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Two discriminant methods, partial least squares-discriminant analysis (PLS-DA) and Fisher's
discriminant analysis (FDA), were combined with Fourier transform infrared imaging (FTIRI) to
di®erentiate healthy and osteoarthritic articular cartilage in a canine model. Osteoarthritic
cartilage had been developed for up to two years after the anterior cruciate ligament (ACL)
transection in one knee. Cartilage specimens were sectioned into 10 �m thickness for FTIRI. A
PLS-DA model was developed after spectral pre-processing. All IR spectra extracted from FTIR
images were calculated by PLS-DA with the discriminant accuracy of 90%. Prior to FDA,
principal component analysis (PCA) was performed to decompose the IR spectral matrix into
informative principal component matrices. Based on the di®erent discriminant mechanism, the
discriminant accuracy (96%) of PCA-FDA with high convenience was higher than that of PLS-
DA. No healthy cartilage sample was mis-assigned by these two methods. The above mentioned
suggested that both integrated technologies of FTIRI-PLS-DA and, especially, FTIRI-PCA-FDA
could become a promising tool for the discrimination of healthy and osteoarthritic cartilage
specimen as well as the diagnosis of cartilage lesion at microscopic level. The results of the study
would be helpful for better understanding the pathology of osteoarthritics.
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1. Introduction

Articular cartilage is a thin layer of dense connec-
tive tissue, which covers the subchondral bone in a
diarthrodial joint, to provide the joint with the
functions of load-bearing, low friction and wearing
resistance.1,2 Cartilage can be structurally sub-di-
vided into three successive zones across its thin
thickness: super¯cial zone (SZ), transitional zone
(TZ) and radial zone (RZ),3,4 each having clear
di®erences in structural and molecular properties.

Osteoarthritis (OA) is a chronic disease that is
noted for the gradual erosion of articular cartilage
and the progressive disability of joint.5 Although
it is a common disease, a sensitive and accurate
diagnosis procedure for the early OA is still un-
available in the clinics.

As a powerful analytical tool, Fourier transform
infrared imaging (FTIRI) has been used in the
laboratories to detect the molecular and structural
changes in biological tissues with high sensitivity
and resolution. When FTIRI was applied to artic-
ular cartilage, the characteristic absorption bands
such as amide I (1700–1600 cm�1Þ, amide II (1600–
1500 cm�1Þ, amide III (1300–1200 cm�1Þ, and sugar
(1125–1000 cm�1Þ could be used to qualitatively
determine the content and anisotropic changes of
collagen and proteoglycan (PG).6,7 Because of the
substantial overlapping among these IR character-
istic bands, conventional FTIRI has di±culties to
obtain the quantitative information in cartilage
tissue. The detection ability of FTIRI can be im-
proved by the use of several chemometric approa-
ches,6,8,9 including principal component analysis
(PCA), which is the most general technique of
dimensional reduction by searching for the best
linear combination among the variables.

Partial least squares-discriminant analysis
(PLS-DA) is a classi¯cation method in spectral
analysis,10,11 which is based on the PLS algorithm.
The procedure makes use of the entire spectra
rather than the individual absorption bands. The
complex relationships between spectral matrix
(prediction matrix) and categorical matrix could be
mapped out by PLS-DA, which has powerful dis-
criminant ability since it extracts information from
both spectral matrix and categorical matrix.12,13

Fisher's discriminant analysis (FDA) is an analyt-
ical technique for classi¯cation, which is a linear dis-
criminant analysis based on the variance analysis so
that several groups or classes could be discriminated

as clearly as possible.14–16 In PCA-FDA, PCA was
¯rst employed to decompose the spectral matrix into
the score matrix and loading matrix. Then, the clas-
si¯cation function of FDA would be built on the basis
of the score matrix.

Following our previous work on the concentra-
tion prediction of collagen and PG in healthy and
OA cartilage by FTIRI-PLS,17 two diagnosing
methods of PLS-DA and PCA-FDA were employed
to di®erentiate the healthy and OA cartilage.
The classi¯cation results and mechanism would be
compared and discussed for accurately under-
standing the discrimination ability of both methods.

