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Abstract

Background Posttraumatic osteoarthritis (OA) is a variant

of OA that can develop after articular injury. Although the

mechanism(s) of posttraumatic OA are uncertain, the

presence and impact of postinjury proteolytic enzymes on

articular cartilage remain unknown. To our knowledge,

there are no studies that evaluate the presence of matrix

metalloproteinases (MMPs) or aggrecan degradation after

articular fracture.

Questions/purposes (1) Are MMP concentrations and

aggrecan degradation elevated after intraarticular fracture?

(2) Are MMP concentrations and aggrecan degradation

greater in high-energy injuries compared with low-energy

injuries? (3) Do the concentrations of these biomarkers

remain elevated at a secondary aspiration?

Methods Between December 2011 and June 2013, we

prospectively enrolled patients older than 18 years of age

with acute tibial plateau fracture. Exclusion criteria

included age older than 60 years, preexisting knee OA,

injury greater than 24 hours before evaluation, contralateral

knee injury, history of autoimmune disease, open fracture,

and non-English-speaking patients. During the enrollment

period, we enrolled 45 of the 91 (49%) tibial plateau

fractures treated at our facility. Knee synovial fluid aspi-

rations were obtained from both the injured and uninjured

knees; two patients received aspirations in the emergency

department and the remaining patients received aspirations

in the operating room. Twenty patients who underwent

spanning external fixator followed by definitive fixation

were aspirated during both surgical procedures. MMP-1,

-2, -3, -7, -9, -10, -12, and -13 concentrations were quan-

tified using multiplex assays. Aggrecan degradation was

quantified using sandwich enzyme-linked immunosorbent

assay.

Results There were higher concentrations of MMP-1 (3.89

ng/mL [95% confidence interval {CI}, 2.37–6.37] versus

0.37 ng/mL [95% CI, 0.23–0.61], p \ 0.001), MMP-3
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(457.35 ng/mL [95% CI, 274.5–762.01] versus 129.17 ng/

mL [95% CI, 77.01–216.66], p\0.001), MMP-9 (6.52 ng/

mL [95% CI, 3.86–11.03] versus 0.96 ng/mL [95% CI,

0.56–1.64], p \ 0.001), MMP-10 (0.52 ng/mL [95% CI,

0.40–0.69] versus 0.23 ng/mL [95% CI, 0.17–0.30], p \
0.001), and MMP-12 (0.18 ng/mL [95% CI, 0.14–0.23]

versus 0.10 ng/mL [95% CI, 0.0.081–0.14], p = 0.005) in

injured knees comparedwith uninjured knees. There was not

a detectable difference in MMP concentrations or aggrecan

degradation between high- and low-energy injuries. MMP-1

(53.25 versus 3.89 ng/mL, p\0.001), MMP-2 (76.04 versus

0.37 ng/mL, p\0.001), MMP-3 (1250.62 versus 457.35 ng/

mL, p = 0.002), MMP-12 (1.37 versus 0.18, p\ 0.001),

MMP-13 (0.98 versus 0.032 ng/mL, p\0.001), and aggre-

can degradation (0.58 versus 0.053, p \ 0.001) were

increased at the second procedure (mean, 9.5 days; range,

3–21 days) as compared with the initial procedure.

Conclusions Because MMPs and aggrecan degradation

are elevated after articular fracture, future studies are

necessary to evaluate the impact of elevated MMPs and

aggrecan degradation on human articular cartilage.

Clinical Relevance If further clinical followup can

demonstrate a relationship between posttraumatic OA and

elevated MMPs and aggrecan degradation, they may pro-

vide potential for therapeutic targets to prevent or delay the

destruction of the joint. Additionally, these markers may

offer prognostic information for patients.

Introduction

Posttraumatic osteoarthritis (OA) is a variant of OA that

can develop after articular injury. Despite improvements in

surgical management of articular injuries, the incidence of

posttraumatic OA has remained relatively unchanged over

the last several decades [36]. Although the exact mecha-

nism(s) that lead to development of posttraumatic OA

remain unknown, there has been increased interest in the

role of the postinjury inflammatory response leading to

chondrocyte apoptosis and synovitis [32, 36].

Cartilage degeneration is a primary feature in the devel-

opment of OA, and it involves the loss of extracellularmatrix

components including aggrecan and Type II collagen.

