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Abstract

Objective: To compare gait biomechanics 6 months following anterior cruciate ligament (ACL) 

reconstruction (ACLR) between patients with the highest and lowest concentrations of synovial 

fluid (SF) interleukin-6 (IL-6) and matrix metalloproteinase-3 (MMP-3), as well as compared to 

uninjured controls.

Design: SF concentrations of IL-6 and MMP-3 were collected 7 ± 4 days post injury in 38 

ACL injured patients (55% female, 21±4yrs, 25.3 ± 5.2BMI). ACL injured individuals were 

stratified into the lowest and highest quartiles based on IL-6 (IL-6Lowest and IL-6Highest) and 

MMP-3 (MMP-3Lowest and MMP-3Highest) concentrations. Gait biomechanics were collected on 

the injured limb 6 months post-ACLR and in 38 uninjured controls (50% female, 21±3yrs, 
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23.8 ± 2.8BMI). Functional analyses of variance were used to compare vertical ground reaction 

force (vGRF), knee flexion angle (KFA), and internal knee extension moment (KEM) waveforms 

throughout stance phase of gait to determine the proportions of stance differing between limbs and 

groups.

Results: Compared to uninjured controls, IL-6High and MMP-3High ACL subgroups 

demonstrated lesser vGRF (largest differences: IL-6, 7.88%BW; MMP-3, 11.05%BW) during 

early-stance and greater vGRF (largest differences: IL-6, 6.21%BW; MMP-3, 5.85%BW) in 

mid-stance, lesser KFA (largest differences: IL-6, 3.11°; MMP-3, 3.72°) and lesser KEM (largest 

differences: IL-6, 0.96%BW•m; MMP-3, 1.07%BW•m) in early-stance, as well as greater KFA in 

mid-stance (largest differences: IL-6, 1.5°; MMP-3, 2.95°).

Conclusions: High SF concentrations of a proinflammatory cytokine and a degradative enzyme 

early post-ACL injury are associated with aberrant gait biomechanics in the injured limb at 6 

months post-ACLR (i.e., lesser vGRF, KFA and KEM) linked to posttraumatic osteoarthritis 

development
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1. Introduction

Anterior cruciate ligament (ACL) injuries are one of the most common traumatic knee 

injuries which occur most frequently in young physically active individuals1. Over the past 

two decades, there has been an overall increase in the number of ACL reconstructions 

(ACLR) performed in the United States2. Unfortunately, individuals who sustain an ACL 

injury are at high risk of developing post-traumatic osteoarthritis (PTOA)3. Specifically, one 

in three individuals with an ACL injury will develop radiographic PTOA within the first 

decade post-injury4. The pathogenesis of PTOA is multifaceted, as altered joint biochemistry 

and aberrant biomechanics caused by the injury are hypothesized to interact and influence 

the onset and progression of joint tissue breakdown5,6. The interaction between these factors 

has been demonstrated in cross-sectional studies reporting associations between aberrant 

gait biomechanics and deleterious concentrations of biomarkers related to joint tissue 

breakdown in individuals with an ACLR7–9.

There is a lack of longitudinal research to comprehensively determine all of the early 

aberrant gait biomechanics that are associated with radiographic PTOA at later time points 

following ACLR. Previous work has demonstrated that gait strategies that elicit lesser 

tibiofemoral contact forces 6 months post-ACLR are associated with an increased likelihood 

of developing PTOA at 5 years post-ACLR10. It is possible that the development of aberrant 

gait biomechanics, that are hypothesized to perpetuate the ongoing breakdown of joint 

tissues following ACL injury5,6, may be triggered by the initial biochemical response 

occurring in the first several days following ACL injury. Identifying the association between 

the initial synovial fluid (SF) biochemical response following ACL injury and later gait 

biomechanical waveforms may lead to the development of novel early intervention strategies 
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to more effectively modify the cascade of biochemical and biomechanical changes that lead 

to PTOA onset.

Individuals with ACLR exhibit underloading and a stiffened-knee gait strategy compared to 

uninjured controls 6 months following ACLR. Underloading can be described as a flattening 

of the vertical ground reaction force (vGRF) waveform exhibiting lower peaks during early 

and late stance, and greater vGRF during midstance11. A stiffened-knee gait strategy is 

characterized by lesser knee flexion angles (KFA) during early stance and lesser total knee 

flexion excursion between early and midstance (i.e., total knee range of motion between 

heel strike and midstance), as well as a lesser internal knee sagittal moments during early 

and late stance12. Underloading and a stiffened-knee gait strategy have been associated with 

outcomes related to early PTOA development. Increased serum concentrations of biomarkers 

of type-II collagen turnover (i.e. C2C:CPII ratios)8 and cartilage breakdown (i.e. cartilage 

oligomeric matrix protein)9, as well as deleterious changes in magnetic resonance imaging 

markers of cartilage composition13 and worse patient-reported function14. Additionally, the 

components of the stiffened gait strategy (i.e., lesser peak KFA during early stance, lesser 

sagittal excursion during middle stance, and lesser internal sagittal moments during early 

and late stance) have been implicated in the onset, severity, and progression of radiographic 

knee osteoarthritis15–20. Therefore, vGRF, KFA, and internal knee sagittal moments are 

important gait biomechanics outcomes related to PTOA onset.

Pro-inflammatory cytokines such as Interleukin-6 (IL-6) and degradative enzymes 

such as Matrix Metalloproteinase-3 (MMP-3) are biomarkers linked to joint cartilage 

breakdown21,22 that are dramatically upregulated immediately following ACL injury23,24. 

Serum concentrations of both IL-6 and MMP-3 have been associated with aberrant gait 

biomechanics 6 months following ACLR7. Specifically, IL-6 is a pro-inflammatory cytokine 

associated with joint space narrowing and is used as predictor of knee cartilage loss22. 

IL-6 is known to promote cartilage degeneration via down regulation of type II collagen 

synthesis and upregulation of MMPs responsible for driving cartilage extracellular matrix 

breakdown25. MMP-3 not only degrades cartilage extracellular matrix (e.g., proteoglycans, 

link protein, and type II collagen)21, but also increases the activity of other cartilage 

degrading MMPs26. MMP-3 concentrations are elevated after the first year following ACL 

injury compared to control participants24 and are positively correlated to osteoarthritis 

severity21. While IL-6 and MMP-3 are important biomarkers related to joint tissue 

breakdown known to be upregulated following ACL injury, it remains unknown if 

concentrations of these SF biochemical markers prior to ACLR relate to the development 

of aberrant biomechanics throughout the stance phase of walking gait 6 months following 

ACLR.

