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Abstract

Background: Ultrasonography is capable of detecting morphological changes in femoral 

articular cartilage cross-sectional area in response to an acute bout of walking; yet, the response 

of femoral cartilage cross-sectional area varies between individuals. It is hypothesized that 

differences in joint kinetics may influence the response of cartilage to a standardized walking 

protocol. Therefore, the study purpose was to compare internal knee abduction and extension 

moments between individuals with anterior cruciate ligament reconstruction who demonstrate an 

acute increase, decrease, or unchanged medial femoral cross-sectional area response following 

3,000 steps.
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Methods: The medial femoral cartilage in the anterior cruciate ligament reconstructed limb 

was assessed with ultrasonography before and immediately following 3,000 steps of treadmill 

walking. Knee joint moments were calculated in the anterior cruciate ligament reconstructed limb 

and compared between groups throughout the stance phase of gait using linear regression and 

functional, mixed effects waveform analyses.

Findings: No associations between peak knee joint moments and the cross-sectional area 

response were observed. The group that demonstrated an acute cross-sectional area increase 

exhibited 1) lower knee abduction moments in early stance in comparison to the group that 

exhibited a decreased cross-sectional area response; and 2) greater knee extension moments in 

early stance in comparison to the group with an unchanged cross-sectional area response.

Interpretation: The propensity of femoral cartilage to acutely increase cross-sectional area in 

response to walking is consistent with less-dynamic knee abduction and knee extension moment 

profiles.
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ACL Reconstruction; Ultrasound; Cartilage Cross-Sectional Area; Knee Abduction Moment; Knee 
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I. Introduction

Individuals who undergo anterior cruciate ligament reconstruction (ACLR) are at risk 

for developing post-traumatic osteoarthritis (PTOA) as early as 10 years following 

reconstruction (Luc et al., 2014). Understanding the femoral cartilage response to loading 

during activities of daily living is important for determining early alterations in morphology 

and mechanical tissue properties that may linked to future cartilage disease progression 

(Eckstein, 2005; Harkey et al., 2017; Pfeiffer et al., 2020; Sutter et al., 2015). Previous 

work has established that resting morphological cartilage tissue changes occur early post-

ACLR and are associated with PTOA disease onset and progression (Eckstein et al., 2015; 

Frobell, 2011; Iriondo et al., 2021). Assessing the acute femoral cartilage response to 

loading following ACLR may provide additional information regarding the capacity of the 

tissue to resist loading, which is important for determining the functional status of the 

cartilage. Ultrasonography is an easily-accessible and reliable method to assess in vivo 
femoral cartilage morphology (e.g., thickness, cross-sectional area [CSA]) (Abraham et 

al., 2011; Iagnocco, 2010; Naredo et al., 2009) and has the capability to assess cartilage 

morphology before and acutely following a mechanical loading activity in a time-efficient 

and cost-effective manner.

Previous work demonstrates that uninjured individuals exhibit medial femoral cartilage 

deformation (e.g. reduction in CSA), as viewed in the axial plane, following 20 minutes of 

running (Harkey et al., 2017) and after completing 3,000 (Pfeiffer et al., 2020) and 5,000 

steps of walking at a self-selected pace (Harkey et al., 2018). However, other studies have 

demonstrated that not all individuals undergo femoral cartilage CSA deformation following 

similar acute bouts of activity. Studies assessing the morphological response of femoral 

cartilage to loading using ultrasonography found subgroups of individuals that exhibited 
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either negligible changes in femoral cartilage CSA, CSA deformation, or demonstrated 

increased femoral cartilage CSA following a standardized walking task (Evans-Pickett et 

al., 2022; Pfeiffer et al., 2019). While the response of femoral cartilage CSA to acute 

loading varies among individuals preforming a similar task, limited research has sought to 

understand the mechanisms contributing to variability in the acute morphological cartilage 

response to loading.