Aggrecan is the major proteoglycan found in articular car-

tilage. Aggrecan breakdown in degenerative joints is

typically the result of proteolytic cleavage, and aggrecanases

and matrix metalloproteinases (MMPs) are the primary

proteases responsible for aggrecan cleavage in pathologic

conditions [40]. Additionally, MMPs are capable of

degrading intact Type II collagen into large fragments that

can then be further degraded by gelatinases [42].

Several animal and human studies have demonstrated

elevated concentrations of MMPs and aggrecan degradation

in OA and posttraumatic OAmodels. A variety of animal OA

models with ACL transection have shown upregulation of

genes coding for aggrecanases andMMPs aswell as increased

concentrations of these destructive proteases [1, 10, 20, 47].

Most human studies demonstrate elevated MMPs and aggre-

can degradation in patients withOAas comparedwith healthy

control subjects and that these proteases are more elevated in

patients with end-stage OA compared with early OA [4, 21,

23, 28, 34]. In an effort to look specifically at the presence of

proteolytic enzymes after traumatic injury, several authors

have shown elevated MMPs and aggrecan degradation after

ACL tear. However, the time from ACL injury to joint aspi-

ration had considerable variability in these studies [5, 7, 26,

30]. There are currently no human studies of which we are

aware that quantify the concentrations of MMPs and/or

aggrecan degradation acutely after articular fracture. The

purpose of our studywas to characterizeMMPproduction and

aggrecan degradation in a joint after acute articular fracture.

Specifically, we set out to answer the following questions:

(1) Are MMP concentrations and aggrecan degradation

elevated after intraarticular fracture? (2) Are MMP con-

centrations and aggrecan degradation greater in high-energy

injuries compared with low-energy injuries? (3) Do the

concentrations of these biomarkers remain elevated at a

secondary aspiration?

Patients and Methods

After receiving institutional review board approval, we

prospectively enrolled patients older than 18 years of age

who presented to our Level I trauma center meeting

inclusion criteria and identified with a tibial plateau frac-

ture December 1, 2011, through June 30, 2013.

Inclusion criteria included any patient older than 18 years of

agewith acute (within 24hours of injury) tibial plateau fracture.

Exclusion criteria included any patient older than 60 years of

age; any history of preexisting knee OA based on previous

diagnosis or radiographic findings; regular use of nonsteroidal

antiinflammatory drugs; any history of autoimmune disease;

acute contralateral intraarticular knee injury; open fracture;

non-English-speaking patient; and injury greater than 24 hours

before evaluation. During the study period, 91 tibial plateau

fractures were treated at our facility and 45 patients were

enrolled in the study (Fig. 1). Basic patient demographic data

were obtained including age, gender, and comorbidities. Frac-

tures were classified based on the AO/OTA classification

system and the Schatzker classification system [27, 35]. Injury

Severity Scores (ISS) were recorded for all patients [2].

Nonosteopenic plateau fractures that were classified as

Schatzker IV, V, and VI patterns were also classified as high-

energy injuries. All patients were treated by one of two fel-

lowship-trained orthopaedic traumatologists.
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Patients undergoing either spanning external fixation or

open reduction and internal fixation in the first 24 hours after

injury had the knee aspiration from the injured and uninjured

extremities obtained in the operating room. Otherwise, the

aspiration was performed in the emergency department.

Patients who required spanning external fixator followed by

definitive fixation were aspirated at the beginning of both

procedures, after the patient had undergone general anes-

thesia. During the surgical placement of the external fixator,

the kneewas not violated. Twenty patients received spanning

external fixator followed by definitive fixation, thus pro-

viding two time points for analysis. Patients received

definitive fixation amean of 9.5 days (range, 3–21 days) after

the initial injury. After thorough sterile preparation of the

skin, both the injured and control knees were injected with 5

mL sterile saline and as much fluid as possible was with-

drawn. A dilutional factor was calculated to account for

differences in knee fluid volume in injured and uninjured

knees (ie, presence of hemarthrosis in the injured knee). The

synovial fluid was transferred to tubes and combined with a

protease inhibitor cocktail (RocheDiagnostics, Indianapolis,

IN, USA). The samples were then centrifuged at 2500 rpm

for 15 minutes. The supernatant was aspirated, placed in 2-

mL cryopreservation tubes, and frozen at �80� C until

subsequent analysis.

