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Abstract
Objectives—Post-traumatic arthritis is a major cause of disability. Current clinical imaging
modalities are unable to reliably evaluate articular cartilage damage prior to surface breakdown,
when potentially reversible changes are occurring. Optical Coherence Tomography (OCT) is a
nondestructive imaging technology that can detect degenerative changes in articular cartilage with
an intact surface. This study tests the hypothesis that OCT detects acute articular cartilage injury
following impact at energy levels resulting in chondrocyte death and microstructural changes, but
insufficient to produce macroscopic surface damage.

Methods—Bovine osteochondral cores underwent OCT imaging and were divided into a control
with no impact or were subjected to low (0.175 J) or moderate (0.35 J) energy impact. Cores were
reimaged with OCT following impact and the OCT signal intensity quantified. A ratio of the
superficial to deep layer intensities was calculated and compared before and after impact.
Chondrocyte viability was determined one day after impact, followed by histology and polarized
microscopy.

Results—Macroscopic changes to the articular surface were not observed following low and
moderate impact. The OCT signal intensity ratio demonstrated a 27% increase (p=0.006) following
low impact, and a 38% increase (p=0.001) following moderate impact. Cell death increased by 150%
(p<0.001) and 200% (p<0.001) after low and moderate energy impacts, respectively. When compared
to unimpacted controls, both Mankin histology and David-Vaudey polarized microscopy scores
increased (p=0.036, p=0.002, respectively) following moderate energy impact.

Conclusions—This study shows that OCT detects acute cartilage changes after impact injury at
levels insufficient to cause visible damage to the articular surface, but sufficient to cause chondrocyte
death and microscopic matrix damage. This finding supports the utility of OCT to detect
microstructural subsurface cartilage damage that is poorly visualized with conventional imaging.
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INTRODUCTION
Post-traumatic osteoarthritis (pt-OA) is a significant cause of disability. Estimates indicate that
more than five million Americans suffer from pt-OA severe enough to cause them to consult
an orthopaedic surgeon (1). In addition, this ailment places an approximate 3 billion dollar
burden on the health care system (1). Impact injury to articular cartilage sustained by traumatic
injury is a significant cause of post-traumatic osteoarthritis (2). The rapid progression of
osteoarthritis after such an injury is likely due to chondrocyte death and matrix degradation
caused by traumatic impact to the articular cartilage (3-5). Despite a faster progression to
debilitating osteoarthritis, pt-OA is indistinguishable from primary osteoarthritis (OA) in the
late stages of disease and is manifested by progressive loss of cartilage, pain, inflammation
and decreased joint mobility (6).

Current clinical modalities used to evaluate articular cartilage health, including radiography,
arthroscopy and magnetic resonance imaging (MRI) have been unable to reliably detect early
cartilage damage when the articular surface still appears grossly normal (7,8). It is during this
early stage when potentially reversible changes may occur (9,10). While radiographs are widely
used and provide a fast and low cost method of imaging, they are limited in that they can
identify cartilage damage indirectly only after significant cartilage loss has already occurred
(7). Arthroscopy reliably detects gross surface damage and cartilage softening; however, it is
insensitive to early changes (11). MRI is a useful noninvasive imaging tool, but it is costly and
lacks the resolution to detect microstructural changes within articular cartilage. Histological
analysis is able to evaluate early changes occurring throughout full-thickness cartilage, but is
not a practical tool for clinical use as it requires removal of tissue for evaluation. In orthopaedic
trauma, the treatment of open joint injuries and injuries that require exposure of the articular
surface allow for direct visual inspection and evaluation of the cartilage. Gross inspection of
the articular surface, however, may not detect subsurface damage.

Optical Coherence Tomography (OCT) is an emerging imaging modality that may be able to
detect early cartilage damage in samples that appear normal by gross inspection even after a
traumatic injury. OCT captures cross-sectional echographs of infrared light and is able to
acquire near real-time microscopic resolution images (<10μm axial resolution) of articular
cartilage (12). This technology was designed to permit imaging of human articular cartilage
with resolutions similar to low powered histology during arthroscopy (11,13). Abnormalities
in the OCT signal in arthroscopically normal appearing human cartilage has been associated
with chondrocyte metabolic incompetence (9,14).

