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Abstract. The Fourier transform (FT)-Raman spectroscopy technique
is used to assess the biochemical alterations that occur in the degen-
erative process of the rotator cuff supraspinatus tendon. The main
alterations observed occur in the glycine, proline, hydroxyproline,
cysteine, cistine, phenylalanine, tyrosine, collagen I and Ill, nucleic
acid, lipids, glycosaminoglycans, and metalloproteinases bands. An
increasing intensity for these bands is found in degenerated tendons, a
finding well correlated with hyaline state and cellular activity. Statis-
tical analysis (principal components analysis and clustering) shows a
clear separation of the spectra into nonhyalinized and hyalinized
clusters, which enables the construction of a binary diagnosis model
based on logistic regression. Best diagnosis provided a sensitivity of
66.0% and a specificity of 74.7% with 79.6% concordant pairs. The
discriminating power of the diagnostic test is assessed by computing
the area under the receiving-operator characteristic curve (AUC),
which indicates good accuracy (AUC=0.81). In principle, these re-
sults indicate that Raman spectroscopy can be used as an auxiliary aid
to improve shoulder tendon surgery quality by guiding anchoring onto
more healthy (nonhyaline) pieces of tendons. This should contribute
to a decrease in the current high rerupture rate (13 to 68%) for this

procedure.
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1 Introduction

Shoulder pain is a common problem in Western society.' The
prevalence of shoulder pain in the general population may be
as high as 6 to 11% under the age of 50 yr, increasing to 16 to
25% in elderly people.2 The loss of productivity and the in-
ability to work and carry out household activities can be a
considerable burden to both the patient and society.”* Data
from social insurance services of many countries indicate that
nearly 20% of all job absences and compensations are due to
some kind of shoulder pain.’ Rotator cuff tendonitis is the
most frequently recorded clinical entity, corresponding to
nearly 30% of reported cases.'”°

The rotator cuff is the name for a group of four muscles—
supraspinatus, infraspinatus, teres minor, and subscapularis—
that in conjunction with their tendons act as stabilizers for the
glenohumeral joint during shoulder movement.”® Rotator cuff
pathologies can vary from tendonitis to complete tear. The
supraspinatus tendon, located on the upper part of the cuff, is
the most affected by these tendinopathies.8
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Despite the magnitude and economic impact of rotator cuff
injuries, little is known regarding their etiology. Certain fac-
tors that can cause cuff lesions are well known;g_]2 for ex-
ample, tendon overload, intrinsic degeneration, age, high
body mass index, previous shoulder trauma, reduced shoulder
strength, cuff impingement, and degenerative changes. How-
ever, despite several cellular, immunohistochemical, and his-
tological studies, the origins of these degenerations are poorly
understood.*"* From a biochemical viewpoint, it is known
that healthy tendons are mainly composed of type I
collagen®'* (65 to 80%). Type III collagen is also found but in
small amounts (<3 %), as well as other components such as
water, elastic fibers, proteoglycans, glycoproteins, and
metalloproteinases. 1314

In many cases, a conservative treatment regimen (drugs,
rest, massage, etc.) is recommended as an initial treatment
strategy.'> However, chronically painful tendon conditions are
difficult to treat, and in cases where complete tendon/muscle
tear occurs or when failure of other treatments occurs after 6
weeks, surgery is recommended. Currently, a minimally inva-
sive surgical approach represented by miniopen shoulder
videoarthroscopy is the most recommended approach for re-
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Fig. 1 Histological stains (63X objective) representing the four grades of rotator cuff tendon degeneration, as established by Riley et al.'® (a) Grade
G1 (normal), where arrows 1 and 2 represent a single wavy collagen fiber and an elongated tenocyte, respectively; (b) grade G2 (moderate), where
circles 1 and 2 represent regions presenting loss of collagen fiber waviness; (c) grade G3 (mild), where squares 1 and 2 represent areas of incipient
hyalinization and the high nuclei density is clear; (d) grade G4 (severe), where the uniform hyalinization is clearly present in the stain.

