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Abstract. The collagen phase in bone is known to undergo major
changes during growth and maturation. The objective of this study is
to clarify whether Fourier transform infrared (FTIR) microspectroscopy,
coupled with cluster analysis, can detect quantitative and qualitative
changes in the collagen matrix of subchondral bone in horses during
maturation and growth. Equine subchondral bone samples (n = 29) from
the proximal joint surface of the first phalanx are prepared from two sites
subjected to different loading conditions. Three age groups are studied:
newborn (0 days old), immature (5 to 11 months old), and adult (6 to
10 years old) horses. Spatial collagen content and collagen cross-link
ratio are quantified from the spectra. Additionally, normalized second
derivative spectra of samples are clustered using the k-means clustering
algorithm. In quantitative analysis, collagen content in the subchondral
bone increases rapidly between the newborn and immature horses. The
collagen cross-link ratio increases significantly with age. In qualitative
analysis, clustering is able to separate newborn and adult samples into
two different groups. The immature samples display some nonhomo-
geneity. In conclusion, this is the first study showing that FTIR spectral
imaging combined with clustering techniques can detect quantitative
and qualitative changes in the collagen matrix of subchondral bone dur-
ing growth and maturation. C©2010 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3512177]
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1 Introduction
Subchondral bone provides structural support for the overlying
articular cartilage, and it is involved in absorbing and transfer-
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ring mechanical loads during joint loading. During growth, sub-
chondral bone consists of a mixture of cancellous bone and calci-
fied cartilage, which is remodeled in to bone during maturation.1

Bone tissue consists primarily of mineral, type-1 collagen,
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water, and cells. The mechanical properties of cancellous bone
are closely associated with the volume fraction of the bone and
its extracellular matrix, including the collagen content.2, 3 Col-
lagen provides bone with its tensile strength and a matrix for the
deposition of mineral.2, 4 There is predominantly collagen type 1
in bone, but a small amount of types 3 and 5 are also present.2, 5, 6

The metabolism of bone collagen is most active in the subchon-
dral bone.7 This may be caused by the gradual arrangement of
the collagen network and remodeling of the subchondral bone
during maturation. The composition, structure, and mechanical
properties of the bone are known to change during growth and
maturation.3, 4, 8–10

Fourier transform infrared (FTIR) microspectroscopy is a
technique capable of producing chemical microscopic images
of biological tissue sections. In FTIR microspectroscopy, in-
frared light absorption is measured point by point from the
microscopic section, and an infrared absorption spectrum is
determined at each pixel. Chemical composition, molecular
structures, conformations, and molecular interactions can be
analyzed from IR absorption spectra for each image pixel.11, 12

FTIR microspectroscopy has been used in recognition of var-
ious diseases,12 both for clinical diagnostics and laboratory
studies.13 The technique can be used to detect the concentra-
tion of certain biological molecules, e.g., proteins, of the sam-
ple by assessing the integrated area under the specific peak in
the absorption spectrum. This is known as quantitative FTIR
analysis. One limitation with this approach is the direct depen-
dence of the results on the sample thickness. Therefore, ratios
of peak areas are generally reported. On the other hand, the
overall shape or position of absorption peaks can be analyzed.
In this approach, in addition to changes in molecule concentra-
tion, differences in molecular structures can be seen. Analysis
of spectral shapes and positions can be called qualitative FTIR
microspectroscopy.

During growth and maturation of equine subchondral bone,
biochemical changes of the amount of mineral, collagen, and
collagen cross-links have been reported.9 According to these ob-
servations, major and rapid changes in equine subchondral bone
occur during the first months of life, while further adaptation
is slower, and skeletal maturation is reached around the age of
four years.14 FTIR microspectroscopy has been reported to be a
sensitive tool for determining the local chemical composition of
bone, the relative amounts of its constituents, their molecular na-
ture, distribution, and orientation of various components.6, 15, 16

Age-dependent changes in FTIR spectral parameters of healthy
and diseased human bone have earlier been summarized by
Boskey and Mendelsohn.6 In addition, significant correlations
between absorption bands and their relative intensity in organic
bone matrix with aging have been reported.10 With a qualita-
tive approach based on clustering analysis, it is possible to ex-
tract additional novel information regarding changes, not only
in the concentration of molecules, but also in the molecular
structures.

