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Abstract

Objective—To determine if walking speed collected at 6 and 12 months following anterior 

cruciate ligament reconstruction (ACLR) associates with inter-limb differences in proteoglycan 

density, measured via T1ρ magnetic resonance imaging (MRI), in tibiofemoral articular cartilage 

12 months following ACLR.

Methods—Twenty-one individuals with a unilateral patellar-tendon autograft ACLR (10 females, 

11 males, 23.9±2.7 years, 23.9±2.7 BMI) were recruited for participation in this study. Walking 

speed was collected using 3-dimensional motion capture at 6 and 12 months following ACLR. The 

articular cartilage of the medial and lateral condyles of the femur (MFC and LFC) and tibia (MTC 

and LTC) was manually segmented and sub-sectioned into three regions of interest (Anterior, 

Central and Posterior) based upon the location of the meniscus in the sagittal plane. Inter-limb 

mean T1ρ relaxation time ratios (T1ρ-ACLR limb/T1ρ-contralateral limb) were calculated and 

used for analysis. Pearson product-moment correlations were used to determine associations 

between walking speed and inter-limb differences in T1ρ relaxation time ratios.
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Results—Slower walking speed 6 months post-ACLR significantly associated with higher T1ρ 
relaxation time ratios in the medial femoral condyle of the ACLR limb 12 months following 

ACLR (Posterior-MFC, r=−0.51, P=0.02, Central-MFC, r=−0.47, P=0.04). Similarly, slower 

walking speed at 12 months post-ACLR significantly associated with higher T1ρ relaxation time 

ratios in the Posterior-MFC ACLR limb (r=−0.47, P=0.04) 12 months following ACLR.

Conclusion—Slower walking speed at 6 and 12 months following ACLR may be associated 

with early proteoglycan density changes in medial femoral compartment cartilage health in the 

first 12 months following ACLR.
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Approximately 250,000 anterior cruciate ligament (ACL) injuries are sustained each year in 

the United States.(1, 2) Individuals who sustain an ACL injury often elect to undergo 

surgical reconstruction (ACLR) followed by 6-9 months of rehabilitation, with the goal of 

acutely stabilizing the knee and returning to physical activity.(3) However, these patients are 

at greater risk for developing post-traumatic knee osteoarthritis (PTOA).(4–6) Between 

30-50% of individuals with ACLR develop PTOA within 10-15 years following injury.(5–7) 

Signs of altered cartilage composition, specifically diminished proteoglycan density, have 

been observed in these individuals as early as 1-2 years following ACL injury.(8–11) 

Radiographic imaging is typically used for detecting structural joint changes that are 

consistent with late stage osteoarthritis (OA).(12) However, radiographs are not sensitive to 

pre-morphologic changes in the articular cartilage.(12) T1ρ magnetic resonance imaging 

(MRI) relaxation times have been used to measure proteoglycan density of the articular 

cartilage.(13–15) Decreased proteoglycan density in tibiofemoral articular cartilage has been 

identified as an early compositional change consistent with the early development of knee 

OA.(15, 16) Lesser proteoglycan density has been detected using T1ρ MRI in tibiofemoral 

cartilage of the injured limb as early as one year following ACLR.(9–12) A comparison of 

the T1ρ MRI relaxation times between the ACLR and contralateral limbs may contribute to 

our understanding of the early signs of OA development in these individuals.

Walking speed is a simple performance outcome that clinicians can use to measure the 

functional status of individuals with knee OA(17) and predict likelihood for OA 

development in those without knee OA.(18, 19) Slower walking speed has been found to 

predict fall risk,(20) diminished performance in activities of daily living,(18, 21) and 

mortality in elderly individuals.(22, 23) Purser et al.(20) demonstrated that older healthy 

adults (60.07±9.86 years old) without knee OA who walked more slowly were more likely to 

develop knee OA over the following 6 years. In younger individuals with an ACLR 

(22.00±3.62 years old) slower walking speeds associated with serum markers of type-II 

collagen breakdown, which may be indicative of early changes in cartilage metabolism.(21) 