covery of normal cuff state.'®'” In this procedure, the inner
part of the shoulder joint is accessed via three small incisions.
Through these incisions, the surgeon introduces the arthro-
scope, instrumentation, and a flux of physiological solution.
Anchoring of ruptured regions is guided by visual inspection
on a monitor.'®"” Rerupture rates after rotator cuff repair have
been reported to range from 13 to 68%, depending on the size
of the original tear.'® Currently it is impossible to predict the
probability of rerupture of a repaired tendon. One possible
cause of this high rate is the lack of real-time data concerning
the degenerative state of the tendon that is visually chosen by
the surgeon during the procedure.

Only in very special cases (e.g., suspicion of cancer or
severe degeneration) is a small tendon sample removed for
biopsy. One of the most used histological scales is that estab-
lished by Riley et al."” It uses four graduations to characterize
the degenerative process of rotator cuff tendons. The charac-
teristic stains of such grading are showed in Fig. 1 (see meth-
odology section for more details). In fact, the quality of shoul-
der surgery would be substantially increased if the physician
possessed an auxiliary aid to discriminate normal tendon tis-
sue from degenerated pieces in real time and performed the
anchoring using only normal or less-degenerated tendons. The
goal of the work presented here was to determine whether
Raman spectroscopy could be used as this auxiliary aid, en-
abling real-time diagnosis of the degenerative state of rotator
cuff supraspinatus tendons. In a pilot study,” our group pre-
viously showed that Raman spectroscopy enabled the classi-
fication of normal and degenerative tendon tissues.

2 Methodology
2.1 Tissues

This research was carried out following the ethical principles
established by the Brazilian Health Ministry and was ap-
proved by the local ethics in research committee (certificate
H149/2006/CEP—UniVap). Patients were informed concern-
ing the subject of the research and gave their permission for
the collection of tissue samples.

Rotator cuff supraspinatus tendon tissue samples were ob-
tained from 39 patients submitted to shoulder surgery at Sdo
Gabriel Clinic, Sao José dos Campos, Sao Paulo, Brazil. Im-
mediately after the surgical procedure, the samples were iden-
tified, snap frozen and stored in liquid nitrogen (77 K) in
cryogenic vials (Nalgene®) prior to Fourier transform (FT)-
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Raman spectra recording. Each patient’s tissue was sectioned
into three parts, resulting in 117 samples. Raman spectra were
measured at three different points on each sample, resulting in
351 spectra. Next, the samples were fixed in 10% formalde-
hyde solution for further histopathological analysis. Each
measured sample was histopathologically assessed by two pa-
thologists and classified as G1, G2, G3, or G4, according to
the histopathological grading proposed by Riley et al.”

2.2 Reference Compounds

Reference compounds cysteine (Cys), cistine (Cis), proline
(Pro), hydroxyproline (Hyp), and collagen types I and III
were used to refine the vibrational band assignment. All com-
pounds were of commercial molecular biology grade obtained
from Sigma Aldrich (St. Louis, Missouri, USA).

2.3 FT-Raman Spectroscopy

An FT-Raman spectrometer (Bruker RFS 100/S; Bruker Op-
tics GmbH, Ettlingen, Germany) was used with an Nd:YAG
laser at 1064 nm as the excitation light source. The laser
power at the sample was maintained at 110 mW, while the
resolution was set to 4 cm™!. The spectra were recorded using
300 scans (nearly 10 min of acquisition time). For FT-Raman
data collection, the samples were brought to room tempera-
ture and maintained moistened in 0.9% physiological solution
to preserve their structural characteristics, then they were
placed in a windowless aluminum holder for Raman spectra
collection. Observation revealed that the chemical species in
the physiological solution (Ca2*, Na*, K*, CI-, water) pre-
sented no measurable Raman signal and their presence did not
affect the tissue spectral signal.