Therefore, the primary purpose of this study was to compare gait biomechanics associated 

with PTOA development (i.e., vGRF, KFA, and internal KEM) throughout the stance 

phase 6 months following ACLR in individuals with high vs. low synovial fluid (SF) 

concentrations of IL-6 and MMP-3 measured in the first 15 days following ACL injury. 

Our secondary purpose was to separately compare biomechanics throughout the stance 

phase 6 months post-ACLR from individuals with high and low SF concentrations of IL-6 

and MMP-3 to the gait biomechanics from an uninjured control cohort. We hypothesized 
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that individuals with the highest concentrations of SF IL-6 and SF MMP-3 in the first 

15 days following ACL injury would exhibit greater underloading and utilization of the 

stiffened-knee gait strategy compared to the individuals with the lowest concentrations of SF 

IL-6 and SF MMP-3 following ACL injury.

2.2 Participants

Thirty-eight ACL injured and 38 Uninjured Controls between the ages of 16 and 35 years 

were enrolled in the study. All ACL injured and Uninjured Controls met the following 

inclusion criteria: (1) a BMI between 18–35 kg/m2, (2) no history of neurological disorder, 

(3) no lower extremity joint injury in the previous 6 months (other than the initial ACL 

injury), (4) no previous diagnosis of any diseases that affect joints, (5) no history of 

osteoarthritis, and (6) not currently pregnant. We excluded individuals from the ACLR 

cohort who sustained an ACL injury more than 15 days prior to initial presentation in the 

orthopaedic clinic as well as individuals who were not planning to undergo ACLR following 

or sustained a knee injury that required a multi-ligament surgical reconstruction. All ACL 

injured individuals underwent arthroscopically assisted bone-patellar tendon-bone autograft 

ACLR from one of three participating orthopeadic surgeons as previously reported7. All 

patients were prescribed physical therapy and were provided a standardized timeline for 

rehabilitation goals adapted from a review of best practice guidelines27. Individuals enrolled 

in the Uninjured Control group were physically active and had no history of: (1) lower or 

upper extremity joint surgery, (2) ligamentous knee injury, (3) concussion or head injury in 

the previous 6 months, (4) chronic ankle instability or balance disorders, and (5) cardiac 

condition or stroke.

A previous study28 demonstrated a moderate effect (0.06BW; d = 0.60) for the largest 

magnitude differences in vGRF waveforms between symptomatic and asymptomatic ACLR 

individuals throughout stance using the functional waveform gait analysis. We utilized 

parameters consistent with previously published literature29 to define the calculation of 

mean differences between the highest and lowest quartiles and variability estimates across 

the waveform using 5 gait trials from each participant. Therefore, we estimated that quartiles 

with 9 individuals (with 5 gait trials) would be capable of detecting a statistically significant 

moderate mean difference between waveforms, assuming similar inter-trial variability as 

previously reported (two tailed alpha= 0.05; 1-ß = 0.8; G*Power Statistical power Analysis 

Software v3.1)30. Therefore, we enrolled a large enough initial cohort (ACLR cohort; n=37) 

to allow for quartiles to include an estimated 9 individuals needed to detect a difference.

2.3 Procedures

As much SF as possible was aspirated from the knee joint without lavage using a superior-

lateral suprapatellar approach. SF samples were stored on ice until centrifuged at 3000 × g 

for 10 min at 4°C. The supernatants were aliquoted into 1.0 mL cryovials and stored at −80 

°C until analysis. SF was assessed for MMP-3 (1:2,000 dilution) and IL-6 (1:10 dilution) 

concentrations using commercially available enzyme linked immunosorbent assays (ELISA) 

(R & D Systems, Minneapolis, Minnesota, United States) according to the manufacture’s 

protocols. The optical density for the ELISA was determined within 30 minutes of assay 

completion, using a microplate reader (SpectraMax M2e; Molecular Devices, San Jose, 
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California, United States) set at 450nm with a correction reading set at 540 nm. All assays 

were performed in duplicate for both standards and unknowns and demonstrated inter-assay 

and intra-assay variability less than 10%.

Demographics and biomechanics were collected on the second visit. We used the five 

subscales of the Knee Injury and Osteoarthritis Outcome Score (KOOS) to assess pain 

(KOOS Pain), symptoms (KOOS Symptoms), function in activities of daily living (KOOS 

ADL), function in activities of sport and recreation (KOOS Sport), and knee-related quality 

of life (KOOS QOL) at both visits (i.e., pre-ACLR and 6 months post-ACLR).31 All 

participants were outfitted with one rigid cluster of three retroreflective markers placed 

over the sacrum and 26 additional retroflective markers placed on palpable anatomical 

landmarks32. A static trial was then collected and used to create the segment-linkage model. 

To determine self-selected walking speed, participants were instructed to walk over a 6-

meter distance that included 2 staggered and embedded force-plates (40 × 60 cm, FP406010, 

Bertec Corporation, Columbus, Ohio, United States), at the pace they would “comfortably 

walk over a sidewalk”. After participants felt comfortable walking in the laboratory, the 

speed of five walking trials measured by two sets of infrared timing gates (TF100, Trac 

Tronix, Lenexa, Kansas, United States) was averaged in order to maximize consistency in 

subsequent testing trials. Data from five error-free walking trials were then collected. Errors 

were considered as failing to: (1) individually strike an individual force plate with each foot, 

(2) maintain a walking speed within ±5% of the pre-determined self-selected walking speed, 

and (3) not undergo any visible alterations to gait during the trial (e.g., trip or stutter step). 

Marker positions were collected at 120 Hz using a 10-camera motion capture system (Vicon, 

Nexus, Denver, Colorado, United States) and force data was sampled at 1200 Hz. All data 

were low-pass filtered at 10 Hz (4th order recursive Butterworth). We evaluated kinematic 

and kinetic outcomes from the injured limb of the ACLR cohort. Approximately, 76% of 

the ACL injured cohort injured their dominant limb; therefore, we assessed the dominant 

limb for 76% of the Uninjured Control cohort via random assignment, which has been found 

to be an adequate means of matching limbs for Uninjured Controls33. Dominant limb was 

defined as the limb chosen to kick a ball.