Aberrant joint loading following ACLR may contribute to accelerated cartilage breakdown 

and hasten the development of knee OA.(22) It is hypothesized that individuals who are at 

risk for developing knee OA slow their habitual walking speed in an effort to reduce the 

energy distributed through knee tissues.(23) Previous research(24) found that faster walking 

speed associated with higher peak vertical ground reaction force (vGRF) magnitudes and 
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loading rates shortly following heel-strike during the first half of the stance phase of walking 

gait.(24) Together, these findings suggest that walking speed may associate with changes in 

articular cartilage homeostasis in individuals following ACLR. Therefore, the purpose of 

this study was to determine if walking speed at 6 and 12 months following ACLR associates 

with inter-limb differences in proteoglycan density in the tibiofemoral articular cartilage 

measured 12 months following ACLR via T1ρ MRI. We hypothesized that those with a 

slower walking speed at 6 and 12 months following ACLR would demonstrate lesser 

proteoglycan density in the injured limb relative to the contralateral limb 12 months 

following ACLR.

Materials and Methods

Participants

All participants underwent arthroscopic ACLR using a graft from the middle third of the 

patellar tendon as previously described.(21) Participants were excluded if they were 

pregnant or planned to become pregnant within 12 months of study enrollment. We also 

excluded participants who had any form of arthritis or needed a multi-ligament 

reconstruction. All individuals with a history of cochlear implant, clinical hypertension, 

claustrophobia, hepatic disease, diabetes, seizures, or cardiac pacemaker were excluded. 

Individuals with a history of a previous traumatic knee injury were also excluded. 

Biomechanical analyses were conducted during the 6 and 12 month follow-up exams after 

ACLR. Electronic mail and telephone communication were used to retain study participants 

and schedule 6 and 12 month follow-up visits. All participants provided informed consent to 

participate in the study, and the university’s Institutional Review Board approved all aspects 

of the study. Participants completed the KOOS Knee Survey during the 6 and 12 month 

follow-up following ACLR (Table 1) in order to determine the self-perceived function of our 

cohort. Each of the KOOS subscales (KOOS Pain, KOOS Symptoms, KOOS ADL, KOOS 

Sport, and KOOS QOL) have demonstrated acceptable construct validity and reliability 

(ICCs 0.75-0.96) compared to the Short Form-36 questionnaire in individuals with an 

ACLR.(27) We estimated needing 19 participants in order to detect a significant moderate 

association between walking speed and T1ρ MRI relaxation times (r=0.59) with an alpha 

level of 0.05 and a 1-β of 0.8, which is similar to the magnitude of the association that we 

found between biomechanical and biochemical measures in a previous study that examined a 

separate cohort of individuals with an ACLR.(25) We elected to recruit and evaluate 

outcomes in 21 participants in case multiple participants were found to be outliers during 

analysis.

Data Collection Procedures

Walking Speed Analysis—All participants were outfitted with 25 retroreflective 

markers, along with a cluster of 3 additional markers that was secured over the sacrum.(21) 

Prior to collecting walking gait trials, a static trial was performed to create the segment-

linkage model. Three-dimensional marker coordinates were sampled at 120 Hz using a 10-

camera motion capture system (Vicon, Nexus), and all data were processed with the Vicon 

Nexus motion capture software. Participants walked over a 6-meter distance that included 2 

embedded force-plates (40 × 60 cm, FP406010, Bertec Corporation), sampled at 1200 Hz, 

Pfeiffer et al. Page 3

Arthritis Care Res (Hoboken). Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



positioned in a staggered formation, which allowed for the entire stance phase to be 

collected from both limbs during a single trial. All participants struck the first force-plate 

with their right foot and the second force-plate with their left foot in order to standardize 

order of limb contact across all participants. To eliminate any bias from multiple types of 

footwear, all participants walked barefoot and were instructed to walk at a “normal 

comfortable walking speed as if they were normally walking down the sidewalk” for all 

trials. Participants completed an acclimatization period during which they practiced the 

walking protocol in the motion capture area while being outfitted with the retroreflective 

markers and barefoot. Once the participants vocalized that they felt comfortable performing 

the protocol, all participants performed 5 practice walking trials in which walking speed was 

assessed via infrared timing gates (TF100, TracTronix) and averaged in order to maximize 

consistency in subsequent testing trials. During data collection, participants performed 5 gait 

trials for which they were required to: 1) individually strike an individual force plate with 

each foot; 2) maintain walking speed within ±5% of the average speed during practice trials; 