2.4 Histopathological Analysis

The stains used on the tendon samples were read by two pa-
thologists and compared with Riley’s et al. scale,” which
comprises four levels of degeneration. Grade 1 [G1, Fig. 1(a)]
corresponds to normal tendons and is characterized by a wavy
outline of collagen fibers, easily discernible individual fibers
[arrow 1, Fig. 1(a)], tenocyte nuclei that are elongated and
parallel to the collagen bundles [arrow 2, Fig. 1(a)]. Grade 2
[G2, Fig, 2(b)] corresponds to mild degeneration and it is
characterized by relatively well aligned collagen fibers pre-
senting irregular waviness [circles 3 and 4, Fig. 1(b)]. In this
case, the individual fibers are not readily identified, tenocyte
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Fig. 2 Box plot representing all tendon spectral data. Each spectrum
was baseline corrected and vector normalized. The solid line is the
mean Raman spectra. The vertical gray lines indicate the region be-
tween the first and third quartiles.

cell nuclei are shorter, and the nuclei are displayed in Indian
file. Grade 3 [G3, Fig. 1(c)] is moderate degeneration. The
onset of the process of collagen hyalinization occurs in this
grade. The hyaline state is characterized by the deposition of
collagen peptide fragments in the extracellular matrix. In-
creasing quantities of hydroxylysine, hydroxyglysilpyridine,
and lysylpyridioniline due to incomplete healing, result in
greater collagen solubility, thus favoring hyalinization."
When stained, this state is characterized by eosinophilic pink
regions [squares 1 and 2, Fig. 1(c)]. Loss of orientation
among the fibers and tenocyte nuclei and increases in cell
nuclei density are also features of G3. A relative increase in
tenocyte numbers [Fig. 1(c)], compared to lower grades, is
clearly seen. Finally, grade 4 [G4, Fig. 1(d)] is designated as
severe degeneration. In this grade, the collagen fibers present
a diffuse hyalinization of homogeneous appearance, the teno-
cytes present a rounded shape, complete loss fiber orientation
occurs, and the number of nuclei is reduced.

3 Data Analysis

All the spectra were baseline corrected and vector normalized.
The spectral differences were analyzed using multivariate
Principal components analysis (PCA). PCA was performed
over the range 365 to 1800 cm™! by computing the covari-
ance matrix. The underlying data structure was summarized
by clustering PC2, PC3, and PC4 scores at a 95% level of
similarity using correlation distance measurement. The results
are presented as a dendogram. The set of PCs that provided
the best classification after visual inspection of scattering
plots were fed into the logistic regression (LR) algorithm21 to
determine the parameter equation that best differentiated the
pathologic states. LR provides a method for modeling a bi-
nary response variable, considering values of 0 or 1, and is
based on the linear dependence between the logit function of
the probability of response 1 and the parameters of diagnosis.
In this case, these parameters are the PCs. Thus, the LR model
equation is
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Fig. 3 FT-Raman spectra of cysteine (Cys), cistine (Cis), proline (Pro),
hydroxyproline (Hyp), and collagen types | and lII.

ln( P >=a+2b,~PCi, (1)
l-p i

where p is the probability of obtaining response 1, and a and
b; are the model parameters.

All these steps were performed using the statistical soft-
ware Minitab, version 14.20 (Minitab Inc., State College,
Pennsylvania, USA). The model’s predictive ability was esti-
mated by measuring the association between the response
variable and predictive probabilities. To test the accuracy of
the diagnosis, the receiving-operator characteristics (ROC)
curves were calculated using a routine constructed using the
Mathematica 5.2 software (Wolfram Research, Champaign,
Illinois, USA). In these curves, sensitivity (S) is plotted
against 1 minus specificity (1—E) and is not restricted to
single values of S and E, which largely depend on the thresh-
old curve chosen.””** The more accurately the method sepa-
rates the data classes, the closer the corresponding area under
the ROC curve (AUC) approximates>> 1. Both the LR
model and the ROC curves were built using the leave-one-out
and cross-validation procedures.

4 Results
4.1 Biochemical Analysis

Figure 2 shows the box plot of the 351 measured spectra. The
black line is the mean spectrum, while the gray vertical lines
represent the region between the first and third quartiles. Ma-
jor spectral variability was found in the low-frequency region,
©<800cm™!, while the high-frequency region,
> 1450 cm™!, presented more reproducible spectra.