MMP Analysis

The concentrations of eight MMPs were quantified (MMP-

1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-10, MMP-12,

and MMP-13) using a human MMP panel with the Milli-

pore multiplex system (Millipore, Billerica, MA, USA)

following the manufacturer’s protocol in a 96-well plate

format. Twenty-five microliters of sample were used in

each well of the assay plate. The assays use antibodies

linked to magnetic beads, and the relative concentration of

each sample is analyzed compared with the concentrations

of the standard controls provided by the manufacturer. The

assays were performed blinded to patient injury classifi-

cation and whether the sample was from an injured or

uninjured knee.

Aggrecan Breakdown Analysis

The concentration of aggrecan degradation, based on the

ARGS neoepitope, was quantified using a sandwich

enzyme-linked immunosorbent assay (ELISA) (BC3-C2)

as previously described [41]. Briefly, the BC3-C2 antibody

was used as the capture antibody, and the HRP-conjugated

a-HABR antibody was used as the detection antibody. The

BC3-C2 antibody was immobilized on ELISA plates

overnight at a concentration of 1 lg/mL. Synovial fluid

samples were then added to the plate and the HRP-HABR

antibody (1:8000 dilution) was added to the plate to capture

the ARGS containing fragments. The ELISA signal was

measured using the Supersignal ELISA Femto Maximum

Sensitivity Substrate (Pierce Biotechnology, Rockford, IL,

USA) and read using a Victor luminometer. The assay was

performed blinded to patient injury classification and

whether the sample was from the injured or uninjured knee.

Statistical Analysis

Because we were analyzing highly skewed data, which is

often encountered in biomarker analysis, analyses were

conducted using log transformation of the variables. The

results were then back-transformed to the scale of the

original data to allow for better understanding of the

results. A repeated-measures mixed-effects analysis of

variance was performed to compare mean concentrations

of all MMPs and aggrecan degradation between each

patient’s injured and uninjured knees. The profile of the

uninjured knee should provide some baseline for compar-

ison to the injured knee, hoping to control for systemic

inflammatory response. A repeated-measures mixed-effects

analysis of variance was performed to test for the effects of

the injury status of the knee, the surgery time, and the

interaction of the injury status and surgery time. Specifi-

cally, the same biomarker was measured at the first and

second surgery as well as for the injured and uninjured

knees. Because the response would be expected to be more

Fig. 1 Flowchart illustrates patient recruitment during the study

enrollment period.
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uniform within an individual than across individuals, a

repeated-measures analysis of variance was used for these

comparisons. For concentration comparisons between high-

and low-energy injuries within 24 hours of injury, the mean

concentration difference between injured and uninjured

knees was used. To adjust for the testing of nine

biomarkers, the Bonferroni correction was used so that the

adjusted alpha level for significance was 0.05/9 or p \
0.0055.

The study cohort consisted of 45 patients (31 men, 14

women) with an average age of 42.3 years (range, 20–60

years). There were 24 low-energy (Schatzker 1–3, all AO/

OTA 41B) tibial plateau injuries and 21 high-energy

(Schatzker 4–6, AO/OTA Type C) tibial plateau injuries.

Of the high-energy fractures, five were AO/OTA 41B3 and

nine were AO/OTA 41C. The average ISS was 5.5, and

there were only two patients with ISS greater than 18.

During the enrollment period, 91 tibial plateau fractures

were treated at our facility. Forty-six patients were exclu-

ded from enrollment because they did not meet the entry

criteria. Thirteen patients were excluded as a result of age

older than 60 years, and three patients were excluded for

preexisting knee OA. Seventeen patients were excluded as

a result of injury greater than 24 hours from initial hospital

evaluation. Three patients were excluded for contralateral

injury, three patients had a history of autoimmune disease,

four patients refused to participate, two patients were non-

English-speaking, and one patient had an open tibial pla-

teau fracture. All enrolled patients had a knee aspiration

performed within 24 hours of injury, and there were no dry

aspiration attempts.