The ability to reliably detect early cartilage damage after a traumatic injury, prior to the onset
of irreversible changes, could lead to the development and use of early treatments aimed at
potentially reversing or preventing the progression of debilitating post-traumatic osteoarthritis.
Furthermore, the ability to observe previously undetectable cartilage damage could also allow
for a more accurate prediction of the potential for future arthritis development. We hypothesize
that OCT is able to detect acute cartilage injury after impact at energy levels sufficient to
produce significant chondrocyte death, but insufficient to produce visible surface damage. To
test this hypothesis, cartilage was subjected to impact injury and evaluated using OCT,
chondrocyte viability analysis and histology.
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MATERIALS AND METHODS
Osteochondral Core Collection

Tibial plateau explants (n=8) were obtained from fresh bovine knees acquired from a local
abattoir within four hours of sacrifice. Knees were opened under sterile conditions and the
tibial plateaus were removed. A 6.5 mm osteochondral coring device (Smith & Nephew,
Andover, MA) was used to harvest osteochondral cores from normal appearing cartilage
regions on the tibial plateau. Explants were immediately transferred to 24-well plates filled
with 2 ml/well of chondrocyte growth medium (DMEM/F12 with 10% FBS and 1%
antibiotics). A total of 48 osteochondral cores were harvested. The cartilage thickness of each
core was measured and the subchondral bone was trimmed to 1 mm.

Cartilage Impact
Cores were randomly divided into 3 experimental groups: 1) control (no impact), 2) low energy
impact (0.175 J) and 3) moderate energy impact (0.35 J). A custom, computer controlled impact
tower was used to impact freshly harvested and intact articular cartilage cores. Cores were
impacted in a size-matched holder (6.5 mm) with a flat cylinder 6.15 mm in diameter. A weight
of 356 g was used throughout the study and impact energy was controlled by adjusting the drop
height. The load-deformation responses were recorded by oscilloscope to determine impact
energy, stress rate, and average peak force.

Optical Coherence Tomography
Following osteochondral core harvest, cores were scanned prior to impact using a custom OCT
scanning system with a 1310 nm center wavelength (Bioptigen, Research Triangle Park, NC).
A mark was made on each osteochondral core at the 12 o'clock position. The OCT scan line
defined the cartilage section in the mid-sagittal plane running from the 12 o'clock mark to the
6 o'clock position and all cores were scanned in this position in order to preserve the orientation
at which the OCT images were taken both before and after impact (Figure 1). Following impact,
cores were incubated in 5% CO2 at 37°C in 1ml of chondrocyte growth medium (DMEM/F12
with 10% FBS and 1% antibiotics) for 12 hours. In preliminary studies (data not shown), a
comparable increase in OCT signal intensity was observed both immediately after impact and
12 hours after impact. In order to ensure the OCT changes studied were not due to transient
compaction of cartilage matrix by loading, cores were OCT imaged 12 hours after impaction
to allow for appropriate recovery time. The mean OCT signal intensity of two distinct upper
cartilage layers was obtained with a custom coded Matlab program (TheMathWorks, Natick,
MA). In order to obtain the intensity measurement, edge artifacts were removed by manual
segmentation and signal intensities greater than the 99th percentile and less than the 1st

percentile were excluded. The superficial layer was defined as all pixels between 5 and 15
pixels (33-100 microns) below the articular surface. The deep cartilage layer was defined as
all pixels between 35 and 45 pixels (232-300 microns) from the articular surface. An OCT
signal intensity ratio was calculated by comparing the mean OCT signal intensity of the
superficial layer to the deep layer. OCT signal intensity ratios were then compared before and
after impact. Figure 2 shows an example of the OCT scan and image segmentation.

