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Abstract
OBJECTIVE—Post-traumatic arthritis is a frequent cause of disability and occurs most
commonly and predictably after articular fracture. The objective of this investigation was to
examine the effect of fracture severity on acute joint pathology in a novel murine model of intra-
articular fracture.

DESIGN—Low and high energy articular fractures (n=25 per group) of the tibial plateau were
created in adult male C57BL/6 mice. The acute effect of articular fracture severity on synovial
inflammation, bone morphology, liberated fracture area, cartilage pathology, chondrocyte
viability, and systemic cytokines and biomarkers levels was assessed at 0, 1, 3, 5, and 7 days post-
fracture.

RESULTS—Increasing intra-articular fracture severity was associated with greater acute
pathology in the synovium and bone compared to control limbs, including increased global
synovitis and reduced periarticular bone density and thickness. Applied fracture energy was
significantly correlated with degree of liberated cortical bone surface area, indicating greater
comminution. Serum concentrations of hyaluronic acid (HA) were significantly increased one day
post-fracture. While articular fracture significantly reduced chondrocyte viability, there was no
relationship between fracture severity and chondrocyte viability, cartilage degeneration, or
systemic levels of cytokines and biomarkers.

CONCLUSIONS—This study demonstrates that articular fracture is associated with a loss of
chondrocyte viability and increased levels of systemic biomarkers, and that increased intra-
articular fracture severity is associated with increased acute joint pathology in a variety of joint
tissues, including synovial inflammation, cortical comminution, and bone morphology. Further
characterization of the early events following articular fracture could aid in the treatment of post-
traumatic arthritis.
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INTRODUCTION
Post-traumatic arthritis (PTA) is a frequent cause of disability following trauma of weight-
bearing joints, and it is estimated that 12% of the nearly 21 million Americans with
symptomatic osteoarthritis (OA) have a post-traumatic etiology [1, 2]. PTA can develop
after a variety of joint injuries but occurs commonly after intra-articular fracture [2].
Importantly, more severe fractures, characterized by greater displacement of the articular
surface and subchondral bone and greater degree of comminution, have a worse prognosis
[3]. Thus energy of injury and subsequent intra-articular fracture severity may play a
fundamental role in the pathologic progression of PTA and also serve as an important
prognostic indicator for clinical outcomes [3, 4].

While various types of joint trauma can cause PTA, the mechanisms by which the extent of
injury severity may lead to increased joint degeneration is unclear [5-10]. Loss of
chondrocyte viability following traumatic impact at the time of intra-articular fracture may
contribute to PTA [11, 12]. Cell death and altered cartilage structure can be present in a
traumatized joint in the absence of articular fracture [13-16]. Injuries severe enough to result
in intra-articular fracture, however, undoubtedly involve cell death and altered cartilage
structure as well [17, 18]. Pro-inflammatory cytokines such as IL-1 and TNF-α are up-
regulated in injured and degenerative joints and may play an important role in the
pathogenesis of PTA [19, 20]. The effect of articular fracture on synovial inflammation
remains unknown, although synovial pathology is critical in the development of various
forms of arthritis [21, 22].

The objective of this study was to examine the effect of intra-articular fracture severity on
acute pathology within various joint tissues in a murine model of closed articular fracture
that results in progressive osteoarthritic changes in bone and articular cartilage following a
single periarticular injurious load [23]. We hypothesized that increased energy of fracture
would lead to increased intra-articular fracture severity, which would be reflected in
quantitative measures of increased liberated cortical bone surface area (indicating greater
comminution). Furthermore, we examined the hypothesis that increased fracture severity
would be associated with acute increases in synovial pathology, bone morphological
changes, chondrocyte death, degeneration of the articular cartilage, and levels of circulating
inflammatory cytokines and biomarkers.

