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Abstract Biomolecular changes in the cartilage matrix dur-
ing the early stage of osteoarthritis may be detected by Raman
spectroscopy. The objective of this investigation was to deter-
mine vibrational spectral differences among different grades
(grades I, II, and III) of osteoarthritis in human osteoarthritic
cartilage, according to the International Cartilage Repair
Society (ICRS) grading system. Degenerative articular carti-
lage samples were collected during total joint replacement
surgery and were classified according to the ICRS grading
system for osteoarthritis. Twelve cartilage sections (4 sections
of each ICRS grades I, II, and III) were selected for Raman
spectroscopic analysis. Safranin-O/Fast green was used for
histological staining and assignment of the Osteoarthritis
Research Society International (OARSI) grade. Multivariate
principal component analysis (PCA) was used for data analy-
sis. Spectral analysis indicates that the content of disordered
coil collagen increases significantly during the early progres-
sion of osteoarthritis. However, the increase was not
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statistically significant during later stages of the disease. A
decrease in the content of proteoglycan was observed only
during advanced stages of osteoarthritis. Our investigation
shows that Raman spectroscopy can classify the different
stage of osteoarthritic cartilage and can provide details on
biochemical changes. This proof-of-concept study encourages
further investigation of fresh cartilage on a larger population
using fiber-based miniaturized Raman probe for the develop-
ment of in vivo Raman arthroscopy as a potential diagnostic
tool for osteoarthritis.

Keywords Raman spectroscopy - Osteoarthritis - Cartilage -
Collagen - Biomedical optical analysis

Introduction

Osteoarthritis is a musculoskeletal disorder whose origin is
not exactly clear. It is believed that the disease affects the
quality of articular cartilage, both collagen and other extra-
cellular matrix (ECM) components, as well as the associated
underlying bone. Imaging and biochemical analysis of mus-
culoskeletal tissues are essential tools for diagnostics and ther-
apeutic assessment in orthopedics. Although the use of the
Kellgren-Lawrence (K/L) score is a widely accepted method
[1], several studies have demonstrated the complexity in-
volved in early-stage diagnosis of osteoarthritis [2—6].
Currently used clinical imaging modalities (e.g., CT, MRI)
provide unique and often complementary information to the
rheumatologist. However, these modalities fail to provide cru-
cial information about the biochemical composition of the
ECM at the molecular level. Even though biochemical chang-
es can be correlated with macroscopic features in musculo-
skeletal disorders [7], a technique that can detect changes at
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the molecular level during the early stages of disease is still
awaited.

Over the past decade, light-based vibrational spectroscopic
techniques such as Fourier transform infrared spectroscopy
(FTIR) and Raman spectroscopy have been employed to study
several components of the ECM in musculoskeletal tissues
[8—11]. These techniques can be used to obtain information
about the biochemical composition and the chemical environ-
ment of relevant molecules. However, a major limitation of
FTIR is extensive tissue preparation (including dehydration).
Raman spectroscopy, on the other hand, provides similar
chemical information, potentially in vivo, without any exter-
nal labeling or preparation of the tissue [12, 13]. In Raman
spectra, a series of peaks correspond to different molecular
bonds, which may be assigned to specific molecules. The
intensity of these peaks is proportional to the content of the
corresponding molecular components. Hence, these spectra
serve as biochemical fingerprints of the tissue and can be
further analyzed to provide physiochemical information.
Furthermore, the technique can be used for imaging with sub-
micron spatial resolution [14].

Most studies of osteoarthritis using Raman spectroscopy
are focused on the analysis of bone [11, 15-20]. Compared
to cartilage, some tissue constituents of bones are relatively
strong Raman scatterers and hence provide a strong Raman
signal for biochemical analysis. However, the underlying
bone is exposed only at an advanced stage of osteoarthritis
(i.e., ICRS grade IV), so to detect early-stage osteoarthritis
in vivo, it is necessary to perform Raman analysis on the
articular cartilage rather than on the bone.

