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Degenerative joint conditions are often characterized by changes in articular cartilage and subchondral
bone properties. These changes are often associated with subchondral plate thickness and trabecular
. bone morphology. Thus, evaluating subchondral bone integrity could provide essential insights
. for diagnosis of joint pathologies. This study investigates the potential of optical spectroscopy for
. characterizing human subchondral bone properties. Osteochondral samples (n = 50) were extracted
. from human cadaver knees (n =13) at four anatomical locations and subjected to NIR spectroscopy.
. The samples were then imaged using micro-computed tomography to determine subchondral bone
- morphometric properties, including: plate thickness (Sb.Th), trabecular thickness (Tb.Th), volume
© fraction (BV/TV), and structure model index (SMI). The relationship between the subchondral bone
. properties and spectral data in the 1%t (650-950 nm), 2" (1100-1350 nm) and 3™ (1600-1870 nm)
optical windows were investigated using partial least squares (PLS) regression multivariate technique.
Significant correlations (p < 0.0001) and relatively low prediction errors were obtained between spectral
data in the 1t optical window and Sb.Th (R?=92.3%, error =7.1%), Tb.Th (R =88.4%, error =6.7%),
: BV/TV (R?=83%, error=9.8%) and SMI (R?>=79.7%, error =10.8%). Thus, NIR spectroscopy in the 1°t
. tissue optical window is capable of characterizing and estimating subchondral bone properties, and can
: potentially be adapted during arthroscopy.

Osteoarthritis (OA) is a condition of synovial joints often associated with pain, cartilage erosion, immobility and
general joint dysfunction. Although extensive research on the pathogenesis of OA have focused primarily on
mechanisms involved in the destruction of articular cartilage, studies'~* have suggested and demonstrated that
changes in the underlying subchondral bone properties may be key indicators in the initiation and progression
of OA. For example, thickening of the subchondral bone plate has been shown to be an important clinical mani-
festation in OA patients. This is because the health of the overlying cartilage depends on the mechanical integrity
. of the subchondral bone, which affects the load-bearing capability of the overlying cartilage'. Furthermore, it has
. been argued that certain types of primary OA in humans are initiated from the subchondral bone, rather than
. disease related to the cartilage matrix*. In addition, certain animal models of OA suggest that subchondral bone
. thickening occurs earlier than any visible changes in cartilage’. These observations highlight the importance of
characterizing subchondral bone integrity for intra-operative decisions during treatment.
: Currently, subchondral bone changes during the development of OA are detected and quantified using a
. variety of biomarkers of bone formation® and resorption”®. Since this approach is indirect and anatomically
© non-specific, clinical diagnosis of subchondral bone changes and remodelling rely heavily on clinical radio-
: graphic examination, which allows detection of subchondral bone sclerosis and joint space narrowing. However,
- this method is unreliable for detecting early-stage subchondral bone microstructural changes, which may precede
. the appearance of cartilage lesions. More so, visual assessment during arthroscopic surgery does not provide
. information on subchondral bone integrity. Thus, there is need for diagnostic methods that can penetrate through
- the cartilage layer and detect subchondral bone changes in OA, with potential for in vivo application. In this study,
. we propose the use of near infrared (NIR) spectroscopy and investigate its capacity for accomplishing this task.
: NIR spectroscopy is a vibrational spectroscopic technique that is sensitive to molecular species containing
specific bonds (C-H, N-H, O-H, and S-H) that characterize the fundamental structures of biological materials.
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Figure 1. Overview of the study protocol, showing sample preparation and experimental methodologies.
Cylindrical osteochondral samples (dia. = 16 mm) were obtained from human cadaver knee joints and divided
into quadrants. One quadrant was subjected to NIR spectroscopy via a fibre optic probe (window dia. =2 mm)
and then imaged with micro-CT. Volume of interest (VOI: 1 x 1.1 x 1.8 mm?®) within the region subjected to
NIR spectroscopy was selected for image segmentation to obtain microstructural subchondral bone properties.

In addition, the reduced photon absorption in the visible-NIR spectral range (650-2500 nm) allows deeper pen-
etration into soft tissues®'’, enabling in vivo evaluation of soft tissues. The visible-NIR spectral region consists
of three main tissue optical windows: the first optical window!! (650-950 nm) which includes part of the visible
and the short-NIR region, the second'"'? (1100-1350 nm) and third optical’® (1600-1870 nm) windows, which
encompass the longer-wavelength NIR bands.