Results

In comparing injured knee aspirates with uninjured knee

aspirates within 24 hours of injury, several of the proteases

were elevated on the injured side. MMP-1 (3.89 ng/mL

[95% confidence interval {CI}, 2.37–6.37] versus 0.37 ng/

mL [95% CI, 0.23–0.61], p\ 0.001), MMP-3 (457.35 ng/

mL [95% CI, 274.5–762.01] versus 129.17 ng/mL [95%

CI, 77.01–216.66], p\0.001), MMP-9 (6.52 ng/mL [95%

CI, 3.86–11.03] versus 0.96 ng/mL [95% CI, 0.56–1.64],

p \ 0.001), MMP-10 (0.52 ng/mL [95% CI, 0.40–0.69]

versus 0.23 ng/mL [95% CI, 0.17–0.30], p\ 0.001), and

MMP-12 (0.18 ng/mL [95% CI, 0.14–0.23] versus 0.10 ng/

mL [95% CI, 0.081–0.14], p = 0.005) were all found to be

elevated in the injured knee compared with the uninjured

knee (Fig. 2). . With the numbers of comparisons we had,

MMP-2 (38.97 ng/mL [95% CI, 28.64–53.02] versus 35.34

ng/mL [95% CI, 25.87–48.28], p = 0.658), MMP-7 (2.40

ng/mL [95% CI, 1.03–5.59] versus 1.41 ng/mL [95% CI,

0.60–3.32], p = 0.382), MMP-13 0.032 ng/mL [95% CI,

0.014–0.07] versus 0.061 ng/mL [95% CI, 0.027–0.132],

p = 0.261), and aggrecan degradation (0.053 ng/mL [95%

CI, 0.034–0.084] versus 0.025 ng/mL [95% CI, 0.016–0.04],

p = 0.025) were not different between the injured and

uninjured joints.

With the numbers available, we were unable to detect a

difference in MMP concentrations or aggrecan degradation

between high- and low-energy injuries. In comparing high-

energy versus low-energy fractures, MMP-1 (3.61 ng/mL

[95% CI, 2.11–6.18] versus 4.17 ng/mL [95% CI,

2.47–7.05], p = 0.698), MMP-2 (35.70 ng/mL [95% CI,

30.53–41.74] versus 42.35 ng/mL [95% CI, 36.36–49.33],

p = 0.122), MMP-3 (390.62 ng/mL [95% CI, 265.18–575.39]

versus 531.287 ng/mL [95% CI, 364.23–774.96], p = 0.257),

MMP-7 (4.053 ng/mL [95% CI, 1.40–11.76] versus 1.46

ng/mL [95% CI, 0.52–4.13], p = 0.173), MMP-9 (9.06

ng/mL [95% CI, 5.73–14.33] versus 4.77 ng/mL [95% CI,

3.05–7.46], p = 0.05), MMP-10 (0.57 ng/mL [95% CI,

0.41–0.80] versus 0.47 ng/mL [95% CI, 0.34–0.66], p =

0.399), MMP-12 (0.17 ng/mL [95% CI, 0.11–0.25] versus

0.19 ng/mL [95% CI, 0.13–0.28], p = 0.628), MMP-13

(0.028 ng/mL [95% CI, 0.008–0.089] versus 0.037 ng/mL

[95% CI, 0.012–0.11], p = 0.745), and aggrecan degrada-

tion (0.031 ng/mL [95% CI, 0.018–0.053] versus 0.085

ng/mL [95% CI, 0.052–0.14], p = 0.007) were not different

(Fig. 3).

In the 20 patients who received spanning external fixa-

tion followed by definitive fixation, the concentrations of

several MMPs increased in the injured knee at the time of

the secondary procedure, which occurred a mean of 9.5

days (range, 3–21 days) after initial injury. The concen-

trations of MMP-1 (53.25 ng/mL [95% CI, 32.99–85.96]

versus 2.03 ng/mL [95% CI, 0.71–5.79], p\0.001), MMP-

3 (1250.62 ng/mL [95% CI, 756.86–2066.48] versus

Fig. 2 Fold change and 95% CIs demonstrate elevated MMP

concentrations for the acutely injured extremity as compared with

the uninjured extremity.
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228.01 ng/mL [95% CI, 79.44–654.40], p\0.001), MMP-