2.4 Gait Biomechanics Processing

Biomechanical outcomes during the stance phase of walking were analyzed on a global 

coordinate system using Visual3D software (C-Motion, Germantown, Maryland, United 

States). Hip joint centers were estimated using the Bell and Brand hip joint CODA 

coordinate system34. Knee and ankle joint centers were identified using a radius half 

the distance between the medial and lateral epicondyles and malleoli, respectively. Knee 

kinematics were calculated using the angle of the shank relative to the thigh using Euler 

angles (sagittal/frontal/transverse sequence). We defined knee flexion as positive values. 

Internal joint moments were calculated using anthropometrics, synchronized kinematics and 

ground reaction force data, and a standard inverse dynamics approach on Visual3D software 

(C-Motion, Germantown, MD). We multiplied KEM by −1 as to present internal KEM 

as positive values in the current analysis. vGRF was normalized to body weights (BW) 

in newtons (N). Internal moments were normalized to the product of BW (N) and height 

(m). For our primary analyses, we choose to express vGRF and internal moments as BW 
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and BW ×Height, respectively, in order to evaluate differences in how individuals were 

loading their limb and knee joint irrespective of absolute differences in body mass. We 

also provided supplemental data for absolute vGRF (Supplemental Figure 3) and internal 

KEM (Supplemental Figure 4). vGRF, KFA, and internal KEM data during stance were time 

normalized to 101 data points prior to analysis.

2.5 Statistical Analyses

For the purpose of this study, we retrospectively organized the ACL cohort into two 
sets of quartiles based on concentrations of SF IL-6 and SF MMP-3 within the first 15 
days following ACL injury. While our primary analyses evaluated differences between 
individuals with the lowest (1st quartile; IL-6Lowest and MMP-3Lowest) the highest (4th 

quartile; IL-6Highest and MMP-3Highest) and the biomarker concentrations at the time of ACL 

injury, comparisons between the highest and high (3rd quartile; IL-6High and MMP-3High) 

quartiles, high and low (2nd quartile; IL-6Low and MMP-3Low) quartiles, as well as low 

and lowest quartiles were also evaluated (Supplemental Table 1). Additionally, we evaluated 

differences in absolute vGRF and internal KEM between Uninjured Controls and each 

lowest and highest IL-6 and MMP-3 quartile (Supplemental Table 2). Descriptive statistics 

were reported for the demographic factors of each quartile based on concentrations of each 

SF IL-6 and SF MMP-3.

Next, we performed separate functional waveform gait analyses29 for each biomechanical 

outcome (vGRF, KFA, and internal KEM) to evaluate planned comparisons between (1) 

Lowest and Highest Quartiles, (2) Uninjured Controls and Lowest Quartiles, and (3) 

Uninjured Controls and Highest Quartiles for each biomarker (IL-6 and MMP-3). The 

functional waveform gait analysis facilitates comparison of biomechanical outcomes at each 

percentile of the stance phase rather than only at certain discrete time points during stance. 

The functional waveform gait analysis allows for the detection of the portions of stance 

and magnitudes by which those portions of stance differ between groups for biomechanical 

outcomes29. Functional waveform gait analyses were performed as previously reported28 

using the functional data analysis package in R statistical computing software (version 

2.2.6). Specifically, functional models were fit to the finite waveforms using cubic b-

splines after which residual curves were plotted to verify the fit of the models. 95% 

confidence intervals for each biomechanical waveform were then calculated for each group. 

Comparisons between waveforms were considered different at any percentile of the stance 

phase where mean differences and corresponding 95% confidence intervals did not cross 

zero29. We reported the largest difference between the ensemble curves and corresponding 

between-group effect sizes (Cohen’s d) within the proportions of stance demonstrating 

differences for each comparison as described above.

3. Results

Participant demographics, biomarker concentration, injury, and time data associated with the 

Uninjured Controls and ACLR individuals organized into the IL-6 Quartiles and MMP-3 

Quartiles are listed in Table I and Table II, respectively. All percentages of stance phase 

demonstrating between quartile differences and the corresponding effect sizes for vGRF, 
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KFA, and internal KEM are listed in Table III. Functional gait waveform analyses between 

IL-6 and MMP-3 Lowest and Low, Low and High, and High and Highest quartiles are in 

Supplemental Figures 1–2. Individual trajectories of all individuals from the ACL Cohort 

and Uninjured Controls, separated by IL-6 and MMP-3 quartile, are shown in Supplemental 

Figure 5.

3.1 vGRF Differences Between Groups

IL-6: Compared to IL-6Lowest, vGRF was lesser in the IL-6Highest group between 1–11%, 

13–21%, and 91–100% of stance and greater between 32–44% of stance (Figures 1A.1 and 

1A.2). Compared to Uninjured Controls, vGRF in the IL-6Lowest group was greater between 

38–56% and 87–100% of stance (Figure 1A.3). Compared to Uninjured Controls, IL-6Highest 

vGRF was lesser between 2–25% of stance and greater between 32–59% and 92–100% of 

stance (Figure 1A.4).

MMP-3: Compared to MMP-3Lowest, MMP-3Highest vGRF was lesser between 3–35%, 

70–86, and 92–100% of stance and greater between 42–60% of stance (Figures 1B.1 and 

1B.2). Compared to Uninjured Controls, MMP-3Lowest vGRF was greater between 30–43% 

and 89–100% of stance (Figure 1B.3). Compared to Uninjured Controls, MMP-3Highest 

vGRF was lesser between 1–29% and 73–82% of stance and greater between 37–60% and 

92–100% of stance (Figure 1B.4). Fifty percent (3/6) of the comparisons conducted in the 

supplemental analyses that evaluated absolute vGRF (i.e., not normalizing to participant 

BW) demonstrated markedly different trends for mean differences upon visual inspection 

compared to the primary analyses. Specifically, comparisons between Uninjured Controls 

and IL-6Highest (Supplemental Figure 3 B.4) demonstrate greater vGRF in IL-6Highest 

compared to Uninjured Controls throughout the majority of stance phase. Compared to both 

MMP-3Lowest (Supplemental Figure 3 D.4) and Uninjured Controls (Supplemental Figure 3 

D.4), MMP-3Highest similarly demonstrates greater vGRF throughout the majority of stance 

phase.

3.2 KFA Differences Between Groups

IL-6: Compared to IL-6Lowest, IL-6Highest KFA was lesser between 1–7% of stance (Figures 

2A.1 and 2A.2). Compared to Uninjured Controls, IL-6Lowest KFA was lesser between 

13–35% and 94–100% of stance and greater between 54–77% of stance (Figure 2A.3). 

