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ESTIMATING JOINT CARTILAGE THICKNESS ON AN ANIMAL MODEL ex vivo
USING DIFFUSE REFLECTANCE SPECTROSCOPY

A. Sircan-Kucuksayan !, M. Canpolat >

! Alanya Alaaddin Keykubat University, Department of Biophysics,

Faculty of Medicine, Antalya, Turkey

? Akdeniz University, Biomedical Optics Research Unit, Department of Biophysics,
Faculty of Medicine, Antalya, Turkey; e-mail: canpolat@akdeniz.edu.tr

A diffuse reflectance visible light spectroscopy method has been developed to estimate bovine cartilage
thickness in real time. The system consists of a miniature UV-VIS spectrometer, a halogen tungsten light
source, and an optical fiber probe including two 400 um diameter fibers with a center to center separation
of 1.2 mm was used to acquire the spectra. A total of four patellae obtained from bovine just after sacrifice.
In the study, ten cattle patella cartilage samples were prepared in a cylindrical shape and thinned by
a 200 um step. Spectra were acquired from the 123 cartilage samples. Cartilage samples were divided into
training and validation groups. A correlation between the thickness of the cartilage samples and the absorp-
tion spectra was obtained using the data of the training group. The relative thickness of the cartilage was
estimated with an average error of 15% in the validation group using the correlation. Diffuse reflectance
spectroscopy has the potential to estimate the thickness of cartilage lesions during arthroscopic evaluation
of knee cartilages.

Keywords: cartilage thickness, reflectance spectroscopy, arthroscopy, optical fiber probe.

OIIEHKA TOJIIIHNHBI CYCTABHOI'O XPAIIIA HA MOJAEJIN JKNUBOTHOTI'O ex vivo
C IOMOIIbIO CHEKTPOCKOIINHU TUDPPDPY3IHOI'O OTPAJKEHHUA

A. Sircan-Kucuksayan !, M. Canpolat >
VIIK 535.3:612.751.2

! Vuueepcumem um. Anaoouna Keiixy6ama Ananuu, Aumanus, Typyus
? Vuusepcumem Axoenus, Anmanusa, Typyus; e-mail: canpolat@akdeniz.edu.tr

(Illocmynuna 27 mapma 2018)

Paspaboman memoo cnexmpockonuu oug@yznozo ompasicenus GUOUMO20 c8ema Osi OYEHKU MOTUjU-
Hbl XpAWa KPYRHO20 PO2amo20 CKOMA 8 pexcume peanbHo2o epemenu. /i noiyuenus cnekmpos ucnoib3o-
8ama cucmema, COCMOAWAL U3 MUHUAMIOPHO20 Y D-6U0UM0O20 cneKmpomMempa, 2ai02eH08020 B0AbPPAMO-
6020 UCMOYHUKA C6emda U ONMOBOIOKOHHO20 30HOA, GKIIOUAIOWE20 6 cebsi 08a BOJOKHA Ouamempom
400 mrm ¢ medcyenmposoim paccmosuuem 1.2 mm. B obwetl croschocmu yemoipe KOJIeHHblE YAUedKU no-
JIYYeHbl Om KPYRHO20 p02amoz0 CKoma cpasy nocie 3a6os. [loocomosneno decams 06pasyos xpauja dOvluvell
KOJIeHHOU YauleuKy YuruHopuieckoi hopmol, ucmonuennvix ¢ wazom 200 mrm. Cnexmpol nonyuenvt uz 123
0bpaszyoe xpawa. Obpasywl xpsawell pazoeieHvl Ha odyuaiowue u nposepounvle epynnvl. Koppensyus medic-
0y MOMYUHOU 06PA3Y08 XPAWA U CHEKMPAMU NO2TOWEHUSI NOTYYEHA C UCHONb308AHUEM OAHHBIX 00yyalouyell
epynnel. Ilpu ucnonvzoeanuu Kopperayuu OmHOCUMeNbHAs MOIWUHA XPAWA 8 SpYnne NposepKu OYeHeHd co
cpedneut owudkou 15%.

Knruegvle cnosa: monyuna xpawa, ompaxcamenvbHas CHeKmpoCKonus, apmpoCcKonus, OnmoseoI10KOH-
HbLLL 30HO.



