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Abstract

Optical coherence tomography (OCT) and T2 mapping are emerging clinical imaging technologies
with potential to detect subsurface changes in cartilage retaining a macroscopically intact articular
surface. This study tests the hypothesis that OCT correlates with magnetic resonance imaging
(MRI) T2 values, and that OCT signal is sensitive to cartilage matrix degeneration. Forty-five
osteochondral cores were harvested from five human tibial plateau explants after MRI T2
mapping. Cores underwent OCT imaging and were graded as follows: A, obvious birefringence;
B, no birefringence; C, subsurface voids and/or irregular surface. Extracellular matrix content was
determined and cores underwent histologic and polarized light microscopy (PLM) evaluation.
Grade B and C cores had 25% higher superficial T2 values (p = 0.047) and 50% higher deep T2
values (p=0.012) than grade A cores. Grade B and C cores had 36% higher glycosaminoglycan
(GAG) content compared to grade A cores (p= 0.009). Histology and PLM demonstrated
increased surface irregularity and structural disorganization with increasing OCT grade. OCT
grade and T2 value increased with increasing collagen disorganization, suggesting that MRI T2
mapping and OCT are sensitive to changes in collagen structure. Our results demonstrate the
ability of OCT and T2 mapping to detect early cartilage degeneration in clinically normal
appearing cartilage.
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Osteoarthritis is reaching epidemic proportions in the United States.! It is estimated that 67
million American adults will have arthritis by 2030,2 and nearly half of Americans will
develop osteoarthritis of the knee.3 As the number of individuals with osteoarthritis
continues to rise, improved methods for early detection and treatment are increasingly vital
to reduce or delay the onset of osteoarthritis.
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Progressive loss of articular cartilage is a key component in the pathology of osteoarthritis.*
Cartilage extracellular matrix has unique compressive and viscoelastic properties, and is
composed primarily of type-11 collagen and glycosaminoglycan (GAG).> Proper cartilage
function is maintained by a balance between anabolic and catabolic activity. In early
cartilage degeneration, this balance is thought to be maintained by compensatory
physiologic repair mechanisms including chondrocyte proliferation and matrix upregulation.
6 When the body’s repair capacity is exceeded, pathologic features of osteoarthritis,
including cartilage extracellular matrix destruction, are manifested clinically with joint pain
and dysfunction. Current modalities used to evaluate cartilage health, including radiography,
arthroscopy, and clinical MR, lack the ability to reliably diagnose cartilage degeneration
early in the disease process.”-8

Arthroscopy detects articular cartilage degeneration prior to radiographs and is the current
clinical standard for grading preosteoarthritic lesions known as chondrosis.8 Although
arthroscopy can detect gross cartilage softening, it is not sensitive to deep cartilage layer
changes and biochemical alterations that may precede diminution of functional integrity.%:10
Histologic and compositional analyses can evaluate tissue cellularity, concentrations of GAG
and type-I1 collagen, and extracellular matrix structure. Furthermore, polarized light
microscopy (PLM) of histologic sections using picrosirius red staining provides an indirect
assessment of collagen fiber architecture.11 These methods of cartilage assessment, however,
are not practical tools for clinical use, as they require removal and destruction of the
cartilage being evaluated.

Clinical MRI is a valuable noninvasive imaging tool. However, it is slow and typically lacks
the standard resolution to detect microstructural changes within the cartilage. Unlike
standard clinical MRI, T2 mapping can provide quantitative information about articular
cartilage structure and biochemical integrity.12 T2 measurements are generally thought to be
dependent on collagen concentration, collagen orientation, and tissue hydration.13:14 Similar
to clinical MRI, however, T2 mapping takes time to acquire and process, and may lack
adequate spatial resolution to detect microstructural changes.

Optical coherence tomography (OCT) is a novel imaging tool that captures cross-sectional
echographs of infrared light and acquires microscopic high resolution images (<10 pm axial
resolution) of articular cartilage.1® Light which is backscattered from the cartilage is
processed by the OCT system to develop an image which is displayed on a computer
monitor in near-real time. OCT has previously been incorporated into arthroscopes and can
image human articular cartilage with resolution similar to low-powered histology.®16
Clinically, arthroscopic OCT has been shown to detect subsurface changes, correlating with
metabolic signs of early cartilage degeneration, in human articular cartilage appearing
normal to conventional arthroscopic exam.1” In this study, loss of the characteristic dark
bands, which create a multilaminar pattern known as OCT form birefringence, was
associated with chondrocyte metabolic incompetence.1’

As the rate of osteoarthritis increases, the ability to detect early cartilage changes at
potentially reversible stages is of critical importance. We hypothesize that OCT signal is
sensitive to early cartilage degeneration. To test this hypothesis, a spatially registered
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comparison was made between OCT, T2 MRI, and extracellular matrix composition and
histology.