Chondrocyte Viability
Following post-impact OCT imaging, cores were bisected in the midsagittal plane in line with
the 12 o'clock to 6 o'clock line of OCT scanning, and two 500μm full-thickness cartilage
sections (4 per core) were obtained. Cartilage/bone slices were incubated in 5% CO2 at 37°C
in 1ml of chondrocyte growth medium (DMEM/F12 with 10% FBS and 1% antibiotics) for an
additional 12 hours and then imaged. Cell viability was determined with live/dead fluorescent
staining using 5-chloromethylfluorescein diacetate (CMFDA) CellTracker™ Green
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(Invitrogen, Eugene, Oregon) for living and propidium iodide (PI, Invitrogen) for dead cells.
Each osteochondral slice was incubated with 2 μM of CMFDA and 1 μM of PI for 60 min at
37°C. Following incubation, stained sections were washed with HBSS and imaged using an
epi-fluorescent stereo-microscope (MVX10 MacroView System, Olympus, Japan) and a
confocal microscope (IX81 DSU, Olympus, Center Valley, PA). Images were analyzed with
VIS Imaging Software (Visiopharm, Denmark). The total area of dead and living chondrocytes
per slice was automatically segmented with Visiopharm and the percent area of dead cells was
calculated (15).

Histologic Analysis
Osteochondral cores were bisected and one-half fixed, processed and paraffin-embedded for
histologic analysis using standard techniques (11,13), (16). Histologic sections were stained
with hematoxylin/eosin (HE), safranin O/fast green (Saf-O), and picrosirius red (PSR).
Sections stained with HE were graded blindly and evaluated for cartilage structure,
proteoglycan distribution, and cellularity using the Mankin Score (17). Osteochondral sections
stained with picrosirius red were assessed for collagen fiber orientation, organization, and
disruption by polarized light microscopy (PLM). PLM images were acquired 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 disrupted.

Qualitative Cartilage Matrix Evaluation
HE and PSR slides were qualitatively assessed in accordance with the previously published
David-Vaudey matrix scale (27,28). Table 1 describes the criteria used to assess the histologic
and birefringence features and the corresponding matrix grade for the David-Vaudey (DV)
scale (28).

Statistical Analysis
Statistical significance was determined using one-way ANOVA and the Bonferroni t-test with
p<0.05 being significant. Linear regression analysis was used to assess the correlation between
OCT signal intensity ratio and chondrocyte viability and between OCT signal intensity ratio
and histology grade after impact.

RESULTS
Optical Coherence Tomography Analysis

Impact injury caused a relative increase in the OCT signal intensity of the superficial layer and
a relative decrease in the OCT signal intensity of the deep layer, leading to a net increase in
the signal intensity ratio. ANOVA analysis demonstrated that the superficial to deep OCT
signal intensity ratio increased with increasing energy of impact (p<0.001). Cores in the low
impact energy group exhibited a 27% increase (p=0.006) in the signal intensity ratio following
impact, while cores in the moderate energy impact group showed a 38% increase (p=0.001)
following impact injury (Figure 3). No alteration in the OCT signal intensity ratio was found
in unimpacted controls following incubation in the chondrocyte growth medium (p=0.81).

Chondrocyte Viability Analysis
Chondrocyte viability (Figure 4) was assessed one day after impact injury and ANOVA
analysis demonstrated increasing cell death with increasing levels of impact (p<0.001). The
increase in cell death following impact was most pronounced in the superficial cartilage layers;
however, a moderate increase in cell death was seen in deeper layers. In the low impact energy
group, cell death increased by an average of 150% (p<0.001) compared to control samples.
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Cell death in the moderate energy impact group was 200% (p<0.001) greater than that of the
control group.

Optical Coherence Tomography and Chondrocyte Viability
A comparison between chondrocyte viability and OCT signal intensity ratio in individual cores
demonstrated increased chondrocyte death in cores which had a higher OCT signal intensity
ratio (Figure 5). Linear regression analysis demonstrated a significant correlation between
chondrocyte viability and the OCT signal intensity ratio (R^2=0.48, p<0.001, t-stat = 5.9).

Gross Examination and Histologic Analysis
In both the low and moderate energy groups, impact injury did not cause visible damage to the
articular surface. Mean mankin scores in articular cartilage subjected to low impact injury (1.5
±1.08) were similar to non-impacted controls (0.75±0.75, p=0.44). In the moderate impact
group, the mean Mankin score (2.33±1.86) was significantly increased compared to control
(p=0.036), indicating increased micro-structural matrix damage.