Previous researchers have hypothesized that differences in mechanical joint loading may 

explain heterogeneous, chronic changes in cartilage morphology in the ACLR population 

(Andriacchi et al., 2009). Persistent aberrant gait biomechanics are common following 

ACLR (Andriacchi et al., 2004; Davis-Wilson et al., 2020; Kaur et al., 2016). Lesser 

peak knee extension moments (KEM) have been reported early post-ACLR (H. F. Hart et 

al., 2016; Slater et al., 2017) and may reflect the inability to regain quadricep strength 

post-operatively (Lewek et al., 2002; Palmieri-Smith et al., 2016). Knee abduction moments 

(KAM) are associated with medial compartmental loading (Andriacchi, 1994; Schipplein 

& Andriacchi, 1991), and the medial compartment has been observed to demonstrate the 

most pronounced changes in osteoarthritis disease progression (Dearborn et al., 1996; 

Pelletier et al., 2007). Literature assessing KAM has primarily focused on individuals 

with idiopathic osteoarthritis and has linked greater KAM to more progressive cartilage 

disease (Mündermann et al., 2005); yet there is evidence that PTOA may exhibit a unique 

pathophysiology that differs from idiopathic osteoarthritis. Limited studies have evaluated 

the relationship between knee kinetics and changes in femoral cartilage morphology; 

however, previous work by Pamukoff et al. found a weak association between lesser peak 

KAM and greater resting medial femoral cartilage thickness as assessed by ultrasound 

in individuals 60.6 ± 24.8 months post-ACLR ( 2018). In the same study, no association 

between peak KEM and resting medial femoral cartilage thickness was observed (Pamukoff 

et al., 2018). Different analytical techniques exist to comprehensively study biomechanical 

changes throughout stance phase (Z. Horton et al., 2021; Park et al., 2017). Less-dynamic 

KAM profiles as described by Reeves and Bowling (i.e., waveform with lower local 

maximum peaks and greater local minimum peaks) (2011) and altered KEM profiles 

described by Davis-Wilson et. al. (lesser KEM surrounding the first peak and greater KEM 

in late stance; 2020) may lead to more sustained and pathological tissue loading during 

cyclic activities (i.e., walking) may increase cartilage strain during ambulation (Arokoski et 

al., 2008; Sophia Fox et al., 2009).

Therefore, the purpose of this study was to first assess the association between peak kinetic 

variables of interest (KEM and KAM) and the acute CSA response to a 3,000-step treadmill 

walking task. Next, we compared KEM and KAM throughout the entirety of stance phase 

between individuals with ACLR who demonstrate an acute increase (CSAI), decrease 

(CSAD) or unchanged (CSAU) medial femur CSA response following a standardized 

treadmill walking task. We hypothesized that there would be an association between lesser 

peak KAM and KEM and an increase in medial femoral CSA. Further we hypothesized that 

the CSAI group would demonstrate lesser KAM at both the first and second peak and greater 

KAM at midstance, as compared to the CSAD and CSAU groups. We also hypothesized that 

the CSAI group would exhibit lower first peak KEM and greater KEM in late stance.
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2. Methods

2.1 Study Design

We conducted a cross-sectional analysis at a single visit between 6 and12 months post-

ACLR utilizing data from a larger randomized experiment (NCT03035994). All participants 

were recruited from a local orthopaedic clinic, the surrounding community, recreational 

clubs, and intercollegiate athletics. Participants were retrospectively assigned to the CSAI, 

CSAD, or CSAU medial femoral CSA response groups after the cohort completed all study 

procedures. After a 45-minute unloading period, femoral articular cartilage ultrasonography 

assessment was conducted before and immediately following a standardized 3,000-step 

walking protocol during which gait kinematics and kinetics were sampled. Study protocols 

and recruitment methods were approved by the Biomedical Institutional Review Board and 

all participants provided written, informed consent.