MATERIALS AND METHODS

Specimen Collection

Forty-five osteochondral specimens were harvested from five human tibial plateaus obtained
from elective total knee replacement (/7= 1) and human cadaver knees (7= 4). Tissue from
the total knee replacement patient was obtained in accordance with protocols approved by
the Institutional Review Board (IRB). Human cadaver knees were obtained in accordance
with protocols approved by the Committee for the Oversight of Research for the Dead
(CORID).

Magnetic Resonance Imaging

Tibial plateau explants were affixed to an acrylic plate with MRI fiducial markers to allow
precise spatial registration of study locations for T2, OCT, and extracellular matrix
composition measurements (Fig. 1). Precisely located wells within the fiduciary plate were
filled with 4% agar doped with 2 mM Gd-DTPAZ2~ (Magnevist, Berlex Imaging, Wayne, NJ).
Quantitative T2 maps were acquired using a clinical 3T MRI scanner Siemens TIM Trio 3
Tesla MRI scanner (Siemens, Erlargen, Germany) with a standard extremity coil. A common
multislice coronal 2-D FSE sequence was implemented with seven echo images ranging
from 10 to 80 ms, repetition time 1800 ms, BW 326 Hz/pix, and four averages. Echo times
were chosen to cover the range of physiologically likely T2 values in cartilage. The 20 2-D
slices were collected with 417 x 417 pm in-plane resolution and 2-mm section thickness.
Total T2 scan time was 12 min. Quantitative T2 maps were generated with a mono-
exponential fitting routine using MRIMapper software (© Beth Israel Deaconess and MIT
2006). Mean T2 values within superficial and deep cartilage regions of interest (15-18 pixels
wide) at each study location were quantified. T2 values less than 10 ms, or greater than 80
ms, were felt to reflect either signal average from the tidemark/calcified zone or factitious
signal average from fluid, respectively, and thus were excluded from region-of-interest
averages. The noise floor was not specifically measured for each fit.

Osteochondral Cores

Following MRI, an 8.5-mm osteochondral coring device (Smith & Nephew) was used to
take osteochondral cores from normal appearing regions of interest on the tibial plateau.
Osteochondral core areas were determined, and the registration plate was used to locate the
precise location of the core on the T2 map, so that a direct comparison could be made
between T2 and OCT imaging. Four cores were taken from normal appearing areas on each
tibial plateau compartment: two from the submeniscal region, and two from the central
region. Additional cores were taken from regions of interest as determined by MRI and/or
OCT evaluation.

Optical Coherence Tomography

Osteochondral cores were scanned using a custom polarized OCT scanning system
(Bioptigen, Research Triangle Park, North Carolina) with a 1310-nm center wavelength,
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allowing a depth of penetration of approximately 2 mm. As OCT images can be affected by
the signal polarization and orientation of the tissues being examined, a mark was made at the
12 o’clock position (aligned with the anterior/posterior axis of the plateau, where 12 o’clock
pointed posteriorly) of each core at the time of harvest. Cartilage cores were then scanned at
0, 45, 90, and 135 degrees of orientation, relative to the mark. Images were saved and
blinded for grading and analysis. OCT images were graded by a single reader according to
the following scale: A, intact surface and obvious birefringence; B, intact surface and no
birefringence; C, irregular articular surface and/or subsurface voids where a subsurface focal
loss of OCT signal was interpreted as a void.

Glycosaminoglycan Assay

Osteochondral cores were bisected and one quarter of each core was processed for GAG
content. The dry weight of the cartilage sections was determined, after which cartilage
pieces were placed in 0.5 N NaOH, and GAG was extracted for 48 h at 4°C. GAG extracts
were then diluted with saline to a concentration of 1:175 and assayed using dimethyl-
methylene blue.1® GAG contents were normalized by their dry weights. In order to compare
GAG contents across multiple tibial plateaus, individual core values were standardized to the
mean GAG content per plateau.