Over the past few years, several groups have used Raman
spectroscopy to analyze the properties of articular cartilage
and associated disease [21]. However, most studies have fo-
cused on the assignment and the structure of the Raman bands
[22, 23] in the articular cartilage. By investigating osteoarthrit-
ic femoral head sections, Kontoyannis et al. assigned a few
Raman bands to illustrate the difference between articular car-
tilage and subchondral bone [24]. Lim et al. and Pudlas et al.
demonstrated the potential of Raman spectroscopy for the
detection of proteoglycan changes in cartilage using an animal
model [25, 26]. In a view of clinical relevancy, it is necessary
to investigate human cartilage, especially primary osteoarthri-
tis, the most common variant. An analysis of differences in
human articular cartilage by Raman spectroscopy during pro-
gression of osteoarthritis (described by ICRS grade,
Electronic Supplementary Material Table S2, [27-29]) is still
missing. In case of OA, changes at the molecular level in bone
and synovial fluid were shown to occur before the appearance
of'any macroscopic changes in radiography [7, 17,23, 30, 31].
Investigations of articular cartilage at the molecular level
could therefore be important in understanding the underlying
mechanism of osteoarthritis. Raman spectroscopy for cell and
tissue analysis generally uses visible/near-infrared light.
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Therefore, the optics involved in Raman spectroscopy are
compatible with modern clinical arthroscopes. Hence, with
the advancement of technology and development of a minia-
turize Raman probe, the technique of Raman spectroscopy can
be applied in a clinical setting. Our proof-of-concept study
demonstrates the capability of Raman spectroscopy as a po-
tential tool for grading the osteoarthritic cartilage from the
formalin-fixed tissue samples. The aim of our pilot study
was to demonstrate the feasibility of Raman spectroscopy
for the classification and a relative biochemical analysis in
different stages of human osteoarthritic cartilage. In this arti-
cle, we report a Raman spectroscopic investigation in human
osteoarthritic cartilage for (i) the classification of different
stages of osteoarthritic cartilage, (ii) a relative assessment of
change in secondary structure of proteins during progression
of osteoarthritis, (iii) a relative assessment of proteoglycan
content, and (iv) a quantitative relationship between two stan-
dard clinical grading systems (ICRS vs. OARSI) of
osteoarthritis.

Materials and methods
Confocal Raman microspectrometer

Raman spectra were acquired using a commercial upright
confocal Raman microscope (LabRam HR800 HORIBA
Jobin Yvon). Briefly, the Raman system was equipped with
a 632.10 nm laser used for excitation and was coupled con-
focally to a spectrograph with a focal length of 800 mm
equipped with a grating of 600 g/mm. The laser light was
tightly focused using an Olympus %60, 1.2 NA, water-
immersion objective. Scattered Raman photons from the
sample were collected in the backscattered geometry by
the same microscope objective, passed through a slit-width
of 100 um, and collected by the spectrometer, resulting in a
spectral resolution of ~2 ¢cm™'. The spectrometer was
equipped with an air-cooled deep depletion CCD array de-
tector (1024 %256 pixels). The laser power at the tissue sur-
face was 8 mW. The spectra were calibrated to a standard

silicon reference peak at 520.7 cm .

Sample preparation and classification

The use of human tissues in this study was approved by the
Regional Committee for Medical Research Ethics (2013/265
REK, Norway), and patient’s informed consent was obtained.
Articular cartilage samples were obtained from osteoarthritic
patients undergoing total knee replacement surgery. It was
confirmed that no patient had suffered any injury and had
undergone other prior surgery. Raman spectra were acquired
from the 12 cartilage sections that were collected from the
knee of 3 patients. Four cartilage sections of International
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Cartilage Repair Society (ICRS) grade I, four cartilage sec-
tions of ICRS grade II, and four cartilage sections of ICRS
grade III were obtained. The contribution of each patient in
collection of cartilage sections is shown in the Electronic
Supplementary Material Table S1. All samples were harvested
from the femoral condyle of the knee during total knee re-
placement surgery (arthroplasty). The spectra of bone can eas-
ily be differentiated from those of cartilage; hence, ICRS
grade IV (exposed bone) was not included in the study.
Additionally, a total of 21 samples (including the tissues used
for Raman analysis) were collected for histological evaluation.
The grading of osteoarthritis was based on the standard ICRS
classification shown in the Electronic Supplementary Material
Table S2. The assignment of ICRS grades were performed by
two experienced orthopedic surgeons, who were blinded to
the classification of each other. Only samples assigned a sim-
ilar ICRS grade by both orthopedic surgeons were included in
this study. A representative image of cartilage of ICRS grades
I, I1, and III obtained from a patient is shown in the Electronic
Supplementary Material Fig. S2.