Clustering is a multivariate technique for statistical data anal-
ysis, similar to image analysis and pattern recognition. It has
been applied in various fields.17, 18 The goal of clustering is to
do a partition of the initial dataset (IR spectra in this study)
into a number of disjoint clusters, based on the measurement of
the similarity between objects using a distance measure func-
tion. If the clustered data are a set of vectors (spectra), then the

similarity is measured as the distance between the vectors. To
date, clustering analysis (qualitative analysis) based on FTIR
microspectroscopy has not been conducted for bone. Moreover,
only little is known about the spectroscopic age-related changes
in subchondral bone.19

The purpose of the present study was to investigate changes in
the composition of decalcified equine subchondral bone samples
during growth and maturation using FTIR microspectroscopy.
We hypothesized that FTIR microspectroscopy is able to de-
tect both quantitative and qualitative differences in the collagen
phase of bone during maturation.

2 Materials and Methods
2.1 Experimental Design
Equine subchondral bone samples were collected from an exist-
ing sample base of normal equine joints and included newborns
(NB, n = 6), immature (age range 5 to 11 months, n = 15), and
adult horses (age range 6 to 10 years, n = 8) (Table 1). The study
protocol was approved by the ethical committees at Utrecht Uni-
versity, the Netherlands, and Massey University, New Zealand.
Specimens were taken from two differently loaded sites of the
proximal articular surface of the proximal phalanx of the left
metacarpophalangeal joint [Fig. 1(a)]. Site 1, which is located
at the medial dorsal articular margin of the proximal joint sur-
face, is subjected to intermittent high peak loading conditions. In
contrast, site 2, which is located at the midregion of the medial
cavity of the proximal joint surface, is exposed to lower-level
but constant joint loading [Fig. 1(a)].20 Osteochondral plugs
(diameter 4 mm) were removed using a custom-built hollow
drill in random orientation, but with the long axis perpendicular
to the articular surface of the proximal phalangeal bone from
the two predefined locations. The plugs were subsequently sec-
tioned perpendicular to the articular surface with a dentist’s drill
(KaVo Electrotechnic, Leutkirch, Germany) equipped with a
24/0.1 (diameter/thickness in millimeters) circular blade (Busch
GmbH, Engleskirchen, Germany) into two equal halves con-
sisting of articular cartilage and approximately 10 to 20 mm
of subchondral bone. One half, used for the analysis in
the present study, was decalcified in 10% ethylenediaminete-
traacetic acid (EDTA) supplemented with 4% formaldehyde and
0.1-M sodium phosphate buffer (pH 7.4) for 12 days at 4oC,
and thereafter dehydrated in ethanol and embedded in paraffin.4

Table 1 Age groups and corresponding numbers of horses and ana-
lyzed sections at site 1 and site 2.

Group name
Number
of horses

Sections
at site 1

Sections
at site 2

Total number
of sections for

analysis

Newborn
(NB, 0 days old)

6 6 6 12

Immature
(5 to 11 months old)

15 14 13 27

Adult
(6 to 10 years old)

8 8 10 18

Total 29 28 29 57
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Fig. 1 (a) Sampling sites of cylindrical osteochondral plugs from the proximal articular surface of the proximal phalangeal bone of the left metacar-
pophalangeal joint. Located at the medial dorsal margin of the joint surface, site 1 is not loaded during standing or in a slowly moving animal, but is
subjected to high intermittent peak loading during overextension at high speeds and jumping. Site 2, in the mediocentral area, is continually loaded
when the limb is weight bearing, but experiences lower peak forces than site 1.20 (b) FTIR spectrum of decalcified subchondral bone from an adult
horse, indicating the wavenumbers of interest in this study, i.e., the amide I band (1584 to 1720 cm−1) and amide II band (1500 to 1584 cm−1).