10 (0.66 ng/mL [95% CI, 0.49–0.88] versus 0.18 ng/mL

[95% CI, 0.11–0.29], p \ 0.001), MMP-12 (1.37 ng/mL

[95% CI, 0.65] versus 0.15 ng/mL [95% CI, 0.10–0.24],

p = 0.005), and aggrecan degradation (0.56 ng/mL [95%

CI, 0.34–0.91] versus 0.055 ng/mL [95% CI, 0.023–0.13],

p\0.001) were greater at the time of the second procedure

when comparing injured with uninjured joints; this was

compared with the normal knee at the time of the second

aspiration (Fig. 4). MMP-2 (76.04 ng/mL [95% CI,

64.52–89.60] versus 39.35 ng/mL [95% CI, 19.85–77.99],

p = 0.026), MMP-7 (5.25 ng/mL [95% CI, 1.21–22.72]

versus 0.62 ng/mL [95% CI, 0.12–3.09], p = 0.042), MMP-

9 (1.36 ng/mL [95% CI, 0.75–2.46] versus 0.59 ng/mL

[95% CI, 0.21–1.65], p = 0.011), and MMP-13 (0.98 ng/

mL [95% CI, 0.27–3.62] versus 0.12 ng/mL [95% CI,

0.034–0.39], p\0.02) were not different at the time of the

second procedure when comparing injured with uninjured

joints. In the injured knee, MMP-1 (53.25 ng/mL [95% CI,

32.99–85.96] versus 3.89 ng/mL [95% CI, 2.67–5.66], p\
0.001), MMP-2 (76.04 ng/mL [95% CI, 64.52–89.60]

versus 38.97 ng/mL [95% CI, 34.74–43.70], p \ 0.001),

MMP-3 (1250.62 ng/mL [95% CI, 756.86–2066.48] versus

457.35 ng/mL [95% CI, 330.36–633.16], p = 0.002), MMP-

12 (1.37 ng/mL [95% CI, 0.65–2.90] versus 0.18 ng/mL

[95% CI, 0.11–0.29], p \ 0.001), MMP-13 (0.98 ng/mL

[95% CI, 0.27–3.62] versus 0.032 ng/mL [95% CI,

0.013–0.078], p\ 0.001), and aggrecan degradation (0.56

ng/mL [95% CI, 0.34–0.91] versus 0.053 ng/mL [95% CI,

0.037–0.076], p\ 0.001) were all increased at the time of

the second procedure as compared with the first procedure.

In contrast, the concentration of MMP-9 (1.36 ng/mL [95%

CI, 0.75–2.46] versus 6.52 ng/mL [95% CI, 4.44–9.58], p\
0.001) was less in the injured joint at the time of the second

surgery compared with the first surgery. With the numbers

we had, we could not detect a difference in MMP-10 (0.66

ng/mL [95% CI, 0.49–0.88] versus 0.52 ng/mL [95% CI,

0.42–0.65], p = 0.084) and MMP-7 (5.25 ng/mL [95% CI,

1.21–22.72] versus 2.40 ng/mL [95% CI, 0.94–6.15], p =

0.363) at the second time point compared with the initial

injury (Fig. 5).

Discussion

MMPs and aggrecanases are thought to play a role in

cartilage degradation and the progression of OA. Aggrecan

is the major proteoglycan in articular cartilage, and

aggrecan depletion is believed to impair joint function and

to be involved in the progression to end-stage arthritis

Fig. 3 Fold change and 95% CIs demonstrate no difference in MMP

concentration or aggrecan degradation between high-energy and low-

energy fractures.

Fig. 4 Fold change and 95% CIs demonstrate elevated MMP

concentrations and aggrecan degradation for the injured extremity

as compared with the uninjured extremity at the second aspiration.

Fig. 5 Fold change and 95% CIs demonstrate increased MMP

concentrations and aggrecan degradation in the injured extremity at

the second aspiration compared with the first aspiration.
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[22–24]. MMPs are enzymes that play a role in both

physiologic and pathologic remodeling of chondrocyte

extracellular matrix. MMP-1 and -13 are capable of directly

degrading intact Type II collagen, which is one of the main

components of articular cartilage [18, 29, 45]. MMP-13 has

been shown to be five times to 10 times more active in

digesting Type II collagen than other collagenases, and

MMP-13 overexpression in mice has been associated with

advanced joint degeneration [3, 17, 25, 31]. Prior human

studies have demonstrated elevated MMP concentrations in

arthritic joint synovial fluid [4, 21, 23, 28, 34]. However,

there were no prior studies evaluating for the presence of

MMPs after articular fracture, which is the clinical setting

with the most articular damage and the highest rates of

posttraumatic OA. In the current study, we have demon-

strated elevated concentrations of MMPs and increased

aggrecan degradation in the knee acutely after tibial plateau

fracture and that several of these factors increase in con-

centration during the first 2 weeks. This would suggest that

the articular cartilage continues to interact with degradative

proteases long after initial injury and these proteases could

play a role in the development of posttraumatic OA.