The cartilage samples were dissected with a surgical scal-
pel, perpendicular to the articular surface (from the superficial
layer to the subchondral bone) in a cubical shape whose sides
were approximately 3—4 mm, fixed in formalin, and stored at
4 °C. For articular cartilage, formalin fixation is recommended
by the Histology Endpoint Committee of the ICRS [32].
Previously, it was found that formalin fixation has little effect
on vibrational spectra of matrix proteins [33], and it does not
cause significant alterations in the Raman spectra of tissues
[34-36, 22]. In general, the major change that was observed
due to formalin fixation was overall decrease in intensity of
spectral peaks [37]. We performed a relative analysis (based
on the ratio of peak intensity) in osteoarthritic samples.
Therefore, overall reduction in spectral intensity is not a crit-
ical issue in our investigation. Moreover, as recommended by
Huang et al. [37], to minimize any fixation artifacts, the carti-
lage sections were thoroughly washed in phosphate-buffered
saline (PBS) before Raman measurements. Samples were
placed on a small petri dish in such a way that the subchondral
bone was at the bottom of the petri dish and the superficial
layer of the cartilage was facing the microscope objective. The
petri dish was filled with PBS in order to prevent dehydration
of the cartilage during measurement. The sample was stable
on the surface of the petri dish throughout the measurement.
The uppermost exposed articular surface was kept in focus
during data acquisition. The data were collected, at randomly
chosen points on the articular surface of the cartilage. During
random selection of the points, there was sometimes slight
change in focus observed due to inherent curvature of the
articular surface. However, the observed change in focus
was very little. In order to compensate any change in focus
and acquire the high-quality spectra, re-focusing was per-
formed, whenever required. The associated background signal

(from PBS) was collected separately at each different focus for
data pre-processing.

Spectral acquisition and data analysis

The pre-processing of spectra and data analysis was per-
formed in Matlab (The MathWorks, 2014). The intensities of
vertical pixels of CCD were binned to generate the Raman
spectra [38]. Subsequently, the unavoidable spurious spikes
in the Raman spectra due to cosmic rays were removed by
applying the median filter to the raw data set [39]. Because the
raw spectra obtained from each tissue sample were composed
of Raman signals, autofluorescence and several noise compo-
nents, the mean of the corresponding background spectra that
was acquired from the surrounding medium (PBS) was
subtracted from the raw data to remove the interfering signals.
In order to enhance the comparability of spectra [40—44], each
spectrum was then smoothed (Savitzky-Golay filter, third or-
der, 9 point), and peak normalization (1004 cm™ ") was per-
formed (Electronic Supplementary Material Fig. S3).

Biological tissues are, in general, chemically heteroge-
neous at the micrometer level, and therefore data acquired
from a small focal volume [45, 46] may account for a local
variations at the micrometer level. Therefore, a single mea-
surement may not be representative of the chemical com-
position of the sample as a whole. Therefore, spectra were
collected from 27 different locations (as large as practically
feasible) (for details please see Electronic Supplementary
Material Fig. S1). Furthermore, to find the spectra of each
ICRS grade that represent the composition of the bulk
sample as a whole, and minimize the biochemical hetero-
geneity at submicron level [47] including any influence of
instrument (and/or ambient) response, 108 spectra were
spectrally averaged (see Electronic Supplementary
Material Fig. S1) over the number of cartilage sections of
same ICRS grade (n=4), for every spectral wavelength
position. Therefore, finally 27 spectra (n=27) of each
ICRS grade (I, 11, and III) were obtained and subjected to
further statistical analysis. Spectral acquisitions were col-
lected over the region 800—1725 cm™', the fingerprint re-
gion of cartilage tissue. The acquisition time for each
Raman spectrum was 20 s. To compare the spectra obtain-
ed from different ICRS osteoarthritic grades of cartilage,
multivariate analysis [48—52] was carried out. Principal
component analysis (PCA) was selected to compare data
in an unsupervised manner to rule out any subjective bias.
For the assessment of diagnostic capability (specificity and
sensitivity) and prediction efficiency of Raman spectrosco-
py for the classification of the tissue, the assignment of
ICRS grade was chosen as gold standard. ICRS grading
system was chosen as this is commonly used in arthroscop-
ic investigations by orthopedic surgeons.
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Histological staining