These samples were chosen since they have been analyzed using
polarized light microscopy (PLM) in an earlier study.4 Samples
were divided into three age groups: newborn (NB), immature,
and adult horses. With this division, the groups represented three
distinct phases in life, with fewer confounding factors present
(Table 1).

2.2 Fourier Transform Infrared Microspectroscopy
Thin sections of 5 μm were cut and placed on ZnSe glasses for
FTIR microspectroscopy measurements. Paraffin was dissolved
from the sections with xylene prior to the measurements.21 In-
frared transmittance spectra were acquired using a FTIR imag-
ing system (Perkin Elmer Spotlight 300, Perkin Elmer, Shelton,
Colorado). This system comprises a classical FTIR spectrometer
coupled with a light microscope, a computer-controlled sample
stage, and a linear array detector. The spatial resolution was 25
μm and the spectral resolution was 4 cm−1. Two repeated scans
were used for data collection, and spectra were collected over
the region of 2000 to 700 cm−1. A typical spectrum of the dem-
ineralized subchondral bone is shown in Fig. 1(b). The protein

peaks, i.e., amide I and amide II, mainly arise from collagen
type 1.15

2.3 Quantitative Analysis
In the quantitative FTIR analysis, the average baseline-corrected
absorbance spectra for each individual sample were extracted
from two rectangular regions of interest (ROI) (Fig. 2). Re-
gion 1 (R1) was chosen just below the cartilage-bone interface,
and region 2 (R2) was chosen in the deeper subchondral bone.
Spectra of pixels containing no bone were set to zero and ex-
cluded from the calculations of the average spectrum. 2-D spatial
images (2-D chemical maps), presenting integrated absorbance
peak area over the amide I band (1584–1720 cm−1), were created
with Matlab software (v. 7.8., Mathworks, Incoporated, Natick,
Massachusetts) (Fig. 2).

The spatial collagen content of the samples was quantified
by measuring the integrated absorbance of the Amide I peak
(1584–1720 cm−1) and the Amide II peak (1500–1584 cm−1).
Additionally, the collagen maturity, or the ratio of imma-
ture to mature collagen-cross links, was estimated by using a
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Fig. 2 Amide I absorbance images of newborn (left), immature (middle), and adult (right) equine subchondral bone samples. Region 1 (R1) was
chosen just below the articular cartilage-bone interface, and region 2 (R2) was located in the deeper subchondral bone.

combination of the second derivative spectra and peak fitting to
determine the sub-peaks at 1660 cm−1 and 1690 cm−1.16,22

2.4 Qualitative Analysis by Clustering
K-means clustering has been used in many fields to solve op-
timization problems.23 In the computer science and pattern
recognition community, this algorithm is well known as the
generalized Lloyd algorithm (GLA) or hard c-means algorithm
(Fig. 3). It classifies data points into a predefined number of
classes by iteratively recomputing means of classes until the
criteria of minimum sum of squared errors (SSQ) are satisfied.
It allows the use of different distance measures for the SSQ.24

The output from the algorithm includes the cluster membership
map and the centers of each cluster. Means of the clusters can be
used to interpret the chemical differences between data groups.
In general, a spectral dataset can be considered as a cloud of
points in the multidimensional space. K-means clustering re-
groups spectra that show similar spectral characteristics. Hence,
ideally, spectra in different classes demonstrate different spec-
tral signatures, the interclass variance has a maximum value and
the intraclass variance is minimal.