METHODS
All procedures were performed in accordance with protocols approved by the Duke
University Institutional Animal Care and Use Committee. Fifty-six mice (male, C57BL/6,
8wks) were obtained from Charles River Laboratories. Animals were housed until 16 weeks
of age, at which time active growth has decreased, and peak bone mass is achieved [24, 25].
As described previously [23], animals were anesthetized (pentabarbitol, i.p.60mg/kg) and
placed in a custom cradle with the left hindlimb in neutral position (90° flexion). A custom
indenter applied a 10N pre-load to the anterior aspect of the left proximal tibial plateau,
followed by compression applied at a rate of 20N/s. Two different loads were applied: a low
energy fracture, with a displacement limit of 3.2mm, and a high energy fracture, with no
limit on displacement. The energy of fracture was calculated from load-displacement curves
for each joint. Group one (n=25) was subjected to low energy fractures. Group two (n=25)
was subjected to high energy. Additional mice were utilized as non-fractured controls (n=3)
or shams (knee probed, fracture load omitted; n=3).
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All mice underwent high resolution digital radiographs (Model MX-20 Digital, Faxitron)
within 1hr to confirm the presence of an articular fracture. No fixation or surgical
intervention was employed. Animals were given analgesic (buprenorphine, s.q. 0.1mg/kg,
bid) for 48hrs following fracture inductions and allowed immediate ad libitum weight
bearing and motion. Mice were sacrificed at 0(n=8), 1(n=3), 3(n=3), 5(n=3), and 7(n=8)
days post-fracture per group. Contralateral limbs were used as controls unless otherwise
indicated. Non-fractured controls were sacrificed at day 0, and sham animals were sacrificed
at day 7.

To determine chondrocyte viability, hind limbs from 3 randomly selected animals per group
from all timepoints were excised, overlying skin and musculature carefully removed, and
capsulectomy performed. Confocal microscopy with a fluorescent live/dead assay was
initially attempted, but complications due to the small size and instability of multiple
osteochondral fragments in the fractured mouse joint forced us to abandon this
methodology. As an alternative, chondrocyte viability was assessed using nitroblue
tetrazolium (NBT). NBT is cell-permeable and metabolized by live cells to form a blue
formazan product which remains stable to standard histological preparation and paraffin-
embedding. Various studies have documented NBT as a live cell marker for chondrocytes
[26, 27]. Because an alternative method of assessing chondrocyte viability was used, shams
were also assessed. For NBT analysis, limbs were incubated (5% CO2, 37°C) for 24hrs in
6ml of solution containing 1.5mg/ml NBT in Ham’s F12, 5% FBS, and 1% penicillin/
streptomycin. Limbs were then fixed in 10% buffered formalin in a neutral position of the
limb (90° flexion) for microCT evaluation followed by histology.

A modified grading scale was used to qualitatively assess the percentage of live cells in the
cartilage for those limbs stained with NBT (Table 1). First, the central region of the joint
was identified on coronal histologic sections by the presence of the anterior cruciate
ligament and triangular shaped sections of both the medial and lateral menisci. An additional
section was chosen from an anterior region located 120 to 200μm anterior to the first
section. The medial and lateral femoral condyles, and medial and lateral aspects of the tibial
plateau were graded separately by 4 blinded graders (maximum site score 5) and then
summed to calculate a total joint score (maximum score 20) for each joint. An increasing
score was associated with increased chondrocyte death.

All hind limbs at 0 and 7 days post-fracture were scanned by a desktop microCT system
(microCT 40, Scanco Medical AG, Bassersdorf, Switzerland). A hydroxyapatite calibration
phantom was used to calibrate bone density values (mg/cm3). Morphometric bone
parameters were determined in the distal femoral condyles, proximal tibial plateau
immediately distal to subchondral bone, and metaphyseal region of tibia, as previously
described [23]. Parameters reported in the femoral condyles were trabecular bone fraction
(bone volume/total volume) and bone density (mg/cm3). Parameters reported in the tibial
plateau and metaphyseal regions include bone volume (mm3) and bone density (mg/cm3).
Subchondral bone thickness was also measured in the central region of the joint, as
previously described [23].

