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Background and purpose — Optical coherence tomography
(OCT) is a light-based imaging technique suitable for depiction
of thin tissue layers such as articular cartilage. Quantification of
results and direct comparison with a reference standard is needed
to confirm the role of OCT in cartilage evaluation.

Materials and methods — Goat talus articular cartilage repair
was assessed quantitatively with OCT and compared with histo-
pathology using semi-automated analysis software. Osteochon-
dral defects were created centrally in goat tali with subsequent
healing over 24 weeks. After sacrifice, the tali were analyzed using
OCT and processed into histopathology slides. Cartilage thick-
ness, repair tissue area, and surface roughness were measured.
Also, light attenuation coefficient measurements were performed
to assess differences in the properties of healthy tissue and repair
tissue.

Results — Intra-class correlation coefficients for resemblance
between the 2 techniques were 0.95 (p < 0.001) for thickness, 0.73
(p = 0.002) for repair tissue area, and 0.63 (p = 0.015) for sur-
face roughness. Light attenuation differed significantly between
healthy cartilage (8.2 (SD 3.9) mm) and repair tissue (2.8 (SD
1.5) mm™) (p < 0.001).

Interpretation — Compared to histopathology as the standard
reference method, OCT is a reproducible technique in quanti-
tative analysis of goat talus articular cartilage, especially when
assessing cartilage thickness and to a lesser extent when measur-
ing repair tissue area and surface roughness. Moreover, differ-
ences in local light attenuation suggest measurable variation in
tissue structure, enhancing the clinical applicability of quantita-
tive measurements from cartilage OCT images.

Within the diagnostic work-up of degenerative disease in
small joints, imaging techniques such as conventional radio-
graphs, computed tomography (CT), and magnetic resonance
imaging (MRI) are unable to accurately depict thin cartilage
layers in clinical diagnostics.

Optical coherence tomography (OCT) can detect damage to
articular cartilage (Chu et al. 2010; Cernohorsky et al. 2012),
and at an earlier stage compared to macroscopic evaluation
during arthroscopy (Chu et al. 2004, Zheng et al. 2010). OCT
is analogous to ultrasound, but uses near-infrared light rather
than sound to produce high-resolution, cross-sectional images
with limited depth penetration (typically up to 2 mm). Rela-
tively recently, the use of OCT in cartilage imaging in large
joints such as the knee has been reported (Chu et al. 2004,
2007, Zheng et al. 2010). Also, animal models (Han et al.
2003, Pan et al. 2003; Adams et al. 2006, Xie et al. 2008, Saa-
rakkala et al. 2009, Bear et al. 2010, Liu et al. 2012, Virén et
al. 2012) and in vitro studies (Drexler et al. 2001, van Bergen
et al. 2013) have been used to assess the feasibility of OCT
in imaging of osteoarthritic cartilage. A strong correlation
was found between the grade of degenerative changes seen
on OCT and results of macroscopic evaluation during knee
arthroscopy in humans (r = 0.85) (Chu et al. 2010). This cor-
relation was also seen when using a histopathology grading
scale (r = 0.98) (Chu et al. 2004).

In contrast to imaging of the relatively thick cartilage layers
of the knee joint (> 2 mm) (Chu et al. 2007, Bear et al. 2010,
Chu et al. 2010, Zheng et al. 2010), OCT of thin cartilage
layers in small joints (Han et al. 2003, Pan et al. 2003, Adams
et al. 2006, Xie et al. 2008, Saarakkala et al. 2009, Bear et
al. 2010, Cernohorsky et al. 2012, Liu et al. 2012, Virén et
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al. 2012) allows the possibility of depicting the cartilage-
bone interface, enabling cartilage thickness measurements.
Also, the use of the OCT signal attenuation as a function of
depth (poct) has discriminative capabilities when assessing
tissue structure in urology (Bus et al. 2013) and gynecology
(Wessels et al. 2012). The application of similar parameters
using the back reflection of light was demonstrated in OCT of
horse articular cartilage (Virén et al. 2012). Recently, the use
of fiber-optic OCT was demonstrated in minimally invasive
imaging of trapeziometacarpal articular cartilage (Cernohor-
sky et al. 2012), paving the way for clinical application during
arthroscopy. Thus, OCT remains a promising technique for in
situ evaluation of cartilage damage in patients with osteoar-
thritis in small joints of the wrist or ankle.