2.2 Participants

All participants were between 16 and 35 years of age and underwent primary, unilateral 

arthroscopic bone-patellar-tendon bone autograft ACLR. We excluded individuals: 1) with 

a history of a lower extremity orthopaedic surgery before or after ACLR; 2) who required 

multi-ligament reconstruction at the time of ACLR; 3) with a body mass index (BMI) 

>35kg/m2; 4) with radiographic knee OA; or 5) who were pregnant. Relevant demographic 

information including sex, BMI, months post-ACLR and self-selected walking speed were 

collected and reported in Table 1. A previous study demonstrated a moderate association 

(r=0.46) between greater peak KAM and thinner resting medial femoral cartilage thickness 

after accounting for covariates (Pamukoff et al., 2018). Therefore, we estimate that 38 

individuals would be necessary to determine statistical significance if moderate associations 

(r>0.44) were detected between peak kinetic variables (KEM and KAM) and the acute CSA 

response to a standardized walking protocol (two tailed alpha= 0.05; 1-ß = 0.8; G*Power 

Statistical power Analysis Software 3.1). Secondly, with a minimum of 11 (5 gait trials 

each) participants in each group, we will have the capability to detect statistically significant, 

between-group differences in the presence of moderate effect sizes (d>0.54) utilizing the 

functional mixed effects model analysis (two tailed alpha= 0.05; 1-ß = 0.8; G*Power 

Statistical power Analysis Software 3.1).

2.3 Ultrasound Image Acquisition

All participants rested in a long-sit position with their back against a wall for 45 minutes 

to offload the femoral articular cartilage. Ultrasonographic images were obtained from 

the ACLR limb prior to and immediately following the walking condition with the knee 

in 140° of flexion as verified by a handheld goniometer (Harkey et al., 2017). The 

treatment table was affixed with a tape measure, and the distance between the wall and 

the posterior calcaneus was recorded (Harkey et al., 2017) to verify positioning between the 

baseline and post-walking timepoints. Images were acquired utilizing a LOGIQe ultrasound 

system (General Electric, Fairfield, Connecticut) by 1 of 2 investigators trained by a 

musculoskeletal radiologist. A 12-MHz linear probe was aligned transversely over the 

femur, just superior to the base of the patella and was rotated in the sagittal plane to view 

the femoral cartilage surface (Harkey, Blackburn, Hackney, et al., 2018; Naredo et al., 2009). 
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Additionally, a transparent grid was added to the ultrasound screen to improve placement 

reliability of the probe at the post-loading assessment (Harkey, Blackburn, Hackney, et 

al., 2018; Harkey et al., 2017). Three ultrasonographic images were acquired before and 

immediately following a 3,000-step treadmill walking task.

A single, blinded investigator performed all manual segmentations of the US images 

(ImageJ, National Institutes of Health, Bethesda, MD). Previous research has demonstrated 

strong intra-session and inter-session reliability in processing femoral articular cartilage 

ultrasound images (Harkey et al., 2017; Pfeiffer et al., 2020). Femoral articular cartilage 

cross-sectional area (mm2) was determined by segmenting the visible tibial cartilage-bone 

interface and femoral soft tissue-cartilage interface (Harkey, Blackburn, Hackney, et al., 

2018). The horizontal midpoint of the entire femoral articular cartilage CSA was utilized 

to separate the medial and lateral compartments (Figure 1). The medial femoral CSA of 

the three segmented images was averaged, and medial compartment CSA change scores 

were calculated as the CSA measured during the post-loading condition subtracted from 

the pre-loading CSA measurement. Participants were then classified based on a previously 

reported minimal detectable change within the medial compartment (±1.68 mm2) (Harkey, 

Blackburn, Hackney, et al., 2018). Groups were defined as CSAI (CSA change scores 

>+1.68 mm2), CSAD (< −1.68 mm2) and CSAU (within ±1.68 mm2).

2.4 Gait Biomechanics Collection and Analysis

Prior to data collection, preferred walking speed was determined over a 6m walkway 

using infrared timing gates (TF100, TracTronix) as previously described and used to set 

the treadmill speed for the biomechanical assessment (Luc-Harkey et al., 2016, 2018). 

