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Abstract

Aim of the Study—The importance of the medial meniscus to knee health is demonstrated by
studies which show meniscus injuries significantly increase the likelihood of developing
osteoarthritis (OA), and knee OA can be modeled in rodents using simulated meniscus injuries.
Traditionally, histological assessments of OA in these models have focused on damage to the
articular cartilage; however, OA is now viewed as a disease of the entire joint as an organ system.
The aim of this study was to develop quantitative histological measures of bone and synovial
changes in a rat medial meniscus injury model of knee OA.

Materials and Methods—To initiate OA, a medial meniscus transection (MMT) and a medial
collateral ligament transection (MCLT) were performed in 32 male Lewis rats (MMT group).
MCLT alone served as the sham procedure in 32 additional rats (MCLT sham group). At weeks 1,
2, 4, and 6 post-surgery, histological assessment of subchondral bone and synovium was
performed (n = 8 per group per time point).

Results—Trabecular bone area and the ossification width at the osteochondral interface
increased in both the MMT and MCLT groups. Subintimal synovial cell morphology also changed
in MMT and MCLT groups relative to naive animals.

Conclusions—OA affects the joint as an organ system, and quantifying changes throughout an
entire joint can improve our understanding of the relationship between joint destruction and
painful OA symptoms following meniscus injury.
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Introduction

The importance of the medial meniscus to knee health is demonstrated by studies showing
meniscus injuries significantly increase the likelihood of developing osteoarthritis (OA)
(1,2). While some hypothesize OA after meniscal injury proceeds solely due to changes in
load distribution (3), the maladaptive repair response observed in OA is generally thought to
result from biological responses occurring throughout the entire joint (4). In rodent
preclinical OA models, surgically simulated meniscus damage can be used to model post-
traumatic OA development in the meniscus-deficient joint (5,6). Moreover, histological
evidence of joint damage following simulated meniscal injury in the rat and mouse emulates
several clinical features of knee OA, such as focal cartilage lesions and osteophyte
formation.

In rodent meniscal injury models, joint damage is traditionally evaluated through
histological grading, with the most prevalent grading systems originating from the Mankin
scheme. In addition to Mankin-based systems, the Osteoarthritis Research Society
International (OARSI) recommended histological assessment methods for specific animals
in 2010 (7-10). For the rat, the OARSI histological assessment method emphasizes
quantitative measures of cartilage damage, with a few supporting qualitative ranks (7).
However, none of these systems fully assess other joint changes (11-13).

Since damage occurs throughout the joint, the inclusion of multiple tissues in the grading
process may improve our evaluation of OA progression. For example, cartilage lesions are a
significant effect of OA; however, damage to cartilage can also alter joint mechanics and
result in remodeling of the subchondral bone (14-16). Likewise, cartilage fragments can
incite an inflammatory response in the synovium (17). Thus, multiple tissues communicate
and adapt through complex feedback loops; and because one tissue cannot change in
isolation, histological measures that quantify changes throughout the joint may complement
existing cartilage measures and provide a more complete picture of the OA process.

The objective of this study was to develop quantitative histological measures of bone and
synovium following a simulated meniscal injury in the rat. First, using a quantitative
histological grading philosophy similar to that of OARSI scheme, measures of histological
changes in the subchondral bone and synovium were developed. Then, these measures were
applied to histological sections of rat knee OA at 1, 2, 4, and 6 weeks after surgical
simulation of a complete radial meniscal tear. Our data demonstrate that, along with
cartilage damage, subchondral bone trabecular and ossification areas increased progressively
after a simulated meniscal injury. However, the same subchondral bone remodeling was
observed with medial collateral ligament (MCL) transection alone (sham procedure), despite
no evidence of cartilage damage. Moreover, cell morphology in the synovial subintimal
layer was altered with simulated meniscal injury; and while cellular changes in the
synovium were also observed with MCL transection, the relative severity of synovial
changes with meniscal injury was much greater than that of MCL alone.
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Experimental design

All procedures were performed according to the University of Florida Institutional Animal
Care and Use Committee (IACUC), the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC), and National Institutes of Health (NIH) guidelines. To
be clear, surgery, mechanical sensitivity testing, spatiotemporal gait analysis, and OARSI
histopathology grading have been previously reported for the animals included in this study
(18). The aim of this study was to develop and assess previously unmeasured histological
features in bone and synovium following meniscal injury in the rat.