Aggrecan, the core protein of proteoglycans in cartilage, is
bound to a large number of glucosaminoglycans (GAGs).
Safranin-O is a basic dye that binds to the acidic GAGs and
appears orange in color [53]. Safranin-O/Fast Green staining is
preferred over standard H&E staining because the former pro-
vides qualitative information about the proteoglycan content.
After Raman spectroscopy measurement, each tissue was
stored in 10 % neutral-buffered formalin (NBF), dehydrated,
and embedded in paraffin. The tissue was sectioned perpen-
dicular to the articular surface and mounted on glass slides.
The sections were deparaffinized in Tissue-Clear® (Sakura)
and rehydrated using decreasing ratios of ethanol to water.
Slides were stained with Weigert’s iron hematoxylin (Sigma-
Aldrich®) and then rinsed in water before incubation in Fast
Green, differentiated in acetic acid, and stained with Safranin-
O (Sigma-Aldrich®) with a Sakura Tissue-Tek Prisma auto-
matic stainer. Dehydration of the slides was performed using
95 % and absolute ethanol. Tissue-Clear was used, before
mounting the section by Sakura Tissue-Tec Glas automatic
coverslipper. Based on morphological and Safranin-O evalu-
ation, each tissue sample was assigned to a specific
Osteoarthritis Research Society International (OARSI) grade
(Electronic Supplementary Material Table S3) [54].

Statistical analysis

The relative change in protein (disordered/ordered) coil con-
tent and proteoglycan content in osteoarthritic articular carti-
lage were investigated by the analysis of region of interest
(ROI)-1 and ROI-2 respectively (Fig. 1). Multiple-group sta-
tistical comparisons among different ICRS osteoarthritic

grades were assessed by nonparametric Kruskal-Wallis
ANOVA test using Matlab (The MathWorks, 2014). In total
108 Raman spectra, 27 representative spectra obtained from
each ICRS grade (i.e., group) of osteoarthritic cartilage were
used for Kruskal-Wallis test. The assumptions (i.e., indepen-
dent measurements, non-normal distribution, and similar var-
iability) of Kruskal-Wallis test were verified. Box plots dis-
play median values and interquartile ranges. In all multiple-
group pairwise comparisons, a p value of less than 0.05 was
considered indicative of statistical significance. The degree of
association between OARSI and ICRS grades was expressed
by the coefficient of determination R?, and result was present-
ed as a mean value+standard error using the software IBM
SPSS 21.0 (SPSS Inc., Chicago, Illinois).

Results and discussion

A comparison between the mean (of n=108 spectra) Raman
spectra of ICRS grades 1, II, and III with standard error is shown
in Fig. 1. Distinguishable Raman bands corresponding to the
different grades of osteoarthritis were observed. These bands
are associated with different vibrational modes of biochemical
components present inside the cartilage matrix [22, 25]. Figure 1
shows the spectra obtained from ICRS grades [, I, III, and IV
tissues. As mentioned in the “Materials and methods” section,
the spectra of bone (grade 1V) easily distinguished from the
spectra of cartilage (grades I, II, and IIT) because of the presence
of minerals (e.g., carbonate peak at 1070 cm ' and phosphate
peak at 960 cm ") inside bone. Hence, in view of finding spec-
tral differences among degraded cartilage, only cartilage of
grades I, 11, and I1I and without exposed bone (grade IV), which
appears in the advanced stage of osteoarthritis, was analyzed.

Fig. 1 Mean (n=108 spectra)
normalized Raman spectra
obtained from ICRS grades I, 11,
111, and IV tissues. Spectra are r
offset for clarity. The solid lines
indicate the average spectra while
the shaded lines represent the
standard error. Region of interest
(ROI)-1 shows the peak at

1064 cm !, whereas ROI-2 shows
the peaks at 1245 and 1270 cm ™.
Separate statistical test was
performed for ROIs. The band at
960 cm " in the spectra from
grade IV (black color) is out of
scale and hence truncated

816
858
41

Raman Intensity (arb. units)

T T T T T T T T

1004
1064
1245
1270
1452
1640
1668

ICRS Grade-IV /’\

YV, A

ROI-1

J - A fﬁ

ROI-2

M S

=
ICRS Grade-l /

\ N \J//
S

1
800 900 1000 11

@ Springer

Il Il
00 1200

1
1300

1
1400

Raman shift (cm'1)

Il Il
1500 1600

292
293
294
295
296
297
298
299
300
301
302
303
304
305

306

307
308
309
310
311
312
313
314
315
316
317
318
319
320
321



AUTHOR'S PROOF!