Figure 3 shows the FT-Raman spectra of Cys, Cis, Pro,
Hyp, and collagens types I and III. Together with glycine
(Gly), these are the major tendon components. ~ It was pos-
sible establish complete assignment for the bands displayed in
Fig. 2 with help of these spectra and Refs. 24-29. The assign-
ment is summarized in Table 1. Observation of this table veri-
fied that the Raman spectrum was dominated by amino acids
and collagen protein bands, as expected from the tendon com-
positional proﬁle.&l“'24 Figure 4 compares the mean FT-
Raman spectra for each degenerative grade.
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Table 1 Vibrational assignment for the mean tendon spectra of Fig. 3 based on Refs. 24-29.

Band Number Position (cm™) Assignment

1 430-550 5(S—S) bridges

2 568 Pro—skeletal

3 590 unassigned

4,5 600, 607 w(CO,)—Cly

6 618 Phe—skeletal

7 646 Tyr—skeletal

8 664 G—skeletal

9 680 Pro—skeletal

10,11 689, 703 b (CO,)—Gly

12 727 collagens

13 760 collagen |

14 775 Pro—skeletal

15 786 collagen Il

16 815 s (C—O—C; C—C); residue backbone

17 857 (C—C); Pro ring

18 877 s (C—C) Hyp

19 922 s (C—C) Pro ring

20 940 s (C—C) collagens backbone

21 961 s (C—C) of residue

22 970 s (5=S); Cis

23 1004 s (C—C) Phe aromatic ring

24 1034 s (C—N);alicyclic

25 1063 b(OH)

26 1085 s (C—0O)

27 1094 s (C—N); alicyclic

08 1106 . (PO3) lipids; nucleic acids

29 1123 s (C—N;C—C)

30 1160 NH;

31 1175 s (C—=0)

32 1245-1345 Amide lll—collagen

33-35 1381, 1395, 1427 d (CHy)—residue

36 1450 s (CH,)—lipids, glycosaminoglycans,
metalloproteinases, collagens, residues

37 1500-1572 s (C=N;C=C); DNA/RNA

38 1604 Phe, Tyr

39 1635-1665 Amide |

40 1730-1740 collagen Il

41 1746, 1767, 1784 unassigned

s; stretching; w; wagging; b; bending; d; distortion.

Journal of Biomedical Optics 014018-4 January/February 2008 « Vol. 13(1)



Penteado et al.: Diagnosis of degenerative lesions of supraspinatus rotator cuff...

11

2 L Il I L
200 1250 : 1300 13’50 1400

1450

) i
1700 ; 1750 1800

|
1650

L
1600

Intensity (arb. units)

27
2‘6 | 28

[

350 450 500 550

600 650 750

Raman Shift (cm™)

Fig. 4 Mean FT-Raman spectra for grades G1 to G4 between 350 and 800 cm™" (panel 1), 800 and 1200 cm™' (panel 1), and 800 and 1800 cm™"
(panel I11). Each vibrational band is numbered according assignment shown in Table 1.

Figure 4 (panel I) shows the mean spectra between 350
and 800 cm™. At first glance, an increasing spectral intensity
in the 350- to 710-cm™' region is identifiable for the patho-
logical groups G2, G3, and G4. This region is dominated by
the stretching modes of Cys/Cis (disulphide bridges), skeletal
modes of Pro, Phe, Tyr, and guanine (G), and CO, wagging/
bending mode of Gly. An unidentified band at 590 cm™! also
occurred. The increased intensity was notably greater for G3
with I(G3)/1(G1) ~3, in comparison with I(G4)/1(G1) ~1,4
and I(G2)/1(G1) ~1,3.