Rat medial meniscus injury model

Histology

To model a meniscal injury, 72 male Lewis rats (3 months, 250 g) were obtained from
Charles River Laboratories and allowed to acclimate to the housing at the University of
Florida for at least one week prior to any testing. An MCL transection followed by a medial
meniscus transection (MMT) was performed on 32 animals, as previously described (5).
Briefly, anesthesia was induced with 3-5% isoflurane, with anesthesia maintained with 1
2% isoflurane via mask inhalation. The knee was prepped for aseptic surgery using
povidone-iodine and ethanol in triplicate, followed by a final application of povidone-iodine.
A medial skin incision was made along the knee, and tissue was bluntly dissected to expose
the MCL. The MCL was transected (MCLT) and the joint was placed in a valgus orientation
to expose the medial meniscus. The meniscus was then transected radially with an 11 blade
scalpel (MMT). In addition, 32 animals received only MCLT, but without meniscal injury
(MCLT sham). Please note, prior work by several groups has demonstrated that MCLT alone
does not result in cartilage damage over 4-5 weeks and is frequently referred to as the sham
procedure for the rat MMT model (5,6,18-21). The incisions of animals tested at week 1
post-surgery were closed using interrupted 5-0 Vicryl sutures. In the 2, 4, and 6 week post-
surgery groups, wounds were closed using 9 mm wound clips, which were subsequently
removed at 10-14 days after surgery. Because gait analysis was performed on these animals
for a separate study (18), this difference in closure techniques was selected to reduce gait
modifications caused by the external wound clips at 1 week post-surgery. The eight
remaining animals served as a naive cohort.

At 1, 2,4, and 6 weeks after surgery, animals were humanely euthanized. Knees were
dissected and fixed for 48 hours in 10% neutral buffered formalin (Fisher Scientific,
Waltham, MA). Ranging from 18 to 25 days, joints were decalcified at 4 °C in Cal-Ex
(Fisher Scientific), with decalcification reagent exchanged every 48 hours until the bone was
soft. The joints were then processed for paraffin embedding via vacuum infiltration.
Paraffin-embedded joints were sectioned frontally on a rotary microtome (Leica Biosystems,
Buffalo Grove, IL, RM2255) at a thickness of 10 pm per section. The sections were
collected in strips of 10 (representing a total thickness of 100 um), with 3-5 sequential
sections mounted onto each slide with the rest of the strip discarded. Thus, each slide
represents joint changes at approximately every 100 pum.
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Histological images

Slides representing structural damage to the articular cartilage were stained with toluidine
blue, and the medial compartment of each section was imaged at 4x magnification on an
EVOS XL Core (Fisher Scientific). A total of 9 medial compartment images were taken of 3
consecutive sections from each of the 3 sequential slides (i.e. 3 histological sections from the
slide representing the most significant cartilage damage and 3 histological sections from a
slide 100 pm anterior and 100 pm posterior from the slide representing the most significant
cartilage damage). Using the location guidelines for synovial thickness recommended by the
OARSI histopathology initiative for the rat, one additional image of the medial, proximal
synovium (between the meniscal and bony attachments) was taken at 10x magnification
from the section representing the most significant cartilage damage. Prior to grading, the
histological images were randomized to blind the grader. All histological measures and the
section(s) where the measure was conducted are described below and in Table 1.

Ossification at the subchondral bone—cartilage interface

Using the image representing the most severe cartilage damage, measurement of bony
changes at the subchondral bone—cartilage interface was calculated by four blinded graders
using a MATLAB-based graphic user interface available for download at the corresponding
author’s website (GEKO-Subchondral Bone, Figure 1, http://www.orthobme.com/
resources.html).

To quantify subchondral bone ossification, each grader first estimates the medial and lateral
endpoints of the tibial osteochondral interface (Figure 1, black bar). Then, the grader traces
the osteochondral interface of the ossified cartilage (yellow area). The script uses these
coordinates to estimate the width and height of subchondral bone ossification as ratios of the
osteochondral interface width.

Subchondral bone edema

In the nine medial compartment histological images from each knee (spacing described
above), the four graders were asked to trace areas representing subchondral bone edema, if
present (pink area, Figure 1). If an edema was present on an image, the image was assigned
a value of 1; otherwise, the image was assigned a value of 0 (indicating no edema was
present on that image). For each animal, the percentage of the nine sections containing
evidence of edema was calculated. In addition, edema size was calculated, when present.