The published David-Vaudey Scale (28) was used to assess PLM cartilage fiber structure. No
difference was found between the average David-Vaudey matrix grade of non-impacted
controls (0.67±0.49) and low energy impacted cores (0.89±0.60). The overall David-Vaudey
matrix grade was significantly higher for samples subjected to moderate energy impact (2.00
±1.09) compared to non-impacted controls (p=0.002), consistent with micro-structural
collagen matrix damage following moderate impact injury (Figure 6).

Optical Coherence Tomography and Histology Grading
A comparison between OCT signal intensity ratio and Mankin score or the David-Vaudey
matrix score in individual cores demonstrated higher OCT signal intensity ratio in cores with
more severe matrix degeneration (higher Mankin score and higher David-Vaudey matrix
score). Linear regression analysis demonstrated a significant correlation between the OCT
signal intensity ratio and the total Mankin score (R^2=0.40, p=0.001, t-stat = 4.0) and the
David-Vaudey matrix score (R^2=0.19, p=0.024, t-stat = 2.4).

DISCUSSION
This study shows that OCT is able to detect acute cartilage changes after impact injury at energy
levels insufficient to cause visible damage to the articular surface. Our results demonstrate that
the OCT signal intensity ratio is sensitive to the degree of impact injury in that the OCT changes
correlated with increasing cartilage damage and injury as determined by laboratory assessments
of chondrocyte death and microstructural changes. These findings support the potential utility
of OCT to detect early cartilage damage.

Consistent with the OCT detected changes to the articular cartilage following impact,
histological analysis of the samples showed an increase in Mankin score in cores subjected to
moderate energy impact. An increase in matrix disruption in cores subjected to impact was
also detected via polarized light microscopy and the David-Vaudey matrix grading scale.
Consequently, there was a significant increase in both the Mankin score and David-Vaudey
score in cores subjected to moderate energy impact as compared to non-impacted controls.
These changes were observed in areas that exhibited a decrease in viability and in areas with
changes in the OCT signal. Although these changes were not evident to gross inspection,
Milentijevic et al. has shown that even shallow cracks in the articular surface can eventually
progress to fully pronounced post-traumatic osteoarthritis, under in vivo conditions (18).
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Although low energy impact injury did not cause a significant macroscopic change in the
cartilage surface, chondrocyte death demonstrated a significant increase over unimpacted
controls after both low and moderate energy impact. This finding is consistent with ex vivo
studies which have shown detrimental effects to articular cartilage after a single impact
(19-21). A recent study by Szczodry et al. demonstrated a significant increase in chondrocyte
death at similar levels of impact without gross damage to the articular surface (15).

The ability of OCT to identify cartilage signal changes in the absence of visible surface damage
is consistent with previous studies evaluating human articular cartilage (9), (22). During
arthroscopic examination, Chu et al. found that alterations in the OCT signal in normal
appearing cartilage was similar to changes in OCT birefringence associated with chondrocyte
metabolic incompetence (9). In another study using human knee explants, OCT signal changes
in normal appearing cartilage correlated with signs of degeneration and collagen matrix
disorganization (22).

The polarized light microscopy data in this study further suggest that the OCT detectable
changes may be related to alterations of the collagen architecture. Preliminary studies
demonstrated a similar increase in OCT signal intensity both immediately after impact and 12
hours after impact, further suggesting that matrix structural alteration played a role in these
changes. The differing amount of OCT signal changes observed between the superficial and
deep layers of cartilage after impact may be due to differential loading patterns and is consistent
with previous findings (23).

The positive correlation between the OCT signal intensity ratio, histology, and chondrocyte
death has significant implications for the clinical utility of OCT in the evaluation of cartilage
damage after acute injury. Based on our findings, the degree of chondrocyte death following
traumatic injury could be predicted by the OCT signal intensity ratio, with higher ratios
indicating greater injury. The signal intensity ratio could thus serve as a biomarker for acute
cartilage injury. It is important to note that OCT does not directly detect necrotic and/or
compromised cells. Rather, the increased chondrocyte death observed in impacted specimens
compared to unimpacted controls in this study of fresh, healthy cartilage explants provided
additional evidence of impact injury.

A potential limitation of this study was that bovine cartilage was used for analysis, instead of
human articular cartilage. Although human tissue would have been preferred in order to best
evaluate the clinical utility of OCT, the chondrocyte viability analysis performed in this study
required the use of fresh cartilage. The amount of cartilage used in this study would be
extremely difficult to obtain from normal human tissue. As such, fresh bovine cartilage, which
has been previously used for impact injury experimentation (15), was used.