In this study, K-means clustering was used to classify sam-
ples into age groups. The number of clusters was set to three,
corresponding to the number of initial groups of samples (new-
born, immature, and adult). The squared Euclidean distance was
chosen to be a measure of dissimilarity between spectra. The
k-means algorithm was run 50 times with different random ini-
tialization, and the solution with the least cost was chosen. The
spectral region between 1200 and 1720 cm−1 was selected for
clustering. Before k-means clustering, second derivative spec-
tra were calculated using the Savitzky-Golay algorithm with
nine-smoothing points.25 Subsequently, derivative spectra were
scaled such that the sum of squared deviation over the indicated
wavelength equals unity (vector normalization).

Spectra of the two regions of interest (Fig. 2) from the two
sites [Fig. 1(a)] were analyzed separately. Clustering was per-
formed both on mean spectra for each sample and pixel by
pixel. For analysis, an equal number of spectra from each region

was required. Since the regions contained different numbers of
bone spectra, 300 individual bone spectra were chosen from
each region. If there were more than 300 bone spectra in the
region, the pixels were chosen randomly from the data matrix
of the region. Spectra from all samples were pooled together

Fig. 3 The standard k-means clustering algorithm was used in this
study. The general procedure of this algorithm is shown. More infor-
mation can be obtained from Refs. 18 and 23.
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Fig. 4 (a) Anatomical site 1: total absorbance (mean ± SD) of the amide I region (upper row) and collagen cross-links ratio (1660/1690) (bottom
row) for each age group and region. (b) Anatomical site 2: total absorbance (mean ± SD) of the amide I region (upper row) and collagen cross-
links ratio (1660/1690) (bottom row) for each age group and region. Significant differences based on the Mann-Whitney U-test are indicated
(**p < 0.01).

into one data matrix, and normalized second derivative spectra
were clustered altogether using k-means. All data analysis was
performed using the custom written functions created in Matlab
7.8 software (Mathworks, Natick, Massachusetts).

2.5 Statistical Analysis
Differences in the amide I and amide II areas, and the colla-
gen cross-link ratios between the consecutive age groups, were
tested using the Mann-Whitney U-test (version 15 SPSS soft-
ware, Chicago, Illinois).

3 Results
3.1 Quantitative Analysis
Quantitatively, the absorbance of amide I and amide II peaks in-
creased significantly between the newborn and immature horses
at both sites and regions of interest (Fig. 4, upper row). There-
after, no significant differences were observed as maturation and
growth progressed further. Collagen maturity, i.e., the cross-link
ratio, calculated as the ratio of 1660 and 1690 cm−1, increased
significantly both from the newborn to immature age, as well as
from immature to adult age (Fig. 4, bottom row).

3.2 Qualitative Analysis
Small differences in the shape of the raw spectrum at the spec-
tral region of the amide I band, as judged by the mean raw
spectrum, were visually observed between three age groups of
samples [Fig. 5(a)]. In contrast, distinct changes between the
age groups that were visually observed in the normalized sec-
ond derivative spectra could be visually observed at the spatial
region of the amide I band [Fig 5(b)]. Based on the k-means

clustering of mean spectra, newborn samples and adult sam-
ples were classified completely into two different groups at
both regions of site 2 (Fig. 6). However, a slightly less dis-
tinct classification was observed at site 1 (data not shown).
The immature samples constructed their own cluster, but they
were also mixed with the two previously mentioned ones. At
site 2, region 1 produced a more distinct classification than
region 2. Normalization of spectra after taking the second
derivative showed no significant influence on the clustering
results.

The pixel-by-pixel clustering was performed to investigate
whether similar results can be obtained by taking into account
the spatial variation in spectra within the sample, instead of
merely counting the average spectrum from each region. Gen-
erally, the results were similar to those with the average spec-
tra. The results show a clear separation between newborn and
adult samples (Table 2). More than 50% of spectra in each
sample of those groups belong to a certain class. In the im-
mature group, some heterogeneity was still observed. To vi-
sually compare the “cluster images,” the results of the cluster
analysis from three representative samples (one from each age
group) are presented as simple pseudocolor images, where all
the spectra in each cluster are assigned a different (particular)
color (Fig. 7).