Epiphyseal trabecular bone area

Using recommendations from the American Society for Bone and Mineral Research
(ASBMR) standard and the 2012 updated ASBMR recommendations for two-dimensional
(2-D) bone histomorphometry (22,23), epiphyseal trabecular bone area (ETBA) was
calculated by two blinded graders. However, while the ASBMR standard describes each
component of the recommended equations, this standard does not provide detailed
guidelines on how to measure each component. For example, the ASBMR trabecular bone
volume standard is defined as trabecular bone volume divided by total bone volume
(trabecular bone volume plus bone marrow voids), but no specific method is suggested to
collect trabecular bone volume or total bone volume, such as the number of 2-D histological
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slides which should be evaluated, nor the spacing between these slides. As such, we use the
term epiphyseal trabecular bone area in this manuscript, such that it is clear these measures
are coming from 2-D histological sections, similar to previous reports of trabecular bone
area (TBA) (16,24).

To calculate subchondral ETBA, the nine medial compartment histological images from
each knee (spacing described above) were first prepared in Adobe Photoshop CS5.1. Here,
the image was rotated such that the tibial plateau was approximately horizontal, and the
image was cropped to eliminate unused portions of the image. In addition, tissues not
presenting the subchondral trabecular bone and bone marrow voids were filled in as black
(Figure 2A). This edit eliminated tibial articular cartilage and pre-osteophytes. Subsequently,
any point where the dehydrated bone marrow touched subchondral bone was erased in order
to isolate the bone marrow voids from the trabecular bone. Images prepared in Photoshop
were then loaded into a MATLAB script, which automatically removes dehydrated bone
marrow using object and color filters and calculates the number of bone marrow voids, size
of bone marrow voids, and ETBA over the entire subchondral bone area (Figure 2B,
available for download at the corresponding author’s website, GEKO-Subchondral Bone,
http://www.orthobme.com/resources.html). Additionally, the script subdivides the ETBA
into a 3 x 3 grid and calculates the ETBA in each zone (Figure 2b).

Trabecular bone area

In addition to ETBA, a more isolated TBA measure was also calculated. TBA is a
representation of the amount of subchondral trabecular bone excluding the portions of bone
between the tibial plateau cartilage and the bone marrow spaces and the portions of bone
between the epiphyseal plane and bone marrow space (Figure 2A). The images used to
measure TBA were created by taking the ETBA images described above and removing
additional trabecular bone such that the TBA could be measured only where bone marrow
spaces are included. Once these TBA images were created, they were processed by the same
MATLAB script as mentioned above.

Synovial subintima

To assess changes in the synovial subintima, four blinded graders used the 10x
magnification image of the synovium to identify a portion of synovium proximal to the
medial meniscus but distal from the synovium’s connection to the femur in which the
subintimal cells were visible and aligned (Figure 3A). Once the desired portion of synovium
was identified, each grader cropped the 10x magnification image of the synovium in Adobe
Photoshop CS5.1 to isolate the desired portion of synovium (Figure 3B). The Photoshop
altered image was rotated to align the image edge with the edge of the synovium and then
loaded into a MATLAB script to assess the subintimal cell density, aspect ratio, and
alignment (Figure 3C, available for download at the corresponding author’s website, GEKO-
Subchondral Bone, http://www.orthobme.com/resources.html).

Since toluidine blue is metachromatic and has an affinity for nucleic acids, subintimal cell
bodies are stained dark blue while the surrounding synovial extracellular matrix stains much
lighter. This feature allows MATLARB to isolate subintimal cells from the background using

Connect Tissue Res. Author manuscript; available in PMC 2018 May 01.


http://www.orthobme.com/resources.html
http://www.orthobme.com/resources.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kloefkorn and Allen

Page 6

color and hue/saturation filters, correcting for the natural variance in the stain by using a red
and green channel ratio. Once the cells were isolated, the script automatically calculates the
number of cells, average cell density (# cells/100 pixels?), average length of the major and
minor axes of the cells, average cell aspect ratio (major axis/minor axis), and the percentage
of cells within +£3 degrees of vertical alignment (with the vertical axis defined by the edge of
the synovium).