570 SIRCAN-KUCUKSAYAN A. et al.

Introduction. Cartilage damage occurs as a result of changes in the molecular composition of the extra-
cellular matrix (EMC). The functionality of cartilage strongly depends on the constitute of its molecular
composition. The EMC of cartilage consists of collagen (10-30% wet weight), chondrocytes (10% wet
weight), proteoglycans (3—10% wet weight), and water (60—-85%) [1]. Cartilage defects that occur with
changes in the molecular composition are associated with significant loss of mechanical function and de-
crease in thickness of the cartilage. The stages of cartilage defects are as follows: softening with the intact
group, fibrillations within the superficial layer, cleft down to the subchondral bone, and complete loss of
cartilage [2]. Knee cartilage damage assessment during arthroscopy is based on visual examination accord-
ing to the International Cartilage Repair Society (ICRS) or the Oswestry Arthroscopy Score (OAS) grading
systems. Inter-observer reliability of the arthroscopic grading of cartilage lesions is poor [3]. Therefore, or-
thopedic surgeons need to quantify arthroscopic methods for more effective diagnosis of the lesions [4].

A real-time cartilages assessment based on variations in biochemical compositions may be used as a vi-
able tool in the diagnosis of cartilage deformation due to diseases such as osteoarthritis. Spectroscopic meth-
ods have started to be used in recent years for the diagnosis of diseases [5—7]. Several spectroscopic
techniques such as near-infrared spectroscopy [8—10] (NIR), optical coherence tomography [11], and Raman
spectroscopy [12] were developed to define early stage cartilage degenerations assessing molecular composi-
tions. A correlation between the NIR data and cartilage thickness has been shown by Afara et al. [10]. Trau-
matic and degenerative cartilage lesions have been distinguished using NIRS in a clinical study [13], and in
another study cartilage degeneration was also investigated using NIRS [14]. In the detection of initial carti-
lage lesions, magnetic resonance imaging (MRI), arthroscopy, and NIRS were used together, and it has been
shown that MRI and arthroscopy have low predictive value and that NIRS has potential to be used in the
detection of initial cartilage damage [15]. Recently, diffuse reflectance spectroscopy has been employed to
assess the cartilage thickness using an optical fiber probe consisting of one source fiber surrounded by six
detector fibers [16]. An optimum source-detector fiber separation was defined in diffuse reflectance spec-
troscopy (DRS) study in the assessment of cartilage thickness on cattle patella [17].

In this study, we have utilized the DRS technique with an optical fiber probe consisting of one source
fiber and one detector fiber to estimate cartilage thickness of cattle patella ex vivo.

Experimental. Sample preparation and spectroscopic system. A total of four patellac obtained from
four adult cattle were used in the study. All the patellae were stored at —80°C for 1 day before the experi-
ment. A cylindrical saw with a diameter of 1 cm was used to prepare 10 samples for the spectroscopic meas-
urements. All the samples were cylindrical. The thickness of all undamaged cartilage samples was measured
using a digital micrometer and it was found that the range was between 900 to 2150 um. The first spectrum
was acquired from the undamaged cartilage for each sample. Then each cartilage was thinned 200 pm using
a microtome; then the spectra were obtained by placing the optical fiber probe on the same place on the carti-
lage. If the cartilage thickness was less than 200 um, the cartilage was thinned 100 or 50 um. The last spec-
trum was acquired from the bone surface. In total 123 samples were obtained, and eight spectra were
acquired from each of them. The average of the eight spectra was used to estimate the cartilage thickness.
The samples were divided into two groups, the first one was the training (seven samples) and the second one
was the validation (three samples).
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Light
source
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Fig. 1. Schematic view of the system.
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The measurement system consists of a halogen tungsten light source (DH2000, Ocean Optics, FL, USA),
a miniature spectrometer (USB2000, Ocean Optics, FL, USA), laptop, and a home-made optical fiber probe
with two optical fibers with a core diameter of 400 um. One of the fibers was used to deliver light to the car-
tilage surface; the other one was used to pick up back reflected light on the same surface. The center-to-
center separation of the fibers was 1.2 mm based on our previous study, where the best correlation between
the absorption of the hemoglobin in subchondral bone and the cartilage thickness was obtained for the
1.2mm among six source-detector fiber separations [15]. A schematic view of the system is given in Fig. 1.