4 Discussion
In the present study, FTIR microspectroscopy and subsequent
cluster analysis were applied to characterize quantitative and
qualitative differences in the collagen matrix of equine sub-
chondral bone during growth and maturation. The analyses
demonstrated that FTIR microspectroscopy is sensitive to
changes in the collagen content of the subchondral bone in grow-
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Fig. 5 (a) Average raw absorbance spectra and (b) second derivative spectra normalized to the vector length (calculated using Savitsky-Golay
smoothing technique with nine smoothing points25) of each age group for region 1 of site 2. Similar findings were obtained for region 2 of site 2 and
regions of site 1. The arrows indicate the region with distinct spectral differences.

ing horses. A rapid increase was shown in the IR absorbance of
amide I and amide II after birth, while they remained relatively
constant during later stages of maturation and adult life. For
the first time, the ability of FTIR microspectroscopy to detect
qualitative changes based on clustering in the collagen matrix

of subchondral bone was demonstrated. Cluster analysis for the
normalized second derivative FTIR spectra was able to divide
the newborn and adult samples into two different groups based
on the differences in the shape or position of absorption peaks
(Fig. 6).

Fig. 6 Mean second derivative spectra of the three resulting clusters from all samples at site 2: (a) region 1 and (b) region 2. Color codes of clustering
(black, gray, and white) (c) before and (d) after normalization of second derivative spectra show the clustering group for each sample for region 1 of
site 2.
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Fig. 7 Clustering color codes of three age group representatives show the clustering group for each spectrum when clustering pixel by pixel. The
relative amount of clusters in each sample is presented as the number of pixels assigned to the particular class divided by the total number of pixels
in the sample.

Foals of different ages (newborn, immature, and adult) were
studied to characterize changes in the collagen network of sub-
chondral bone during maturation. All horses were raised on
pasture, which means that they were free to exercise voluntar-
ily 24 h per day. FTIR microspectroscopic analysis indicated
that the collagen content of subchondral bone, estimated by the
IR absorbance of amide I and amide II peaks, shows rapid in-
crease after birth. Collagen content remains relatively constant
at both investigated regions and sites during later maturation
and adult life. Similar findings have been reported by Brama
et al. based on traditional biochemical evaluation.9 Specifically,
they reported a significant increase in the collagen content of
demineralized subchondral bone samples during the first five
months of life at site 1, while a weaker increase was observed at
site 2. From 5 to 11 months of age, the biochemical parameters
were essentially constant except for a reduction in water content.
The similarity in findings confirms the capability of FTIR mi-
crospectroscopy to quantify the amount of collagen molecules
pixel-by-pixel.

The ratio of 1660/1690 peaks has previously been reported to
correspond to the ratio between mature and immature collagen
cross-links in bone.16 In this study, we found an increase of the
1660/1690 ratio with age. This can be explained by maturation
of the collagen cross-links, and the ratio value reflecting the
level of collagen maturation.16, 22

In the present study, we showed for the first time, the poten-
tial of FTIR microspectroscopy to detect qualitative differences
in the collagen matrix of subchondral bone during maturation
and growth. Cluster analysis for normalized second derivative
spectra was able to divide newborn and adult subchondral bone
samples into two different groups based on differences in the
shape or position of absorption peaks. The qualitative analysis
was conducted using the k-means clustering method. In prac-
tice, the use of second derivative spectra is essential, as minor
changes across the specimen are difficult to observe from the raw
spectra due to overlap of different constituent bands. Further, as
the second derivative spectra increase the resolution, small or
subtle features can also be identified. It is also known that the
second derivative of a spectrum removes contributions of offset
and slope in the original spectrum, as well as reduces the contri-
bution related to a slowly varying baseline in a spectrum.26 Also,
although the use of derivatives will not eliminate the scattering
component from the spectrum, it discriminates against the scat-

tering component and reduces its effect on quantification.27 To
reduce the potential loss in the signal-to-noise ratio (SNR) that
might occur when higher order derivatives are used, derivation
was used in combination with the Savitzky-Golay polynomial
smoothing technique.25 Moreover, a spatial resolution of 25
μm was used for the FTIR imaging, which provides spectra of
higher quality than when using a smaller a pixel size, and thus, a
superior SNR. Only spectra with an adequate SNR were selected
for analysis.