Compared to Uninjured Controls, IL-6Highest KFA was lesser between 5–34% and greater 

between 58–71% of stance (Figure 2A.3).

MMP-3: Compared to MMP-3Lowest, MMP-3Highest KFA was lesser between 16–25% 

of stance and greater between 49–100% of stance (Figures 2B.1 and 2B.2). Compared 

to Uninjured Controls, MMP-3Lowest KFA was lesser between 25–32% and 89–100% of 

stance. Compared to Uninjured Controls, MMP-3Highest KFA was lesser between 10–38% of 

stance and greater between 51–90% of stance (Figure 2B.3).

3.2 Internal KEM Differences between Conditions

IL-6: Compared to IL-6Lowest IL-6Highest internal KEM was greater between 2–21% of 

stance (Figures 3A.1 and 3A.2). Compared to Uninjured Controls, IL-6Lowest internal KEM 

Evans-Pickett et al. Page 7

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was greater between 24–28% of stance and lesser between 50–82% of stance (Figure 3A.3). 

Compared to Uninjured Controls, IL-6Highest internal KEM was greater between 2–26% of 

stance and lesser between 51–87% of stance (Figure 3A.3).

MMP-3: Compared to MMP-3Lowest, the MMP-3Highest internal KEM was lesser between 

1–10% and greater between 74–100% of stance (Figures 3B.1 and 3B.2). Compared to 

Uninjured Controls, MMP-3Lowest internal KEM was greater between 1–29% of stance 

and lesser between 97–98% of stance (Figure 3B.3). Compared to Uninjured Controls, 

MMP-3Highest internal KEM was lesser between 1–3% and greater between 11–35% and 

81–100% of stance (Figure 3B.4). While the specific percentiles of stance indicating regions 

of significance differed (Supplemental Table 2), supplemental analysis using absolute KEM 

demonstrated similar trends for mean differences upon visual inspection compared to the 

primary analyses for all IL-6 and MMP-3 comparisons (Supplemental Figure 4).

4. Discussion

Overall, our primary results indicate that individuals with the highest SF concentrations 

of IL-6 and MMP-3 early following ACL injury are more likely to demonstrate a greater 

degree of underloading and a propensity to utilize the stiffened-knee gait strategy during 

gait at 6 months following ACLR compared to individuals with the lowest concentrations 

of IL-6 and MMP-3 and Uninjured Controls. Additionally, our primary results demonstrate 

that individuals with the lowest SF concentrations of IL-6 and MMP-3 early following ACL 

injury are more likely to match gait patterns of Uninjured Controls 6 months following 

ACLR compared to individuals with the highest concentrations of IL-6 and MMP-3. This is 

the first study to demonstrate that higher SF concentrations of pro-inflammatory biomarkers 

in the first 15 days following an ACL injury are associated with aberrant gait biomechanics 

6 months following ACLR. These data suggest that the early joint tissue biochemical 

response to ACL injury may be a target for mitigating future aberrant gait biomechanics that 

contribute to joint tissue breakdown following knee injury.

We expected individuals with the highest concentrations of IL-6 and MMP-3 to demonstrate 

gait patterns consistent with underloading of the ACLR limb. It is hypothesized that 

underloading disrupts the normal cyclical loading and unloading of joint tissues needed for 

continued optimal knee joint tissue health12,28,35,36. Overall individuals in IL-6Highest and 

MMP-3Highest demonstrated these characteristics of underloading compared to individuals 

in IL-6Lowest and MMP-3Lowest as well as Uninjured Controls. Specifically, individuals 

in MMP-3Highest demonstrated patterns of underloading with lesser vGRF peaks during 

early and late stance, and greater vGRF during midstance compared to MMP-3Lowest 

and Uninjured Controls. Similarly, individuals in IL-6Highest demonstrated lesser vGRF 

during early stance and greater vGRF during midstance compared to individuals 

in IL-6Lowest and Uninjured Controls. Conversely, compared to Uninjured Controls, 

individuals in IL-6Lowest and MMP-3Lowest exhibited differences only during midstance 

(i.e., greater vGRF in IL-6Lowest and MMP-3Lowest) and had no differences in peak vGRF 

during early or late stance. Additionally, we found evidence that underloading of the 

ACLR limb became incrementally more pronounced between all four MMP-3 Quartiles 

(MMP-3Lowest, MMP-3Low, MMP-3High, MMP-3Highest) suggesting a dose effect between 
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greater SF concentrations of MMP-3 and more pronounced underloading profiles for vGRF 

(Supplemental Figure 1).

The stiffened-knee gait strategy, commonly reported following ACLR12,37 and in individuals 

with osteoarthritis38, may inhibit optimal energy attenuation in lower extremity joints. This 

gait pattern has been associated with increased severity of knee osteoarthritis and decreased 

femoral cartilage thickness in otherwise healthy individuals38–40. Overall, individuals in 

both Highest and Lowest IL-6 and MMP-3 quartiles demonstrated greater use of the 

stiffened-knee gait strategy compared to Uninjured Controls. Specifically, individuals from 

the ACL cohort demonstrated lesser internal knee extension moments during early stance, 

lesser KEM during late stance, and lesser KFA and knee flexion excursion in early to mid-

stance. Of note however, only IL-6 Highest and Lowest quartiles demonstrated lesser peak 

internal KEM in late stance compared to Uninjured Controls, which is a gait pattern that 

has previously been identified in asymptomatic individuals with MRI evidence of cartilage 

loss and high concentrations of a pro-inflammatory cytokine (i.e. tumor necrosis factor-α)20. 

Further, compared to individuals in IL-6Highest and MMP-3Highest individuals in IL-6Lowest 

and MMP-3Lowest generally demonstrated a less pronounced stiffened-knee gait strategy. 

Compared to IL-6Highest, IL-6Lowest demonstrated greater internal knee flexion moments in 

early stance, while compared to MMP-3Highest, MMP-3Lowest demonstrated greater KFA 

during early stance and KFA excursion between early and middle stance. Overall, our 

findings provide evidence that those with the highest concentrations of SF IL-6 and MMP-3 

within the first 15 days of ACL injury demonstrate more aberrant gait biomechanics 6 

months post-ACLR.