Spectral data acquisition. Before the spectroscopic measurements on the cartilage samples the system
was calibrated. In the calibration process, the first measurement (/) was the background signal obtained
when the light source was off and the probe on the sample. The second spectrum (/spec) Was the back-
reflected light from Spectralon (WS-1, Ocean Optics, FL, USA), which reflects the entire wavelength range
equally by 99%. The spectrum of the Spectralon was used to eliminate the light source spectral distribution
on the measured cartilage spectra. Spectra taken on the cartilage (/mes) Were corrected using the equation [17]

1) = [mes(A) = Tog(M)) [Lspec(D) — Iog()]. (D
The corrected diffuse reflectance spectrum (/(X)) provides information on the scattering and absorption of
the light within the cartilage and the subchondral bone. Eight spectra were acquired from the cartilage for
each thickness. The average corrected spectra over eight measurements for each thickness is used in data
analysis presented in Fig. 2a. Optical density from the corrected spectra is defined as
OD(A) = In(1/1(V)). 2)
The valley on the optical density between the wavelengths of 500—-600 nm due to hemoglobin absorption
gets deeper with smaller cartilage thickness in Fig. 2b. The optical density represents both absorption and
scattering of the light within the tissue. Hence, the optical density has two components, absorption ODa(A)
and scattering ODs(A). Therefore OD(A) can be written as

OD(L) = OD,(%) + ODy(1). (3)
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Fig. 2. (a) Corrected and normalized spectra taken on the cartilage with thickness of 1000 (1), 800 (2),
600 (3), 400 (4), 200 (5), and 0 um (6), (b) optical density obtained from the back reflected light, (c) optical
density data removed in the wavelength range of 510-610 nm (1) and interpolated to the rest of the data (2),
(d) absorption spectra of the cartilages with thickness of 1000 (1), 800 (2), 600 (3),400 (4),200(5), and 0 um (6).
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The intensity of the scattered light from the cells changes with pis'(A), which has a power-law dependence on
A [18]. Removing the contribution of the scattering to the optical density gives the pure absorption spectrum
of the light in the tissue. The optical density data in the wavelength range of 510-610 nm was removed, and
the rest of the data was interpolated using a cubic spline method. The interpolated data are overlapped on the
optical density, as seen in Fig. 2¢c. Then the contribution of the scattering to the optical density was removed
by subtracting the interpolated data ODs(A) (curve 2) from the total optical density OD(A) (curve 1) to obtain
the absorption component of the optical density OD,(A) in Fig. 2d. Absorption of the light increases with
decreasing thickness of the cartilage due to the increased optical path length of the light in the subchondral
bone, as seen in Fig. 2d. For thick cartilage, a small fraction of the optical path length crosses the subchon-
dral bone, and it increases with decreasing cartilage thickness. If there is no cartilage on the sample, all the
light travels in the subchondral bone and the absorption of the light becomes maximum.

Model. Absorption of the light by hemoglobin depends on two parameters. The first is the blood con-
centration in the subchondral bone. The second one is the optical path length of the light in the subchondral
bone. Therefore, we define the absorption of the light by the hemoglobin as

A\ = e(\)cd, 4)

where €()) is extinction coefficient of hemoglobin, ¢ is the hemoglobin concentration, and d is the optical
path length of the light in the subchondral bone. For the same bone, absorption of the light only changes with
the optical path length d, and it increases with decreasing cartilage thickness (s). Therefore, the optical path
length should be a function of the cartilage thickness (d = f(s)). The absorption ratio of undamaged (u) to
damaged (d) cartilage is

A, (X)_S(K)Cf(su)_f(su)' (5)
A, (V) e(M)ef(sq)  Slse)
The absorption ratio R, is obtained for the seven samples in the training set. The ratio is small at small sq and
becomes 1 when sq equals sy, as seen in Fig. 3, where the solid line is the average over the seven samples,
and the dot lines denote the standard deviation in the training set.

The correlation between the R4 and the relative cartilage thickness (S¢/Su) is defined in Fig. 3 as

R4 =0.926(S4/Su) +0.097. (6)
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Fig. 3. Absorption ratio of undamaged cartilage to damaged cartilages R4 increases as cartilage
damage decrease. The solid line is the average slope over seven cartilages in the training set,
and the two dot lines show standard deviation.