Using a goat model in this study, we optimized conditions
for the best achievable one-to-one co-localization between 3D
OCT images and histopathology, which has not been described
before. Here we describe a direct comparison between OCT
and histopathology in assessment of the clinically valuable
parameters cartilage thickness, repair tissue area, and surface
roughness. To reliably assess these parameters simultane-
ously, we developed custom-made semi-automated analysis
software. In addition, quantification of the OCT signal using
poct was performed on all cartilage OCT samples to assess
differences between healthy cartilage and repair tissue.

Materials and methods
Subjects and surgical procedure

The study protocol was approved by the animal welfare com-
mittee of the Academic Medical Center, University of Amster-
dam (ORCA102287). 11 female Dutch milk goats were used.
All goats were 4 years of age with a mean weight of 71 (SD
11) kg. To ensure assessment of both healthy tissue and carti-
lage-like repair tissue during quantitative analysis, osteochon-
dral defects with a diameter of 6.0 mm and a depth of 3.0 mm
were created in the tali of the hind legs. Under general anes-
thesia, an incision was made on the lateral side of the Achilles
tendon, exposing the talus (Drexler et al. 2001; van Bergen et
al. 2013). Using a cannulated drill guide, the osteochondral
defects were drilled centrally in the surface of the talus under
continuous rinsing with 0.9% NaCl. The joint capsule, subcu-
taneous tissue, and skin were closed with absorbable sutures.
Postoperatively the goats were allowed normal weight bearing
and were followed up daily without any restrictions on food
or exercise.

The goats were killed after 24 weeks. The tali were cut into
20 x 20 mm blocks, marking the ventral side of the saw plane.
Samples were fixed in 4% formaldehyde and dehydrated in
ethanol in preparation for further histological processing.

Optical coherence tomography
OCT images were acquired with a commercially available

50-kHz swept source OCT system (Santec Inner Vision
2000) with an optical depth (z-axis) resolution of ~10 um
and lateral (x/y-axis) resolution of ~40 um, operating at a
central wavelength of 1,300 nm with a bandwidth of 120 nm.
Cartilage samples were placed on a translation platform in a
small petri dish. The OCT scan unit was vertically mounted
and focused by moving it towards and from the sample, in
order to optimize OCT imaging depth sensitivity. Conced-
ing that there were height differences in the talar articular
surface, care was taken to place the surface of the samples at
a perpendicular overall angle to the OCT signal beam. Then,
3D OCT datasets were acquired, focusing on the center of
the osteochondral defect—producing cross-sectional images
perpendicular to the labeled ventral saw plane. Dimensions
of the datasets were 400 (z, depth) x 300 (x, length) pixels
over 300 (y, width) slices, distributed over a 2.7 (z, refrac-
tive index = 1.4 for cartilage) x 12 (x) x 12 (y) mm? scanned
area, resulting in a digital sampling resolution of 10 x 40 x
40 um?3, equivalent to the optical resolution of the system.
Raw data were converted to TIFF stacks and calibrated to
the appropriate scale. Amira software (version 4.5; Visage
Imaging, San Diego, CA) was used for 3D visualization of
the datasets.

Histopathology

After OCT scanning, the fixed and dehydrated samples were
embedded in methyl methacrylate (MMA). Before section-
ing into slices, the previously marked ventral saw plane was
re-identified. Samples were placed in the microtome with the
marked saw plane perpendicular to the cutting blade. The
(regenerated) osteochondral defect was visually located and
5-um slices were produced halfway through the defect. The
slices were stained with hematoxylin and eosin for general cell
morphology and identification of cartilage tissue, and visu-
ally inspected using light microscopy. Then the slices were
scanned using a slide scanner at 4x magnification. Images
from scanned slices were converted to TIFF format and cali-
brated to the appropriate scale.