Participants were outfitted with 26 retroreflective markers and a 3 marker-sacral plate and 

walked for 3,000 steps on a dual-belt treadmill with 2 178×102 cm force plates (Bertec, 

Columbus Ohio). An 8-camera, 3D motion capture system (Qualisys, Göteborg, Sweden) 

collected marker trajectories at 120Hz that were low-pass filtered at 10 Hz (4th order 

recursive Butterworth). Kinetic data were sampled at 1200Hz and low-pass filtered at 10 Hz 

(4th order recursive Butterworth). The biomechanical variables of interest, KEM and KAM, 

was calculated via an inverse dynamics approach (Visual 3D, C-Motion, Germantown, 

MD; 2020 ×64). Hip, knee and ankle joint centers were calculated as previously described 

(Davis-Wilson et al., 2020; Evans-Pickett et al., 2020). The final 10 steps of the 3,000-step 

task were removed to ensure that gait biomechanics were not evaluated during treadmill 

deceleration; therefore, the first 5 of the final 15 steps were utilized for analysis. All 

steps were time-normalized and averaged, recognizing stance phase as the time occurring 

between heel strike (vGRF>20 N) and toe off (vGRF<20 N). Internal KEM and KAM was 

normalized to the product of height (m) and weight (N) and multiplied by −1 so that greater 

extension and abduction are recognized as positive. Peak KEM and KAM were derived 

from the greatest value occurring within the first 50% of stance phase for each of the five 

steps, with a single average peak KEM and KAM value per participant utilized for analysis. 

Data extraction, filtering and time normalization (101 data points per stance phase) were 

performed using Visual 3D (C-Motion, Germantown, MD; 2020 ×64).
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2.5.1 Statistical Analyses—Percentages, means, and standard deviations as 

appropriate, were calculated for participant demographics and reported in Table 1. Between-

group differences were assessed using a one-way analysis of variance (ANOVA) for each 

demographic variable (Table 1).

2.5.2 Linear Regression Models to Predict Change in CSA—Separate, univariate 

linear regression models were utilized to assess the association between peak KEM and 

KAM on CSA change scores. Models were individually constructed with peak KEM and 

KAM as the predictor variables of interest and the CSA change score as the criterion 

variable. The unstandardized beta coefficients, standard error, and R2 were reported for the 

primary model. Faster walking speed is associated with greater peak knee kinetics (Chung 

& Wang, 2010; Davis-Wilson et al., 2020) and sex differences in cartilage thickness 4 years 

following ACLR have been documented (Pius et al., 2021). Therefore, walking speed and 

sex were assessed as potential covariates in multiple linear regression models. Peak KEM 

and KAM were each included as the primary explanatory variable of interest in addition to 

walking speed and sex, added separately in respective models for CSA change scores. The 

beta coefficients and change in R2 were reported for the new models in reference to the 

primary model. A two-sided alpha level of 0.05 was set a priori, and all statistical analyses 

were performed in R Studio (v 1.3.1056).

2.5.3 Functional Mixed Effect Model—Next, we compared the mean difference of the 

biomechanical variables of interests (KEM and KAM) for 1) CSAI vs. CSAD 2) CSAI vs. 

CSAU, and 3) CSAD vs. CSAU. A functional mixed effects Bayesian hierarchical model 

(Liu & Guo, 2012) comprised of two levels was used to analyze the waveform data at 

each consecutive 1% of stance phase. Similar to traditional linear mixed effects models 

(Liu & Guo, 2012), the functional version can be used to control for biases caused by 

multiple observations per subject. The top level models observed waveforms using penalized 

B-splines (Lang & Brezger, 2004) with normally distributed errors. The use of a smoothness 

penalty on the spline coefficients allows for flexible waveform estimation which is robust 

to overfitting. In the second level, the spline coefficients are modeled using a mixed effects 

model with subject random effects. Specifically, this level uses dummy variables to model 

waveform coefficients with a normal distribution centered on their respective group average 

waveform with adjustments from a subject-specific random effect. Trials (i.e. 5 steps per 

subject) are treated as replicates within each subject and the subject effects are modeled 

as random effects. The groups (CSAI, CSAD, and CSAU) constitute the fixed effects in 

the model. Model parameters are then estimated and 95% confidence intervals (CI) were 

constructed and plotted around the mean differences. The waveforms were considered 

statistically different in areas where the CI of the difference did not include zero. We 

reported the maximum between-group difference in each region of stance phase where the 

95% CI did not include zero. Cohen’s d effect sizes were calculated utilizing the group 

means and pooled standard deviation and associated 95% CI were reported at the percentage 

of stance that observed the largest between-group difference within statistically significant 

regions. All calculations were performed in the R programming language (R Core Team, 

2021.09.2) using code hosted by the fourth author (W. Z. Horton, 2022).
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3. Results:

Thirty-nine participants were classified into CSAI (n=17), CSAD (n=11) and CSAU 

(n=11) groups. Demographic information and mean CSA change scores are reported by 

group in Table 1. By design, medial compartment CSA change scores were statistically 

different between-groups (p<0.01; Table 1). No other statistically significant, between-group 

differences in demographic variables were observed (Table 1).