Fractures were characterized for degree of comminution by measuring liberated surface area
[4] from microCT images in a subset of animals from both low and high energy fractures
(n=8). Semi-automated edge detection software employing a Canny filter (Mathematica 6.0,
Wolfram, Champaign, IL) was used to outline cortical bone in axial CT scans with a voxel
size of 16×16×16μm. Spline curves were used to segment the edges of cortical bone within
each image and to create a 3D model of each joint. The fractured joint 3D model was then
aligned with its contralateral control using an iterative closest point technique [28], and the
change in surface area between the two models was calculated. The liberated surface area
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was then plotted as a function of applied fracture energy [4]. The effect of fracture energy
classification (low versus high energy) on liberated surface area was also assessed.

Histologic sections were prepared of the entire knee joints from both hind limbs of all mice.
Following formalin-fixation and scanning with microCT, all limbs were decalcified,
sequentially dehydrated in ethanol, infiltrated with xylene, and paraffin-embedded.
Histology sections (8μm thick) were taken in the coronal plane.

Synovial pathology in the knee following articular fracture was evaluated at day 0 and 7
post-fracture in histologic sections from all limbs without NBT staining (n=5 per group).
Due to histology processing issues, one animal from the low energy group was excluded.
Two sections in the central and anterior regions were stained with Harris hematoxylin and
eosin (H&E). The synovial insertion of the lateral femur, medial femur, lateral tibia, and
medial tibia were evaluated separately using a modified form of an established synovitis
score [29] (Figure 1) for changes in synovial lining thickness and cellular density in the
synovial stroma (maximum site score 6) by 4 blinded graders. The correlation between
degree of synovitis and applied fracture energy or liberated surface area was also assessed.

To evaluate cartilage pathology of the knee, histologic sections from the central region from
all joints at day 0 and 7 post-fracture were stained with Safranin-O and fast green. A
modified Mankin histologic scoring system [30, 31] was used to evaluate cartilage
pathology and degenerative changes in cartilage structure, proteoglycan staining, tidemark
duplication, fibrocartilage, clones, hypertrophic chondrocytes, and subchondral bone
thickness [23, 32]. The lateral femur, medial femur, lateral tibia, and medial tibia were
graded separately by 4 blinded graders. A total modified Mankin score representing the
overall state of the cartilage in the joint was summed from the scores of the individual
locations (maximum score of 120).

Systemic levels of inflammatory cytokines, hyaluronic acid (HA), and cartilage oligomeric
matrix protein (COMP) were measured. For these measures, it was necessary to use non-
fractured and shams as controls. At the time of sacrifice, approximately 150μl of blood was
collected via retro-orbital bleed followed by a cardiac stick (randomly selected, n=3-4 per
group). Collected blood was centrifuged (model IEC Centra CL3R; ThermoScientific;
Waltham, MA) at 3500RPM (2450 RCF) for 15min, and the sera were stored at −80°C until
analyzed. Inflammatory cytokines were quantified using the Bio-Plex Mouse cytokine 23-
Plex Panel multiplex bead assay (Bio-Rad Laboratories, Inc., Hercules, CA), which included
IL-1α, IL-1β, IL-4, IL-6, IL-10, and tumor necrosis factor alpha (TNF-α). All samples were
analyzed as recommended by the manufacturer using a standard range of 0-3200pg/mL and
a sample dilution of 1:2; utilizing a total of 30μL of sera. Commercially available ELISA
kits were used for measuring HA (Corgenix, Westminster, CO), and COMP (animal kit;
AnaMar, Lund, Sweden) and performed as per the manufacturer’s instructions.