Characteristic collagen and Pro bands dominated the re-
maining region from 710 to 800 cm™!. The band at 727 cm™!
is present in both type I and type III collagens and its intensity
was almost grade independent. However, this fact cannot be
considered conclusive, because the peak intensity itself is
close to the background noise level. The collagen I band at
760 cm™! presented a similar intensity for grades G1, G2, and
G3, when considering the data noise level. G4 presented the
greatest intensity.

Figure 4 (panel II) shows the mean spectra between 800
and 1200 cm™!. The spectral region of 800 to 1030 cm™" was
dominated by C—O—C, C—C, and S—S stretching bands
of residue backbone; collagen backbone; and amino acids Pro,
Hyp, Phe, and Cis. Gl normal tendons presented a lower
spectral intensity in this region. The intensity of G2 and G3
were almost the same, while G4 presented the greatest inten-
sity.

The spectral region of 1030 to 1200 cm™" is dominated by
modes of C—N, C—0O, C—C, NH;, DNA, and PO, OH of
lipids and nucleic acids. The greatest intensity was displayed
by the G3 spectrum.

Figure 4 (panel III) shows the mean Raman spectra be-
tween 1200 and 1800 cm™'. The region between 1200 and
1500 cm™! is dominated by amide III and distortion bands of
collagens; CH, and CH; amino acid residues, lipids, gly-
cosaminoglycans (GAGs), and metalloproteinases (MMPs).
No marked intensity differentiation occurred, besides those
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discussed previously, due to the fact that the variations in the
relative amounts of GAGs and MMPs are very small and their
bands are always superposed. Exception was the amide III
band at 1300 cm™! since it was very intense in the G1 spectra.
The region between 1500 and 1700 cm™! is dominated by
C=N, C=C, C—N, and amide I vibrational bands of
DNA, RNA, Phe, Tyr, and collagens. The remaining three
bands at 1746, 1767, and 1784 cm™! were not identified be-
cause their intensity variation occurred within background
noise levels. Thus, they are not discussed or interpreted fur-
ther.

To check whether all these spectral differences were suffi-
cient to determine classification and assist coherent diagnosis
for all degenerative grades, a complete statistical analysis was
performed based on PCA and LR models.

4.2 Statistical Analysis for Diagnostic Purposes

To extract the essential correlation information from the data
observed, PCA analysis was performed on the spectra pre-
sented in Fig. 2. The corresponding eigenvalues and contribu-
tion percentages of the first 10 PCs are shown in Table 2.
From these data, it was verified that 96.9% of the data vari-
ability is retained up to the fourth PC. It is possible that higher
components account for data noise; thus, further analysis will
be based on PC1, PC2, PC3, and PC4 data.

Figure 5 shows the PC loadings for the first four PCs. The
corresponding band assignment could be seen on Table 1, as
presented on previous section. Figure 5(a) shows the first
score (PC1), which represented 89.1% of the spectral charac-
teristics of the data set. By comparing Fig. 2 to Fig. 5(a), it
was possible to confirm the well-known fact that the first PC
strongly resembled the overall spectral mean.

Figure 5(b) shows the second score (PC2), which ac-
counted for 4.0% of the overall spectral characteristics. Com-
pared to the first score, the second presented spectral negative
variations in the 850- to 900-, 1050- to 1150-, 1257-, 1270-,
1300-, 1450-, 1660-, and 1751-cm™! regions. In general,
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Table 2 Eigenvalues and percentage contribution of the first 10 PCs.

PC Eigenvalue Percentage Contribution
1 196.89 89.1
2 8.91 4.0
3 535 2.4
4 2.99 1.4
5 1.14 0.5
6 0.89 0.4
7 0.39 0.2
8 0.28 0.1
9 0.26 0.1
10 0.20 0.1

negative or positive variation in a PC indicates that it repre-
sents these spectra with increasing or decreasing intensity
compared to the mean.

Figure 5(c) shows the third score (PC3), responsible for
2.4% of the spectral characteristics. The behavior of the third
score up to ~800 cm™! and within the 1060- to 1180-cm™!
region was very similar to the second score. Excluding these
regions, the variations observed were positive and in the same
spectral regions as those observed in the second score.