Linear Regression Analysis: Peak KEM and KAM

We did not find a statistically significant association between peak KEM (R2=0.001, 

β=−10.836, p=0.816) and or peak KAM (R2=0.041, β=−93.008, p=0.214) and the change 

in medial femur CSA. After controlling for walking speed and sex, the association between 

peak KEM and KAM and the CSA change score remained not statistically significant (Table 

2; Table 3).

3.1 Functional, Mixed Effects Model Analysis: Comparing KEM by Group

No statistically significant differences in KEM were observed between the CSAI group and 

the CSAD group [Figure 2A–B]. CSAD exhibited greater KEM at 14–19% [0.004; d=1.15; 

Figure 2E–F] in comparison to the CSAU group. Greater KEM was observed in the CSAI 

group in comparison to the CSAU group between 14–16% [0.004; d=1.09; Figure 2C–D].

3.2 Functional Mixed Effects Model Analysis: Comparing KAM by Group

The CSAI group displayed lesser KAM between 14–20% of the stance phase in comparison 

to the CSAD group [−0.0079 d=−1.79; Figure 3A–B]. The CSAD group exhibited greater 

KAM between 16–18% of stance [0.005; d=1.10; Figure 3E–F] in comparison to the CSAU 

group. Additionally, no differences in KAM were observed between the CSAI and the CSAU 

groups [Figure 3C–D].

Discussion:

Although peak KEM and KAM were not associated with the change in CSA following an 

acute bout of walking, we did detect differences in kinetic profiles between the CSAI, 

CSAD, and CSAU groups when assessing KEM and KAM throughout the entirety of 

stance phase. Both the CSAI and CSAD groups demonstrated greater KEM in early 

stance in comparison to the CSAU group. Consistent with our hypothesis, the CSAI 

group demonstrated generally lower KAM in early stance compared to the CSAD group. 

The CSAI group exhibited lower KAM values in early and late stance in comparison to 

the CSAU group; however, the differences were not statistically significant. The CSAI 

group visually exhibited a less-dynamic KAM waveform throughout stance compared to 

the CSAU and CSAD groups. The present study identifies differences in internal knee 

kinetics during early stance phase between ACLR individuals who demonstrate ultrasound-

assessed changes in the medial femur CSA response following an acute loading activity. 

The current study, which utilized blinded ultrasound assessors, supports the hypothesis that 

the response of articular cartilage to loading is linked to differences in gait biomechanical 

profiles (Andriacchi et al., 2009). The study further supports the rationale of an interplay 
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between limb-level kinetics and the acute response of medial femoral cartilage to loading. 

Previous research has successfully demonstrated the ability to acutely modify knee kinetics 

throughout stance phase by cuing an increase in peak vertical ground reaction force 

(Evans-Pickett et al., 2020). Therefore, it is logical to suggest, that future biomechanical 

interventions using similar methods could evaluate the effect of modifying limb-level kinetic 

profiles on the acute response of cartilage to loading in order to determine the mechanistic 

effect of knee joint kinetics on the acute response of cartilage to loading.

4.1 An increased cross-sectional area response may indicate underlying pathology

Previous work has demonstrated that uninjured individuals typically exhibit decreased 

femoral CSA following 3000 steps of walking (Pfeiffer et al., 2020), suggesting that an 

increase in femoral cartilage CSA following loading may reflect a pathological cartilage 

response following ACL injury (Frobell, 2011; Guilak et al., 2018; Harkey et al., 2018). 