Analysis of variance and post hoc assessments

Results

For measures of ossification, subchondral edemas, and synovial cell morphology, results
from the 4 graders were averaged to derive 72 representative animal means. For ETBA and
TBA, data from multiple sections and multiple slides were averaged such that 72 animal
means were calculated for the 2 graders. Then, the results from these 2 graders were
averaged to derive 72 animal means. These animal means were used to assess differences
between 9 treatments (naive plus 8 separate surgery-time points) using a 1-way analysis of
variance (ANOVA) followed by a Tukey’s Honestly Significant Difference (HSD) post hoc
test, when indicated. Significance levels were set as 0.05 for both tests. Furthermore, to
assess inter-grader variability, intraclass correlation coefficients (ICCs) were calculated for
each histological measure using SPSS Statistics 24 (alpha model with two-way random
compensation).

Ossification at the subchondral bone—cartilage interface

At 1 and 2 weeks after a simulated meniscus injury, significant ossification was observed at
the subchondral bone—cartilage interface in the MMT group relative to naive and MCLT
sham procedures (o < 0.025). However, at weeks 4 and 6, similar levels of ossification were
observed in the MMT and MCLT sham groups, despite a lack of articular cartilage
remodeling in the MCLT sham group (Figure 4). Moreover, significant ossification was also
observed in the MCLT sham group relative to the naive group at weeks 2, 4, and 6 post-
surgery (0 < 0.013).

Subchondral bone edema

Edemas only appeared in animals with simulated meniscal injury, and generally, only
appeared at later time points (Figure 5). In MMT animals, the percentage of sections
containing evidence of edema increased over time, indicated by weeks 2, 4, and 6MMT
animals having a higher prevalence of edema than naive controls and MCLT sham (p <
0.0001) and weeks 4 and 6 MMT animals having a higher prevalence than week 1 MMT
animals (p < 0.0001). Edema size in MMT animals was also significantly larger than naive
controls and MCLT animals at week 6 post-surgery (p < 0.0001).

Epiphyseal trabecular bone area

At week 4, the overall ETBA increased in MMT animals relative to naive controls (p =
0.031); however by week 6, both MMT and MCLT sham animals had increased ETBA
relative to naive animals (p < 0.040, Figure 6B). The increased ETBA in MMT animals may
be largely influenced by ETBA in zones B1 and C1, which include the majority of ossified
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cartilage (Figure 6C and D). In MMT animals, zone C1 area is larger than the respective
naive zone at all time points (p < 0.043), and zone B1 area is larger than the respective naive
zone at weeks 4 and 6 post-surgery (p < 0.002). Conversely, while the MCLT sham exhibited
an increased overall ETBA at week 6, no significant zonal differences were found at any
time points when compared to naive.

Trabecular bone area

Overall, TBA measures exhibited similar results as found with the ETBA. At week 4, overall
TBA in MMT animals was increased relative to naive animals (o = 0.0005). At week 6, TBA
in both MMT and MCLT sham was increased relative to naive animals (o < 0.0002) with
MMT TBA also larger than MMT TBA values at weeks 1 and 2 (p < 0.004, Figure 6F).
Zones B1 and C1 TBA measures were also similar to ETBA results in which animals had
increased zone B1 TBA at weeks 4 and 6 post-surgery relative to MCLT sham and naive
animals (p < 0.037, Figure 6G) and increased zone C1 TBA at all time points relative to
naive animals (p < 0.001) and MCLT sham animals at weeks 2, 4, and 6 (p < 0.023, Figure
6H). Additionally, at weeks 4 and 6 post-surgery, MMT animal zone C1 TBA was increased
from MMT values at weeks 1 and 2 post-surgery (p < 0.001).

Synovial changes

In healthy animals, synovial subintimal fibroblasts qualitatively appeared as spindles with
strong population directionality (Figure 7A). Conversely, cell bodies in the synovial stroma
of MMT animals were more spherical and lacked directionality, and MCLT sham subintimal
cell bodies were morphologically between naive and MMT animals. As such, cell aspect
ratio (a quantification of cell shape) was larger in naive animals relative to MCLT sham and
MMT animals (p < 0.0001, Figure 7C). These morphological changes to cell shape are
perhaps best described by changes in the cell’s major and minor axes lengths, where the
major axis decreased in both MMT and MCLT animals across time, while the minor axis
increased at 1 week post-surgery then trended back to naive levels (Figure 7B and D). This
plot clearly demonstrates the similar trend, but different levels of magnitude observed, in
changes to the cell morphology in the MMT and MCLT sham animals.