2. Materials and Methods

2.1. Sample preparation

The articular cartilage specimens were harvested
from 10 mature dogs (¯ve healthy and ¯ve OA)
after they were euthanized by injecting an intrave-
nous overdose of sodium pentobarbital. The ¯ve OA
canines underwent an anterior cruciate ligament
(ACL) transection surgery in one of the knee joints
up to two years ago, which resulted in a classical
arthritis.18–20 The protocols and handling of the
animals had been approved by the institutional
animal care committees.21

Upon harvesting, the medial tibias in the knee
joints were cut by a table saw with a diamond
blade. The cartilage specimens contained the full-
thickness cartilage that was still attaching to the
subchondral bones, from the tibial locations that
were covered with meniscus. The size of the carti-
lage-bone blocks was about 2mm� 2mm� 2mm.
After washed in saline and quickly frozen by liquid
nitrogen, these blocks were sectioned into 10 �m
thick sections with a cryostat (Leica CM 1950)
at �20�C, in a vertical cutting direction towards
the cartilage surface. The thin sections were placed
on the MirrIR slides (Kevley Technologies, Ches-
terland, OH) and dried in the air before FTIRI
experiments.

2.2. FTIR imaging

FTIRI experiments were carried out on Perkin-
Elmer Spotlight-300 infrared imaging system, which
includes a FTIR spectrometer (Spectrum One) and
an infrared microscope. The MirrIR slides with
cartilage sections were placed on the scanning stage
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of the FTIRI system. Infrared imaging data was
collected by a mercury cadmium telluride (MCT)
array detector at 6.25 �m/pixel size and 8 cm�1

wavelength spacing (namely 16 cm�1 spectral reso-
lution) over a mid-infrared range of 4000–744 cm�1.
The background data of the MirrIR slide was also
collected in the same spectral range for the purpose
of background correction. Two scans per pixel were
performed for the background and the cartilage
sections, respectively.

IR spectra were extracted from the FTIR images
of all 10 articular cartilage samples. Each spectrum
was averaged from the speci¯cally selected areas in
FTIR images, from the areas of 100�m depth be-
neath the cartilage surface with 10�m intervals. 10
spectra were extracted from each sample. The ¯nal
raw data was 100 spectra, which were sequentially
numbered from 1 to 100.

2.3. PLS-DA method

PLS-DA was carried out in Unscrambler X software
(CAMO Software Inc, Woodbridge, NJ). A PLS-
DA model was built to correlate the IR spectral
matrix to the categorical matrix that was actually a
category vector designating the classes of the car-
tilage with 0 and 1.10,12 Speci¯cally, 1 in the cate-
gorical matrix indicates that its corresponding
spectrum belongs to the healthy group. In contrast,
0 indicates that the spectra come from the OA
group. In addition, a cut-o® value was established
and set as 0.5 in the PLS-DA model. If the predic-
tion value is larger than 0.5, the sample belongs to
Class 1 (healthy group), otherwise it is assigned to
Class 0 (OA group).

To decrease the heterogeneity of biological tis-
sues, as well as to ensure the universal statistical
signi¯cance, 18 spectra were randomly selected from
the 100 spectra to constitute the training dataset for
the PLS-DA model that includes at least one spec-
trum from each sample. The remaining spectra
(82 spectra), serving as the prediction matrix, were
prepared for the prediction.

Spectral pre-processing, including multiplicative
scatter correction (MSC), normalization and base-
line o®set, were performed to improve the reliability
and stability of PLS-DA model. Leave-one-out cross
validation was carried out to evaluate the mapping
relationship between spectral matrix and categori-
cal matrix of the training dataset.22 The ¯tting co-
e±cient (Pearson's r) of the actual categorical

values and PLS-predicted categorical values for the
training dataset is 0.946. The calculated results in-
dicated an excellent ¯tting relationship (r ¼ 0:946)
between the spectral matrix and categorical matrix,
and a well representation of this PLS-DA model.

2.4. PCA-FDA method

PCA-FDA was performed in SPSS Statistics 20
software (IBM Software, USA). PCA was carried
out without pre-processing of the IR spectral data-
set; PC factor was determined by the cumulative
percent variance contribution. The FDA principles
are to maximize covariance in one class and mini-
mize covariance among di®erent classes.15,16,23

Classi¯cation function of FDA was built based on
PCA result through covariance analysis that was
shown below.