While resting femoral cartilage thinning is a marker of more advanced PTOA progression 

(Arnoldi et al., 2011; Faber et al., 1999; Frobell, 2011), resting cartilage thickening has 

been reported in the first several years following ACL injury and ACLR. An MRI-based 

study found resting articular cartilage thickness increases in the first two years following 

ACL injury (Frobell, 2011), which is hypothesized to reflect increased fluid composition of 

the tissue (Bertrand & Held, 2017). Similarly, a study assessing cartilage morphology with 

ultrasonography found greater resting femoral articular cartilage thickness in individuals 

who were 37 ± 27 months post-ACLR compared to both the contralateral limb and uninjured 

controls (Harkey, Blackburn, Nissman, et al., 2018). Increased water content within the 

tissue may reflect loss of proteoglycans and increased tissue permeability, which may impair 

the capacity of the cartilage to adequately attenuate load (Nissinen et al., 2021; Pastrama 

et al., 2019; Sophia Fox et al., 2009). While we did not conduct radiographic assessments 

of PTOA prevalence in our cohort, based on these previous data, we can hypothesize that 

the CSAI group identified in our cohort exhibited a more pathological response to loading 

compared to the CSAD groups.

4.2 Knee kinetics following ACLR

The CSAI group exhibited greater KEM in comparison to both the CSAD and CSAU groups 

in early stance. Although not assessed in the present study, a stiffened knee gait (i.e. reduced 

knee flexion excursion) in addition to greater KEM in the first 50% of stance may reflect 

a compensatory strategy to overcome persistent quadricep strength deficits post-ACLR 

(Lewek et al., 2002; Palmieri-Smith & Thomas, 2009). Previous research has not found 

associations between peak KEM in the first half of stance phase and MRI-estimates of 

cartilage composition (Pfeiffer, Spang, et al., 2019); however, the between-group differences 

in KEM in the present study were observed prior to the first KEM peak. Therefore, it is 

possible that KEM during the load acceptance phase may be important to understand early 

PTOA development. The CSAI group demonstrated KAM profiles with lesser magnitudes 

prior to the first KAM peak in comparison to the other two groups and exhibited statistically 

lower KAM magnitudes in comparison to the CSAD group, which may be a biomechanical 

marker linked to underlying PTOA development. Previous work has suggested that lesser 

limb-level loading and frontal plane knee kinetics during walking gait is associated with 

deleterious cartilage changes in the medial compartment of the femur (Pfeiffer, Spang, et al., 
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2019; Pietrosimone et al., 2017). Specifically, lesser peak KAM is associated with greater 

concentrations of matrix metalloproteinase-3, a plasma marker of cartilage degeneration, 

interleukin 6, a pro-inflammatory cytokine at 6 months post-ACLR (Pietrosimone et al., 

2017), and greater T1rho relaxation times, an MRI estimate of cartilage proteoglycan 

density, within the first year post-ACLR (Pfeiffer, et al., 2019). In a separate cohorts, 

peak KAM was shown to further decrease with disease progression following ACLR 

(Erhart-Hledik et al., 2018; Wellsandt et al., 2016), highlighting the need to intervene early 

post-ACLR. Individuals with less-dynamic KAM profiles associated with MRI measures of 

lower femoral cartilage proteoglycan density 6 months post-ACLR yet increase KAM to 

magnitudes similar to uninjured controls by 12 months post-ACLR (Evans-Pickett, Lisee, 

et al., 2022), suggesting that lesser peak frontal plane knee kinetics early post-ACLR are 

time-dependent and linked to deleterious changes in cartilage composition. Therefore, less-

dynamic KEM and KAM in the CSAI group may characterize a subgroup of individuals that 

would benefit from targeted gait interventions to improve the dynamic nature of the kinetic 

waveforms following ACLR.