Results and discussion. Data of the three cartilages in the validation set were used to estimate the rela-
tive cartilage thickness using Eq. (6). As seen in Fig. 4, data of the first sample in the training set fit Eq. (6)
with a linear correlation coefficient Pr = 0.997. For each sample, actual and estimated thickness, errors, and
relative thickness are given in Table 1. Minimum, maximum, and average errors with their standard devia-
tion (SD) over the three samples are 1.5, 18.1, and 7.31+4.37% (mean+SD), respectively.

Grading of the cartilage damage is based on arthroscopic visual examination. Therefore, inter-observer
reliability is poor [2]. Diagnosis of cartilage lesion should be in real time, sensitive and reproducible for an
effective treatment. One of the lesion assessment methods is measuring the cartilage thickness using quanti-
tative ultrasound imaging (QUI) [19, 20]. However, in vivo application of QUI faces some drawback. In the



ESTIMATING JOINT CARTILAGE THICKNESS 573

quantitative measurement, ultrasound should enter the cartilage perpendicularly but, these conditions may
not be met in clinical application. Therefore, reflection measurements may change with the implementation
of the ultrasound in the clinical setting and need further investigations [12].

In the presented study, we have developed a spectroscopic method to assess cartilage damage by meas-
uring the decrease in the cartilage thickness. A fiber optic probe can fit into the arthroscopy channel in a
clinical study. The spectroscopic measurements were performed using visible light. All the data were ac-
quired ex vivo on the animal patella to test the developed model. The system estimates the relative cartilage
thickness with an average error of 7.31+£4.37%.
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Fig. 4. Data of the first sample in the validation set fit Eq. (6) with linear correlation coefficient Pr=0.997.

TABLE 1. Comparison of Actual and Estimated Cartilage Damages

Cartilage thickness, | Relative cartilage |Estimated relative carti-| Error in the calculated rela-
pm thickness (sq/sy) lage thickness (sa/sy) | tive cartilage thickness, %
Sample 1
350 0.304 0.296 2.6
450 0.391 0.401 2.5
550 0.478 0.457 4.4
650 0.565 0.623 10.2
750 0.652 0.534 18.1
950 0.826 0914 10.7
1150 1 1.062 6.2
Sample 2
200 0.182 0.174 4.5
250 0.227 0.217 4.6
300 0.273 0.264 3.2
400 0.364 0.379 4.5
500 0.454 0.461 1.5
700 0.636 0.611 4
900 0.818 0.886 8.3
1100 1 1.062 6.2
Sample 3
250 0.263 0.242 8
350 0.368 0.323 12.2
450 0.474 0.421 11
550 0.579 0.612 5.8
750 0.789 0.711 9.8
850 0.895 1.039 16.1
950 1 1.062 6.2
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Variation of the blood perfusion in the bone leads to a change in the absorption independently of the
thickness of the cartilage. In the present study, we have aimed to eliminate inter-variability of the blood per-
fusion in subchondral bone in estimating the cartilage thickness using DRS. Therefore, when measuring the
cartilage thickness, we have chosen to use the relative cartilage thickness, defined as the ratio of the
thickness of damaged to undamaged cartilage thickness. This approach may reduce the inter-subject variabil-
ity of the blood perfusion on the spectroscopic measurements.

The blood content of the subchondral bone may be changed during the preparation of the samples using
a cylindrical saw due to the high heat caused by the friction between the bone and the saw. Therefore, the
correlation defined in Eq. (6) between the cartilage thicknesses and the absorption may not be consistent
with the in vivo measurements. Currently, we are conducting a clinical study acquiring data from the carti-
lage lesions in vivo in open knee surgeries to obtain a correlation between the absorption and the cartilage
thickness. The outcome of the clinical research may bring the possibility of using the developed spectroscop-
ic method in conjunction with nuclear magnetic resonance therapy, which has started to be used for the
treatment of cartilage [21] and for follow up of cartilage regeneration.

Conclusion. The existence of a correlation between the cartilage thickness and DRS measurements has
been shown. A similar correlation may be obtained acquiring the DRS spectra on knee cartilage in vivo dur-
ing knee surgery. Thus, DRS may be used in the assessment of knee cartilage damage during arthroscopy
and to provide information on the thickness of cartilage to a surgeon in real time.
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