Along with changes to cell morphology, a lower percentage of the synovial cell was aligned
with the synovial edge in MMT animals relative to naive controls at all time points (p <
0.0001, Figure 7E). Similarly, the percentage of cells that aligned with the synovial edge was
lower in MCLT animals relative to naive controls at weeks 2, 4, and 6 post-surgery (p <
0.0001). Though fewer cells were aligned in both MMT and MCLT sham animals, the
percentage of the cell population that was aligned was significantly different between the
MMT and MCLT sham animals at week 6 post-surgery (o= 0.031).

Finally, subintimal cell density of MMT animals was substantially larger than naive animals
at all time points even after correcting for image size (p < 0.0001, Figure 7F). Similarly,
subintimal cell density of MCLT sham animals was larger than naive animals at weeks 2, 4,
and 6 post-surgery (p < 0.002), though not as large as MMT animals at week 6 (p = 0.003).
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Intra-class correlation coefficients

Overall ICCs for all histological measures were above 0.89 with ICCs calculated for
measures of subintimal cell density, presence of edema, ossification width, TBA, and ETBA
above 0.95 (Table 2).

Discussion

Following meniscal injury, post-traumatic OA affects all tissues within a joint. Structural
changes include cartilage lesion formation, changes in subchondral bone density, formation
of osteophytes along the joint margin, and fibrosis and thickening of the synovium.
Additionally, inflammation chronically alters the joint at the molecular level, disrupting joint
homeostasis and promoting catabolic disease processes. Most histological assessments of
OA in rodents do not describe changes throughout the joint, but instead focus on cartilage
damage alone. Exploring ways to quantify OA-related changes in these other tissues can
provide new insights to the totality of OA pathogenesis following meniscal injury.

While the OARSI scheme dedicated one measure to synovial changes (capsular thickness),
the subintimal cell morphology measures presented in this study add detail that may not be
captured by capsular thickness alone. Moreover, our data indicate synovial cells in the
subintimal layer have a sensitive, graded response to injury and might provide a useful
indicator of joint health. Not only were MMT and MCLT sham subintimal cells different
from naive, their morphologies were distinct from one another and continued to change at
each time point. These data were measured from a synovial location suggested by the
OARSI scheme for rats, but other synovial locations may offer additional insight to synovial
changes resulting from meniscal injury.

The OARSI histopathology scheme for rats recommends toluidine blue stain to assess OA-
related cartilage, bone, and synovial damage; however, cell morphology is not typically
evaluated with this stain. However, in this manuscript, cell morphology changes were
successfully measured using toluidine blue. Nonetheless, the low contrast between the cell
bodies and the surrounding tissue, combined with natural variance in the dye, do present
some challenges. Toluidine blue can appear purple when underexposed and blue when
overexposed, requiring unique color thresholds to be used for each histological image. This
variation can obscure accurate cell identification and may result in batch-to-batch variations.
Our script partially addresses this challenge by using a red-to-green channel ratio, but better
image analysis could increase the sensitivity of this measure. Additionally, other stains, such
as hematoxylin & eosin, may increase precision, though at the cost of assessing other tissue
features on the same section. Recognizing that OA is a whole joint disease affecting multiple
tissues, assessing tissue damage on the same section is ideal. Thus, our approach using
toluidine blue allows observable structural changes for the majority of tissue within a joint to
be assessed, along with observations of cell morphology.

Subchondral bone is a complex network of marrow voids and trabecular bone. On
histological slides, little order can be visually identified in subchondral bone, with patterns
changing drastically from slide to slide, and occasionally section to section. Using CT scans,
subchondral bone has been shown to become more dense in human OA (25-28). Increases in
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subchondral bone density have also been observed in rodents using a pCT (29-31) and
ultrasound (32,33). Using histology from a similar rodent OA model, another study
measured TBA according to the ASBMR histomorphometry nomenclature committee (16).
In that study, TBA was measured by imaging a 600 x 800 um portion of subchondral bone
from two slides located 100 um apart. Trabecular bone volumes calculated from these two
images were then combined to represent a single trabecular bone volume for each joint. This
approach was not sensitive enough to detect increasing bone area in our model (data not
shown); however, expanding this approach to three consecutive images from three sequential
slides (9 total) was enough to confirm that subchondral bone changes were occurring in
MMT and MCLT animals.