Type-ll Collagen ELISA

Osteochondral cores were bisected and the cartilage dry weight was determined for half of
each core. A 2-5-mg sample was then processed for type-11 collagen content analysis. Tissue
was homogenized by freezing the samples in liquid nitrogen and then crushing them
between metal plates to form a powder. The cartilage powder then underwent three
incubations in pepsin (10 mg/ml dissolved in 0.05 M acetic acid) at 4°C for 48 h. This
solution was incubated overnight in pancreatic elastase (1 mg/ml dissolved in 1 x TBS) at
4°C. Extracts were diluted between 1:25 and 1:200 and type-I1 collagen content was
quantified using a type-11 collagen ELISA assay (isotope 3D, MD Biosciences). Collagen
content was normalized by the dry weight of each sample. In order to compare type-I|
collagen content across multiple tibial plateaus, individual core values were standardized to
the mean type-I1 collagen content per plateau.

Histologic Analysis

One-half of each osteochondral core was fixed, processed, and paraffin-embedded for
histologic analysis using standard techniques.®1% Histologic sections were stained with
hematoxylin/eosin, Safranin O, and picrosirius red. Histologic analysis was performed by a
board certified pathologist who was blinded to the imaging and biochemical results. Sections
stained with hematoxylin/eosin and Safranin O were used to evaluate cartilage structure and
cellularity.20 Osteochondral sections stained with picrosirius red were evaluated using PLM
to observe collagen structure and orientation. PLM images were obtained with two
polarizers set perpendicular to each other, and with sections offset by 45 degrees to obtain
optimal birefringence. PLM images were assessed by classifying the collagen architecture as
either normal or disorganized.
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Statistical Analysis

RESULTS

OCT grades were analyzed relative to spatially registered superficial and deep T2 values, as
well as to extracellular matrix content and structure. Statistical significance was determined
using one-way ANOVA and the Bonferroni #test with p <0.05 being significant.

Optical Coherence Tomography and T2 Magnetic Resonance Imaging

Superficial T2 MRI—Osteochondral cores demonstrating clear OCT form birefringence
(grade A) had a mean superficial T2 value of 43 £ 14 ms (n = 11). Cores with an OCT grade
of B had a mean superficial T2 value of 51 + 14 ms (n= 10), while grade C cores had a
mean superficial T2 value of 55 + 17 ms (7= 16). Although a trend was observed (Fig. 2A),
the increase in superficial T2 relaxation time between OCT grades was not significant (p =
0.12). A significant difference was observed between superficial T2 values in birefringent
cores (grade A), compared to cores without birefringence (grades B, C). Cores lacking
birefringence demonstrated a 25% higher mean superficial T2 value than cores with
birefringence (p = 0.047).

Deep T2 MRI—The mean deep T2 value for cores assigned an OCT grade of A was 37

+ 14 ms, compared to a mean of 47 + 16 ms for grade B and 67 £ 23 ms for grade C cores
(Fig. 2B). ANOVA analysis revealed a significant difference between the groups (o = 0.01).
Deep T2 values between grade A and C cores were significantly different (p <0.05), while
the difference between A and B cores, as well as, between B and C cores was not significant.
Cores without birefringence (grades B, C) had a 50% higher mean deep T2 value compared
to birefringent cores (p=0.012).

Optical Coherence Tomography and Cartilage Extracellular Matrix Content

ANOVA analysis revealed a significant difference in GAG content between OCT grades (v =
0.004, Fig. 3). OCT cores with a grade of A, exhibiting clear OCT form birefringence, had
an average standardized GAG value of 0.76 (7= 12), while cores with grades B and C had
mean values of 1.00 (n=12) and 1.12 (= 18), respectively. A significant difference was
found between grade A and C GAG contents (p = 0.003), while a trend was seen between
GAG contents for grade A and B (p=0.081). Overall, cores without birefringence (grades
B, C) had a 36% higher GAG content compared to cores with birefringence (p = 0.009).

No significant relationship was found between OCT grade and type-I1 collagen content (p =
0.38). Grade A cores had a mean standardized type-I1 collagen content of 0.91 (n= 10),
while grades B and C cores had average values of 0.85 (7= 8) and 1.13 (n= 16),
respectively.