322
323
324
325
326
327
328
329
330
331
332

333

334
335
336
337
338
339
340
341
342
343

346
343
348
349
350
351

355
358
357

360
369
362
363
364
365
366
367
368
369
370

Optical investigation of osteoarthritic human cartilage

JmlID 216_ArtID 8979_Proof# 1 - 19/08/2015

The loss of proteoglycans in articular cartilage is a hallmark in
the osteoarthritic process. In order to find the changes in content
of proteoglycan in human cartilage, the Raman peak at
1064 cm ' (ROI-1) was chosen because it is the representative
peak of proteoglycan [22, 25, 26]. Change in content of defec-
tive collagen was shown in earlier studies [55, 56]. To find such
changes in ICRS grade of osteoarthritic human cartilage, the
doublet Raman peak at 1245 and 1270 cm ' (ROI-2) were cho-
sen [55-58]. The analyses of two region of interests (ROIs), as
shown in Fig. 1, were performed separately and are described in
the following sections.

Principal component analysis

To determine the classification ability (similarities or differ-
ences among spectra) of Raman spectroscopy, 81 Raman
spectra (27 spectra of each ICRS grades I, I, and III) obtained
from osteoarthritic cartilage were subjected to PCA. PCA was
performed on the raw data matrix by using Matlab (The
MathWorks, 2014). Principal components were obtained by
the eigen-decomposition of covariance matrix which is creat-
ed from the data set [59]. PCA reduces the dimensionality of
the data set by finding an alternative set of co-ordinates [60].
The general form of PCA model is as follows:

X=vZ"+0 (1)

Where X matrix is decomposed by PCA into two smaller
matrices that are called scores (Y) and loadings (Z2). PCA is
performed by the transformation of a large number of corre-
lated variable (i.e., Raman shifts) into smaller number of un-
correlated variables called principal components.
Numerically, it is represented as

J
> Vi =0 2)
=1

Where y, and y, are the a” and o™ column of ¥ matrix,
respectively and

J

> zjazp =0 3)

J=1

Where z, and z, are the a” and b"™ rows of Z matrix,
respectively.

The first principal components (PC1) account for the max-
imum variability of the dataset. Each succeeding component
(PC2, PC3, etc.) accounts for progressively smaller amounts
of variance. The results of the PCA analysis are shown in
Figs. 2 and 3. Figure 2 shows the data plotted against the three
main PCs. Each Raman spectrum is represented by a single
point in the cluster. The color of the data points represents a
specific ICRS grade. The data were observed to cluster into

Score Grade |
x  Grade ll
*  Grade lll
04
@ X,
O X 2N
o x 38 = <
-0.2
‘ % x)& /96 / N
— * * \\
F * X
-0.4 \ ?ﬁaﬁeﬁ* *&f*x ¥ <
1N * ¥ we N\
0.5 N\ = 2
/ ¥
0 <
— 0
PC2 -0.5 -1 PC1

Fig. 2 Multivariate analysis-based PCA algorithm classifies different
ICRS grades of osteoarthritis into separate clusters (grade I: green
circle, grade 1L: blue cross, and grade III: red asterisk)

separated groups. Figure 3a—c shows the loading vectors as-
sociated with PC-3, PC-2, and PC-1, respectively.

As shown in Fig. 2, the spectra associated with different
grades of osteoarthritis appear as distinct clusters when plotted
against the three main PCs. In order to discriminate different
clusters quantitatively, prediction accuracy was tested by
performing leave-one-out cross-validation [60, 61] using
Mahalanobis distance as a discriminator. Accordingly, a con-
fusion matrix was constructed which summarizes the correct
and incorrect classification of the spectra (Table 1). Each row
of the confusion matrix provides the predicted classification
for a specific ICRS grade. The diagonal terms of the confusion
matrix provide the number of correct predictive classification
for the three different ICRS grade. Hence, the average of these
diagonal values provides the predictive efficiency of the pre-
dictive classification. By the use of confusion matrix, discrim-
ination capability of PCA was calculated in terms of specific-
ity and sensitivity. The specificity for ICRS grades I, I1, and 111
was 87.0, 90.1, and 100 % respectively, while sensitivity was
81.4, 85.1, and 88.8 % respectively. The overall predictive
efficiency was approximately 85 %. The high specificity, sen-
sitivity, and efficiency obtained from multivariate analysis on
Raman spectra of different ICRS grade demonstrate the po-
tential of Raman spectroscopy as a label free, rapid, and accu-
rate optical tool for classification of the stage of osteoarthritis
based on the vibrational spectra of articular cartilage.