The capacity of NIR spectroscopy to non-destructively characterize connective tissues has been previously
shown in the literature'-?!, with only one study demonstrating the capacity of this optical method to assess
subchondral bone integrity in an animal model of OA*%. Other vibrational spectroscopy methods, such as
Raman?®® and mid-IR?**?* spectroscopy, have also been proposed for assessment of bone integrity. Mid-IR is
restricted by poor penetration depth into soft tissue (~10 pm into the overlaying articular cartilage), while the
capacity of Spatially Offset Raman Spectroscopy (SORS)* for assessment of subchondral bone integrity through
the overlying cartilage has not been investigated. However, penetration through soft tissues is a unique feature of
NIR spectroscopy®!®, making it an ideal technique for deep-chondral and subchondral tissue assessment. In this
study, we investigate the potential of NIR spectral data in the three optical windows to assess human subchondral
bone properties, based on the hypothesis that light in the different optical windows penetrate to different depths
of osteochondral tissues and could provide diagnostic information related to the subchondral bone properties. To
test this hypothesis, we investigate the relationship between the spectral response of human osteochondral sam-
ples in the different optical windows and their subchondral bone properties using partial least squares regression
(PLSR) analytical technique, augmented with spectral pre-processing. The subchondral bone parameters, includ-
ing subchondral bone plate thickness (Sb.Th), trabecular bone thickness (Tb.Th), bone volume fraction (BV/TV)
and structure model index (SMI) were obtained using micro computed tomography (micro-CT).

Methodology

Sample preparation. Cylindrical osteochondral specimens (n =50, dia.= 16 mm) were drilled from the
knee joints of human cadavers (N =13, 12 males, 1 female; 29-76 years old, mean age = 53.5) with no known his-
tory of joint diseases at four anatomical locations®®, namely: femoral lateral condyle (FLC, n = 12), femoral groove
(FG, n=12), tibial medial plateau (TMP, n = 13), and tibial lateral plateau (TLP, n = 13). Two samples (each from
FLC and FG) were excluded due to almost complete loss of cartilage. Informed consent was not obtained since
the samples were obtained from human cadaver subjects. The specimens were divided into quadrants which were
subjected to different test protocols, only one of the quadrants was used in this study (Fig. 1).

The knee joints were obtained from Jyviskyld Central Hospital, Jyvaskyla, Finland under ethical approval by
the National Authority for Medicolegal Affairs, Helsinki, Finland (Permission 1781/32/200/01). The experiment
and protocols were performed in accordance with relevant guidelines and regulations of the aforementioned
authority. After extraction, the samples were immersed in phosphate-buffered saline (PBS) containing inhibitors
of proteolytic enzymes (ethylenediaminetetraacetic acid dehydrate— EDTA; Merck, Darmstadt, Germany) and
benzamidine HCI (Sigma, St. Louis, MO, USA) and then frozen. Prior to experiments, the samples were thawed
and immersed in PBS supplemented with inhibitors of proteolytic enzymes throughout the study. The samples
were only thawed prior to testing in order to minimize the number of freeze-thaw cycles.
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Near infrared (NIR) spectroscopy. Diffuse reflectance NIR spectroscopy of the samples was performed
using an Avantes spectrometer (wavelength 200-2500 nm, AvaSpec-ULS2048XL, Avantes BW, Apeldoorn,
Netherlands) and light source (wavelength 360-2500 nm, power 5W, optical power 239 uW in 600 um fiber,
Avantes BW, Apeldoorn, Netherlands). The spectrometer is equipped with a custom-designed fibre optic probe
(dia.=5mm) consisting of seven fibres (dia.g,,. = 600 um) within the central window (dia. =2 mm). Six of the
fibres were used for transmitting the NIR light, and the central fibre for collecting the diffuse reflected light from
the sample. Data acquisition and monitoring were performed on a personal computer running Avasoft 8.0 soft-
ware (Avantes BW, Apeldoorn, Netherlands).

