655*° 0.064
Middle 0.7217 0.820% 0.191
Deep 0.706° 0.62 0.222
Early OA Bulk 0.864° 0.747 0.495
Superficial 0.241 0.192 0.122
Middle 0.822% 0.805 0.312
Deep 0.639° 0.72 0.477
Advanced OA Bulk 0.762¢ 0.318 0.605
Superficial 0.131 0.119 0.048
Middle 0.615° 0.203 0.512
Deep 0.764° 0.366 0.588
All samples Bulk 0.838* 0.648 0.553
Superficial 0.297° 0.312 0.096
Middle 0.804*¢ 0.700* 0.462
Deep 0.828%¢ 0.671 0.523

OA = osteoarthritis.

*Significantly higher r compared to that of the Amide | group (P < 0.05).
*Significantly higher r compared to that of the carbohydrate group (P < 0.05).
“Significantly higher r compared to that of the carbohydrate/Amide |
group (P < 0.05).

group and in the superficial zone of the early OA group
(Table 1).

Discussion

In the present in vitro study, two different FTIR parameters,
widely used for analysis of the PG content of articular
cartilage, were compared in a depth-wise manner with the
reference technique for PG determination (i.e., digital den-
sitometry). The sample material consisted of both normal
and osteoarthritic human articular cartilage. The results for
the bulk parameter values of the whole tissue, as well as for
the depth-wise values in the middle and deep zones, dem-
onstrated good correlations between the FTIR-based PG
parameters, especially direct absorbance in the carbohy-
drate region, and the reference technique (OD). However,
in the superficial zone, correlations between the FTIR-
based PG parameters with the reference values were rela-
tively low in all OA groups. When considering this together
with the fact that the mean normalized OD values in the
superficial zone were also lower than the FTIR-based PG
parameter values (Fig. 1), it can be concluded that the spe-
cificity of the currently investigated FTIR-based PG param-
eters is somewhat limited in the superficial tissue. This is

consistent with our recent findings for bovine cartilage
after enzymatic degradations.'' Consequently, it seems that
in the superficial zone, where the PG content is at its low-
est, also the collagen absorption has a small effect on the
carbohydrate region of the infrared spectrum.

As might be expected,"” it was observed that the rela-
tive thickness of the superficial zone decreased as OA
progressed. Furthermore, the relative thickness of the deep
zone increased in advanced OA compared to normal sam-
ples. This increase was probably associated with the simul-
taneous wear of the superficial zone in advanced OA, as it
also affects the relative thicknesses of other layers.
Consequently, the present zone-wise thickness analysis
supports the fact that the superficial zone is partly or com-
pletely vanished in severely osteoarthritic tissue due to
superficial fraying, delamination, and disintegration. The
varying thickness of the superficial layer should be recog-
nized and taken into account in all depth-wise comparisons
between different OA groups.

To clarify the effect of different thicknesses of the super-
ficial zone between the groups, we also analyzed the FTIR-
derived PG parameters and the OD separately for each
zone. The results of this zone-wise analysis also demon-
strated that correlations between the FTIR-derived PG
parameters and the OD were weak in the superficial zone.
Consequently, this analysis strengthens the conclusion that
the specificity of current FTIR-derived PG parameters is
limited in the superficial zone.

With regard to the estimation of PG content in the mid-
dle and deep zones, it seems that both FTIR-derived PG
parameters estimate quite well the reference PG content in
the normal and early OA groups. However, in advanced
OA, the correlation between the OD and the carbohydrate/
Amide I ratio remains low compared to the carbohydrate
region alone. This may be explained by the simultaneous
decrease in the Amide I absorption (i.e., estimate for the
collagen content) in advanced OA. This was supported by
the significant correlations between the OD and Amide I
absorption in the middle and deep zones, especially in the
advanced OA group. Consequently, when Amide I absorp-
tion becomes very small, the normalization of the carbohy-
drate region absorption with it leads to unstable values for
estimation of the PG content. When considering this
together with our recent results,'' it seems that the direct
use of the carbohydrate region is more reasonable; how-
ever, care should be taken to minimize the section thickness
artifacts. These artifacts are always present when calculat-
ing any nonnormalized absorbance values directly from the
infrared spectrum. Conducting FTIR measurements from
several sections within one sample is one way to minimize
this variation.

It was demonstrated in our recent study that the carbo-
hydrate/Amide I ratio underestimated the PG content of
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bovine articular cartilage in deep tissue both in normal
samples and samples enzymatically digested with chon-
droitinase ABC."" In the present human sample material,
we did not observe similar behavior. This discrepancy
between the studies may be explained by the differences in
the species investigated. However, based on the conclu-
sions above, it still seems that direct absorbance in the
carbohydrate region estimated the reference PG content in
the middle and deep zones better than the carbohydrate/
Amide I ratio.

Articular cartilage, like all biological tissues, contains a
very complicated structure at the molecular level. The solid
matrix of articular cartilage is mainly composed of collagen
and PG macromolecules.?’ In the Amide I region of the spec-
trum (~1585-1720 cm "), infrared absorption is mainly related
to the stretching vibrations of C=0 dipoles.* Both collagen
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and PG molecules include C=0 dipoles,* and consequently,
the Amide I region of the spectrum is affected by both colla-
gen and PGs. However, collagen molecules constitute nearly
75% of the cartilage solid matrix,”" thus making it the main
contributor also in the Amide I region. In the carbohydrate
region of the spectrum (=1140-985 cm ), it has been reported
that infrared absorption is mainly related to C-O-C, C-OH,
and C-C ring vibrations typical of PG molecules.* However,
in our recent study,'" as well as in the present study, it was
demonstrated that absorption in the carbohydrate region is
likely affected by the collagens. Thus, in articular cartilage, it
is not straightforward to relate the specific area of the absorp-
tion spectrum to the specific molecular component. This sets
many challenges for the development of new spectral analysis
techniques for FTIR analysis of articular cartilage.

In our earlier study, we concluded using the same sam-
ple set that the PG content, estimated with the FTIR-based
PG parameters, was significantly reduced in the superficial
zone in early OA compared to normal samples.' Although
the present analysis indicated that collagen absorption con-
tributes also to the FTIR-based PG parameters, our earlier
comparisons between OA groups can be considered reliable
because Amide I absorption did not simultaneously decrease
in early OA compared to the normal group.' Thus, Amide I
absorption induced some offset to the FTIR-based PG
parameters contributing similarly to both OA groups.

In conclusion, direct area of the carbohydrate region
appears to estimate the PG content of the articular cartilage
rather well in the middle and deep zones, as well as in the
bulk analysis, at different levels of cartilage degradation.
However, in the superficial zone, the specificity of the com-
monly used FTIR-based PG parameters was also affected by
Amide I absorption, contributed by collagen, and was there-
fore limited. Thus, when using the current FTIR analysis
methods for the estimation of PG content of the cartilage,
these limitations in the specificity should be recognized and
taken into account. More research and parameter develop-
ment are still needed to further improve the sensitivity and
specificity of FTIR microspectroscopy to accurately quan-
tify the PG content also in the superficial cartilage.
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