To determine the biochemical composition, which is re-
sponsible for the separation of the data into three distinct clus-
ters, we plotted the loading spectra (Fig. 3) of the principal
components. PC-1, PC-2, and PC-3 explain 84.23, 12.36, and
1.91 % of the total variance in the data set, respectively.
Combined, these three PCs explain 98.50 % of the total vari-
ation in the data set. Other PCs account for various sources of
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Fig. 3 Loading plot associated with a PC 1, b PC 2, and ¢ PC 3, which
are mainly responsible for the discrimination between samples of
different grades of osteoarthritis

noise in the data set. The loading plots associated with PC-1,
PC-2, and PC-3 shows the spectral features associated with
the cartilage matrix at 1668, 1640, 1452, 1270, 1245, 1064,
1004, 941, 858, and 816 cm L. Although it is not straightfor-
ward to assign the biochemical Raman peaks associated with
each spectral feature observed in the PC-loading plot, we ten-
tatively assigned the corresponding molecular vibrations
listed in Table 2. Two spectral peaks (1128 and 1321 cm ™)
remain unassigned. The origin of these bands is not yet clear
and needs further investigation.
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Tablel Confusion matrix shows the classification for each ICRS grade
of osteoarthritic cartilage
Sample Predicted classification

Grade | Grade 11 Grade 111
Grade I (27) 22 5
Grade 11 (27) 4 23
Grade III (27) 3 0 24

Analysis of relative amide content

Raman spectroscopy is able to provide information about pro-
tein structure. Subtle molecular changes often cause detectable
vibrational changes that can be detected by Raman analysis
[55]. Thus, Raman spectroscopy may be useful in differenti-
ating between normal and pathological cartilage. The doublet
Raman peaks at 1245 and 1270 cm ™' were shown by ROI-2 in
Fig. 1. The intensity ratio of two peaks (I;245/1127¢) provides
information about the relative content of random vs. ordered
coil in the protein structure [55-58].

Figure 4 shows that the median value of the intensity ratio
(I1245/11270) increases with the ICRS grade. To determine
whether this ratio varies significantly among different ICRS
grades of osteoarthritic cartilage, we performed a nonparamet-
ric Kruskal-Wallis ANOVA test; the results are summarized in
Fig. 4. Multiple-group pairwise analysis revealed that the me-
dian difference was statistically significant (»<0.0001) be-
tween grades I and II and between grades I and III but not
between grades II and III.

As Fig. 4 indicates that the median value of the intensity
ratio (I1245/11270) increases with the ICRS grade, which means
that the ratio of the random to ordered protein coil content
changes with the progression of the cartilage disorder. This
finding indicates an increase in the content of defective colla-
gen [55] and illustrates the ability of Raman spectroscopy to
detect minute modifications in the cartilage structure.

Table2 Wavenumber (cm ') and respective vibrational assignment in
human articular cartilage [22, 24-26, 57, 58]

Wavenumber (cm™')  Assignment

1668 C-O stretch; amide I- « helix

1640 Amide I- collagen secondary str.

1452 CH,/CHj scissoring; collagen and other protein
1270 (NH,) bending; amide I1I-ordered coil

1245 (NH,) bending; amide I1I-disordered coil

1064 SO; stretching; glycoaminoglycan

1004 Phenylalanine ring breathing

941 C-C stretching; collagen

858 C-C stretching; proline

816 C-C stretching; protein backbone
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Fig.4 Comparison (n=27 spectra) of relative amide III content in tissues
of different grades of osteoarthritis. The dependence of the ratio of
random vs. ordered protein coil content is shown as a function of ICRS
grade. The symbol “plus sign” represents outliers in the data set