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

(20, 24) Trajectories form the anterior superior iliac spine and sacral cluster markers were 

low-pass filtered at 10 Hz using a 4th order recurrent Butterworth filter and used to estimate 

the pelvic center of mass.(26) To more accurately determine habitual walking speed for data 

analysis, we located the point of initial ground contact for the injured limb striking the force 

plate during each gait trial and measured the velocity of the pelvis center of mass during a 1-

meter distance that began 0.5 meter prior to initial ground contact and ended 0.5 meter after 

initial ground contact.(20)

Magnetic Resonance Image Acquisition—T1 MRI outcomes were acquired with a 

Siemens Magnetom TIM Trio 3T scanner using a 4-channel Siemens large flex coil (516 

mm × 224 mm, Siemens, Munich, Germany) for 18 of the 21 participants. Due to a MRI 

systems upgrade in our Biomedical Research Imaging Center, the 12 month T1ρ MRI 

outcomes for 3 of the 21 participants were acquired using a Siemens Magnetom Prisma 3T 

PowerPack scanner with a XR 80/200 gradient coil (60 cm × 213 cm, Siemens, Munich, 

Germany). Inter-scanner reliability was assessed in 6 knees using intra-class correlation 

coefficients (ICC), which were found to be within an acceptable range (ICC≥0.75) for all 

regions of interest. Additionally, all T1ρ relaxation times in the ACLR limb were normalized 

to the regions of interest in the uninjured contralateral limb for each participant thereby 

minimizing any effect from utilizing multiple MRI scanners. Prior to acquiring MR images, 

participants remained seated for 30 minutes to unload the knee cartilage.(27) We used a T1ρ 
prepared three-dimensional Fast Low Angle Shot (FLASH) with a spin-lock power at 

500Hz, five different spin-lock durations (40, 30, 20,10, 0 ms) and a voxel size of 0.8mm × 

0.4mm × 3mm (field of view= 288mm, slice thickness=3.0mm, TR= 9.2ms, 160 × 320 

matrix, gap= 0mm, flip angle=10°, echo-train duration time= 443ms, phase encode direction 

of anterior/posterior).

Segmentation of the Articular Cartilage—The articular cartilage in the medial and 

lateral condyles of the femur and tibia was manually segmented using ITK-SNAP 

software(28) with a T1ρ MRI image that was acquired during the 0 ms spin-lock duration, 

which has been found to be reliable in our laboratory for all regions of interest (intra-
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segmentor reliability, N=8, ICC range 0.80 - 0.97; inter-segmentor reliability, N=10 ICC 

range 0.75 - 0.98). A fellowship-trained musculoskeletal radiologist (DN) confirmed the 

anatomical accuracy of the segmentations. The medial and lateral femoral condyles (MFC 

and LFC) and tibial condyles (MTC and LTC) were further sub-sectioned into three regions 

of interest, based upon the location of the meniscus in the sagittal plane.(9) The three 

regions of interest that were sub-sectioned represent load-bearing regions and included: 1) 

the cartilage that corresponds with the anterior horn of the meniscus (Anterior-MFC/LFC & 

Anterior-MTC/LTC); 2) the central portion of the cartilage that lies between the anterior and 

posterior meniscus (Central-MFC/LFC & Central-MTC/LTC; and 3) the cartilage 

corresponding with the posterior horn of the meniscus (Posterior-MFC/LFC & Central-

MTC/LTC, Figure 1). Volumes for each region of interest (ROI) were determined for both 

limbs using the ITK-Snap software(28) and were used to account for potential cartilage 

volume differences between limbs.