It is commonly hypothesized that aberrant joint loading triggers harmful biological joint 

tissue changes9,38–40. However, there is a lack of longitudinal data to determine if 

changes in gait biomechanics influence changes in joint tissue biochemistry and subsequent 

metabolism. Previous studies in humans41,42 have demonstrated that an inflammatory 

response occurs immediately after injury and again soon after ACLR, each of which 

may disrupt normal gait biomechanics. This disruption of gait biomechanics may cause 

a cyclical breakdown in joint tissues as aberrant joint tissue loading triggers and perpetuates 

deleterious changes in joint tissue biochemistry that could lead to PTOA onset. Our 

study suggests the existence of a more complex relationship between biomechanics and 

biochemistry than previously assumed whereby deleterious joint tissue biochemistry may 

precede the onset of aberrant biomechanics. While our study cannot confirm causality due to 

potential confounding variables, we can hypothesize from our results that early joint tissue 

biochemistry following ACL injury may influence gait differences 6 months post-ACLR. 

Experimental human knee effusion models have demonstrated that in the absence of pain 

or disease, increased acute joint effusion via experimental saline injection causes aberrant 

biomechanics associated with PTOA development, including exhibiting the stiffened-knee 

gait patterns and underloading in the experimentally effused limb43–45. Thereby, greater 

early joint effusion in ACL injured patients caused by a greater inflammatory response may 

influence the development of aberrant gait biomechanics. While our study did not seek 

to evaluate sex differences in outcomes, there were more males in and IL-6Highest (n=6) 

and MMP-3Highest (n=6) compared to IL-6Lowest (n=2) and MMP-3Lowest (n=2). Future 

studies should determine the effect of sex on early joint biochemistry following ACL injury. 
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Additionally, none of the individuals from MMP-3Highest overlapped with individuals from 

IL-6Highest and only 20% of the individuals from MMP-3Lowest overlapped with individuals 

from IL-6Lowest. This finding suggests that high concentrations of IL-6 and MMP-3 may 

uniquely associate with aberrant gait biomechanics. Furthermore, our results demonstrate 

that the magnitude of differences between MMP-3Highest and MMP-3Lowest was greater 

than the magnitude of differences between IL-6Highest and IL-6Lowest. Moreover, the gait 

patterns of individuals in MMP-3Lowest closely match the gait patterns of Uninjured Controls 

(Figures 1–3) suggesting that those who present with the lowest MMP-3 concentrations 

acutely following ACL injury may not exhibit aberrant gait biomechanics 6 months post-

ACLR. Conversely, individuals with lowest IL-6 concentrations acutely following injury 

demonstrated several differences in gait patterns compared to the Uninjured Controls 

(Figures 1–3) suggesting that low concentrations of IL-6 early following ACL injury may 

not be as strongly linked to normalized gait patterns at 6 months post-ACLR.

Further research is needed to elucidate whether the relationship between gait biomechanics 

and joint tissue biochemistry following ACL injury reflects a causal effect as the current 

study did not account for potential confounding variables. Such a study is important as 

it could allow for the development of novel therapeutic targets to delay or prevent the 

development of aberrant gait biomechanics associated with PTOA development. Previous 

efforts46,47 have attempted to inhibit the proinflammatory cytokine IL-1 for the purpose 

of altering the deleterious cascade of biochemical changes caused by joint inflammation 

following ACL injury that may contribute to PTOA onset. Our results suggest that treating 

the early biochemical response to ACL injury may benefit the development of optimal gait 

biomechanics that decrease the risk of future joint tissue degradation.

We conducted supplemental analyses in order to present between-quartile differences in 

absolute values of vGRF and KEM not normalized to the mass of each individual. Overall, 

supplemental analyses comparing the highest and lowest IL-6 and MMP-3 quartiles for 

absolute KEM demonstrated waveform trends across stance that were similar to the primary 

analyses for internal KEM expressed as BW×Height (Supplemental Figure 4). Conversely, 

supplemental analyses comparing highest and lowest IL-6 and MMP-3 quartiles for absolute 

vGRF demonstrated distinctly different results from our primary analyses. Specifically, the 

highest IL-6 and MMP-3 quartiles demonstrated greater absolute vGRF throughout the 

majority of stance phase compared to the lowest IL-6 and MMP-3 quartiles and Uninjured 

Controls (Supplemental Figure 3 B.2, B.4, D.2, and D.4). Interpreting the between-quartile 

differences across stance phase for absolute vGRF is limited as the differences in vGRF 

may be impacted by moderate to strong effect sizes exhibiting greater baseline body mass 

for both the highest IL-6 (Effect Size: Cohen’s d=1.03) and MMP-3 quartiles (Effect 

Size: Cohen’s d =0.46) compared to the lowest quartiles. Therefore, it is possible, that 

absolute forces exerted on the lower extremity may be critical to understanding the complex 

relationship between joint tissue biochemistry and gait biomechanics. As such, future studies 

may seek to compare the relationships between joint biochemistry and both the absolute 

forces and relative forces (i.e. normalized to BW) exerted across the limb or to specific 

lower extremity joints during gait.
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Our study was the first to evaluate how initial knee joint biochemistry early following 

ACL injury associates with walking gait biomechanics 6 months post-ACLR; yet, there are 

limitations that should be addressed and inform future research. While the focus of the study 

was to associate concentrations of SF IL-6 and MMP-3, other biomarkers of inflammation 

(e.g., granulocyte-macrophage colony-stimulating factor), cartilage turnover (e.g., cartilage 

oligomeric matrix protein) and matrix degradation (e.g., MMP-1) associated with PTOA 

could further elucidate the associations of early joint biochemistry and subsequent gait 

biomechanics following ACLR. Additionally, other biomechanical variables of interest (e.g., 

knee adduction moment) have been associated with idiopathic knee OA severity48 and 

future studies may seek to evaluate associations between biomarkers and frontal plane 

moments and angles following ACLR. Additionally, future studies should evaluate the 

effect of changes in joint tissue metabolism on muscle activation patterns and estimates 

of tibiofemoral contact forces. Future research should investigate the interactions between 

concentrations of other biomarkers related to PTOA early following ACL injury and gait 

biomechanics following ACLR. Additionally, 4 of the 37 individuals in the study underwent 

previous reconstruction of the contralateral ACL (Table I). Though the IL-6 and MMP-3 

concentrations were collected from joint specific synovial fluid samples, and only the 

biomechanics of the involved limb were analyzed, the gait biomechanics of these individuals 

may have been influenced by the previous contralateral ACLR12. Although we included 

a control group to help provide as a reference for uninjured biomechanics, we did not 

measure gait biomechanics prior to ACL injury and as such, it is unclear if aberrant gait 

biomechanics found at 6 months post-ACLR existed prior to ACL injury. Rather than 

prescribing a walking speed to all participants, we chose to collect gait biomechanics 

at the participants’ preferred walking speed to maintain the ecological validity of the 

study. Additionally, while the functional waveform gait analysis allows for detection of 

differences throughout the entirety of stance, it does not account for possible phase shifts. 