However, it should also be noted that although the median
value increases from the grade II group to the grade III group,
the increment is not statistically significant. This result sug-
gests that during the progression of osteoarthritis from grade I
to grade II, the increase in the disordered coil (defective col-
lagen) content is quite high, whereas during the progression of
the disease from grade II to grade III, the increase is not sta-
tistically significant. This trend may arise because during the
early progression of the disease, biochemical changes play a
significant role, whereas later, at more advanced stages of
osteoarthritis, due to the increase in the frictional coefficient
between the contact cartilage surfaces, mechanical effects be-
come more dominant than biochemical effects, and the load-
bearing surfaces start to wear out. Overall, this analysis indi-
cates that the disordered coil content inside the cartilage ma-
trix increases significantly during the early progression of os-
teoarthritis (between grades I and II). However, such incre-
ment was not statistically significant during higher stage pro-
gression of osteoarthritis (between grades I and II). This ob-
servation is in agreement with that made in a previous study
[56]. The relative content of the secondary structure of colla-
gen may play an important role as a biomarker in the early
diagnosis of the disease.

Analysis of proteoglycan content

Proteoglycan is a major component of the ECM in cartilage.
The protein accounts for approximately 40 % of the dry
weight of cartilage and is responsible for providing the osmot-
ic resistance necessary for cartilage to resist compressive loads
[62]. Based on previous reports, we chose the peak at
1064 cm™ ' as the most representative peak of proteoglycan

[22, 25, 26]. The peak at 1064 cm ' is illustrated by ROI-1
in Fig. 1. The intensity ratio of the two peaks (I;064/11004)
provides an indication of proteoglycan content in ECM of
cartilage because the peak at 1004 cm™' is generally assumed
to be the most stable Raman peak against any changes in the
local environment of tissue [63]. To determine the statistical
significance of the differences in the proteoglycan content
among the different ICRS grades of osteoarthritic cartilage,
we performed a nonparametric Kruskal-Wallis ANOVA; the
results are summarized in the Fig. 5. It shows two results.
First, there is a decrease in the median value associated with
proteoglycan content during the progression of osteoarthritis.
Second, a multiple-group pairwise test reveals that the differ-
ence between the grades I and II groups is not statistically
significant, whereas the differences between the grades I and
II groups and the grades II and III groups are statistically
significant (p<0.0001 and p<0.001, respectively).

It has been reported that to compensate for the loss of
proteoglycan during the progression of joint degenerative dis-
case, the synthesis rate of proteoglycan increases during the
early stages (low grade) of osteoarthritis, whereas it decreases
in advanced stages (high grade) of disease [64—66]. As indi-
cated by the results shown in Fig. 5, although there is a de-
crease in the median value of the proteoglycan content (rep-
resented by the value of Tyg4/1;004) during the progression of
osteoarthritis, the difference between the grades I and II
groups is not statistically significant, perhaps because the rate
of proteoglycan synthesis is relatively high during the early
stages of disease, and hence, the net loss in the proteoglycan
content may not be sufficiently high to be statistically signif-
icant between grades I and II.

Relation of proteoglycan content to ICRS Grade
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Fig. 5 A relative comparison (n=27) of proteoglycan contents in tissues
of different grades of osteoarthritis. The dependence of the proteoglycan
content inside the cartilage matrix is shown as a function of ICRS grade of
osteoarthritis
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Furthermore, due to the decrease in the synthesis rate of
proteoglycan during the advanced stages of the disease, the
net loss of proteoglycan becomes quite high between grades 11
and III and distinctly so between grades I and III. Hence, the
differences between grade II and III and between grades I and
III are statistically significant. In conclusion, by Raman spec-
troscopic analysis, we have shown that the net loss of proteo-
glycan content was only significant at advanced stages of
osteoarthritis. This result is in agreement with previous reports
based on metabolic analysis [64—66].