4.3 Limitations

This study did not determine the mechanisms linking less-dynamic kinetic waveforms 

to increased femoral cartilage CSA. It should be noted that we only measured changes 

in femoral cartilage morphology in the anterior femur, thereby changes measured in the 

anterior cartilage may be subject to altered cartilage mechanics at other locations on the 

femoral surface. It is possible that less-dynamic kinetic waveforms cause portions of the 

anterior femur to be loaded in a more sustained manner causing greater cartilage strain due 

to the time-dependent, viscoelastic nature of the tissue (Arokoski et al., 2008). Although 

speculative, it is possible that increased tissue strain in more posterior or central portions 

of the femoral cartilage may cause greater water permeability in the anterior portions of the 

cartilage creating an increase in anterior femoral cartilage size. However, the present study 

was cross-sectional in nature and the causality of the relationship between knee kinetics 

and the cartilage response to load cannot be gleaned from our experiment. It is possible the 

CSAI group exhibited altered cartilage physiology that caused an increased morphological 

response to any load and decreasing KAM in early stance and increasing KEM in early 

stance was a protective response to prevent excessive loading of the tissue. Further, dual-belt 

treadmill walking can alter spatiotemporal aspects of gait and frontal plane kinetics (Altman, 

2012) and cannot be directly compared to overground walking (Dewig et al., 2022). Future 

studies are needed to understand the mechanistic effect of modifying KEM and KAM on the 

articular cartilage response to loading.

The present study links in vivo ultrasound morphology assessments with gait biomechanical 

variables, specifically KEM and KAM, following an acute bout of walking. We 

acknowledge that the present study was not without limitation. Current methods of 

biomechanical analyses are limited in the ability to account for the individual contributions 

of muscles surrounding the knee joint. Quadriceps and hip muscular weakness occur 

early-post ACLR and can become chronic in this population (J. M. Hart et al., 2010; 

Hurley et al., 1994; Palmieri-Smith & Thomas, 2009; Petersen et al., 2014; Thomas 

et al., 2013). Future research would benefit from utilizing advanced joint contact force 
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modeling techniques to understand the compartmental loads linked to different articular 

cartilage responses to acute loading after ACLR. Further, while ultrasonography is capable 

of detecting immediate morphological changes within the articular cartilage after dynamic 

activity, ultrasonography is only able to assess the anterior femoral cartilage regions 

and is limited by the probe’s field of view. Other analysis techniques, such as average 

thickness measurements, could provide additional information regarding acute changes in 

cartilage morphology following a standardized walking protocol. Quantitative MRI is more 

appropriate in assessing the articular cartilage response to loading across multiple regions 

of the tissue (Sutter et al., 2015). Further, although understanding the magnitude of discrete 

biomechanical variables are valuable, discrete analyses are limited in the ability to account 

for loading profiles throughout the entirety of stance phase. Therefore, the purpose of 

categorizing individuals into groups (i.e. CSAI, CSAU, CSAD) was to facilitate the ability 

to conduct a between-group functional mixed effects model analysis. The categorization of 

participants into different groups was not conducted arbitrarily but was rather based on a 

previously published minimally detectable change value (Harkey, Blackburn, Hackney, et 

al., 2018). There are limitations to characterizing individuals into different groups based on 

any cutoff threshold as it cannot be assumed that all participants within each group exhibited 

the same changes in cartilage CSA following loading nor does our analysis suggest the 

exact point by which cartilage morphology differs. Future research is needed to fully 

understand the full continuum of changes in the magnitude of the cartilage CSA following 

acute loading and further grasp the clinical implications of each group’s CSA response to 

dynamic activities (i.e. walking). Further, we focused on the medial femoral compartment 

in the ACLR-limb in our analysis, as compositional changes within the medial femoral 

compartment is most commonly associated with early knee osteoarthritis development (Wise 

et al., 2012). Previous research identified the associations between peak frontal and sagittal 

plane kinetic variables and resting medial femoral cartilage thickness were modulated by the 

presence of concomitant meniscal injury (Pamukoff et al., 2018) and future research should 

consider the effect of meniscal injury on the acute response of the medial femoral cartilage 

to loading. Our study did not include an uninjured control group; therefore, it is unclear if 

KAM differed in our ACLR cohort compared to uninjured controls. A study of uninjured 

individuals of similar age (21 ± 4 yrs), reported a peak KAM of 0.024 ± 0.01 during 

treadmill walking (Dewig et al., 2022), which is consistent with both the CSAU (0.023) and 

CSAD groups (0.025), but not the CSAI group in our study, who demonstrated a lower peak 

KAM (0.021). However, previous research found that the majority of uninjured individuals 

displayed acute decreases in femoral CSA following a 3,000 step walking task (Pfeiffer et 

al., 2020), suggesting the response of the CSAD group may be most closely aligned with 

uninjured controls.