Multifactorial analysis of variance (ANOVA) was utilized to examine statistical differences
between experimental and control limbs along with the effect of healing time with
significance reported at the 95% confidence level (STATISTICA v.7, StatSoft, Inc.). Log
transformation was used for data not normally distributed. For synovitis assessment,
statistical analysis was performed using nonparametric analyses with significance reported
at the 95% confidence level. Statistical analysis for correlations between synovitis and either
liberated surface area or applied fracture energy was also performed using nonparametric
analyses with significance reported at the 95% confidence interval. Correlations between
chondrocyte viability and other measured parameters were performed using regression
analysis.
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RESULTS
Overall fracture success rate was 95%. Fractures were most commonly located in the lateral
aspect of the tibial plateau due to the orientation of the applied load. High energy fractures
demonstrated more comminution and displacement of fragments within the tibial plateau
(Figure 2). The maximum load was significantly different (p=0.006E-5) between the low
(-32±6 N) and high energy (-45±5 N) fractures. The applied energy of fracture was
significantly different (p=0.009E-10) between the low (90±33 mJ) and high energy (177±25
mJ) fractures.

Chondrocyte viability, as assessed by a total joint score of cell death, showed no effect of
sham procedure (p=0.13; power=0.86). There was no difference in chondrocyte death
between low and high energy fractures (p=0.68; power=0.40) (Figure 3A). However,
fracture resulted in reduced chondrocyte viability overall with the total joint score of
chondrocyte cell death being greater in the experimental limb than the contralateral control
limb (p=0.01) in both the anterior and central regions of the knee joint (Figure 3A). In
examining the effect of location within the joint, chondrocyte death in the experimental limb
was greater than the control limb in the lateral femoral condyle (p=0.003), medial femoral
condyle (p=0.04) and lateral aspect of the tibial plateau (p=0.02) (Figure 3B). Additionally,
cell death was greater in the lateral tibia than the medial tibia in the experimental limb
(p=0.0002) for the anterior region of the knee (Figure 3B). There was also an effect of time
on chondrocyte viability, as more cell death occurred at day 7 post-fracture (2.3±1.0) as
compared to day 0 (0.8±0.8; p=0.03) and day 1 (0.5±0.5; p=0.04) post-fracture within the
lateral aspect of the tibial plateau in the fractured limb.

Morphological bone changes were evident in the fractured limbs (Table 2). Within the tibial
plateau (Table 2), all fractures showed a decrease in subchondral bone thickness within
seven days of fracture (p=0.02) compared to contralateral control limbs, but no statistically
significant difference was found between low and high energy fractures. However, there was
a significant decrease in bone density in high energy fractures compared to low energy
fractures in the tibial plateau (p=0.05). Within the tibial metaphysis (Table 2), all fractures
showed a decrease in bone density compared to control limbs (p=0.003) but no significant
difference was found between low and high energy fractures. Within the femoral condyles
(Table 2), both bone density (p=0.004) and cancellous bone fraction (p=0.01) was decreased
with fracture compared to control limbs, and high energy fractures demonstrated greater
decreases in bone density than low energy fractures (p=0.02).

High energy fractures had a greater degree of liberated cortical bone surface area (7.2±2.1
mm2), indicating greater comminution (Figure 4A), than low energy fractures (3.3±2.0
mm2; p=0.03). A linear trend (R2=0.70, p=0.01) between liberated surface area and energy
absorbed in fracture was observed (Figure 4B).

For low and high energy fractures, there were no significant differences in synovitis scores
between fractured and contralateral control limbs at day 0 (Figure 5). For low energy
fractures at day 7, synovitis scores for fractured limbs were significantly higher than the
non-fractured control limb at three sites (Figure 5A): the lateral tibia (p=0.043), lateral
femur (p=0.043), and medial tibia (p=0.043). Among fractured limbs alone, lateral tibia
scores were significantly higher than both medial site scores (medial tibia, p=0.010; and
medial femur, p=0.030). For high energy fractures at day 7, synovitis scores for fractured
limbs were significantly higher than the non-fractured control limb at all sites (Figure 5B):
the lateral tibia (p=0.043), lateral femur (p=0.043), medial tibia (p=0.043), and medial femur
(p=0.043). Among fractured limbs alone, lateral tibia scores were significantly higher than
only the medial femur site scores (p=0.010). Representative images of the lateral tibia
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grading site for contralateral control and fractured experimental limbs 7 days post-fracture
are shown (Figure 5B). Applied fracture energy was significantly correlated with synovitis
score in the synovial lining layer at the medial tibia only (Spearman correlation, ρ=0.46).
There were no other significant correlations between synovitis scores and either applied
fracture energy or liberated surface area.