Prior to spectral acquisition from the samples, dark spectra were collected with the light source off to elim-
inate environmental factors such as stray light. Subsequently, a reference spectrum was acquired from a 99%
reflectance standard with the fibre optic probe perpendicular and in contact with the reflectance standard. The
absorbance spectrum was calculated from the diffuse reflectance, dark and reference spectra as stated in our
previous studies?™?”. Three spectral measurements were taken per sample, with probe realignment prior to each
measurement. Each spectral measurement consisted of 10 co-added scans, and the final spectrum was calculated
as the average of the three repetitions. It was also ensured that micro-CT analyses were conducted within the
region of each sample that was subjected to NIR spectroscopy.

Micro-CT characterization of human subchondral bone properties.  After NIR measurements, the
samples were imaged using a high-resolution cone-beam micro-CT scanner (Skyscan 1172, Bruker micro-CT,
Kontich, Belgium) with an isotropic voxel size of 12.5 pm and a 0.5 mm thick aluminium filter. The X-ray tube
voltage was set to be 100kV and the current was 100 pA. The X-ray projections were obtained at 0.4° rotation
step with 316 ms exposure time. The cross-sectional images were reconstructed using a modified Feldkamp
cone-beam algorithm (NRecon software, v.1.6.2.0, Skyscan, Bruker micro-CT, Kontich, Belgium). The recon-
structed micro-CT data was first imported into Mimics software (v.19, Materialise, Belgium) for visualization of
the three-dimensional (3D) geometry of the osteochondral samples and segmentation.

To distinguish bone tissue from cartilage, all reconstructed grayscale images were segmented, using a fixed
global threshold defined by visual inspection of the segmentation result. Subsequently, a 1.0 x 1.1 x 1.8 mm? vol-
ume of interest (VOI) was placed in the subchondral bone, within the region of the sample where spectral meas-
urements were obtained (Fig. 1). The VOIs containing both subchondral plate and subchondral trabecular bone
were then manually segmented by two independent investigators using a contour-based tool in Mimics, in order
to delineate the two components (Fig. 1). The subchondral plate and trabecular bone were segmented manually
a few voxels away from the endocortical boundary using a previously described criterion based on the size of
intracortical pores?*. According to this criterion, the endocortical boundary splits the pore in the case of large
pores, whereas the pore was included in the subchondral plate region if the size of a pore was less than twice the
average size of pores in that region or if the pore size was smaller than the distance from the pore to the endosteal
region (i.e., the border between bone and bone marrow).

Subsequently, the segmented subchondral bone plate and trabecular bone masks were exported using seg3D
software®. Three dimensional (3D) morphometric parameters of subchondral bone were then calculated using
CTAn software (Skyscan, v.1.13, Bruker micro-CT, Kontich, Belgium) according to the American Society for Bone
and Mineral Research (ASBMR) guidelines®. The 3D morphometric parameters obtained include: subchondral
plate thickness (Sb.Th); trabecular thickness (Tb.Th), describing the mean thickness of the trabeculae; trabecular
bone volume fraction (BV/TV), describing the ratio of bone volume to tissue volume; and structure model index
(SMI), a quantification of the trabecular bone structure as either rod- or plate-like structure. The subchondral
bone parameters were determined from the mean value of the segmentation results of the independent inves-
tigators. Since it is possible for dislodged bone particles from the trabecular bone to get stuck in the marrow
of extracted osteochondral plugs during drilling, a smaller VOI within the central portion of each sample was
analysed in order to minimise the potential effect of bone particle artefacts on the morphometric parameters.

Evaluation of cartilage integrity. Articular cartilage integrity was evaluated histologically from
Safranin-O stained tissue sections obtained from the samples as described in our previous study®. Tissue integ-
rity was assessed by three independent assessors using the conventional Mankin scoring system??. The samples
were blind-coded and three sections were scored per sample by each assessor. The final score was obtained as the
average of the scores from all assessors, rounded to the nearest integer®. Although human cadaver joints with
no known history of joint diseases were used in this study, some of the samples exhibited signs of degeneration,
possibly due to aging. To evaluate the relationship between cartilage integrity and subchondral bone properties,
the samples were classified into two groups: the first group (Class 1) consisted of samples with Mankin score <4,
while the second (Class 2) included samples with Mankin score >4. In the context of this study, ‘Class 1’ repre-
sents normal samples and samples with ‘early’ stage degeneration, while ‘Class 2’ represents samples with ‘mild
to advanced’ degeneration.