Matching of OCT with histology

From each talus, 1 histopathology slide clearly depicting the
central part of the osteochondral defect was selected for analy-
sis. Where possible, slides with distinct features were selected
in order to facilitate matching with corresponding OCT
images. From a 300-slice 3D OCT dataset, 1 OCT B-scan was
selected for analysis after agreement on matching of structural
visual parameters with similar visual parameters in previously
selected histopathology slides (Figure 1).

Analysis of OCT and histological data

For quantitative analysis, the parameters cartilage thickness,
repair tissue area, and surface roughness were chosen since
they provide distinct and (clinically) relevant information
about the condition of the articular cartilage.
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For reproducible measurements, custom-made image analy-
sis software was developed, written as a Java plugin for the
open-source image processing software package Fiji. The
software incorporates edge detection for identification of the
articular surface and assisted drawing of auxiliary lines used
for calculation of the 3 descriptive parameters (Figure 2). For
edge detection in both the OCT images and the histopathol-
ogy images, a median filter was applied. Then a starting (z-)
coordinate was chosen, after which the next x-point was found
as the maximum of the first derivative of the intensity versus
depth in a band around the previous z-value. After smooth-
ing in the x-direction, the final edge was constructed. Auxil-
iary lines were constructed by manually placing 5 points (in
orange) on the normal-appearing cartilage interface, top and
bottom, on both sides of the defect. The points were fitted
with a fourth-degree polynomial to extrapolate the expected
cartilage layer through the osteochondral defect. The top line
(in blue) represented the expected trajectory of the articular
cartilage top surface when disregarding the osteochondral
defect. The bottom auxiliary line (in green) represented the
expected transitional zone between cartilage and subchondral
bone when disregarding the osteochondral defect.

Measured cartilage thickness was defined as the mean thick-
ness of the articular cartilage layer outside the boundaries of
the osteochondral defect identified, representing a measure-
ment of healthy articular cartilage thickness in mm. Cartilage
repair tissue area was defined as the area marked by the bottom

Figure 1. View of a typical OCT dataset consisting of 300 slices with
corresponding single OCT slice (top) and matched histopathology
slide (bottom). The site of the osteochondral defect is marked in red
and the location of the OCT slide is marked with a green frame. Land-
mark properties such as small fissures (white arrow) and the transi-
tional zone between cartilage and subchondral zone (green arrows)
are identified in both modalities.

Thickness: 0.383 mm
Area: 2.510 mm?

auxiliary line (green), the detected edge (pink), and the lateral
boundaries of the osteochondral defect (red), in mm?2. Surface
roughness was defined as the root mean square of the distance
between the top auxiliary line (blue) and the detected edge
(pink), restricted by the lateral boundaries of the osteochon-

Roughness:0.119 mm

Thickness: 0.314 mm
Area: 2.857 mm?
Roughness:0.096 mm

Figure 2. A. Good match between histopathology and OCT with auxiliary lines created by the analysis software. The pink line represents edge
detection. The top and bottom boundaries of the cartilage layer with extrapolation through the osteochondral defect are shown with the blue and
green lines, respectively. The vertical red lines mark the location of healthy cartilage and the (start of the) osteochondral defect. Thickness is
defined as the average distance between the blue and green line in healthy tissue regions. Area is computed from the area bounded by the pink
line and green line in the defect region. Roughness is defined as the root-mean-square distance between the pink line and the blue line in the
defect region. B. Fair match between OCT and histopathology, producing noticeable differences in the parameters repair tissue area and surface
roughness. Definitions of the parameters are explained above and in the text.
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dral defect (red). For determination of intra-observer variabil-
ity, all semi-automated analyses were repeated 5 times by the
same observer for every OCT and histopathology image, at
intervals of at least 1 week.

To correct for learning effects of the observer, the last 3
measurements for each image were used for analysis. Agree-
ment between these measurements was calculated using
Spearman’s correlation.