If the PC factor was set as 2, Y1 and Y2 are the
calculated score values by the classi¯cation func-
tions of (1) and (2) for each spectrum, X1 and X2

are the score values of PC1 and PC2.

Y1 ¼ 0:735X1þ 2:101X2�1:582; ð1Þ
Y2 ¼ �0:735X1�2:101X2�1:582: ð2Þ

All 100 spectra were calculated by the PCA-FDA
classi¯cation function and then sequenced from 1 to
100 with the same order in PLS-DA. The cut-o®
threshold is 0, which was determined by the classi-
¯cation function of PCA-FDA. If the score of the
spectrum is less than 0, it belongs to healthy group;
otherwise it belongs to OA group.

2.5. Statistical analysis

In order to identify the individual sample from heal-
thy andOAgroup, statistical analysis was performed
for the PLS-DA categorical values and the values of
the classi¯cation function in PCA-FDA, respective-
ly, by using the software of Origin 8.0 (OriginLab
Coop, MA). The data of control sample for healthy
andOA cartilages were compared with those of other
healthy and OA samples using One-Way ANOVA,
respectively. If the p-value is below 0.05, it means
that there was a signi¯cant di®erence between the
two compared samples.

3. Results

Figure 1 showed a spectrum extracted from the
FTIR image of one cartilage specimen over a range
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of 4000–800 cm�1. The characteristic absorption
bands marked in the ¯gure were assigned to colla-
gen (1338 cm�1) and PG (1072 cm�1), respectively.
The characteristic absorption images of the two
peaks could be used to qualitatively represent the
distributions of collagen and PG.6

Figure 2 displayed the images of a healthy car-
tilage section and an OA cartilage section, including
the total absorption images characteristic absorp-
tion images of PG (1072 cm�1Þ and visible images.
The dark circles with irregular shape in the visible

images were the chondrocytes, whichwere less visible
in SZ and TZ of the OA cartilage, as compared to the
healthy cartilage. In addition, the absorption inten-
sity in SZ and TZ of OA cartilage image was lower
than that of the healthy cartilage, suggesting a clear
PG loss in these regions.6,24 The IR spectra were
extracted fromSZandTZ (100�mdepthbeneath the
cartilage surface) for the identi¯cation analysis.

In PLS-DA and PCA, the cumulative percent
variance contributions of PC scores from PC1 to
PC7 were shown in Fig. 3(a). The contribution of
PC1 and PC2 in PLS-DA and PCA was 88.93% and
91.76%, respectively. In PCA, PC1 versus PC2
scores were plotted in Fig. 3(b) for all healthy (�)
and OA (N) cartilage spectra (100 spectra). The

Fig. 2. FTIR images of total absorption images 1072 cm�1

images and visible images of a healthy (a) and an OA (b)
cartilage, respectively. The absorption max for total absorption
images and 1072 cm�1 images were 1.5 and 2.0, respectively.

(a)

(b)

Fig. 3. (a) Cumulative percent variance contributions of
principal components in the PLS-DA and PCA model. (b) PCA
scores plot (PC1 versus PC2) for the analysis of the FTIR spectra
originated from (�) healthy cartilage and (N) OA cartilage.

Fig. 1. IR spectrum extracted from FTIR image of a cartilage
section.
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healthy and OA spectra can generally be distin-
guished into two clusters. Two ellipses that added in
Fig. 3(b) were drawn as the clustering center of PC
scores with 95% con¯dence intervals.

Figure 4 displayed the PLS-DA categorical
values of the 100 spectra (Fig. 4(a)) and the values
of the classi¯cation function in PCA-FDA
(Fig. 4(b)). Spectra #1–50 were originated from the
healthy group, which were drawn as the solid and
hollow square points in Fig. 4(a) (PLS-DA method)

and rhombus points in Fig. 4(b) (PCA-FDA
method), respectively; Spectra 51–100 came from
the OA cartilage, shown as the round dots in
Fig. 4(a) and triangles in Fig. 4(b), respectively.