Statistical evaluation. Statistical analyses of the subchondral bone morphological parameters were per-
formed in Graphpad Prism (version 5.0). The data were expressed as mean 4= 95% CI (confidence interval). Test
for normality was performed for samples obtained from each anatomical location using D’Agostino and Pearson
omnibus normality test, and was passed by all subchondral bone parameters, except for BV/TV. Thus, difference
between samples from each anatomical location was compared using one-way ANOVA, a p-value of less than 0.05
was considered to be statistically significant. Kruskal-Wallis non-parametric statistical method was employed for
comparison of differences in BV/TV between the different anatomical locations. Difference in subchondral bone
parameters between the two groups defined based on Mankin score (Class 1 and 2) was performed using ¢-test. In
the case of lack of normality, the non-parametric Mann-Whitney’s test was employed.
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Figure 2. Representative 1* derivative NIR spectra of samples from the different anatomical locations
highlighting the (a) 1% (OW 1), (b) 2™ (OW 2) and 3™ (OW 3) optical windows. The close-up view of a region
of OW 1 (c) shows spectral variation with anatomical location consistent with the trend of differences in
subchondral bone properties between FLC, TLP and TMP. [FG = femoral grove; FLC = femoral lateral condyle;
TLP = tibial lateral plateau; TMP = tibial medial plateau].

Multivariate Analyses: Partial Least Squares Regression. The samples’ spectral data (predictor/
dependent variables) were correlated with their reference subchondral bone properties (independent variables)
using partial least squares regression (PLSR). This bilinear regression technique extracts factors from the predic-
tors (NIR data) and regresses them to the reference variable (subchondral bone properties)*, with the factors
formed on the basis of maximizing covariance between the dependent and independent variables. This method
is more efficient than other multivariate techniques, such as principal component regression and multiple lin-
ear regression, for analysis of spectral data. The regression (calibration) models developed are then validated to
obtain the accuracy and performance of each model when used for predicting the reference variables from pre-
dictors of unknown samples. In summary, knowledge of the sample qualities (i.e. reference properties) together
with the spectral data is used to derive an empirical predictive model.

Prior to PLSR analysis, non-linearities such as those ensuing from light scattering variations in reflectance
spectroscopy?* are often corrected/linearized using pre-processing algorithms including multiplicative scatter
correction (MSC) and derivative pre-treatment. To investigate the potential of NIR spectroscopy for estimat-
ing the underlying subchondral bone integrity, data from the three tissue optical windows were individually
considered in the analyses. Each region was separately pre-processed and correlated with the subchondral bone
morphological properties of the samples using the single y-variable PLSR algorithm (PLS1). k-fold (k=10)
cross-validation method was used in the validation process to determine the optimal number of PLSR factors for
each model, and to estimate the performance of the calibration models. To select the best model, while potentially
minimizing under- and over-fitting, optimal model selection was based on minimizing the number of PLSR
components and root mean square error of cross-validation (RMSECV), while maximizing the coefficient of
determination (R?). Multivariate analyses were performed using MATLAB R2016b (Natick, MA, USA).

Results

Representative NIR spectra of samples from the different anatomical locations within the three optical windows
(Fig. 2a,b) show variations in the 1* optical window consistent with the subchondral bone properties (Fig. 2c), as
highlighted in the distribution of the parameters for each anatomical location (Fig. 3).

Statistically significant differences (p < 0.0001) were observed in the Sb.Th, Tb.Th and BV/TV of the samples
from the different anatomical locations (Fig. 3a—c), with samples from the tibial medial plateau (TMP) show-
ing consistently higher values than the other locations. Comparison of subchondral bone parameters from the
different anatomical locations using t-test and non-parameteric Mann-Whitney’s test showed different levels of
statistical significance (Table 1). However, no significant difference (p =0.117) was observed between the SMI
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Figure 3. Box plot showing comparison of subchondral bone morphometric parameters from different
anatomical locations of human knee joint showing differences in (a) subchondral plate thickness (Sb.Th), (b)
trabecular thickness (Tb.Th), (¢) bone volume fraction (BV/TV), and (d) structure model index (SMI). Values
are mean + 95% CI, **p < 0.05, *p > 0.05 and 'p=0.117.