T1ρ Relaxation Time Quantification—Voxel by voxel T1ρ relaxation times were 

calculated using a five image sequence created with a MatLab program (MatLab R2014b 

[8.4.0] MathWorks, Natick, MA, USA) with the following equation: S(TSL) = S0 exp(-TSL/

T1ρ).(9) In this equation TSL is the duration of the spin-lock time, S0 is signal intensity 

when TSL equals zero, S corresponds to signal intensity, and T1ρ is the T1 relaxation time 

in the rotating frame. The segmented T1-weighted MRI image was transposed over the T1ρ 
image to establish T1ρ relaxation times for each ROI. Mean T1ρ values for each ROI were 

extracted using the ITK-SNAP software. Higher T1ρ relaxation times are indicative of lower 

proteoglycan density.(9) As others have described,(29) we calculated similar inter-limb 

mean T1ρ relaxation time ratios that were normalized to the T1ρ relaxation time for the ROI 

of the ACLR limb to the same ROI in the contralateral limb (Inter-limb mean T1ρ relaxation 

time ratio = ACLR limb/contralateral limb). This provides a value for each participant that 

describes the percent difference in proteoglycan density of specific regions of interest in the 

ACLR limb compared to the same ROI in the contralateral limb (i.e. ratio of 1.10 equates to 

10% greater mean relaxation time of the ROI in the ACLR limb compared to the 

contralateral limb). Inter-limb mean T1ρ relaxation time ratios with a value greater than 1.00 

indicated lower proteoglycan density in the ROI for the ACLR limb compared to the 

contralateral limb.

Statistical Analyses

Descriptive data were calculated for participant demographics (Table 1) as well as inter-limb 

T1ρ relaxation time ratios (Table 2). Dependent t-tests were used to determine if differences 

existed for walking speed between the 6 and 12 month assessments, and to compare 

cartilage volume and T1ρ relaxation times in each ROI between the ACLR and contralateral 

limbs (Table 2). Data distributions for walking speed and inter-limb T1ρ relaxation time 

ratios were assessed using Shapiro-Wilk’s test for normality and stem and leaf plots. Data 

points that were greater than 2.5 SD from the mean were identified as outliers, which we 

planned to remove prior to the final analysis. Pearson product-moment correlations were 

used to determine associations between 6 month and 12 month walking speed and inter-limb 

T1ρ relaxation time ratios for each ROI in the medial and lateral compartments of the femur 

and tibia. Next, we conducted partial correlations between walking speed and inter-limb T1ρ 
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relaxation time ratios while accounting for differences in the cartilage volumes between 

limbs for all regions of interest (ACLR limb ROI volume/contralateral limb ROI volume). 

Associations were classified as negligible (0.0-0.3), low (.31-0.5), moderate (0.51- 0.7), high 

(0.71- 0.9), and very high (0.9-1.0).(30) Due to the preliminary nature of the analysis, we 

chose to interpret significant associations at an alpha level of 0.05 for all correlations but 

have provided the 95% confidence intervals for each correlation coefficient (Table 3) in 

order to demonstrate the variability in addition to the magnitude for each bivariate or partial 

correlation. Owing to the preliminary nature of the study, the two-tailed alpha level was set a 
priori as α≤0.05 for all correlations. All statistics were performed using the Statistical 

Package for the Social Sciences software (SPSS, Version 21.0, IBM Corp., Somers, NY).

Post Hoc Analyses—In order to determine whether pain during the walking speed 

acquisition had a confounding effect on the associations between walking speed and inter-

limb mean relaxation time ratios, the KOOS Pain subscale scores were used in a post hoc 
analysis. We performed additional partial correlations between walking speed and inter-limb 

mean relaxation time ratios while controlling for the KOOS Pain subscale scores.

Results

Demographics

Only 7 of the 21 (33%) participants sustained an isolated ACL injury while the majority 

(n=14, 67%) presented with a concomitant knee injury that was sustained at the time of the 

ACL injury (medial meniscus injury [n=2, 9.5%], lateral meniscus injury [n=14, 67%], 

chondral injury [n=4, 19%]). ROI T1ρ volumes were lesser in the ACLR limb of the 

Posterior-LTC (P=0.022) and Posterior-MTC (P=0.031, Table 2) regions of interest. Mean 

T1ρ relaxation times were greater in the ACLR limb compared to the contralateral knee for 

all regions of interest except the Central-LTC (P=0.249), Anterior-LTC (P=0.708), and 

Posterior-MTC (P=0.404; Table 2). Walking speed was not significantly different between 

the 6 month (1.28±0.13 m/s) and 12 month time points (1.24±0.13 m/s; P=0.10). No outliers 

were found during the evaluation for normality.