Limitations of the study include the relatively small

number of patients that received a second aspiration and

the large time range (3–21 days) when the second aspira-

tion was obtained. This makes formulating conclusions

based on the relationship of MMPs/aggrecan degradation

with time more difficult. Additionally, we did not validate

the results of our multiplex system or ARGS neoepitope

ELISA with a separate ELISA. We did not feel this was

necessary, because both the multiplex system and ARGS

fragment ELISA have been previously validated using

human synovial fluid [8, 9, 41]. Finally, we do not have

long-term joint aspirations or patient followup to demon-

strate if these proteases continue to be present in injured

joints and/or lead to posttraumatic OA. .We did not com-

pare our aspiration results with serum results, which has

been done in other studies because these studies failed to

show good correlations between serum and synovial fluid

concentrations [7, 14, 16]. Also it is possible that our

dilution methodology, especially when aspirating joint

fluid from a normal joint, could have altered the true levels

of degradative products and enzymes in our study. In

contrast to most other studies analyzing synovial fluid

where experimental aspirates are compared with aspirates

from different, ‘‘healthy’’ control patients, the authors

chose to compare the uninjured and injured knees from the

same patient to account for any potential biomarker ele-

vation resulting from acute systemic trauma [21, 26, 30, 42,

43] . With the patient in the supine position, it is difficult to

obtain synovial fluid from the normal knee because the

fluid likely collects along the posterior capsule. Unlike

other studies in which patients can modify their position

(seated position, etc) to assist with synovial fluid aspiration

from a normal joint, patients in this study remained supine

as a result of the tibial plateau fracture. Because strong

correlations between serum and synovial fluid biomarkers

after trauma have not been demonstrated and the authors’

decision that ‘‘healthy’’ control patients were an inadequate

comparison, dilution of the samples could impact com-

parisons between this study and previous studies.

There are few studies that quantify MMP concentration

after articular injury. Catterall et al. [7] reported MMP-3

concentration of 29.02 ng/mL in synovial fluid obtained

within 3 weeks of an ACL injury. Similarly, Tchetverikov

[42] reported MMP-1 concentration of 1.12 ng/mL and

MMP-3 concentration of 50.8 ng/mL within 4 days of

ligamentous knee injury. Our reported MMP-1 concentra-

tion of 3.9 ng/mL and MMP-3 concentration of 457 ng/mL

in the joint with articular fracture are severalfold higher

than levels that have been previously published. This may

be related to our study including only patients with artic-

ular fracture and only patients within 24 hours of injury.

Although the concentrations of MMP-1, -3, -9, -10, and -12

were all acutely elevated, the concentration of MMP-13

was not, contrary to what we would have expected. How-

ever, at the time of the second aspiration, the concentration

of MMP-13 was greater than the uninjured knee and

greater than the initial aspiration. In agreement with other

studies, this suggests that MMP-13 may rely on other

inflammatory cytokines and MMPs for upregulation and

may not be a major factor immediately after injury but

rather with increasing time [13, 17]. Two studies have

demonstrated elevated levels of aggrecan degradation

acutely after ACL injury that remained elevated up to 1

year after injury as compared with healthy control patients

[24, 26]. However, in both studies, acute injury was defined

as within 4 weeks of injury and aggrecan degradation was

compared with the levels of healthy control subjects. In the

current study, we demonstrated that several MMPs were

greater in acutely injured knees as compared with unin-

jured knees. Given that MMP-13 is the most aggressive

collagenase and its presence was delayed after injury, this

may be a protease that could be targeted early after injury

to prevent its accumulation in the joint.