Sb.Th Tb.Th
TMP [0.001 |<0.001 |0.045 |0.006 |<0.001 |0.011
FG — 0.029 0095 | — 0.001 0.846
FLC — 0.001 — 0.018
BV/TV SMI
TMP [0.089 |<0.001 |0.01 |0494 |0.053 0.351
FG — 0.003 034 | — 0.022 0.165
FLC — 0.024 — 0.531

Table 1. Statistical comparison of subchondral bone parameters from the different anatomical locations.
Underlined texts indicate results from non-parametric Mann-Whitney’s test.

of samples from the different anatomical locations (Fig. 3d). It is worth noting that while the female subject
(age =74 years old) was postmenopausal, the subchondral bone morphometric properties from the subject indi-
cate no significant deviation from the mean morphometric parameters of the entire group.

The Mankin score of the samples ranged from 1 to 9, with the following values presented as mean (lower and
upper 95% CI): FG, 2.33 (1.55, 3.12); FLC, 2.1 (1.66, 2.51); TLP, 3.2 (1.92, 4.38); TMP, 3.5+ (2.13, 4.95). The sam-
ples in ‘Class 2’ (Mankin score > 4, i.e. samples with mild to advanced degeneration) showed significantly higher
Sb.Th (0.36 £ 0.06 mm, p =0.03) than those in ‘Class 1’ (Mankin score < 4, i.e. normal and samples with early
degeneration, 0.29 +0.03 mm, Fig. 4a). However, no statistically significant differences were observed in Tb.Th
(p=0.059, Fig. 4b) and BV/TV (p=0.411, Fig. 4c) between the groups. No statistical comparison, in terms of
level of degeneration, was performed for SMI because of the lack of statistically significant differences between
samples from the different anatomical locations.

The relationships between the spectral data and subchondral bone parameters were optimized using 2" deriv-
ative pre-processing (Table 2) to eliminate baseline variations®. Spectral data from the 1* tissue optical window
was found to be optimal for estimating subchondral bone parameters (Table 2), with strong correlations (R?) and
low relative errors obtained between the spectral-predicted and measured parameters (Figs 5 and 6). This suggests
that unlike the 2" and 3¢ optical windows, spectral data in the 1% optical window experiences minimal interfer-
ence from the overlying cartilage matrix.

The relationship between the measured and spectral-predicted subchondral bone parameters in the first tissue
optical window are presented in the scatter and residual plots of Figs 5 and 6. The residual plots show the percent-
age error of prediction for all the samples relative to the range.
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Figure 4. Box plot showing comparison of subchondral bone morphometric parameters of samples grouped
according to cartilage integrity assessed via Mankin score. Statistically significant difference in subchondral
plate thickness, Sb.Th (a), was observed between samples in ‘Class 1’ (Mankin score: <4, early stage
degeneration) and ‘Class 2’ (Mankin score: >4, advanced degeneration). No significant difference in trabecular
thickness, Tb.Th (b), and bone volume fraction, BV/TV (c) was observed between samples in both groups.

N R | RMSECV (%) | RMSEC (%)
Optical window 1*
Sb.Th 6 92.3 20.5 7.1
Tb.Th 6 88.4 16.4 6.7
BV/TV 6 83 252 9.8
SMI 5 79.7 22.5 10.8
Optical window 2
Sb.Th 6 43.0 254 19.4
Tb.Th 5 52.3 17.6 13.7
BV/TV 4 30.6 27.6 229
SMI 7 43.2 24.3 18.1
Optical window 3
Sb.Th 6 459 244 18.9
Tb.Th 5 48.9 18.8 14.2
BV/TV 5 65.7 28.4 20.0
SMI 7 47.7 24.5 17.4

Table 2. Multivariate analysis assessment of the relationship between spectral data in the different

optical windows and subchondral bone parameters. [N = number of PLS components; R* = coefficient of
determination; RMSECV = root mean square error of cross-validation; RMSEC = root mean square error of
calibration. Both error parameters are estimated relative to the range of the reference data]. R* for BV/TV was
calculated using non-parametric (Spearman) method because of the lack of normality. *Optimal tissue optical
window.