Association between Walking Speed and Proteoglycan Density

Slower walking speed at 6 months following ACLR significantly associated with higher 12 

month inter-limb mean T1ρ relaxation time ratios of regions of interest on the medial 

femoral condyle (Posterior-MFC r=−0.448, P=0.027, Central-MFC r=−0.448, P=0.042, 

Table 3, Figure 2). After accounting for inter-limb differences in volume we found similar 

significant associations in the same regions of interest (Posterior-MFC r=−0.494, P=0.041; 

Central-MFC r=−0.467, P=0.038). The remainder of the bivariate associations between 6 

month walking speed and all other regions of interest for the femoral and tibial condyles 

were negligible and were not statistically significant (Table 3). Slower walking speed at 12 

months following ACLR did not significantly associate with higher 12 month inter-limb 

mean T1ρ relaxation time ratios of any of the regions of interest. However, after accounting 

for inter-limb differences in volume we found that those who walked more slowly at 12 

months following ACLR significantly associated with 12 month inter-limb mean T1ρ 
relaxation time ratio for Posterior-MFC (r=−0.471, P=0.036, Figure 3). No other 
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associations between 12 month walking speed and the inter-limb T1ρ relaxation time ratio 

were significant (Table 3).

Post Hoc Analysis

Scores for each KOOS subscale from our cohort were within a previously established range 

of KOOS scores at 6 months following ACLR in other cohorts.(31, 32) After controlling for 

6 month post-ACLR KOOS Pain subscale scores, the significant associations observed 

between 6 month walking speed and 12 month inter-limb mean T1ρ relaxation time ratio for 

Posterior-MFC (r=−.481, P=0.031) and Central-MFC (r=−.454, P=0.05) remained 

significant. Similarly, the significant association observed between 12 month walking speed 

and 12 month inter-limb T1ρ relaxation time ratio in the Posterior-MFC (r=−.438, P=0.042) 

remained after controlling for 12-month post-ACLR KOOS Pain subscale scores.

Discussion

Individuals with slower walking speeds at 6 months following ACLR demonstrated greater 

12 month inter-limb mean T1ρ relaxation time ratios, interpreted as lesser proteoglycan 

density, in the articular cartilage of the medial femoral condyle of the ACLR knee relative to 

the uninjured knee. Similarly, slower 12 month walking speed associated with greater inter-

limb mean T1ρ relaxation time ratios in the posterior-MFC ROI of the medial compartment 

in the ACLR limb compared to the uninjured knee, after accounting for inter-limb 

differences in cartilage volume, at the 12 month follow-up. While significant associations 

were found between walking speed and measures of cartilage composition, the strength of 

the associations in this study would be classified as “low.” Therefore, the majority of 

variance in altered proteoglycan density is explained by factors other than walking speed 

which may include altered tissue metabolism(33) and water content(13) in the cartilage. We 

are cautious about concluding that these associations are robust enough to allow for walking 

speed to take the place of more sophisticated means of assessing changes in cartilage 

composition. Walking speed may be best used as part of a future comprehensive evaluation 

strategy that uses functional and self-reported outcomes, biochemical measures and imaging 

techniques to assess the change in cartilage composition. This is the first study to investigate 

the association between walking speed and compositional measures of cartilage health at 

early time points following ACLR. While our study may be preliminary, the knowledge of 

the association between slower walking speeds and lesser proteoglycan density may assist in 

detecting individuals with deleterious changes in cartilage composition following ACLR.

The mechanisms influencing walking speed and OA onset are not fully understood. Walking 

speed has previously been found to detect functional limitations in individuals with 

diagnosed radiographic knee OA(17) and is a useful clinical predictor of idiopathic knee OA 

onset in older individuals.(20) Previous studies(24, 34) have hypothesized that individuals 

with knee OA slow their habitual walking speed in order to reduce impulsive loading during 

gait. Higher loading rates have been observed in the ACLR limb compared to the uninjured 

limb and uninjured control subjects.(35, 36) An alternate explanation for the association 

between slower walking and decreased cartilage health is that walking slower following 

injury insufficiently loads joint tissues and negatively influences cartilage health. Insufficient 
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loading has been observed more commonly in individuals with an ACLR who developed 

PTOA at a 5-year follow up examination.(37) Slower walking speed may influence walking 

kinematics and lead to insufficient loading of the articular cartilage, thus accelerating the 

development of PTOA.(38, 39) Future research is needed to determine the causal nature of 

the relationship between walking speed and markers of cartilage composition following 

ACLR.