OCT signal attenuation measurements were performed as
described previously (Faber et al. 2004). The attenuation per
mm-! (uoct) was calculated using an exponential decay model
on the OCT signal amplitude curve as a function of depth after
correction for setup-specific calibration parameters (de Bruin
et al. 2010). These corrections are needed in order to take into
account the effects of the point spread function of the optics
in the sample arm (van Leeuwen et al. 2003) and the roll-off
of the OCT sensitivity with depth. The “healthy cartilage” and
“repair tissue” regions were readily identified for analysis of
the other quantitative parameters (thickness, repair tissue area,
and surface roughness). A region with vertical boundaries at
least 400-600 pum apart (10-15 A-lines), to ensure averaging
over enough data points, was therefore chosen for attenuation
measurements from each predefined region. For the horizon-
tal boundaries, in healthy cartilage, measurements were taken
from the air-to-tissue interface (blue lines in Figure 2) to the
cartilage-bone interface (green lines in Figure 2). In repair
tissue, measurements were taken from the air-to-tissue inter-
face (pink lines in Figure 2) to the location of the lower fitted
boundary line (green lines in Figure 2). In all cases, care was
taken to select a measurement area with an apparently homo-
geneous OCT signal to give the most reliable attenuation fit.

Statistics

2D plots with linear correlation fit were constructed for direct
comparison of OCT values and histopathology values regard-
ing the 3 parameters measured. The slope and goodness of fit
(r) of the correlation lines were determined. Since 2 differ-
ent methods of measurement (OCT and histopathology) were
used, Bland-Altman plots were constructed to show the differ-
ences between measurements.

To determine agreement between measurements in the OCT
and histopathology groups, the intra-class correlation coeffi-
cient (ICC) was calculated. An ICC value of 0 indicated poor
agreement, between 0 and 0.20 slight agreement, between
0.20 and 0.40 fair agreement, between 0.40 and 0.60 moder-
ate agreement, between 0.60 and 0.80 substantial agreement,
and between 0.80 and 1.00 indicated near-perfect agreement.
Paired t-tests were used to assess the differences in attenuation
measurements between healthy cartilage and repair tissue.
Any p-values < 0.05 were considered statistically significant.
Statistical analyses were performed using GraphPad Prism 5
and SPSS 19.

Results

22 tali were scanned using the Santec OCT system. The 3D
OCT datasets acquired clearly showed the osteochondral
defect, located centrally in the scans (Figure 1). On all OCT
scans, similar image characteristics were observed and identi-
fication of the cartilage layer and the transitional zone between
articular cartilage and subchondral bone was achieved. A dis-
tinct dark banding pattern on the cartilage-bone interface was
discerned in normal-appearing cartilage; this was not visible
in the OCT sections containing the osteochondral defect (indi-
cated by green arrows in Figure 1).

Regarding the histopathology, hematoxylin and eosin-
stained slides were obtained from all 22 tali. Visual inspec-
tion of the articular surface and the site of the osteochondral
defect was performed using light microscopy. Care was taken
to achieve an accurate match between OCT and histopathol-
ogy. By visual inspection, a good match was achieved in 13
cases (Figure 2A). However, in 9 cases only a fair match was
found between OCT and histopathology, resulting in differ-
ences between the parameters measured (Figure 2B). For all
the measurements taken into account for analysis, both on
OCT and histopathology, inter-observer correlation coeffi-
cients were > 0.97, showing reproducibility of measurements.

All the results obtained for the 3 parameters (cartilage
thickness, repair tissue area, and surface roughness) by the 2
modalities are depicted in Figure 3 (scatter plots) and Figure
4 (Bland-Altman plots). Exemplary measurements from a
good match and a fair match are highlighted in green and
red, respectively. When assessing cartilage thickness in the
x-y plots, the slope of the regression line was 0.71 (r = 0.93,
Pearson’s correlation). With a calculated ICC of 0.95 (95%
CI: 0.87-0.98, p < 0.001), agreement between OCT and his-
topathology regarding thickness measurement was consid-
ered to be near-perfect. For repair tissue area, the slope of
the regression fit was 0.55 (r = 0.57). With a calculated ICC
of 0.73 (95% CI: 0.34-0.87, p = 0.002), agreement between
OCT and histopathology when assessing repair tissue area
was deemed substantial. For surface roughness, the slope of
the regression line was 0.69 (r = 0.48). With a calculated ICC
of 0.63 (95% CI: 0.10-0.84, p = 0.02), agreement between
OCT and histopathology when assessing surface roughness
was substantial.