5. Conclusion

ACLR individuals who exhibit an acute increase in anterior medial femoral articular 

cartilage CSA following 3,000 steps of walking demonstrate lower KAM and greater KEM 

in early stance. The propensity of femoral cartilage to acutely increase in CSA in response to 

walking is consistent with less-dynamic knee kinetic profiles.
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Highlights

• Variability in the cartilage morphological response is observed after walking

• Cartilage swelling post-walking is linked to less-dynamic knee kinetics

• An increased medial femoral cartilage morphological response may be 

pathological
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FIGURE 1. 
Femoral compartment cross-sectional area (mm2) was determined by segmenting the visible 

tibial cartilage-bone interface and femoral soft tissue-cartilage interface and separated into 

the medial compartment as separated by the horizontal midpoint.
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Figure 2. 
Group mean internal knee extension moments (KEM), normalized by body weight (BW) 

and height, are illustrated. KEM is reported by group between the increased and decreased 

CSA groups (A), unchanged and increased CSA groups (C) and the unchanged and 

decreased CSA groups (E) across the entirety of stance phase (1–100%). Gray boxes 

indicate areas where the 95% confidence intervals did not include zero. Corresponding KEM 

mean differences with associated 95% confidence intervals (grey bands) between groups are 

shown at right (B,D,F). Positive values indicate greater internal KEM.
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Figure 3. 
Group mean internal knee abduction moments (KAM), normalized by body weight (BW) 

and height, are illustrated. KAM is reported by group between the increased and decreased 

CSA groups (A), unchanged and increased CSA groups (C) and the unchanged and 

decreased CSA groups (E) across the entirety of stance phase (1–100%). Gray boxes 

indicate areas where the 95% confidence intervals did not include zero. Corresponding 

KAM mean differences with associated 95% confidence intervals (grey bands) between 

groups are shown at right (B,D,F). Positive values indicate greater internal KAM.
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TABLE 1.

Demographic Information by Group (Mean ± SD)

Unchanged CSA
(n=17)

Increased CSA
(n=11)

Decreased CSA
(n= 11)

P
value

Age 20.50 ± 5.27 19.35 ± 1.89 20.74 ± 3.51 0.4
4

Body Mass Index (kg/m2) 24.75 ± 3.50 24.39 ± 2.70 24.68 ± 3.58 0.9
3

Sex (% Female) 41.12% 63.64% 54.55% N/A

Months Post-ACLR 7.82 ± 2.24 8.36 ± 1.96 8.36 ± 1.57 0.4
5

Walking Speed (m/s) 1.21 ± 0.07 1.21 ± 0.11 1.27 ± 0.12 0.1
5

Medial Compartment CSA Change Score (mm2) −0.02 ± 0.83* 3.21 ± 1.08* −4.09 ± 1.75* <0.

01*

ACLR: Anterior Cruciate Ligament Reconstruction; CSA: Cross-sectional Area; SD: Standard Deviation

*
Significant Group Difference
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TABLE 2.

Regression Model Comparison for Average Peak Knee Extension Moment β (Standard Error)

Predictor Variables Primary
Model

Model Adjusted for
Sex

Model Adjusted for Speed

Peak Knee Extension Moment −10.836
(46.238) −11.745 (48.638) −6.965 (45.942)

Sex − −0.072 (1.033) −

Walking Speed − − −6.509 (5.082)

Change in R 2 − 0.001 0.041

ModelpValue 0.816 0.971 0.437
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TABLE 3.

Regression Model Comparison for Average Peak Knee Abduction Moment β (Standard Error)

Predictor Variables Primary
Model

Model Adjusted for
Sex

Model Adjusted for Speed

Peak Knee Abduction Moment −93.008
(73.531)

−93.360 (74.692) −85.986 (73.273)

Sex − 0.072 (0.978) −

Walking Speed − − −6.100 (4.994)

Change in R 2 − 0.001 0.039

ModelpValue 0.214 0.466 0.223
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