There was no significant difference between modified Mankin scores in the articular
cartilage between low and high energy fractures (p=0.22; power= 0.21). Additionally,
modified Mankin scores did not reveal any significant difference between fractured
experimental and contralateral control limbs at 0 and 7 days post-fracture (day 0,
experimental vs. control: 21.3±6.2 vs. 22.6±9.9; day 7 experimental vs. control: 17.8±7.7 vs.
20.8±6.4; p=0.64; power=0.25). However, there was a correlation between Mankin score
and chondrocyte death (log(Mankin) vs log(NBT); R2=0.38, p=0.001). Of the individual
components assessed with the Mankin grade, only structural changes within the articular
cartilage correlated with increased chondrocyte death (R2=0.28, p=0.01).

For cartilage and joint-capsule derived biomarkers, serum levels of HA increased
significantly at day 1 (p=0.0005) for all fractures and trended upwards at all time points
post-fracture, although there was no effect of fracture type (Table 3). Serum levels of COMP
also trended upwards at all time points post-fracture but there was no significant difference
at any time point (p=0.31; power=0.30) (Table 3). Interestingly, systemic COMP levels did
correlate with chondrocyte death (log(COMP) vs log(NBT); R2= 0.19, p=0.03).

For inflammatory cytokines, there were lower serum levels of IL-1α at day 3 for all
fractures, although there was no effect of fracture type (Table 3). There also appeared to be a
transient increase in serum levels of IL-1β at day 5 for all fractures (p=0.27; power=0.49)
and a decrease in IL-10 at day 7 for high energy fractures (p=0.14; power=0.41), although
these trends were not significant (Table 3). For the other inflammatory cytokines evaluated,
there was no significant effect of fracture or fracture severity on serum levels at any time
point after fracture.

DISCUSSION
This study demonstrates that in a closed intra-articular fracture in the mouse knee,
increasing energy of fracture was associated with greater acute pathology in the bone and
synovium and with increasing comminution compared to control limbs. These changes
included increased synovitis throughout the entire joint and greater changes in bone
morphology. Both low and high energy fractures were associated with lateral joint
pathology, but only high energy fractures resulted in inflammation medially, with higher
energy fractures demonstrating more global joint synovitis. The applied energy of fracture
was significantly correlated with degree of liberated cortical bone surface area, indicating
greater comminution. Fracture of the articular surface significantly increased serum
concentrations of HA one day after fracture. While the presence of an articular fracture
significantly reduced chondrocyte viability, there was no relationship between increasing
fracture severity and chondrocyte viability, cartilage pathology, or systemic levels of
cytokines and biomarkers, at least in the acute setting after articular fracture examined in
this study.

Although the direct mechanisms linking traumatic joint injury and the development of PTA
are not well understood, intra-articular fractures are commonly associated with development
of the disease, and clinical outcomes are closely linked to the severity of trauma and
subsequent degeneration of the articular cartilage [2]. Clinically, more complex intra-
articular fractures are associated with higher energy injuries, and patients with more
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complex articular injuries had a worse outcomes [3]. The severity of comminution may play
the greatest role in the long-term functionality of the joint after trauma [23]. Our data
suggest that fracture severity is significantly associated with increased pathology in the
synovium and bone in the joint. These findings support an “organ-level” conceptualization
of the joint as most appropriate in regard to its response to injury, as trauma to one type of
joint tissue may lead to acute pathology in another through various mechanisms. For
example, a recent in vitro co-culture study showed that mechanical injury to cartilage in the
presence of joint capsule tissue explants shifted chondrocyte metabolism towards pro-
catabolic pathways that may result in matrix degradation [33]. Several researchers now
propose that processes affecting either cartilage, bone, or synovium eventually intertwine
and collectively damage all three components as well [34-36]. In the acute 7-day period of
our study minimal changes in cartilage pathology was observed, but increasing injury to the
articular surface appears to result in greater synovitis, which may contribute to long-term
dysregulation of chondrocyte function and lead to degenerative changes in the articular
cartilage characteristic of PTA. Further characterization of the early events following trauma
and an improved understanding of their interrelationships could aid in the treatment and
prevention of PTA following articular fracture.