Finally, the functional waveform gait analyses that we conducted to evaluate differences 

between quartiles across the entire stance phase does not lend itself to the adjustment of 

the biomechanical outcomes while accounting for potential confounding variables. Larger 

studies should seek to elucidate the confounding effect of potential variables (e.g. sex, 

walking speed, concomitant injuries, or pain ) on the relationship between early biochemical 

changes following ACLR and gait biomechanics.

In conclusion, individuals with the highest SF concentrations of IL-6 and MMP-3 early 

following ACL injury demonstrated a greater degree of underloading and utilization 

of the stiffened-knee gait strategy during gait at 6 months following ACLR compared 

to individuals with the lowest concentrations of IL-6 and MMP-3 and Uninjured 

Controls. Furthermore, individuals with the lowest SF concentrations of IL-6 and MMP-3 

demonstrated gait patterns similar to Uninjured Controls at 6 months post-ACLR compared 

to individuals with the highest concentrations of IL-6 and MMP-3. Additional research is 

required to establish a causal link between early knee SF biomarker concentrations and 

aberrant gait biomechanics post-ACLR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Vertical Ground Reaction Forces (.1) and Mean Difference Curves (.2-.4) of Uninjured 
Controls and Highest and Lowest IL-6 (A) and MMP-3 (B) ACL Cohort Quartiles.
Figures 1A.1 and 1B.1 depict mean ensemble waveforms plotted over the stance phase of 

walking, for mean vertical ground reaction force (vGRF), normalized to body weight (BW) 

for the Uninjured Controls and Highest and Lowest IL-6 (A) and MMP-3 (B) ACL Cohort 

Quartiles. Figures 1A.2–4 and 1B.2–4 depict corresponding pairwise comparison functions, 

and associated 95% confidence intervals (grey bands), indicating the mean differences 

between the Uninjured Controls and Lowest (.3), Uninjured Controls and Highest (.4), and 
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Lowest and Highest (.2) IL-6 (A) and MMP-3 (B) Quartiles. Differences between groups 

existed whenever the 95% confidence intervals did not overlap zero.

Evans-Pickett et al. Page 17

Osteoarthritis Cartilage. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Knee Flexion Angles (.1) and Mean Difference Curves (.2-.4) of Uninjured Controls 
and Highest and Lowest IL-6 (A) and MMP-3 (B) ACL Cohort Quartiles.
Figures 1A.1 and 1B.1 depict mean ensemble waveforms plotted over the stance phase 

of walking, for mean knee flexion angles for the Uninjured Controls and Highest and 

Lowest IL-6 (A) and MMP-3 (B) ACL Cohort Quartiles. Figures 1A.2–4 and 1B.2–4 depict 

corresponding pairwise comparison functions, and associated 95% confidence intervals 

(grey bands), indicating the mean differences between the Uninjured Controls and Lowest 

(.3), Uninjured Controls and Highest (.4), and Lowest and Highest (.2) IL-6 (A) and MMP-3 
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(B) Quartiles. Differences between groups existed whenever the 95% confidence intervals 

did not overlap zero.
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Figure 3. Internal Knee Extension Moments (.1) and Mean Difference Curves (.2-.4) of 
Uninjured Controls and Highest and Lowest IL-6 (A) and MMP-3 (B) ACL Cohort Quartiles.
Figures 1A.1 and 1B.1 depict mean ensemble waveforms plotted over the stance phase 

of walking, for mean internal knee extension moments normalized to body weight (BW 

× Height), for the Uninjured Controls and Highest and Lowest IL-6 (A) and MMP-3 

(B) ACL Cohort Quartiles. Figures 1A.2–4 and 1B.2–4 depict corresponding pairwise 

comparison functions, and associated 95% confidence intervals (grey bands), indicating the 

mean differences between the Uninjured Controls and Lowest (.3), Uninjured Controls and 
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Highest (.4), and Lowest and Highest (.2) IL-6 (A) and MMP-3 (B) Quartiles. Differences 

between groups existed whenever the 95% confidence intervals did not overlap zero.
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Table I
Participant Demographics – IL-6 Quartiles.

Table I shows the demographical, injury, and time data associated with the Uninjured Controls and ACLR 

individuals organized into the IL-6 Quartiles

Uninjured 
Control 
Group

Entire ACLR 
Cohort

IL-6 Lowest 
Quartile

IL-6 Low 
Quartile

IL-6 High 
Quartile

IL-6 Highest 
Quartile

n 38 38 10 9 9 10

Sex (Female) 19 21 8 4 5 4

Age (yrs) 21.26 ±3.06 20.95 ± 3.52 20.70 ± 4.97 20.56 ± 3.20 19.89 ± 1.54 22.5 ±3.31

Height (m) 1.74 ±0.08 1.76 ±0.13 1.67 ±0.10 1.77 ±0.10 1.79 ±0.14 1.80 ±0.13

Mass (kg) 72.25 ± 12.29 74.29 ± 13.81 63.73 ± 10.39 79.44 ± 12.98 86.35 ± 10.98 77.61 ± 16.02

Body Mass Index (kg/m2) 23.89 ± 2.80 24.64 ± 3.83 23.71 ±4.12 24.77 ± 3.44 26.30 ± 4.41 23.97 ± 3.38

6 Month Gait Speed (m/s) 1.27 ±0.12 1.23 ±0.12 1.24 ±0.13 1.18 ±0.13 1.22 ±0.13 1.24 ±0.15

KOOS Symptoms Score 
(Pre-ACLR) NA 44.27 ± 17.33 40.89 ± 15.84 53.33 ± 23.99 40.00 ± 15.18 43.00 ± 12.19

KOOS Pain Score (Pre-
ACLR) NA 56.19 ± 19.18 54.00 ± 12.20 56.89 ± 26.94 55.44 ± 17.06 58.20 ± 9.04

KOOS Activities of Daily 
Living Score (Pre-ACLR) NA 61.11 ± 18.89 62.75 ± 9.45 61.56 ±30.28 61.56 ± 13.46 59.00 ± 3.54

KOOS Sports Score (Pre-
ACLR) NA 20.95 ± 32.81 19.44 ±31.77 24.44 ± 28.99 26.11 ±41.29 14.50 ± 14.53