Discussion

We assess for the first time the capacity of optical spectroscopy in specific NIR spectral regions (tissue optical
windows) for non-destructive evaluation of human subchondral bone properties. The optimal spectral region
for estimation of subchondral bone properties, i.e. the 1 optical window, is consistent with our previous study?
where the capacity of optical spectroscopy for predicting subchondral bone properties in pre-clinical rat models
of OA was demonstrated. The outcome of this study suggests that spectral data in the different optical windows
encode information related to cartilage'® and subchondral bone? properties. Furthermore, the results indicate
that wavelength-dependent penetration of light into osteochondral samples plays a significant role in the rela-
tionship between the optical response and subchondral bone properties. This is evident in the high correlation
(Table 2) obtained with data in the 1* optical window, which penetrates deeper than light in the other windows.
This is consistent with literature'?, and supports our hypothesis that light in the different optical windows possess
different penetration depth into osteochondral tissues that could provide information related to subchondral
bone properties. Although Fourier transform infrared (FTIR) spectroscopy is capable of assessing bone fragility
and fracture risk*!, which requires bone biopsy, this study demonstrates the extension of a related optical tech-
nique, NIR spectroscopy, for non-destructive assessment of subchondral bone quality.

Based on the present results and existing literature on the capacity of NIR spectroscopy to monitor different
levels of OA-related changes in cartilage'** and subchondral bone?, it is our position that this optical technique
is capable of simultaneous characterization of articular cartilage and subchondral bone integrity in healthy and
diseased human joints. This presents significant potential for augmenting conventional arthroscopy in clinical
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Figure 5. Relationship between spectral measured and predicted (a) subchondral plate thickness, Sb.Th, and
(c) trabecular thickness, Tb.Th, of human osteochondral samples. The residual plots for (b) Sb.Th, and (d)
Tb.Th, show the relative percentage error of prediction for each sample relative to the range.

assessment of defective joints, e.g., detecting the severity and extent of joint tissue degeneration, which enables
optimal diagnosis of joint condition and supports informed treatment decision.

The significant differences in Sb.Th, Tb.Th and BV/TV of samples from the different anatomical locations
(Fig. 3a,b and d) are likely due to anatomical variations in joint loading. For example, the medial compartment
is more prone to degeneration; thus, this could be a possible explanation for the consistently higher Sb.Th, Tb.Th
and BV/TV parameters of samples from TMP. In addition, samples from this anatomical location possessed
higher Mankin score than other locations, indicating higher levels of cartilage degeneration due to aging. The lack
of statistically significant difference in SMI of samples from the different anatomical locations is probably due to
sensitivity of this parameter to the micro-CT VOI selected, which may not have covered entire trabeculae, since
SMI measures the plate- or rod-like geometry of trabecular structures®. It is worth noting that since the selected
micro-CT VOI may not have fully covered the trabeculae within its bounding region (i.e. some portion of the
trabeculae may have been ‘cut’) the SMI obtained may not have been reliably estimated by the spectra.

The significant difference in Sb.Th observed between samples in Class 1 and Class 2, i.e., early versus advanced
cartilage degeneration (Fig. 4a), confirms a strong relationship and interplay between cartilage integrity and
subchondral plate thickness. In this interplay, early stage cartilage degeneration results in changes in subchondral
bone plate mechanical properties, resulting in increased plate thickness due to increased mineral crystallinity
and non-hierarchical intra-fibrillar mineralization, ultimately leading to further cartilage damage. This finding
is consistent with existing studies where increase in plate thickness was observed in human® and rabbit* joints
during OA; although the joints employed in the present study exhibited signs of cartilage degeneration and not
clinically diagnosed OA. Furthermore, the increased plate thickness with overall cartilage degeneration is consist-
ent with bone sclerosis in OA, both in humans, primates and guinea pigs>*>*°. This suggests modifications of bone
metabolism, which has been characterized in human OA by increased cancellous bone collagen metabolism*!.

Conversely, no significant difference in Tb.Th (Fig. 4b) and BV/TV (Fig. 4c) was observed between samples
in Class 1 and Class 2. While this is contrary to the findings of Bobinac et al.?, where increased Tb.Th and BV/TV
were observed in human joint samples with OA, our findings are consistent with Fahlgren et al.*, where it was
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Figure 6. Relationship between spectral measured and predicted (a) bone volume fraction, BV/TV, and (c)
structure model index, SMI, of human osteochondral samples. The residual plots for BV/TV (b) and SMI (d),
show the relative percentage error of prediction for each sample relative to the range.

suggested that the first bone response to joint degeneration occurs in the subchondral bone plate rather than
in the underlying trabecular bone. More so, it is accepted that the subchondral plate and trabecular bone each
respond differently and should be approached as separate structures>*2. Thus, this suggests that the pattern of
subchondral bone modification during degeneration may not follow a linear trend with articular cartilage degen-
eration. In other words, visual characterization of the severity of cartilage degeneration does not provide sufficient
information for estimation of the underlying subchondral bone condition®.