T2 Map and Cartilage Extracellular Matrix Content

No correlation was found between T2 Map and extra-cellular matrix content. GAG assays
revealed no correlation with superficial (/2 = 0.028) or deep (/#2 = 0.0002) T2 values.
Similarly, no correlation was found between type-II collagen content and superficial (/2 =
0.066) or deep (R2 = 0.003) T2 values.
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Histologic Analysis

Abnormalities in cartilage structure and cellularity were found to increase with increasing
OCT grade (Table 1). All osteochondral cores with an OCT grade of A had a histologically
intact surface, while 85% of grade B and only 33% of grade C cores had intact surfaces.
Hematoxylin/eosin-stained cores showed no signs of disorganization in grade A cores, while
17% of grade B and 21% of grade C cores did show signs of disorganization. Cell clustering
was lowest in grade A cores, with only 17% of cores exhibiting a moderate or high number
of cell clusters. Half of grade B and C cores had moderate-to-high cell clustering.

PLM imaging of osteochondral cores stained with picrosirius red also demonstrated an
association with both OCT grade and MRI T2 maps (Fig. 4). Cores with an OCT grade of A
consistently demonstrated organized collagen architecture by PLM, with only 10% of cores
exhibiting signs of collagen fiber disorganization. This disorganization increased with
increasing OCT grade, with 50% of grade B and 88% of grade C cores exhibiting signs of
collagen fiber disorganization. Both superficial and deep T2 values correlated with collagen
architecture as determined by PLM (Fig. 5). Superficial T2 values were found to be 31%
higher in cores with evidence of collagen matrix disorganization, compared to cores with
normal appearing collagen matrix (p = 0.04). Similarly, deep T2 values were 69% higher in
cores with collagen disorganization as assessed by PLM, compared to normal appearing
cores (p<0.001).

DISCUSSION

The results show that OCT birefringence patterns correlate with T2 MRI relaxation time and
with histological signs of early articular cartilage degeneration. Osteochondral cores with
clear birefringence had lower T2 values compared to cores without clear birefringence.
Using PLM, T2 relaxation time has been shown to correspond to collagen fiber orientation.
21-23 prolongation of the T2 relaxation time has also been shown to correlate with the
development of osteoarthritis and disruption of normal collagen structure.13:23-25 These
findings are consistent with our data, which demonstrate prolonged T2 relaxation times in
osteochondral cores exhibiting signs of collagen disorganization as assessed by PLM. Our
results further demonstrate that cores without birefringence show signs of early cartilage
degeneration despite having a grossly intact surface, as demonstrated by a significant
increase in T2 relaxation time, increased histologically evident cell clustering, and greater
collagen disorganization by polarized microscopy. These data indicate that OCT
birefringence patterns reflect the structural integrity and organization of the cartilage matrix.

Consistent with previous studies,11:12 T2 relaxation time did not correlate with type-I1
collagen content. Loss of OCT detectable birefringence also did not correlate with type-II
collagen content. These findings suggest that both MRI T2 maps and OCT differences
reflect alterations in collagen structure rather than changes in type-Il collagen content. This
is further supported by histological findings using PLM which permits assessment of
collagen fiber architecture.1! Using PLM, a strong association was found between OCT
grade and collagen structure, with cores showing OCT detectable birefringence having the
greatest degree of collagen organization, while progressively greater disorganization of
collagen fibers was observed in cores without OCT form birefringence. A similar association
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was also found between T2 MRI and collagen structure, as T2 values were significantly
higher in cores with signs of collagen organization as identified by PLM. This finding is
consistent with past studies which have demonstrated increased T2 values in less organized
cartilage.21:23

Previous studies have shown that type-11 collagen is evenly distributed between the
superficial and deep layers of healthy cartilage.2® Similar to other studies showing that
overall content of collagen remains unchanged in early osteoarthritis,?”-28 we observed no
change in collagen content with increasing OCT grade. Kempson et al., however, showed
that type-11 collagen content is decreased in superficial cartilage with early degeneration.2°
Further research has also demonstrated a simultaneous upregulation of collagen in deep
cartilage layers.3 This means that if a decrease in superficial collagen content is matched by
a comparable increase in deep collagen content, this would result in no net change in
collagen content. It is therefore possible that we did not observe a change in collagen
content, because we did not separate superficial and deep layers in our analysis of collagen
content.