For PLS-DA method, the prediction accuracies
of training dataset and prediction matrix were 100%
and 90% (correctly assigned spectra in prediction
matrix/all spectra in prediction matrix ¼ 74=82),
respectively. All healthy cartilage spectra were
correctly distinguished by the PLS-DA both in

(a) (b)

Fig. 4. (a) PLS-DA categorical values of training dataset and prediction matrix that were numbered from 1 to 100. Healthy (■)
and OA (�) cartilage spectra of training dataset were predicted for cross validation, healthy (¥) and OA (�) cartilage spectra of
prediction matrix were predicted by PLS-DA. (b) Scores calculated by PCA-FDA method. Healthy (¨Þ and OA (N) cartilage
spectra were sequenced with the same order in PLS-DA. Mis-assigned spectra in PLS-DA and PCA-FDA were marked with their
sequence numbers and drawn above the dash lines.

(a) (b)

Fig. 5. Statistical analysis of PLS-DA categorical values (a) and the score values of PCA-FDA (b) for healthy and OA groups,
respectively. The healthy cartilages were sequenced from AC1 to AC5, as well as the OA cartilages from OA1 to OA5. AC1 and OA1
were regarded as control in the corresponding group for statistical analysis, respectively. Each of the arrow pair indicates the
statistical analysis between the control and comparative samples where the corresponding p-value is given around the lines.
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training dataset or prediction matrix; however eight
spectra from the OA cartilages were mis-assigned by
PLS-DA (OA3, OA4, and OA5 in Fig. 5). The
predicted categorical values of the eight mis-
assigned spectra above the cut-o® value of 0.5 were
drawn as the solid circles above the dash line and
marked with their sequence numbers.

The values in Fig. 4(b) were calculated by the
classi¯cation function in PCA-FDA. They showed
the similar distribution tends when compared to
Fig. 4(a). However, discrimination accuracy
obtained by the PCA-FDA was higher than that by
PLS-DA. The discrimination accuracy of PCA-FDA
was 96% and 100% for all 100 spectra and healthy
group, respectively. Four OA spectra were mis-
assigned by PCA-FDA, which originated from OA3.

One-way ANOVA was performed for the PLS-
DA and PCA-FDA results, Statistical analysis
based on the PLS-DA categorical values and the
score values of PCA-FDA was shown in Fig. 5. It
displays the similar tendency for the healthy group,
that is, the di®erences among the healthy cartilages
were unobvious in the whole, except of AC5. All
healthy cartilage used for the analysis had similar
character and quality. However, statistical analysis
for the OA group showed opposite aspect, with
obvious di®erence existing among the ¯ve OA car-
tilages, which suggests that individual di®erence
easily happens among the OA samples although all
of the OA cartilage were harvested from the 2-year
ACL-transection knee joints.

4. Discussion

Two discrimination algorithms were combined with
FTIRI data analysis to successfully identify the
healthy and OA cartilages with high accuracy. PLS-
DA and PCA-FDA in this project were su±ciently
sensitive to small changes in principal macromole-
cule content between the healthy and OA cartilage
samples. No healthy cartilage was mis-assigned
in both PLS-DA and PCA-FDA. According to
the sequence number of the 100 spectra, the mis-
assigned cases originated from the regions of
0–20�m and 80–100�m for the OA cartilages.

4.1. Reasons for the mis-assignments

In general, it is known that even for a well-con-
trolled group of animals, the development of the
tissue damages might not be uniform. The OA

damage of an individual OA sample with the mis-
assigned spectra could be weaker than that of other
OA samples, so that the cartilage degeneration did
not develop into the region (80–100�m) for these
mis-assigned sections. PG loss could be unobvious
in this area.6,24 On the other hand, individual OA
sample could also be seriously damaged at SZ, so
that it becomes di±cult to de¯ne the actual surface
of OA cartilage section. It may cause the last 2 or 3
spectra were actually extracted from much deeper
location than 80–100�m, where might be in RZ
with less PG loss.6,25 These concentration variations
could be the reasons for mis-assigning the spectra in
the position of 80–100�m.

In the case of the mis-assignment at the surface
0–20�m region, the peripheral regions of cartilage
sections may slightly curl or crimp during the air-
drying of the histological process. Additionally, due
to the changes of chondrocytes in OA cartilage,
scattering e®ects might be stronger in SZ than those
in the intermediate layer for individual OA sam-
ple.26,27 These two reasons could lead to the mis-
assignments in the 0–20�m position for OA carti-
lages. On the other hand, heterogeneity in the
samples might also have smaller in°uence on the
identi¯cation.