Individuals who sustain an ACL injury and undergo ACLR are at a greater risk for 

developing knee PTOA compared to individuals without a history of a lower extremity 

injury.(5, 6) Unfortunately, there are limited clinical methods for predicting early PTOA 

onset following ACLR. A recent study found that individuals with ACLR (43±36 months 

post-ACLR) who demonstrated slower walking speeds had greater serum concentrations of 

type-II collagen breakdown.(21) Greater collagen breakdown may be linked to more 

deterioration of the cartilage matrix and may be an early indicator of PTOA. Similarly, the 

findings of the current study demonstrate that slower walking speed within the first 6 months 

following ACLR associates with lesser proteoglycan density on the posterior and central 

regions of the medial femoral condyle at the 12 month follow-up. We are cautious about 

concluding the presence of a robust association between 12 month walking speed and medial 

compartment articular cartilage proteoglycan density at 12 months, as there was only a 

single ROI (posterior-MFC) demonstrating a significant association after accounting for 

inter-limb differences in cartilage volume.

Significant associations were found between slower walking speed and lower proteoglycan 

density in medial weight bearing regions of the femur. The development of knee OA in the 

medial tibiofemoral compartment is common and has been linked to aberrant medial 

compartment loading in those with idiopathic phenotypes of knee OA.(40, 41) Individuals 

with knee OA who walk more slowly demonstrate greater peak knee adduction moments 

(KAM) compared to healthy controls.(42, 43) It remains unknown if the slower walking 

speeds influence the development of greater KAM or if slower walking speeds develop due 

to greater KAM. Greater KAM also leads to greater mechanical loading to the articular 

cartilage of the medial compartment of the knee joint following ACLR.(43, 44) In a cohort 

of healthy individuals who walked under different speed conditions (i.e. slow, self-selected, 

fast), slower walking speeds led to higher KAM when compared to self-selected and faster 

walking speeds.(45) This exposure to repetitive compressive force with greater magnitudes 

is theorized to be one factor driving the high prevalence of OA observed in the medial 

tibiofemoral compartment, compared to the lateral.(43, 45) A recent study(44) identified 

KAM as a significant predictor of medial compartment contact forces at an early time point 

(<7 months) in individuals after an ACLR. Similarly, previous research has reported that 

following an ACLR, some patients have an increased knee flexion angle at heel strike during 

walking.(46) An increased knee flexion angle at heel strike may lead to a posterior shift of 

contact force in the tibiofemoral joint, thereby distributing load through portions of cartilage 

in the posterior compartment that is not conditioned to handle these loads. Slower walking 

speed, combined with increased knee flexion angle and KAM, may lead to portions of the 

cartilage on the medial femoral condyle being subject to increased loads over a greater 

period of time, thereby accelerating the degenerative process and PTOA development.
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While the findings of this study provide valuable information that may further the 

development of walking speed as a potential clinical indicator of early changes in cartilage 

health following injury and PTOA risk, there were limitations to this study that may inform 

future analyses. Our study was preliminary in nature with a relatively small sample size 

(n=21), limiting our ability to evaluate patient sub-groups. Additionally, the significant 

associations found between walking speed and cartilage composition were only found in two 