Full-thickness GAG content was significantly higher in cores without clear OCT form
birefringence. While it is possible that separating superficial and deep cartilage layers in the
GAG content analysis may have led to a different result, our findings are consistent with a
known increase in GAG during the repair phase of early cartilage degeneration and with
numerous studies which have shown an increase in GAG synthesis in early and mild
osteoarthritis.31:32 Differences in GAG content did not correlate with T2 values, consistent
with other studies which have demonstrated no change in T2 relaxation time after GAG
depletion.33

Histologic evaluation with Safranin O and hematoxylin/eosin staining revealed progressive
structural and cellular changes with increasing OCT grade. All of the cores which had clear
OCT birefringence had a normal surface and structural organization. Furthermore, surface
irregularity and structural disorganization increased with increasing OCT grade. The number
of cell clusters, a histologically evident sign of degeneration,34 increased between grade A
and grade B cores, and this number remained elevated in grade C cores. It is important to
note that despite histologic findings showing a progressive increase in cartilage degenerative
changes, 85% of specimens appearing intact by OCT, but lacking OCT form birefringence,
had microscopically intact articular surfaces, confirming the normal appearance on visual
surface examination. This observation, along with our OCT findings, further supports the
ability of OCT to detect early degenerative changes in grossly normal appearing cartilage.

In this spatially registered comparison study, OCT was also found to correlate with MRI T2
mapping. This finding is additionally notable given the large disparity in resolution between
OCT (axial resolution <10 pm) and MRI. For a given region of interest, each OCT scan had
thousands of pixels, while the same region on MRI had less than 50 pixels. The limited MRI
data in these small regions of interest likely account for the relatively large standard
deviations in T2 values observed in this study. The wide standard deviations may also reflect
the variability of relaxation times within this degenerative osteoarthritic environment.
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This study demonstrates that in macroscopically normal appearing articular cartilage, loss of
OCT form birefringence is a marker of early degeneration, as determined by histology and

M
de
as

RI T2 mapping. This study supports the utility of OCT to detect early subsurface
generative changes in articular cartilage appearing normal upon surface inspection, such
what would be observed during conventional arthroscopy and structural MRI. Because

OCT technology can be incorporated into arthroscopes and used clinically during
arthroscopic surgery,18:17 this ability to detect subclinical evidence of microstructural and
biochemical degeneration could be useful in the development of new options for early
treatment to prevent or delay the onset of osteoarthritis.
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Figure 1.
(A) Tibial plateau with selected core region of interest highlighted in red. (B) The plateau

has been mounted on a registration plate with MRI fiducial markers located at the sites
designated by the open black circles. (C) MRI T2 map. image of a coronal slice
corresponding to the red line shown in (B). The selected region of interest is highlighted in
red. The MRI fiducial markers are seen below the tibial plateau.
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Figure2.
(A) Superficial T2 relaxation time increased with increasing OCT grade (o= 0.12). Cores

with OCT grades B, C had a 25% higher mean superficial T2 value compared to grade A
cores (p=0.047). (B) Deep T2 values increased with increasing OCT grade (p= 0.01).
Within the groups, deep T2 values between grade A and C cores were significantly different
(*p <0.05). Cores without birefringence (grades B and C) had an overall 50% higher mean
deep T2 value compared to birefringent cores (p= 0.012). Error bars represent SEM.
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Figure 3.
GAG content increased with increasing OCT grade (p = 0.004). Grade A osteochondral

cores had significantly lower average GAG values than grade C cores (*p = 0.003), while
differences between grade A and B GAG values approached significance (p = 0.08). Overall,
cores without birefringence (grades B, C) had a 36% higher GAG content compared to cores
with birefringence (o= 0.009). Error bars represent SEM
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Figure 4.
Comparison of OCT grade to polarized light microscopy (PLM). Representative OCT

images of osteochondral cores with grades A through C (a—c). Corresponding PLM images
of sections stained with picrosirius red demonstrating increased collagen fiber
disorganization with increasing OCT grade (d—f). Corresponding T2 MRI maps
demonstrating a correlation with OCT and increasing collagen disorganization (g—i).
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Figureb.
(A) Superficial T2 values were 31% higher in cores with evidence of collagen matrix

disorganization as assessed by PLM, compared to cores with normal appearing collagen
matrix (*p = 0.04). (B) Deep T2 values were 69% higher in cores with collagen
disorganization compared to normal appearing cores (** p<0.001). Error bars represent
standard error of the mean.
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Table 1
Optical Coherence Tomagraphy Grades
OCT Grade (%) A B C
Cores with an intact surface 100 85 33
Cores with structural disorganization or absent layers 0o 17 21
Cores with a moderate or high number of cell clusters 17 50 50
Cores with disorganization of collagen fibers 10 50 88
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