, score 4

400 600 800 1000 1200 1400 1600 1800

Raman shift (cm'l)

Fig. 5 PC-loadings of the first four PCs.
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PC4

Fig. 6 Scattering plot for PC2, PC3 and PC4.

Figure 5(d) shows the fourth score (PC4), which was close
to background noise levels and was responsible for 1.4% of
the data spectral variability. Comparing its behavior with
those displayed by Figs. 5(b) and 5(c), it is clear that PC4
represented a linear combination of PC2 and PC3 with some
peaks resembling the behavior of PC2 and others, those of
PC3. However, after a peak-to-peak comparison, it was in-
ferred that the fourth score showed greater similarity to the
third score than to the second.

Thus, it is reasonable expect that classification between
tendon degenerative states could be obtained by some combi-
nation of PC2, PC3, and PC4.

Figure 6 shows the scattering plot of PC2, PC3, and PC4.
Each PC was discriminated by its histopathological grade G1
to G4, following Riley’s scale. Unfortunately, direct visual
inspection clearly shows that no data separation occurred.

To more clearly discriminate between spectral data group-
ings, clustering of the PC2, PC3, and PC4 variables was per-
formed considering a threshold of 95% similarity. The results
are shown in a dendogram (Fig. 7, panel I). As can be ob-
served, the data grouped into two large clusters (A and B),
with cluster B further divided into two subclusters (B1 and
B2). Cluster A was composed of 95 spectra: 40% from
samples diagnosed as G1, 47% from G2 samples, 9% from
G3, and 4% from G4. Cluster B1 was larger, composed of 150
spectra and of these, 16, 13, 47, and 24% were G1, G2, G3,
and G4 samples, respectively. Cluster B2 was composed of
spectra from 106 samples, 2, 47, 27, and 24% from G1, G2,
G3, and G4, respectively. Considering clusters B1 and B2
together (cluster B), the percentages of samples were 11, 26,
39, and 24% of G1, G2, G3, and G4, respectively. Summariz-
ing, it was possible to infer that G1 and G2 samples were
predominant in cluster A (87%), while those of grades G3 and
G4 predominated in cluster B (63%). According to the main
histological and biochemical characteristics of the degenera-
tive grades, note that the presence of hyalinization is a shared
characteristic of grades G3 and G4. In contrast, hyaline re-
gions are absent in both grades G1 and G2. Thus, cluster A is,
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Fig. 7 Panel I, dendogram based on the PC2, PC3, and PC4, showing the separation of the spectra in two clusters (A and B). Group B presents two
important subgroups (B1 and B2). Spectra from nonhyaline samples (G1 and G2) predominate in cluster A (87%), while the hyaline samples (G3
and G4) predominate in cluster B (63%). Panel Il, box plot for hyalinized (upper) and nonhyalinized (bottom) clusters.

to a large extent, composed of nonhyaline tendons from G1
and G2, while cluster B is mainly composed of those tendons
presenting hyalinization from G3 and G4 grades. Thus, we
labeled clusters A and B as nonhyalinized and hyalinized clus-
ters, respectively.

Figure 7 (panel II) shows the box plot for the hyalinized
(upper plot) and nonhyalinized (bottom plot) groups. Nearly
all spectral regions in the hyalinized groups were more in-
tense than in the nonhyalinized group. This fact is in agree-
ment with data previously presented in Fig. 4, which showed
that the mean spectra of G3 and G4 were generally more
intense than those of G1 and G2.