4.2. PLS-DA and PCA-FDA

PLS-DA and PCA-FDA employed di®erent dis-
crimination mechanisms to e®ectively identify the
healthy and OA cartilages with high accuracies.

PLS-DA is developed from the PLS regression
algorithm. The classi¯cation model was built based
on the changes of the PG content between healthy
and OA cartilage.6,28 The discrimination accuracy
for the prediction matrix depended on the PLS
regression model, the categorical matrix and the
cut-o® values (0.5) in the PLS-DA. Spectral pre-
processing was applied in PLS-DA to reduce the
negative e®ects (multiplicative scattering, di®use
re°ection etc.) in the spectra.

PCA is a technique of dimensional reduction and
FDA is a common linear classi¯cation algorithm. In
PCA-FDA, 100 spectra were simpli¯ed by PCA into
several PCs scores in the initial process. PC1 and
PC2 scores were used for building the classi¯cation
function in FDA method, which corresponded to
the two principal components (collagen and PG) in
the cartilage. No pre-processing was performed
for the 100 spectra in PCA-FDA. The discrimination
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accuracy of PCA-FDA depended on the cut-o®
values (0) and the values thatwere determinedby the
classi¯cation function.

The values calculated by PLS-DA and PCA-
FDA showed the similar distribution tends (Fig. 4).
All mis-assigned cases originated from the OA car-
tilages in the regions of 0–20�m and 80–100�m and
no healthy cartilage was mis-assigned. It was indi-
cated that the principal component change could be
identi¯ed by these two methods e®ectively. Both
the classi¯cation models had high speci¯city, re-
spectively. In PLS-DA, the value distribution of
healthy cartilage was more stable, which means
PLS-DA shows more advantage than PCA-FDA for
healthy samples. On the contrary, the value of OA
cartilage could be easily distinguished from healthy
cartilage by PCA-FDA, especially for OA4 and
OA5 in this case.

Speci¯cally, PCA-FDA showed a better accuracy
than PLS-DA when comparing the sequence num-
bers of mis-assigned spectra in PLS-DA and PCA-
FDA. All mis-assigned spectra (#71, #77, #78,
and #79) in PCA-FDA originated from OA3 car-
tilage, while other OA cartilages were correctly
identi¯ed by the PCA-FDA. However, several
spectra that extracted from OA3 (#78, #79, #80),
OA4 (#81, #82, #89, and #90) and OA5 (#91)
were mis-assigned by the PLS-DA. The reasons
mentioned below might cause the misjudgments.
First, the cumulative percentage variance contri-
bution in PCA-FDA was higher than PLS-DA,
which means more information of the spectra has
been remained in PCA-FDA. It was associated with
the accuracy of the classi¯cation model directly.
Second, PLS-DA model depends on the categorical
matrix which represented the comprehensive
change of two principal components rather than the
content change of single component in OA carti-
lages. This suggested that the value calculated by
PLS-DA might not perfectly re°ect the ¯ne change
of single principal component in the speci¯c areas
mentioned above.

Leave-one-out cross validation was both carried
out for the training matrix of PLS-DA and 100
spectra in PCA-FDA. The discrimination accuracy
for PLS-DA and PCA-FDA in the cross validation
method is 100% and 96%. The results suggested
that this study was obviously di®erent from the
previous work with normal PLS13,17,19,29 and sole
PLS-DA.21

5. Conclusion

FTIRI-PLS-DA and FTIRI-PCA-FDA showed ex-
cellent diagnostic ability to distinguish between
healthy and OA cartilage. PCA-FDA showed a
higher discrimination accuracy (96%) than that of
PLS-DA (90%). No healthy cartilage was mis-
assigned by the two integrated methods. It is
demonstrated that either FTIRI-PLS-DA or
FTIRI-PCA-FDA would be a promising discrimi-
nation technique for di®erentiating healthy and OA
cartilage. In future work, these methods could be
extended to study a large number of samples
to evaluate the discrimination ability among dif-
ferent grades of OA cartilages, to determine the
clinical signi¯cance of FTIRI-PLS-DA and FTIRI-
PCA-FDA.
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