Attenuation coefficients were measured for all 22 samples,
in both healthy cartilage and repair tissue. A difference in
attenuation coefficient was observed between the healthy car-
tilage group (8.2 (SD 3.9) mm'!) and the repair tissue group
(2.8 (SD 1.5) mm!) (p < 0.001). The difference in attenuation
denotes a local difference in tissue characteristics and struc-
ture.
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Figure 3. Graphical comparison between OCT and histopathology (x-y plot). The figure depicts measurements of the quantitative parameters
cartilage thickness, repair tissue area, and surface roughness, with fitted linear regression lines. Measurements from a good match between OCT
and histopathology (Figure 2A) and a fair match (Figure 2B) are shown in green and red, respectively.
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Figure 4. Bland-Altman plots showing the differences between the 2 methods of measurement. The dashed lines represent the 95% limits of
agreement. The good match from Figure 2A is shown in green and the fair match from Figure 2B is shown in red.

Discussion

To our knowledge, this is the first report of a direct quantita-
tive comparison of 3D OCT and histopathology in imaging of
articular cartilage using semi-automated software with a sur-
face detecting algorithm that calculates the 3 parameters carti-
lage thickness, repair tissue area, and surface roughness simul-
taneously. Identification of measurement parameters that are
clinically relevant is important for the development of OCT as
a clinical diagnostic technique when directed at degenerative
joint disease such as osteoarthritis. Since in osteoarthritis, loss
of thickness and quality of cartilage are important diagnos-
tic features, thickness appears to be an important parameter
to be able to measure accurately. When considering cartilage

quality, this is less straightforward since it is a parameter that
is difficult to quantify. However, fibrillation of the cartilage
surface is a known degenerative feature in the development of
osteoarthritis, and was chosen as a relevant parameter to mea-
sure. Regarding repair tissue area, measurement of areas of
distinct tissue types (for clinical purposes) can help to estab-
lish whether there is disease. Since osteochondral defects were
created in a standardized procedure, we considered it feasible
to attempt to measure its area on a (2D) cross-sectional slice
as a precursor to 3D cartilage volume measurements in future.

Our findings show that OCT provided information similar to
that from histopathology when we assessed selected quantita-
tive parameters in goat articular cartilage tissue. Previously,
structural analysis of articular cartilage has been performed
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on histopathology alone (Pastoureau et al. 2010) or OCT alone
(Chu et al. 2004), and cartilage thickness has been compared
between OCT and histopathology in a rabbit model (Han et al.
2003). Moreover, Han et al. found a near-perfect correlation in
thickness measurements between OCT and histopathology (r
= 0.96). More recently, better intra- and inter-observer agree-
ment was found when using OCT (69% and 44%, respectively)
than when using arthroscopy (57% and 32%, respectively) in
assessment of cartilage damage based on the International Car-
tilage Repair Society (ICRS) grading system (Niemeld et al.
2014). Comparisons have also been made between OCT and
ultrasound using parameters such as roughness-, reflection-,
and backscattering coefficients for both modalities (Virén et
al. 2012), with similar levels of agreement. Also, OCT has
shown to be an accurate imaging technique for thickness mea-
surements in thin (tissue) layers (de Bruin et al. 2010).

Our custom-devised software enabled standardized and par-
tially automated analysis that was applicable to the 2 different
imaging modalities (OCT and histopathology). Intra-observer
agreement was measured to be more than 0.90 for all 3 param-
eters, showing the reliability of the measurement method
and software. The ICC for comparison between the 2 groups
showed at least substantial agreement in all parameters, and
near-perfect agreement for the parameter thickness. Although
this means good agreement between OCT and histopathology
for cartilage thickness, it also shows to a certain extent the fal-
libility of the model for measurement of the parameters repair
tissue area and surface roughness. Differences measured are
partly attributable to a degree of tearing and wrinkling of
the tissue slides that will occur during histological process-
ing with a microtome. Moreover, the OCT-derived thickness
is linearly dependent on the assumed refractive index, i.e. a
lower refractive index would lead to greater measured thick-
ness. Even though the refractive index of most highly scatter-
ing tissues is around 1.4 (SD 0.1) (Tearney et al. 1995), the
exact value for processed specimens such as those in our study
is unknown, and it may well be slightly different.