Figure 8(a) shows the scattering plot PC4 versus PC2, con-
sidering these two classes of tendons. Points arising from the
hyalinized tissues presented a relatively clear separation from
the nonhyalinized points. It is easy to discern a nonhyalinized
region to the left and a hyalinized region to the right. The LR
model was applied to this case and the best fit was found to be

In ( . P ) =0.023 + 1.005PC2 + 16.713PC4,  (2)
-p

where p is the probability of belonging to the hyalinized class.
The model’s predictive ability was estimated by measuring
the association between the response variable and predictive
probabilities using cross-validation. In this case, 72.2% con-
cordant pairs were found, indicating good predictive ability.
The solid line in Fig. 8(a) represents the diagnosis line thresh-
old p=0.50. The calculated sensitivity was 54.0%, while
specificity was 96.0% when considering the threshold line p
=0.50. A similar classification level was found by analyzing
the scattering plot PC3 versus PC2 [Fig. 8(b)]. In this case,
the best fit for the LR model was found to be
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In ( ; P ) =0.029 + 1.285PC2 — 12.583PC3.  (3)
-p

The percentage of concordant pairs was 76.4%. Sensitivity
and specificity were 54.1 and 76.0%, respectively, when con-
sidering the diagnosis line p=0.50 depicted in Fig. 8(b).

Figure 8(c) shows the scattering plot PC4 versus PC3. In
this case, the best fit for the LR model was found to be

In < ; P ) =0.0069 — 14.96PC3 + 16.978PC4.  (4)
-p

The percentage of concordant pairs was 79.1%. Sensitivity
and specificity were 65.5 and 75.0%, respectively, when con-
sidering the diagnosis line depicted in Fig. 8(c).

The LR model was also tested for PC2, PC3, and PC4
combined, and the best fit was found to be

In ( ] L ) =-0.017+2.119PC2 - 15.393PC3
-p

+17.231PC4 (5)

The percentage of concordant pairs was 79.6%. Sensitivity
and specificity were 66.0 and 74.7%, respectively. Thus, com-
paratively this combination provided slightly better discrimi-
nation than the remainder.

Figure 9 shows the ROC curves for the combinations
(PC2, PC3); (PC2, PC4); (PC3, PC4); and (PC2, PC3, PC4).
The straight diagonal line is the expected curve for a com-
pletely random diagnostic test. The AUCs were computed and
are shown in Table 3. The most accurate test was found using
the combination (PC2, PC3, PC4), which resulted in an AUC
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Fig. 8 Scattering plots of (a) PC4 versus (b) PC2, PC3 versus PC2, (C)
PC4 versus PC3 for the nonhyalinized (solid circle symbols) and hy-
alinized (open circle symbols) clusters. The dotted line is a diagnosis
line given by the LR model [Eq. (1)] with p=0.50.

of 0.81, classified as a good level of accuracy. The combina-
tions (PC2, PC4) and (PC3, PC4) resulted in fair accuracy
levels and the worst test was found using the combination
(PC2, PC3) (poor accuracy). These results are in agreement
with the predictive ability estimation of the LR presented pre-
viously, which provided the highest percentage of concordant
pairs for the combinations (PC2, PC3, PC4) and (PC2, PC3).

5 Discussion

The biochemical data concerning the tendon degenerative
grade probed by Raman spectroscopy (see Fig. 4) can be sum-
marized in three groups. The first group represents changes
observed in Gly, Pro, Hyp, Cys, Cis, collagen I, and collagen

1,01|||’
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0.6}
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04} —PC2, PC3 ]
[ ———PC2, PC4 ]
I },J r PC3, PC4 1
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Fig. 9 ROC curves for combinations of PC 2 and PC 3 (solid black
line); PC 2 and PC 4 (solid gray line); PC 3 and PC 4 (dotted line); PC
2, PC 3, and PC 4 (dashed line); and the worthless test (thin solid
line).

no collagen accumulation occurs in the extracellular matrix,
because it is degraded by MMP. One of the characteristics of
the degenerative process in tendons is the decrease in MMP
content in the matrix.”

The second group is related to Phe, Tyr, G, DNA, and
RNA bands. Their Raman bands experienced an enhanced in-
tensity in grades G3 and G4. However, this was more expres-
sive for G3. The amino acids Phe and Tyr participate in the
DNA transcription process32 and are related to high cellular
activity and reproduction.3 2 They are also present at low lev-
els in collagen structure.”® Their enhanced intensity, and that
of the G, DNA, and RNA bands, correlates with the high
cellular nuclei density, which is characteristic® of grade G3.