Moreover, there are potential differences between cartilage damage seen in chondral cores and
whole joint preparations. Previous studies on bovine osteochondral explants indicated that
cartilage failure occurred at 25 MPa (25). Articular cartilage in situ, however, is a remarkably
resilient tissue and is capable of tolerating impact stresses of at least 55 MPa without significant
damage (26). Despite its resilience, chondrocyte necrosis following impact injury to cartilage
has been observed in whole joint preparation without fracture of the articular surface (18). This
highlights the clinical need for methods to reliably detect early cartilage damage when the
articular surface still appears grossly normal.

Our findings support the utility of OCT as a nondestructive imaging modality to detect cartilage
damage that may be poorly visualized with conventional imaging. We have previously shown
that OCT can be used during arthroscopic surgery to show early cartilage degeneration (9,
14). This study demonstrates that OCT is able to detect cartilage damage after impact injury
that is sufficient to cause significant chondrocyte death in the absence of visible surface
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breakdown. As current imaging modalities cannot reliably detect cartilage damage following
impact injury insufficient to fracture the surface, when potentially reversible changes are
occurring, the utilization of an improved method of detection is of critical importance. The
addition of OCT in the clinical setting to evaluate cartilage after a traumatic injury could assist
in identification of subsurface cartilage injuries and allow for the implementation of treatments
prior to breakdown of the articular surface. By identifying cartilage damage previously
unrecognizable subsurface cartilage damage, OCT could assist in the development of new
chondroprotective treatments to prevent or delay the onset of osteoarthritis.
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Figure 1.
OCT scanner generates a 2D cross-sectional image (6.5mm x 2mm) along the scan line depicted
by the laser aiming light (dashed line). The OCT scan line defines the cartilage section in the
mid-sagittal plane running from the 12 o'clock mark to the 6 o'clock position and all cores were
scanned in this position in order to preserve the orientation of the acquired OCT images both
before and after impact.
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Figure 2.
(A) OCT image of normal articular cartilage with corresponding superficial (1) and deep (2)
analysis regions. (B) A significant alteration in OCT signal was seen after impact injury. Scale
bar = 2mm.
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Figure 3.
The superficial to deep OCT signal intensity ratio demonstrated a significant 27% increase
following low impact (*p=0.006) and a 38% increase following moderate impact injury
(**p=0.001). Values reported are an average ± SD.
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Figure 4.
Representative fluorescence images of osteochondral core sections stained for live (green) and
dead (red) cells. Few dead cells are present in the unimpacted control core (A), compared to
increasing amounts in cores subjected to low (B), and moderate (C) energy impact. Scale bar
= 2mm.
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Figure 5.
Linear regression analysis demonstrated a significant correlation between the percent cell
viability and the OCT signal intensity ratio (p<0.001).
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Figure 6.
PLM microscopy images of (A) non-impacted and (B) moderate impacted articular cartilage.
A) In the unimpacted specimen, polarized microscopy shows a dense layer of collagen fibrils
in the superficial zone running parallel to the articular surface. The collagen fibrils in the
transitional zone are regular and closely spaced. B) In the impacted specimen, the collagen
fibers of the superficial zone are disrupted and attenuated. The collagen network in the
transitional zone appears porous with irregular gaps between fibers. Scale bar = 125 microns.

Bear et al. Page 14

J Orthop Trauma. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bear et al. Page 15

Table 1

David-Vaudey matrix grading scale. The matrix grading scale is based on the histologic and PLM characteristics
to evaluate the disruption of cartilage matrix, developed by David-Vaudey et al. (28)

Grade Histologic Characteristics PML Characteristics

0 No surface irregularities Presence of birefringence in the surface and deep zone

1 Mild surface irregularities Minor disruptions of birefringence in the surface

2 Significant surface fibrillation Disruption of birefringence in the superficial zone

3 Significant surface degeneration and moderate transitional zone
degeneration

Complete breakdown of the superficial birefringence

4 Significant structural degeneration extending well into the radial zone Breakdown of birefringence in the superficial as well as deep
zone
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