KOOS Quality of Life 
Score (Pre-ACLR) NA 23.62 ± 18.44 26.56 ± 9.75 30.00 ± 29.63 19.67 ± 14.85 18.80 ± 19.03

KOOS Symptoms Score (6 
Month) NA 74.58 ± 15.52 69.78 ±21.37 79.50 ± 11.46 74.22 ± 13.08 75.3 ± 15.23

KOOS Pain Score (6 
Month) NA 84.58 ±11.91 79.00 ± 19.16 87.12 ±8.25 87.11 ±7.22 85.30 ± 9.04

KOOS Activities of Daily 
Living Score (6 Month) NA 94.61 ± 10.42 90.00 ± 19.86 98.50 ± 2.45 94.33 ± 4.53 95.90 ± 3.54

KOOS Sports Score (6 
Month) NA 65.89 ± 17.22 62.44 ±25.91 69.38 ± 16.13 63.33 ± 10.90 68.50 ± 14.53

KOOS Quality of Life 
Score (6 Month) NA 52.69 ± 17.37 52.78 ± 14.97 54.00 ± 13.84 49.56 ± 22.50 54.40 ± 19.03

Previous Contralateral ACL 
Reconstruction NA 4 1.20 ±0.42 1.11 ±0.33 1 0

Time Between Injury and 
Synovial Fluid Aspiration 
(Days)

NA 6.29 ± 3.98 7.43 ± 3.46 7.29 ± 3.25 7.17 ±4.36 3.75 ± 4.23

Time Between Injury 
and ACL Reconstruction 
(Days)

NA 31.74 ± 15.06 29.75 ± 14.76 28.38 ± 12.41 40.50 ±8.17 30.67 ±

Time Between Surgery and 
6mo Biomechanics (Days) NA 202.35 ±31.12 211.60 ±40.75 202.25 ± 17.47 205.78 ±31.63 190.1 ±28.52

Chondral Injury NA 12 5 3 2 2

Lateral Meniscus Tear NA 29 7 5 8 9

Medial Meniscus Tear NA 8 2 3 1 2

Any Concomitant Injury NA 33 9 6 9 9

Synovial Fluid IL-6 
Concentraron (ng/ml) NA 7.876.84 

±9.194.76
654.60 ± 
649.71

3,570.44 ± 
547.54

6,637.22 ± 
1,822.52

20,090.5 ± 
10,007.03
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Uninjured 
Control 
Group

Entire ACLR 
Cohort

IL-6 Lowest 
Quartile

IL-6 Low 
Quartile

IL-6 High 
Quartile

IL-6 Highest 
Quartile

Synovial Fluid MMP-3 
Concentraron (ng/ml) NA 6,725.09 ± 

11,230.91
4,517.40 
±3,115.5

15,392.33 
±20,988.15

5,555.33 ± 
3,490.77

2,185.05 ± 
1,281.58

Data presented as mean ± standard deviation.
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Table II
Participant Demographics – MMP-3 Quartiles.

Table II shows the demographical, injury, and time data associated with the Uninjured Controls and ACLR 

individuals organized into the MMP-3 Quartiles

Uninjured 
Control 
Group

Entire ACLR 
Cohort MMP-3 Lowest 

Quartile

MMP-3 Low 
Quartile

MMP-3 High 
Quartile

MMP-3 
Highest 
Quartile

n 38 38 10 9 9 10

Sex (Female) 19 21 8 3 6 4

Age (yrs) 21.26 ±3.06 20.95 ± 3.52 20.70 ± 1.64 22.22 ± 4.58 21.67 ±4.36 19.40 ±0.10

Height (m) 1.74 ± 0.08 1.76 ±0.13 1.72 ±0.09 1.77 ±0.17 1.77 ±0.15 1.76 ±0.14

Mass (kg) 72.25 ± 12.29 77.62 ± 16.35 66.91 ± 8.53 77.47 ± 18.02 82.05 ±11.88 71.83 ± 12.63

Body Mass Index (kg/m2) 23.89 ± 2.80 24.64 ± 3.83 22.69 ± 2.94 24.92 ± 2.85 27.75 ± 5.24 23.55 ± 2.20

6 Month Gait Speed (m/s) 1.27 ±0.12 1.23 ±0.12 1.32 ±0.10 1.26 ±0.10 1.19 ±0.14 1.12 ± 13.96

KOOS Symptoms Score 
(Pre-ACLR) NA 44.27 ± 17.33 48.5 ± 13.90 32.56 ± 15.74 44.63 ± 12.23 50.30 ±21.78

KOOS Pain Score (Pre-
ACLR) NA 56.19 ± 19.18 59.00 ± 18.66 50.67 ± 17.73 58.88 ± 23.84 56.20 ± 18.88

KOOS Activities of Daily 
Living Score (Pre-ACLR) NA 61.11 ± 18.89 65.90 ± 20.07 54.11 ± 17.61 61.50 ±22.81 62.44 ± 16.01

KOOS Sports Score (Pre-
ACLR) NA 20.95 ±32.81 34.50 ± 38.62 14.44 ± 30.66 19.38 ± 34.89 14.50 ±27.13

KOOS Quality of Life 
Score (Pre-ACLR) NA 23.62 ± 18.44 23.20 ± 12.78 13.22 ±9.67 30.75 ±11.81 27.70 ± 28.87

KOOS Symptoms Score (6 
Month) NA 74.58 ± 15.52 75.70 ± 12.07 71.00 ± 13.36 72.89 ± 22.39 79.13 ± 5.63

KOOS Pain Score (6 
Month) NA 84.58 ±11.91 84.20 ± 8.08 83.22 ± 8.57 81.56 ±20.09 90.00 ± 3.96

KOOS Activities of Daily 
Living Score (6 Month) NA 94.61 ± 10.42 95.70 ± 4.27 95.67 ± 4.39 89.89 ± 19.66 97.38 ± 17.41

KOOS Sports Score (6 
Month) NA 65.89 ± 17.22 68.00 ± 12.29 70.78 ± 13.01 58.89 ± 24.59 65.63 ± 17.41

KOOS Quality of Life 
Score (6 Month) NA 52.69 ± 17.37 58.80 ± 15.96 51.33 ± 16.20 47.44 ± 22.48 52.50 ± 14.59

Previous Contralateral ACL 
Reconstruction NA 4 0 2 1 1

Time Between Injury and 
Synovial Fluid Aspiration 
(Days) NA 6.29 ± 3.98 3.57 ± 2.23 4.56 ± 2.74 9.00 ± 4.36 9.29 ± 3.73