Histological analysis

A qualitative histological analysis showed higher degradation
of cartilage during progression of osteoarthritis (from ICRS
grade I to grade IIT). Representative histological images of
ICRS grades I, 11, and III are shown in Fig. 6. In sections from
ICRS grade I (Fig. 6a), a thin, pale—green/orange layer shows
the superficial region of the articular cartilage, which appears
smooth with only slight erosions, whereas in sections from
grade II (Fig. 6b), the superficial layer has almost disappeared,
fibers are relatively more fibrillated, and cracks progress down
to the middle zone. Sections from grade III (Fig. 6¢) show
significant fragmentation, quite thick fibers in the middle
zone, and cracks propagating down to the deep region.
Sections from grade IV show some remnants of cartilage
and otherwise only exposed bone surface. A clear increase
in morphological disarrangement was indicated by the histo-
logical evaluation with a progressive increase in ICRS grade.
To assess the histological images quantitatively, slides were
classified and given a specific grade of osteoarthritis from I to
VI based on the OARSI grading system (Electronic
Supplementary Material Table S3) [54]. Higher OARSI
grades were observed with increasing values of ICRS grade.
The mean OARSI grades for ICRS grades 1, 11, III, and IV
were 0.92+0.2, 2.12+0.65, 3.57+0.25, and 5.37+0.62, re-
spectively (Fig. 7). A significant correlation was observed
between the OARSI and ICRS grades (R*=0.789, p<0.01).
Based on the histological analysis of ICRS grades I, II, and
III, we can conclude that in addition to the progressive thin-
ning of the cartilage (consistent with previous reports
[67-69]), the morphological disorder of collagen fibers in-
creases with ICRS grade, and hence, the results of qualitative
histological evaluation are observed to be in agreement with
the ICRS classification (Electronic Supplementary Material
Table S2) [27-29] of the specimens. Moreover, quantitatively,
a high positive correlation was observed between the results of
ICRS assessment (Electronic Supplementary Material
Table S2) by orthopedic surgeons and those obtained by
OARSI-template-based (Electronic Supplementary Material
Table S3) histological evaluation. This high positive correla-
tion indicates that macroscopic evaluation (e.g., during

@ Springer

Fig. 6 Histological image of osteoarthritic cartilage stained by Safranin-
O/Fast Green. a ICRS grade [, b ICRS grade II, ¢ ICRS grade I1I, and d
ICRS grade IV. Distribution of proteoglycan is illustrated in orange/red

surgery or arthroscopy) may be a suitable method for classi-
fying degraded cartilage.

Conclusion

In conclusion, our study show that Raman spectroscopy
could be a potential label-free optical tool which, with high
specificity and sensitivity, can detect the biomolecular
change in human articular cartilage and can classify different
stages (i.e., ICRS grades) of osteoarthritis based on spectral
properties. We were also able to provide information about
the biochemical modification of the cartilage matrix during
the progression of osteoarthritis in terms of the relative con-
tents of ordered and disordered protein coils, which may
potentially serve as biomarker in the early diagnosis of
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Fig. 7 Mean OARSI grade as a function of ICRS grade of osteoarthritis
(n=21 cartilage sections). A high correlation exists between the OARSI
histological evaluation and macroscopic ICRS assessment

osteoarthritis. Moreover, by Raman spectroscopic investiga-
tion, in human model, we have shown that the decrease in
proteoglycan content was clearly observed only in advanced
stage of osteoarthritis. Both of the results, change in protein
content and proteoglycan content, are found to be consistent
with progression of osteoarthritis [56, 64—66].

Due to practical reasons, this investigation was performed
in formalin-fixed osteoarthritic cartilage sections and therefore
caution is needed in extrapolation of conclusion to, e.g., fresh
cartilage. Although, the optimum protocol [22, 34-37] devel-
oped to handle the formalin-fixed tissue for Raman spectros-
copy was followed, additional studies are essential to allow
the accurate comparison with fresh cartilage. Further investi-
gations to determine the effects of various fixatives (e.g., al-
cohol, formalin, paraformaldehyde) specifically on vibrational
spectra of cartilage and a comparison with fresh as well as
healthy cartilage are currently under way.

The optics involved in Raman spectroscopy are compatible
with modern clinical arthroscopy. Therefore, even though
confocal Raman spectroscopy is still limited to a laboratory
environment, the applied technique can be extended to in vivo
diagnosis with the help of a miniaturized Raman fiber probe
integrated within a clinical arthroscope, which is currently
under development [70]. This pilot study presents a proof-
of-concept investigation in human cartilage; however, to val-
idate the assessment ability of the proposed spectroscopic
method, further analysis on large number of patients with
controls is necessary. Nevertheless, these results encourage
further investigations (e.g., quantitative determination of bio-
chemical compositions) on human osteoarthritic cartilage,
which may reveal hidden features associated with progression
of the disease. Our ongoing research will focus on revealing
other biochemical information present in Raman spectra,

which may enhance the proposed method’s ability to discern
degraded cartilage even at early stage of manifestation.
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