ROI’s in our analysis of both femoral and tibial condyles and the magnitudes of these 

associations were classified as “low.” Long-term follow-up exams are needed to determine if 

proteoglycan density changes in these ROI lead to PTOA onset. Future studies may seek to 

increase the sample size to determine mechanisms that may further explain differences 

between 6 and 12 month walking speeds and the relationship to 12 month proteoglycan 

density. Evaluation of a larger sample size will build on our study by determining the effects 

of specific covariates, which could also increase PTOA risk (i.e. sex, concomitant meniscal 

injury, and chondral injury), on the associations between walking speed and cartilage health 

following ACLR. All participants had a unilateral ACLR, which improved the control in this 

initial study. Further research should determine what associations exist between walking 

speed and proteoglycan density in those with multiple injuries. This preliminary analysis 

was part of a larger study that was designed to capture specific outcomes related to 

heelstrike biomechanics. Therefore, the participants in this current study performed all 

walking trials barefoot in order to eliminate any bias of footwear; however, different shoed 

conditions may affect habitual walking speed, which should be accounted for in future 

studies. Additionally, pain was not assessed at the time of the walking trials which is an 

assessment that could be added to future studies. Our collection distance for walking speed 

was relatively short (1 meter). Future studies should also examine whether collecting 

walking speed over greater distances (20 or 40 meters) would influence associations with 

cartilage health. Additionally, pain was not assessed at the time of the walking trials. This 

current study also focused primarily on habitual walking speed and its relationship to 

articular cartilage composition. A further analysis determining the relationship between 

specific kinetic and kinematic variables and cartilage composition in these individuals may 

allow for more effective diagnosis and treatment of PTOA in individuals with an ACLR.

In conclusion, individuals who walked slower at 6 months following ACLR demonstrated 

greater inter-limb mean T1ρ relaxation time ratios, which can be interpreted as lesser 

proteoglycan density in the posterior and central regions of the medial femoral articular 

cartilage in the ACLR limb relative to the contralateral limb, at 12 months following ACLR. 

These alterations may be indicative of early changes in cartilage composition that may be 

associated with early changes in joint homeostasis that influence the development of future 

PTOA. The current study was preliminary in nature and further research is needed to 

determine if walking speed may be used as part of a more comprehensive evaluation strategy 

to clinically assess deleterious changes in cartilage health in a relatively younger cohort of 

patients at risk of developing PTOA.
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Significance and Innovations

• Individuals with an anterior cruciate ligament reconstruction (ACLR), 

identified as being at a greater risk of developing post-traumatic knee 

osteoarthritis, who demonstrate slower habitual walking speed at 6 and 12 

months following ACLR were found to have greater T1ρ relaxation times in 

the medial femoral condyle of the ACLR limb compared to their uninjured 

limb at 12 months following ACLR.

• This is the first study to identify an association between walking speed and 

T1ρ relaxation times, which is a marker of proteoglycan density in articular 

cartilage, following ACLR.

• Walking speed has the potential to serve as a simple, feasible clinical measure 

to assist in the assessment of risk for post-traumatic osteoarthritis 

development following ACLR.
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Figure 1. 
The weight-bearing articular cartilage of the femur and tibia were segmented and sub-

sectioned into three different sections (Posterior, Central, and Anterior) that corresponded to 

the area articulating with the meniscus in the sagittal plane.
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Figure 2. 
Represents a sample map of T1ρ relaxation times of an anterior cruciate ligament 

reconstructed (ACLR) knee (1A) and contralateral knee (1B). Figure 1A depicts the articular 

cartilage from an ACLR knee with greater T1ρ relaxation times compared to the 

contralateral uninjured knee (1B). The color of the cartilage corresponds with a specific T1ρ 
relaxation time value (ms) that is outlined in the color scale.
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Figure 3. 
Scatter-plots depicting significant associations between 6 (2A & 2B) and 12 (2C) month 

walking speed (x-axis) and 12 month inter-limb T1ρ relaxation time ratios (y-axis). Slower 

walking speed at 6 months following ACLR significantly associated with higher 12 month 

inter-limb mean T1ρ relaxation time ratios of regions of interest in the articular cartilage of 

the posterior medial femoral condyle (MFC; r=−0.448, P=0.027; 2A) and central MFC (r=

−0.448, P=0.042; 2B). Those who walked slower at 12 months following ACLR 

significantly associated with 12 month inter-limb mean T1ρ relaxation time ratio for 

posterior MFC (r=−0.471, P=0.036, 2C).
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Table 1