Perhaps the most surprising finding was the poor asso-

ciation between elevated MMP concentrations/aggrecan

degradation and presumed energy of injury. It is assumed

that increasing energy during the injury would be associ-

ated with a worse fracture pattern and increased local soft

tissue and bone damage. The Schatzker classification has

been used to classify plateau fractures into high- and low-

energy injuries, and prior studies have demonstrated higher

rates of posttraumatic OA in bicondylar as compared with

unicondylar tibial plateau fractures [6, 11, 46]. We were

unable to detect a difference in MMP concentration or
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aggrecan degradation when comparing high- and low-en-

ergy injuries. Although this is contrary to what is known

regarding fracture energy and development of posttrau-

matic OA, these outcomes are consistent with recent prior

findings from our group [19]. Prior research on inflam-

matory cytokine concentrations between high- and low-

energy injuries demonstrated no difference [19]. In a study

using CT-based metrics, Thomas et al. [44]found that both

fracture energy and articular comminution combined

served as a better predictor of eventual development of

posttraumatic OA than each individual component alone.

The Schatzker classification does not account for articular

comminution, and the presence of articular comminution

may be more indicative of some elements of fracture

energy than condylar involvement. The final possibility is

that the groups are not adequately powered to detect a

difference.

Nearly all quantified MMP concentrations and aggrecan

degradation were elevated a mean of 10 days after injury in

the injured knee. Prior studies have suggested that the

greatest elevation in MMP concentration and aggrecan

degradation occurs within the first 2 weeks and then

gradually returns closer to a normal level [26, 39, 42].

However, these prior studies all compare different patients

at different stages of injury, whereas this study has multiple

time points for the same patient. Additionally, MMP-1, -2,

-3, -12, -13, and aggrecan degradation were all increased at

the second procedure as compared with the first procedure

in the injured knee. This suggests that the articular cartilage

in injured joints continues to be exposed to these poten-

tially destructive aggrecanases and undergo breakdown

over 1 week after injury. The impact of having these pro-

teases in contact with articular cartilage remains unknown.

An interesting finding in addition to our research ques-

tions was the elevated MMPs and aggrecan degradation in

the normal, uninjured knee. There are few studies that

report knee synovial fluid MMP concentrations. In a study

comparing synovial fluid from normal, control knees with

synovial fluid from patients with OA and those with

rheumatoid arthritis, Tchetverikov et al reported that

MMP-1, -8, -2, -9, and -13 were not elevated in the normal

knee [43]. Other studies have reported similar results [21,

26]. The difference is that our samples were obtained from

the normal knee in a patient who sustained a traumatic

injury. This possibly indicates that the systemic inflam-

matory response upregulates the expression of MMPs and

aggrecan degradation in the joint.

In conclusion, the present study is the first to our

knowledge to report the concentrations of MMPs and

aggrecan degradation present in synovial fluid after an

acute intraarticular fracture compared with an uninjured

joint in the same patient. MMP-1, MMP-3, MMP-9, MMP-

10, and MMP-12 were elevated in acutely injured knees

compared with uninjured knees. Additionally, there was a

poor association of elevated MMP concentration with

fracture energy, suggesting that this classification may not

be helpful in quantifying local acute inflammatory response

or that the presence, but not the magnitude of, the response

is the most important aspect after trauma. Finally, several

MMPs and aggrecan degradation remained elevated at a

secondary time point suggesting that these MMPs and

aggrecanases may play a role in chronic inflammation and

the development of posttraumatic OA. That elevations

were also present in the normal joint may suggest a sys-

temic response to injury. Before drawing conclusions

regarding the role of these proteases in the development of

posttraumatic OA, these patients will need to be followed

over time to evaluate if these MMPs and aggrecan degra-

dation are more strongly correlated with the ultimate

development of posttraumatic OA. Prior studies have

suggested various cell-signaling mechanisms that may play

a role in the development of posttraumatic OA including

transforming growth factor-b, endothelin-1, interleukin-1b,
and NF-jB [12, 15, 22, 33, 37, 38]. Our current study

should draw attention to the postinjury presence of MMPs

and aggrecan degradation as potentially playing a role in

progression to OA as well. If further study shows a cor-

relation between elevated MMPs and aggrecanases and the

development of posttraumatic OA, it may provide a

potential therapeutic target for preventing or at least

delaying the development of posttraumatic OA.
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