In order to assess regional variation in chondrocyte viability through the depth of the
cartilage, a cross-section of the articular cartilage was needed. For confocal microscopy, this
required bisecting the joint in the coronal plane to obtain a cross-sectional view of the
articular cartilage. This was technically challenging because of the small size and instability
of the fractured mouse knee joint resulted in disruption of the articular surface. As an
alternative to a fluorescent live/dead assay with confocal microscopy, chondrocyte viability
was assessed using NBT. NBT is cell-permeable and metabolized by live cells to form a
blue formazan product which remains stable to standard histological preparation and
paraffin-embedding. A possible limitation of NBT is that cell death may be overestimated
because live cells with altered metabolic activity may be counted as dead cells. However,
Lewis et al. showed excellent correlation between NBT and confocal microscopy with a
live/dead assay for the assessment chondrocyte viability in traumatically impacted cartilage
[26, 27].

This model uses an “organ-level” approach to study joint injury. By utilizing a closed-joint
model, a limitation is that the specific stresses and strains on the cartilage are not known. In
this model, the initial aspects of loading are similar between the two groups. However, our
data demonstrated a significant correlation between applied fracture energy and degree of
cortical bone liberated surface area. These injury severity measures differed significantly
between the two groups. Previous investigators have characterized this relationship using a
drop-tower and a uniform sample of bovine bone from the midshaft of the tibia [4]. This
concept of determining liberated surface area has been applied to fractures of the distal tibia
in humans as a method of determining injury severity [37]. Despite having a closed-joint, in
vivo model of fracture and a relatively small sample size, our results demonstrated similar
trends in the relationship between liberated surface area and applied load. In both these
models, high energy fractures resulted in more comminution compared to low energy
fractures. These results indicate that our closed-joint, in vivo model results in fractures that
can be controlled by the load-displacement profile and is consistent with other clinical
measures of joint fracture severity described in the literature [4, 37]. As the technique of
determining liberated surface area via microCT is time intensive, these results indicate that,
for future studies, the use of energy of fracture is an appropriate measure of injury severity
in place of liberated surface area.

MicroCT analysis revealed decreased bone density with fracture in the femoral condyles,
tibial plateau and metaphysis. These trends were similar to those observed in the pilot study
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of this mouse model [38]. There was also a significant decrease in subchondral bone
thickness over the course of seven days. This loss of subchondral bone along with decreased
bone density following fracture may be analogous to periarticular bone loss associated with
inflammation and active synovitis in early rheumatoid arthritis [39, 40]. Disuse of the
injured limb may also contribute to bone loss. However, this mechanism of bone loss may
be unlikely as limb immobilization models in the mouse only show significant decreases in
bone after 10 days of immobilization [41]. Further work is needed to understand the
significance of this early bone resorption.

Chondrocyte viability was significantly affected by proximity to the fracture site, with the
greatest cell death occurring in the lateral aspect of the tibial plateau, corresponding to the
location of most fractures. Chondrocyte death also significantly increased, however, in the
lateral and medial femoral condyles compared to the contralateral control limb, indicating a
complex response by all articular surfaces of the joint. Although fractures were initiated
from an anterior approach, anterior and central regions within the joint demonstrated similar
levels of chondrocyte death. Chondrocyte death in experimental limbs also increased with
time. The delay to maximal cell death is similar to trends observed in human cartilage after
traumatic joint injury that may implicate apoptosis in chondrocyte death [42]. In addition,
this time frame is consistent with previous studies and may suggest that some chondrocytes
undergo immediate necrosis while others progress through the apoptotic pathway and die
several days after injury [43-46]. However, the chondrocyte viability assay used in this study
precluded subsequent determination of apoptosis, and thus it is unclear whether cell death
can be attributed specifically to necrosis or apoptosis. Future investigations might further
address this issue.