Many histological scoring methods are typically performed by averaging results from
multiple graders (11,34-39) or multiple sections (22-24,30,39). This approach is often
chosen to mitigate the high variability and subjectivity of most scoring methods. In this
manuscript, several measures of subchondral bone and synovial cell morphology are
automated and will consistently produce the same result given the same image input, thus
reducing the need for multiple graders or histological images. However, the manually chosen
measures defining ossification may also contain some variability and subjectivity, but less
severe than traditional scoring methods. In traditional scoring methods, the full range of
tissue degeneration is contained in relatively few, discrete values. Conversely, the
quantitative ossification measures described in this manuscript are continuous and allow for
a more precise description of tissue degeneration.

While analyzing subchondral bone area through histology is not as rapid or precise as uCT,
the histological approach presented herein was still able to collect spatial and structural data
from cartilage, bone, and synovium from the same section. This work was also limited to
using slides near the cartilage lesion to assess subchondral bone changes, but could be
expanded to other joint locations as other studies have shown for trabecular bone volume
changes in other areas (31,40,41).

During OA-related ossification, cartilage at the osteochondral interface increasingly
calcifies, decreasing cartilage thickness and increasing trabecular bone thickness
(15,42,39,43); thus, ossification could be responsible for the increased area of bone in MMT
and MCLT sham groups relative to naive. Comparisons of TBA in zones B1 and C1 revealed
significant differences between the MMT animals and naive animals at all time points;
however, no local differences were found between MCLT animals and naive controls. This
finding may indicate that bony remodeling is occurring over the entire medial subchondral
bone compartment in MCLT sham animals, while changes in the MMT animal may be
focally related to the cartilage lesion.

The bone and synovium measures presented in this work describe joint damage not widely
assessed after a simulated medial meniscus injury in the rat. Moreover, these bony and
synovial changes are quantitative and continuous. Overall, these data demonstrate that OA
affects the joint as an organ system, and through quantification of changes throughout the
entire joint, a better understanding of the pathogenesis of joint destruction may be
constructed.
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Histological Images (4x magnification)

Figurel.
Summary of MATLAB script to measure changes at the subchondral bone-cartilage interface

following a simulated meniscus injury in the rat. Once loaded, users place markers defining
osteochondral width by clicking the two end points defining the measure (black line). If
present, the user then outlines any edemas (red) or ossification (yellow) present in the
subchondral bone using a series of clicks.
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a)
9 Histological Images Processed Epiphyseal Epiphyseal Trabecular Bone
(4x magnification) Trabecular Bone Image Summary Image
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Figure2.
Calculating trabecular bone area. a) The image is first prepared in Adobe Photoshop by

rotating the image such that the tibial plateau is horizontal and erasing any points where the
dehydrated bone marrow is contiguous with the trabecular bone. To prepare the epiphyseal
trabecular bone images, surrounding tissue is then removed leaving the subchondral bone
area between the articular cartilage and epiphyseal plane. From these images, the trabecular
bone images are created by removing the bone between the articular cartilage and bone
marrow voids and between the epiphyseal plane and bone marrow voids. b) This Photoshop
prepared image is then loaded into a custom MATLAB script, where trabecular bone area is
calculated over the entire subchondral bone area and within 9 pre-defined zones (red grid).
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Figure 3.

Calculating synovium measures. a) The 10x magnification synovial image (green square) is
taken proximal to the meniscus in the medial compartment. b) As in Figure 2, the synovial
image is first prepared in Adobe Photoshop by rotating the image to vertical and cropping
the image such at only synovial tissue is included. c) This Photoshop prepared image is then
loaded into a custom MATLAB script, where subintimal cells are identified and measures of

cellular density and morphology are calculated.
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Figure 4.
Ossification of Subchondral Bone. a) Representative toluidine blue-stained images from

naive, MCLT sham, and MMT groups. b) and c) Ossification occurs in both MMT and
MCLT Sham animals and becomes progressively more severe. Data are shown as animal
averages. * denotes significance from naive; ~ denotes significance from MCLT Sham
values at respective time point; 1 denotes significance from respective group at week 1 post-
surgery.
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Figureb.
Edema Measures. a) Edema appeared in some MMT animals as early as week 1 but occurred