Time Between Injury 
and ACL Reconstruction 
(Days)

NA 31.74 ± 15.06 30.63 ± 19.34 33.00 ± 15.49 31.83 ± 15.16 31.38 ± 12.51

Time Between Surgery and 
6mo Biomechanics (Days) NA 202.35 ± 31.12 192.33 ±32.63 217.56 ±42.90 189.44 ± 10.48 209.30 ± 25.35

Chondral Injury NA 12 1 2 7 2

Lateral Meniscus Tear NA 29 6 8 8 7

Medial Meniscus Tear NA 8 1 2 1 4

Any Concomitant Injury NA 33 7 9 9 8

Synovial Fluid IL-6 
Concentraron (ng/ml) NA 7,876.84 

±9,194.76
11,702.24 ± 
12,025.98

9,667.50 ± 
11,783.23

6,228.53 ± 
6,082.87

3,923.33 
±2,662.10
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Uninjured 
Control 
Group

Entire ACLR 
Cohort MMP-3 Lowest 

Quartile

MMP-3 Low 
Quartile

MMP-3 High 
Quartile

MMP-3 
Highest 
Quartile

Synovial Fluid MMP-3 
Concentraron (ng/ml) NA 6,725.09 ± 

11,230.91
1,392.95 
±446.13

2,852.11 
±419.77

4,421.44 
±519.87

17,616.20 ± 
18,282.74

Data presented as mean ± standard deviation.
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Table 3.
Portions of Stance Demonstrating Relevant Mean Differences.

Table 3 shows the Mean Differences of vertical ground reaction force, knee flexion angle, and internal knee 

extension moment between the Uninjured Control group and each of the Lowest and Highest IL-6 and MMP-3 

ACLR Quartiles and between the Lowest and Highest IL-6 ACLR Quartiles and the Lowest and Highest 

MMP-3 ACLR Quartiles.

Vertical Ground Reaction Force (%BW) Knee Flexion Angle (°) Internal Knee Extension Moment 
(%BW×Height)

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

IL-6

Lowest 
Quartile 
minus 
Highest 
Quartile

1–11 3.72 (11%) d=0.37 
(−0.04,0.77)

1–7 2.51(1%) d=0.58 
(0.17,0.99)

2–21 −0.61 (16%) d=−0.65 
(−1.06,−0.23)

13–21 4.65 (18%) d=0.43 
(0.02,0.84)

32–44 −3.83 (38%) d=−0.69 
(−1.11,−0.28)

91–100 2.80 (93%) d=0.46 
(0.05,0.87)

Uninjured 
Controls 
minus 
Lowest 
Quartile

38–56 −3.47 (48%) d=−0.70 
(−1.11,−0.28)

13–35 2.44 (26%) d=0.64 
(0.22,1.05)

24–28 −0.43 (24%) d=−0.47 
(−0.88,−0.06)

87–100 −5.60 (93%) d=−1.15 
(−1.60,−0.72)

54–77 −2.20 (65%) d=−0.84 
(−1.26,−0.42)

50–82 0.58 (70%) d=1.06 
(0.63,1.49)

94–100 3.26 (100%) d=0.79 
(−0.37,1.21)

Uninjured 
Controls 
minus 
Highest 
Quartile

2–25 7.88 (19%) d=0.94 
(0.52,1.35)

5–34 3.11 (17%) d=0.82 
(0.42,1.23)

2–26 −0.96 (18%) d=−1.13 
(1.35,2.07)

32–59 −6.21 (40%) d=−1.40 
(−1.84,−0.96)

58–71 −1.50 (65%) d=−0.57 
(−0.97,−0.17)

51–87 0.64 (69%) d=1.20 
(−1.68,−0.98)

92–100 −2.80 (93%) d=−0.58 
(−0.98,−0.18)

MMP-3

Lowest 
Quartile 
minus 
Highest 
Quartile

3–35 1.23 (13%) d=1.17 
(0.73,1.57)

16–25 2.29 (20%) d=0.48 
(0.07,0.89)

1–10 0.43 (1%) d=0.94 
(0.52,1.37)

42–60 −5.03 (52%) d=−0.82 
(−1.17,−0.40)

49–100 −4.07 (100%) d=−0.88 
(−1.30,−0.46)

74–100 −0.59 (85%) d=−0.81 
(−1.23,−0.39)

70–86 3.33 (82%) d=0.33 
(0.02,0.83)

96–100 1.37 (96%) d=0.01 
(0.01,0.83)

Uninjured 
Controls 
minus 
Lowest 
Quartile

30–43 −3.33 (34%) d=−0.71 
(−1.13,−0.30)

25–32 1.96 (28%) d=0.51 
(0.10,0.92)

1–29 −0.69 (18%) d=−0.86 
(−1.28,−0.44)

89–100 −4.91 (93%) d=−1.03 
(−1.46,−0.60)

89–100 3.59 (100%) d=0.97 
(0.54,1.40)

97–98 0.11 (97%) d=−0.58 
(0.17,0.99)
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Vertical Ground Reaction Force (%BW) Knee Flexion Angle (°) Internal Knee Extension Moment 
(%BW×Height)

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

Portions of 
Stance 
with 
Differences 
between 
Ensemble 
Curves 
(%)

Largest 
Difference 
Between 
Ensemble 

Curves
± 

(Corresponding 
% of stance)

Effect Size 
(95% 
Confidence 
Interval) of 
Largest 
Difference 
Between 
Ensemble 
Curves

Uninjured 
Controls 
minus 
Highest 
Quartile

1–29 11.05 (17%) d=1.31 
(0.87,1.74)

10–38 3.72 (22%) d=0.99 
(0.57,1.41)

1–3 0.22 (1%) d=0.62 
(0.22,1.02)

37–60 −5.85 (49%) d=−1.20 
(−1.62,−0.77)

51–90 −2.95 (68%) d=−1.15 
(−1.57,−0.72)

11–35 −1.07 (20%) d=−1.24 
(−1.67,−0.81)

73–82 3.19 (80%) d=0.53 
(0.13,0.93)

81–100 −0.45 (87%) d=−0.82 
(−1.23,−0.41)

92–100 −3.24 (94%) d=−0.79 
(−1.20,−0.38)

BW = Body Weight

±
Indicates greatest absolute differences between two ensemble curves within a given range

d=Cohen’s between group effect size (95% confidence interval).
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