Biomarkers such as HA or COMP are useful indicators of cellular processes and
presumably, the severity of joint disease by minimally invasive means [47-49]. Serum levels
of HA increased significantly on day 1 after both high and low energy fractures. Both serum
HA and COMP have been shown to predict disease outcome in knee [50] and hip OA [51]
and to correlate with OA progression [50-56] in humans. Further identification of the roles
of these and other novel biomarkers in future studies may provide powerful tools for the
measurement of disease severity in PTA.

This study demonstrates that increased severity of closed articular fracture in the mouse
knee is significantly associated with increased synovitis throughout the joint, increased
degree of cortical bone fragmentation, and greater bone morphometric changes. We have
also shown that fracture of the articular surface is associated with significantly increased cell
death and transient increases in HA and COMP. The precise role of acute pathology in
various joint tissues following fracture in the ultimate progression to PTA remains unknown.
Further characterization of the early events following trauma could aid in the treatment and
prevention of PTA following articular fracture.
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Figure 1.
Histopathological assessment of synovitis (modified from Krenn et al. Histopathology
2006). Enlargement of the synovial lining cell layer and density of the cells in the synovial
stroma were individually assessed from H&E histology sections of mouse knee joints
(magnification 100-200×).
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Figure 2.
Low energy (A) and high energy (B) fractures of the mouse tibial plateau. Radiograph (left),
micro computed tomography (microCT) three-dimensional rendered image (middle, scale
bar = 1mm), and microCT cross-section (right, scale bar = 1mm) demonstrating joint
morphology of fractures at t=0 day post-fracture.
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Figure 3.
Chondrocyte cell death as assessed by NBT nuclear stain (n=3 per group per timepoint).
Vertical bars denote ± 95% CI. A. The total joint score (maximum possible total joint score
= 20) of cell death was greater in the fractured experimental limb than the contralateral
control limb in both the anterior and central regions of the knee joint (*p=0.014 for anterior
region, p=0.016 for central region). B. Cell death by location in the joint (maximum possible
site score = 5) was greater in the fractured experimental limb than the contralateral control
limb (* p=0.003 for lateral femur, p=0.04 for medial femur, p=0.001 for lateral tibia), and
cell death was significantly greater in the lateral tibial than the medial tibia in the fractured
experimental limb (p=0.0002) for the anterior region of the knee. For all measures of
chondrocyte cell death there was no significant difference between low energy and high
energy fractures.
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Figure 4.
A. MicroCT images were segmented using a semi-automated custom software in both the
intact contralateral control limb (left) and fractured experimental limb (right). These models
were then registered to each other using an iterative closest point technique, and were used
to calculate liberated surface area. B. Fracture severity, as measured from the liberated
surface area, was well correlated to the energy of fracture, as calculated from the load-
displacement data (R2=0.70).
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Figure 5.
Assessment of synovitis in low and high energy fractures (n=5 per group per timepoint). A.
Synovitis scores at 0 and 7 days post-fracture. Vertical bars denote ± 95% CI. B.
Representative histologic sections of the synovial insertion (Sy) at the medial tibia (MT) and
lateral tibia (LT) in contralateral control and fractured experimental limbs at 7 days post-
fracture (H&E stain; 400× magnification).
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Table 1

Grading scheme for assessment of chondrocyte viability in the mouse knee joint from nitroblue tetrazolium
(NBT) staining in viable cells. Maximum possible site score of 5 for the medial and lateral femoral condyles
and tibial plateau. Maximum possible total joint score of 20 summed from site scores for each joint.

Grade Description

0 ≥ 95% viable cells in all of plateau or condyle

1 cell death in < ½ plateau or condyle, < ½ depth

2 cell death in < ½ plateau or condyle, ≥ ½ depth

3 cell death in ≥ ½ plateau or condyle, < ½ depth

4 cell death in ≥ ½ plateau or condyle, ≥ ½ depth

5 < 10% viable cells in all of plateau or condyle
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