Patient Demographics

Participants 10 males, 11 females

Age 23.89 ± 2.70 years old

Height 178.37 ± 11.49 cm

Weight 76.34 ± 13.17 kg

BMI 23.88 ± 2.70 kg/m2

Days between ACL injury and ACLR 32.35 ± 14.17 days

6 month after ACLR Walking Speed 1.28 ± 0.13 m/s

12 month after ACLR Walking Speed 1.24 ± 0.13 m/s

Months between surgery and 6 month follow-up 6.83 ± 0.95 months

Months between surgery and 12 month follow-up 12.33 ± 0.61 months

6 month KOOS Symptoms 76.2 ± 16.82

6 month KOOS Pain 83 ± 13.79

6 month KOOS Activities of Daily Living 92.8 ± 13.54

6 month KOOS Sports 62.5 ± 20.74

6 month KOOS Quality of Life 53.15 ± 18.24

12 month KOOS Symptoms 82.42 ± 10.3

12 month KOOS Pain 91.32 ± 8.37

12 month KOOS Activities of Daily Living 96.74 ± 4.27

12 month KOOS Sports 79.21 ± 16.85

12 month KOOS Quality of Life 71.21 ± 19.97

ACL: Anterior Cruciate Ligament, ACLR: Anterior Cruciate Ligament Reconstruction
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Table 3

Bivariate and partial associations between inter-limb T1ρ relaxation time ratios and 6 and 12 month walking 

speed 12 months following anterior cruciate ligament reconstruction.

Inter-limb T1ρ Relaxation 
Time ROI Ratio

6 Month Walking 
Speed

r (95% CI’s for 
correlation)

12 Month Walking 
Speed

r (95% CI’s for 
correlation)

6 Month Walking Speed 
(partial correlation 
controlling for ROI 
volume differences)

r (95% CI’s for 
correlation)

12 Month Walking 
speed (partial 

correlation controlling 
for ROI volume 

differences)
r (95% CI’s for 

correlation)

Medial Posterior Femoral −0.45**
(−0.93, −0.03)

−0.36
(−0.83, 0.07)

−0.49**
(−1.0, −0.08)

−0.47**
(−0.97, −0.05)

Medial Central Femoral −0.45**
(−0.93, −0.03)

−0.34
(−0.80, 0.10)

−0.47**
(−0.97, −0.05)

−0.37
(−0.85, 0.07)

Medial Anterior Femoral 0.15
(−0.30, 0.60)

−0.02
(−0.47, 0.43)

0.20
(−0.26, 0.66)

0.01
(−0.45, 0.47)

Lateral Posterior Femoral 0.02
(−0.43, 0.50)

0.14
(−0.31, 0.59)

−0.05
(−0.51, 0.51)

0.07
(−0.39, 0.53)

Lateral Central Femoral −0.03
(−0.48, 0.46)

−0.13,
(−0.58, 0.32)

−0.16
(−0.62, 0.30)

−0.18
(−0.64, 0.28)

Lateral Anterior Femoral 0.21
(−0.24, 0.66)

−0.29
(−0.75, 0.15)

0.13
(−0.33, 0.59)

−0.26
(−0.73, 0.19)

Medial Posterior Tibial −0.11
(−0.56, 0.34)

−0.20
(−0.65, 0.25)

−0.07
(−0.53, 0.39)

−0.17
(−0.63, 0.29)

Medial Central Tibial −0.08
(−0.53, 0.37)

0.11
(−0.34, 0.56)

−0.06
(−0.52, 0.40)

0.12
(−0.34, 0.58)

Medial Anterior Tibial 0.01
(−0.48, 0.46)

0.07
(−0.38, 0.52)

0.06
(−0.40, 0.52)

0.10
(−0.36, 0.56)

Lateral Posterior Tibial −0.03
(−0.48, 0.46)

0.39
(−0.04, 0.86)

−0.03
(−0.49, 0.43)

0.42
(−0.01, 0.91)

Lateral Central Tibial −0.28
(−0.74, 0.16)

0.12
(−0.33, 0.57)

−0.29
(−0.76, 0.16)

0.12
(−0.34, 0.58)

Lateral Anterior Tibial −0.29
(−0.15, 0.15)

−0.27
(−0.73, 0.17)

−0.20
(−0.66, 0.26)

−0.28
(−0.75, 0.17)

**
indicates significance (P<0.05), ROI: Region of Interest, CI:Confidence Interval
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