As mentioned earlier, the subjects had no known history of joint diseases; however, signs of degeneration were
observed in some of the samples, likely due to aging. It is known that during aging, structural and compositional
changes occur in joint tissues, including cartilage surface fibrillation®’, altered bone turnover* and increased
subchondral bone density*®, predisposing the joint to development of OA. In this study, differentiation between
the levels of joint degeneration was based on cartilage integrity assessed histologically via the Mankin score, with
more degenerated samples exhibiting significantly higher subchondral plate thickness, which is related to altered
bone turnover. We do note however that this study aims to investigate the potential of NIR spectroscopy for
characterising human subchondral bone integrity, with potential application in diagnosis of OA-related changes
in the joint during arthroscopy.

The significantly linear relationship (Table 1) between the NIR-predicted and measured subchondral bone
morphometric parameters (Figs 5 and 6) obtained with data from the 1% optical window is possibly due to a
combination of absorption and scattering of the deep penetrating light from the subchondral bone. Spectral
absorption observed in the NIR spectrum of biological materials arises primarily from C-H, N-H, O-H and S-H
bonds*®, and also indicate micro- and macroscopic changes in their structure. Thus, the NIR spectrum of osteo-
chondral samples contains latent information on physical and structural characteristics of both articular cartilage
and the underlying subchondral bone'®?2. Thus, application of spectral data from specific tissue optical windows
enables extraction of depth-dependent information, as NIR light is capable of penetrating to about 8.5 mm into
biological tissue’. The spectral absorptions observed in OW 1 are due to 3" overtone C-H and N-H* vibrations
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associated with amide-related fundamental vibrations in the mid-IR spectral region, and arguably indicative of
the matrix collagen content. It is worth noting that the bands in the NIR region are relatively wide and often over-
lapping, making assessment of specific peaks difficult due to their underlying anharmonic nature. This presents
difficulty in separating the contributions due to collagen in cartilage and subchondral bone. However, since light
in this region penetrates deeper, these vibrations are likely to arise from subchondral bone collagen, the major
extra-cellular matrix component of bone?**.

In addition to light penetration and scattering from within the subchondral bone, some of the light is scat-
tered from the cartilage-bone interface and is likely a function of the interface roughness. Thus, this parame-
ter could potentially provide information on subchondral osteophytes, and could be an indicator of OA, which
triggers subchondral bone remodelling and osteophyte formation. Although, this was not investigated in the
present study, the method could be extended to detection of pathological indicators of OA. The poor correlation
obtained with data from the 2°¢ and 3' optical windows is due to substantial absorption of light within the car-
tilage matrix*, since spectral measurements were performed through articular cartilage, thereby reducing the
amount of NIR light reaching the subchondral bone.

A potential limitation of the present study is that the exact interaction and depth of penetration of light in the
different optical windows into cartilage and subchondral bone is not fully understood. In addition, the interaction
of light with the three subchondral mineralized tissues, namely calcified cartilage, subchondral cortical bone, and
subchondral trabecular bone, which are distinguished morphologically, physiologically, and mechanically*, is not
fully understood. This would require computational modelling of light transport and interaction with soft and hard
tissues, which is beyond the scope of the current study. Nevertheless, this study presents a significant contribution
to knowledge that could advance non-destructive evaluation of subchondral bone condition in real-time. In addi-
tion, the effect of bone marrow and its contribution to the spectra of osteochondral samples, was not accounted for
in this study. This effect, we believe, can only be fully accounted for via modelling as mentioned above.

This study has demonstrated, for the first time, the potential of NIR spectroscopy to assess human subchon-
dral bone properties as a means for rapid and non-destructive estimation of subchondral bone integrity in OA.
Although this approach has been previously demonstrated in rat models of OA??, we present a step closer to clin-
ical adaptation of this optical technique for arthroscopic evaluation of subchondral bone integrity. Combining
spectral data in the 1% tissue optical window with derivative pre-processing and multivariate analysis, NIR spec-
troscopy has the capacity to support in vivo quantitative evaluation of subchondral bone changes in defective
joints. In conclusion, this optical method has the potential to facilitate real-time non-destructive arthroscopic
evaluation of subchondral bone changes that occur as part of the OA development process.
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