in all MMT animals by week 4. b) Edema area is relatively small in MMT animals until
week 6. Data are shown as animal averages. *denotes significance from naive; “denotes
significance from MCLT Sham values at respective time point; denotes significance from
respective group at week 1 post-surgery; 2denotes significance from respective group at
week 2 post-surgery.
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Figure 6.
Trabecular Bone Area. a) Representative images of processed epiphyseal trabecular bone

area bone (ETBA) images for naive, MCLT sham, and MMT groups. b) ETBA increases in
MMT animals by week 4 post-surgery and in MCLT animals by week 6 post-surgery. c) At
later time points, zone B1 ETBA in MMT animals is significantly larger than both MCLT
Sham and naive animals. d) Zone C1 ETBA increases progressively in MMT animals only.
Zone C1 ETBA is larger in MMT animals relative to naive animals at all time points and
larger than MCLT sham animals at weeks 2, 4, and 6 post-surgery. €) Representative images
of processed trabecular bone area bone (TBA) images for naive, MCLT sham, and MMT
groups. f) TBA increases in MMT animals by week 4 post-surgery and in MCLT animals by
week 6 post-surgery. g) At later time points, zone B1 TBA in MMT animals is significantly
larger than both MCLT Sham and naive animals. h) Zone C1 TBA increases progressively in
MMT animals only. Zone C1 TBA is larger in MMT animals relative to naive animals at all
time points and larger than MCLT sham animals at weeks 2, 4, and 6 post-surgery. Data are
shown as animal averages. * denotes significance from naive; ” denotes significance from
MCLT Sham values at respective time point; 1 denotes significance from respective group at
week 1 post-surgery; 2 denotes significance from respective group at week 2 post-surgery.
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Subintimal cell morphology. a) Representative cropped and rotated histological images of
synovium stained with toluidine blue. b) Group averages and standard deviations of cell
minor axis plotted against cell major axis. In MMT animals, minor axis measures increase
and major axis measures decrease. There is also a trend for the major axis to progressively
reduce across time points. ¢) MMT and MCLT sham animal subintimal cell aspect ratio are
lower than naive animals at all time points. d) Graphical representation of cell shape from
group averages of major and minor axis length at each time point. €) Progressively lower

percentages of subintimal cell population are aligned in both MMT and MCLT Sham

animals. f) Cell proliferation, indirectly measured as cell density, increased progressively in

both MMT and MCLT Sham groups, though the effect in MMT animals was more

significant than MCLT Sham animals by week 6 post-surgery. Data are shown as animal

averages. * denotes significance from naive; ~ denotes significance from MCLT Sham

values at respective time point; 1 denotes significance from respective group at week 1 post-
surgery; 2 denotes significance from respective group at week 2 post-surgery.
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Table 1

Definitions of Subchondral Bone and Synovium Measures.

Histological measure Unit Definition
Ossificati idth %
sstfication Wi ’ Width of Ossification Area
Width of Osteochondral Interface
Ossification height %
Hicationietg ’ Width of Ossification Area
Width of Osteochondral Interface
Edema area um? Sum of the Area Covered by Edema
Ed %
ema presence ’ Numberof 9 Medical Compartment Images Containing Edema
9
Epiphyseal trabecular %
bgn’é g/rea (ETBA) ’ Sum of Area Covered by Trabecular Bone Between Articlar Cartilage and Epiphyseal pl
Sum of Area Covered by Trabecular Bone+ Bone Marrow Voids Articlar Cartilage and Epiphy.
Trabecular bone area %
(TBA) ’ Sum of Area Covered by Trabecular Bone

Synovial subintimal

cell density cells
100 pizels?
Synovial subintimal Unitless

cell aspect ratio

Synovial subintimal % cell population
cell alignment

Sum of Area Covered by Trabecular Bone+Bone Marrow Voids

< Number of Cellsin Image ) 100
Image Width x Image Height

Cell Major Axis Length
Cell Minor Azis Length

Number of Cells within + 3° of Vertical Alignment
Number of Cellsin Image
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Table 2
Intraclass Correlation Coefficients (ICCs).
Histological measure ICC
Synovial subintimal cell aspect ratio 0.901
Synovial subintimal cell density 0.953
% Synovial subintimal cell population within +3° of vertical alignment  0.917
Presence of edema on 9 total images 0.999
Edema area 0.895
Ossification width 0.951
Ossification height 0.892
Trabecular bone area 0.961
Epiphyseal trabecular bone area 0.974
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