The third group is related to lipids bands. These bands
were displayed in the 1030- to 1200-cm™' region and at
1450 cm™!, in conjunction with other biochemical compo-
nents. This fact makes it difficult to evaluate lipid behavior in
isolation. The first bands appear in conjunction with nucleic
acid bands and present an intensity enhancement that corre-
lates with fatty degeneration of tendons.*'? However, the
band at 1450 cm™! displayed no intensity alteration. In fact,
this band is related to lipid, GAG, MMP, and collagen resi-
dues. Lipids and collagens were expected to present enhanced
concentrations in degenerated tissues, while GAG and MMP
were expected to show diminished levels. No marked inten-
sity differentiation occurred, besides those discussed previ-

Table 3 Area under curve (AUC) of the ROC curves presented in Fig.

IIT bands. An increasing intensity for these bands in degener- 9.

ated tissues was found, mainly in grades G3 and G4. Gly, Pro,

and Hyp are the main constituents of the repeated amino acid PCs AUC Accuracy
motif Gly-X-Y(X,Y=Pro,Hyp) of collagen structure.* Cys

and Cis are common residues (X or Y) found in type III 2,3 0.67 poor
collagen.” Type TII collagen is usually found in degenerated 24 0.71 fair
tendons.’' The increased intensity of these bands is explained '

by the hyalinization process that occurs in degenerated G3 3,4 0.78 fair
and G4 tendons, where peptidic fragments of soluble collagen

accumulate in the extracellular matrix."* In healthy tendons, 2,34 0.81 good
Journal of Biomedical Optics 014018-8 January/February 2008 « Vol. 13(1)
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ously, due to the fact that the variations in the relative

amounts of GAGs and MMPs are very small and their bands 3
are always superposed.
The just discussed band intensity variations were also ob- 4.
served in the PC loadings plots of Fig. 5. However, despite the
fact that Raman spectroscopy is capable of displaying the
spectral characteristics of all the degenerative grades no data 5
classification in G1, G2, G3, or G4 grades was observed (Fig.
6).
Observation revealed that the main features probed were 6.
those related to the absence (G1 and G2) or presence (G3 and
G4) of hyalinization and the distinctive cell proliferating ac-
tivity of G3. This fact was strongly supported by the statistical 7.
analysis performed on the data, which showed a clear separa-
tion of the spectra into nonhyalinized and hyalinized clusters
(Fig. 7), enabling the construction of a binary diagnosis model 8
based on LR (Fig. 8). The best diagnosis was found when 9.
using a combination of PC2, PC3, and PC4. The diagnosis
line threshold p=0.50 resulted in sensitivity of 66.0% and
specificity of 74.7%. The percentage of concordant pairs was 10
79.6%. The AUC (Fig. 9) indicated that a diagnosis based on '
these PCs presented good accuracy (AUC=0.81). 11
6 Conclusions 12
The results presented in this paper indicated that the FT-
. . P 13.
Raman spectroscopy technique is capable of classifying rota-
tor cuff supraspinatus tendons as either nonhyalinized (Gl 14.
and G2) or hyalinized (G3 and G4). Notwithstanding this fact,
it was not possible discriminate all degenerative grades, the
identification of hyaline (presenting fragmented and soluble
. . . 15.
collagens) and nonhyaline (structured waviness fibril col-
lagens) regions in these tendons is of great clinical relevance
to the surgeon, who would otherwise have no way to visually
discriminate these tendon regions during surgery. In principle, 16
Raman spectroscopy could be used as an auxiliary aid to im-
prove tendon shoulder surgery quality, thus contributing to a 17.
decrease in the current high rerupture rate of this procedure,
by assisting in determining the process of anchoring onto 18.
more healthy tendons. However, more experimental efforts
must to be devoted to this issue. For in vivo applications it is 19.
essential to establish whether the resolution level of actually
available Raman probes are adequate to obtain a classification
similar to those obtained by FT-Raman spectroscopy. Another 20.
possible improvement is the validation of the LR models by
an independent data set.
21.
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