A dark banding pattern was seen at the cartilage-bone inter-
face on the OCT images. Banding patterns have been seen on
cartilage OCT images, especially when using polarization-
sensitive OCT (PS-OCT) (Drexler et al. 2001). They may well
be caused by birefringence due to differences in local colla-
gen fiber orientation, which has been described before using
polarized light (Changoor et al. 2011). Further studies using a
PS-OCT system are needed to measure the polarization prop-
erties of cartilage tissue.

The present study revealed that a direct quantitative com-
parison between OCT and histopathology was not exemplary
for the parameters repair tissue area and surface roughness.
In general, when comparing tissue structures from 2D histo-
pathology slides to a selected slice from a 3D OCT dataset,
accurate matching is crucial for reliable measurements. Small
changes in orientation of the slides compared to the OCT
scans may have occurred during matching, mainly as a result

of histological processing, inevitably leading to minor differ-
ences in measurement.

Clinical implications

The value of OCT compared to the information from histo-
pathology slides suggests an important (clinical) advantage.
Regions of interest are investigated more easily on OCT, since
orientation of the images is no longer an issue that should be
taken into account. Also, in our study, accurate perpendicu-
lar alignment of the OCT camera with respect to the sample
ensured the largest (3D) field of view possible. For clinical
application and using fiber-optic OCT, a flexible, sideward-
looking OCT probe would permit easier (and more natural)
perpendicular placement of the OCT beam in relation to the
sample, automatically correcting for this alignment issue.

Previous reports have shown virtually perfect correlations
between quantitative measurements in 2D OCT and histopa-
thology. Oddly, we did not succeed in replicating the same
level of correlation using 3D OCT. Since small differences in
sub-millimeter measurements appear to be inevitable, an accu-
rate description of the methods of matching between OCT and
histopathology is important—as is extraction of quantitative
parameters.

Modern, non-invasive imaging techniques such as high-
field-strength MRI (HF-MRI) may provide new insights in the
development of osteoarthritis. However, development of dedi-
cated HF-MRI cartilage sequences (at 5 or 7 Tesla) is slow—
and to our knowledge, not yet fit for clinical practice. More
conventional field strengths (1.5 and 3 Tesla) lack signal-to-
noise ratio and spatial resolution to accurately depict the thin
cartilage layers that are the subject of the present study. While
the development of HF-MRI is very inspiring and clinical
application would be a major contribution to the field, until
such time, the development of high-resolution optical tech-
niques such as in situ OCT for clinical cartilage imaging may
enhance our understanding of the etiology and progression of
disease. Moreover, in contrast to non-invasive imaging such as
MRI, OCT can be used hands-on by the surgeon during opera-
tive procedures such as arthroscopy.

When light attenuation was assessed, a significant differ-
ence was found between healthy cartilage and repair tissue.
This shows that healthy cartilage and repair tissue (as we
defined it in this study) have distinct optical properties causing
the observed differences in attenuation, although it is as yet
unknown which (cellular) components in cartilage tissue play
the main role. Differences in light attenuation will have to be
confirmed by morphological differences in local tissue struc-
ture in future studies. However, the attenuation coefficient as
a quantifiable measure of pathology in degenerative joint dis-
ease greatly enhances the value of OCT as a non-destructive
diagnostic technique.

Finally, OCT has already been shown to be able to monitor
disease in an animal osteoarthritis model (Adams et al. 2006).
In addition, the feasibility of in situ cartilage measurements in
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a small wrist joint has been demonstrated (Cernohorsky et al.
2012), making quantification of structures from cartilage OCT
images a valuable addition to clinical disease monitoring in
osteoarthritis of small joints. In summary, the combination of
high-resolution non-destructive imaging, percutaneous access
for in situ measurements using fiber-optic OCT, hands-on
use by the attending physician, and the quantitative informa-
tion that the OCT signal can provide could make OCT a very
promising technique for clinical imaging of small-joint osteo-
arthritis in the near future.
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