In a study by Very et al., a shift in absorption peaks at 1650
and 1540 cm−1 was demonstrated with aging in human transiliac
bone.10 They hypothesized that the qualitative changes would
reflect the change in the collagen protein secondary structure.28

In the present study, peak shifts seem to be major contributors
for successful clustering, which can reflect an alteration in the
collagen structure. We visually observed minor peak shifts near
1660 and 1540 cm−1 toward higher wavenumbers with age.
This was captured by the second derivative spectra (Fig. 5).
These two bands, observed by some authors, are sensitive to
the helicoidal arrangement of proteins29, 30 and collagen cross-
links.16 The band near 1660 cm−1 is of particular interest in
collagen studies, and has been suggested to correspond to nonre-
ducible (pyridinoline) collagen cross-links in bone.16 The ratio
of 1660/1690 cm−1, which corresponds to the collagen matu-
rity, was found to significantly increase with age in this study,
which further justifies the alterations found in this band. These
possible modifications in bone composition and structure with
maturation and aging will be the focus of our further studies to
clarify the biological reasons behind these spectral changes.

The samples used in this study were taken from the ex-
isting sample base, which had earlier been investigated using
polarized light microscopy (PLM).4 The samples were embed-
ded in paraffin. Therefore, paraffin was dissolved chemically
from the samples prior to FTIR measurements, minimizing the
contribution of the paraffin to the FTIR spectra. Even if small
amounts of paraffin would remain on the sections, its spectra do
not interfere with the current spectral region of interest (1720 to
1500 cm−1).31 Although embedding in polymethyl methacrylate
(PMMA) is more common for spectroscopic studies of bone,15

the subtraction of the PMMA spectra from the bone spectra
could cause artifacts, hindering cluster analysis. Thus, paraf-
fin embedding with chemical dissolving was justified for this
study.
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Table 2 Results of pixel-by-pixel clustering presented as relative
amounts of spectra in each class for samples at region 1 of site 2.
Bolded numbers show the biggest class for each sample.

Group name Sample code Class 1 Class 2 Class 3

Newborn Group 1, sample 1 0.51 0.25 0.24

Group 1, sample 2 0.72 0.10 0.18

Group 1, sample 3 0.84 0.00 0.16

Group 1, sample 4 0.56 0.35 0.08

Group 1, sample 5 0.82 0.05 0.14

Group 1, sample 6 0.79 0.10 0.11

Immature Group 2, sample 1 0.35 0.59 0.06

Group 2, sample 2 0.14 0.84 0.03

Group 2, sample 3 0.25 0.07 0.67

Group 2, sample 4 0.29 0.10 0.61

Group 2, sample 5 0.29 0.26 0.46

Group 2, sample 6 0.34 0.42 0.24

Group 2, sample 7 0.11 0.84 0.05

Group 2, sample 8 0.59 0.14 0.26

Group 2, sample 9 0.44 0.31 0.25

Group 2, sample 10 0.15 0.17 0.68

Group 2, sample 11 0.26 0.68 0.06

Group 2, sample 12 0.56 0.44 –

Group 2, sample 13 0.50 0.27 0.23

Adult Group 3, sample 1 0.38 0.11 0.51

Group 3, sample 2 0.26 0.00 0.73

Group 3, sample 3 0.08 0.00 0.92

Group 3, sample 4 0.14 0.07 0.79

Group 3, sample 5 0.22 0.02 0.76

Group 3, sample 6 0.21 0.14 0.66

Group 3, sample 7 0.05 0.00 0.94

Group 3, sample 8 0.31 0.14 0.55

Group 3, sample 9 0.09 0.02 0.89

Group 3, sample 10 0.11 – 0.89

Minor changes in the shape and peak locations in FTIR spec-
tra across the specimen are usually difficult to observe, as differ-
ent constituent bands overlap, and noise is present. Thus, the use
of various multivariate methods is essential for the differentia-
tion of chemical spectra and recognition of the patterns. Cluster-

ing is one type of multivariate analysis method with significant
potential. Cluster analysis of FTIR and Raman32 spectra pro-
vides a useful tool for identification and differentiation of various
biological components such as bacteria,33, 34 various normal and
cancerous tissues,35–38 and other diseased tissues.12, 39 Even dis-
ease progression stages have been investigated.40 Present quan-
titative analysis, based on integrated area and ratios, is used to
study actual changes in collagen content between age groups.
Thus, in quantitative analysis, samples cannot be separated into
different groups without a-priori knowledge of some properties
of samples. In contrast, with cluster analysis samples can be di-
vided into different groups based solely on spectral differences,
which reflects the actual biological distribution of samples in
the groups.

Clustering techniques are divided into two general groups:
partitional and hierarchical.17, 18 Hierarchical methods produce
a hierarchy of clusters, where a child cluster is totally contained
in its parents. Partitional clustering creates classes with no hi-
erarchical structure. Several clustering algorithms have been
applied to the IR spectroscopic data so far: hierarchical cluster-
ing (HCA), k-means and, the less used fussy C-means (FCM)
clustering. Hierarchical clustering (HCA) is the most widely
used clustering technique in biomedical IR spectroscopy. This
is a “hard” clustering method like k-means (i.e., each object of
clustering is assigned to only one cluster), but it creates nested
clusters. Lasch et al.11 compared these three clustering tech-
niques on the IR spectra of cancerous tissue. The best correlation
between the histopathology and cluster images was observed if
the data were processed with HCA, while the results produced
by k-means and FCM also have very high quality. The major
drawback of HCA is its high computational complexity, espe-
cially with large-scale datasets.11, 18 It is also known that HCA
is not capable of correcting possible misclassification, and thus
the algorithm is more sensitive to noise and outliers.17

In the present study, we did not focus on the problem of struc-
tural tissue differentiation within the sample or study of hierar-
chy of tissue types. Instead, the goal was to investigate whether
age-specific changes could be observed in decalcified subchon-
dral bone samples, based on the clustering of average IR spectra
and large spectral datasets acquired in pixel-by-pixel clustering
of the tissue. By knowing the number of desired classes before-
hand and having a large amount of data, we were able to use
the simple but effective k-means algorithm. Cluster analysis of
the second derivative spectra completely separated the newborn
and adult samples, while the immature horse samples yielded a
mixed class, generating a class of its own. A better classification
was observed at site 2 than at site 1. This might be explained
by the fact that site 2 is a constantly loaded site, while site 1 is
loaded only intermittently. Although site 1 is subjected to higher
loads, this site would only be subjected to these higher loads dur-
ing higher gait speeds, a situation less frequently encountered
during normal maturation on pasture than during athletic perfor-
mance. All the horses used in this study were raised on pasture
solely and were not subjected to an exercise level comparable
to athletic performance.

To conclude, these results show that, quantitatively, the col-
lagen content of equine subchondral bone increases during the
early phases of growth and maturation. Furthermore, distinct
structural changes in the collagen molecules were observed
between the newborn and adult subchondral bone samples using
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qualitative FTIR analysis. These results are encouraging, since
they reflect the potential of FTIR clustering techniques to detect
the qualitative and quantitative changes in bone.
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