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INTRODUCTION: Individuals with anterior cruciate ligament reconstruction (ACLR) exhibit sustained (i.e., less dynamic) limb-level loading during gait, 
characterized by lesser 1st and 2nd peak vertical ground reaction force (vGRF) and greater vGRF at midstance, compared to uninjured controls. In the first 6-

12 months post-ACLR, elements of this sustained limb-level loading profile have been linked to deleterious changes in joint tissue metabolism and 

tibiofemoral cartilage composition, and worse patient-reported outcomes. However, it is unclear whether sustained or dynamic limb-level loading profiles 
develop in patients prior to 6 months post-ACLR. Further, it remains unknown if the early development of more sustained limb-loading profiles is associated 

with worse patient-reported outcomes. Therefore, the purpose of this study was to determine: i) whether sustained and dynamic limb-level loading profiles 

are identifiable in a cohort of ACLR individuals between 2-6 months post-ACLR; and ii) whether these limb-level loading profiles associate with changes in 
patient-reported outcomes.  

 

METHODS: The present study was approved by the university-affiliated institutional review board and all participants provided written, informed consent. 
Participants completed a 3-D walking biomechanics assessment at their preferred walking speed at 2 and 6 months following primary ACLR. Participants 

walked over a 6-meter walkway for a minimum of 5 trials that successfully captured one stride. We extracted the 1st and 2nd peaks of the vGRF waveform 

and the local minimum between these peaks and averaged these values for each participant across 5 trials. Gait data were transformed (i.e., Z-scores) and 
difference scores were computed with the following equation: 6-month vGRF – 2-month vGRF. At the laboratory visits, participants also completed the 

Knee injury and Osteoarthritis Outcomes Score (KOOS) questionnaire to characterize post-operative knee function. The KOOS is comprised of 5 subscales 
(Pain, Symptoms, Activities of Daily Living, Sports and Recreation, Quality of Life) scored 0-100 with 100 indicating optimal knee function. A k-means 

cluster analysis was performed to identify limb-level loading profiles based upon vGRF difference scores from 2- to 6- months post-ACLR. Silhouette 

Ranking Measure of mean silhouette coefficients were computed and compared between 2- and 3- means clusters. Silhouette coefficients were fair for both 
the 2-means (0.35) and 3-means (0.37) clusters. Therefore, we utilized the 2-means cluster analysis to maximize the number of participants in each cluster 

and improve interpretation. Independent t-tests were used to compare vGRF difference scores between the 2 cluster groups. Separate linear regression 

models were used to evaluate the association between changes in patient-reported outcomes (KOOS subscale scores) with cluster groups. Change in gait 
speed from 2- to 6- months post-ACLR was entered as a covariate, followed by cluster assignment. We reported ΔR2 and unstandardized βs to compare 

cluster groups and to estimate associations, respectively. 

 
RESULTS SECTION: Thirty-three participants were included in the present analysis and 45% of the cohort (cluster 1, n=15) demonstrated limb loading that 

was more sustained or remained unchanged 2 to 6 months post-ACLR, while 55% (cluster 2, n=18) demonstrated a more dynamic change in limb-level 

loading (Table 1). Both groups demonstrated similar demographic characteristics (Cluster 1, Unchanged: Age: 21.1 ± 5.0 years old, Sex: 6 Males/ 9 Females, 
BMI: 24.3 ± 2.7 kg/m2, Graft Source: 15 Bone-patella-tendon-bone; Cluster 2, Changed: Age: 21.9 ± 3.9 years old, Sex: 6 Males/ 12 Females, BMI: 24.9 ± 

4.9 kg/m2, Graft Source: 17 bone-patella-tendon-bone, 1 hamstring tendon). While participant clusters demonstrated differences in vGRF during gait, these 

changes were not associated with changes in KOOS subscale scores from 2- to 6- months post-ACLR (Table 2).  

 

DISCUSSION: We identified 2 clusters based upon changes in vGRF waveforms during walking 2 to 6 months following ACLR. Fifty-five percent of the 

cohort demonstrated a positive change, or more dynamic vGRF waveform differences, and 45% demonstrated unchanged vGRFs. Although these results did 
not support our hypothesis, biomechanical changes occur despite not being associated with patient-reported outcomes and should be assessed separately. 

 

SIGNIFICANCE/CLINICAL RELEVANCE: Forty-five percent of individuals 2- to 6- months post-ACLR demonstrate more sustained or unchanged 
walking biomechanics. However, these limb-level loading profiles may not be related to changes in patient-reported outcomes 2- to 6- months post-ACLR.  
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Table 1. vGRF Waveform Variables Among Clusters 

vGRF Variable (% Change; 2- to 6- months) 
Cluster 1: Unchanged/ 

Sustained (n=15) 

Cluster 2: Changed/ 

Dynamic (n=18) 
P-Value 

Effect Size/ Cohen’s d 

(95% CI) 

1st Peak vGRF -0.31 ± 2.5 5.4 ± 2.6 < 0.001 -2.2 (-3.2, -1.1) 

Midstance Minimum vGRF -0.24 ± 2.8 -6.5 ± 2.6 0.008 -0.99 (-1.7, -0.20) 

2nd Peak vGRF 1.1 ± 2.2 4.0 ± 3.4 < 0.001 2.2 (1.2, 3.3) 

vGRF= vertical ground reaction force 

  

Table 2. Associations of Change in KOOS Subscale Scores with Cluster Groups  
Outcome Predictor Variable Total R2 ΔR2 ΔR2 P-Value Unstandardized β 95% CI 

KOOS Pain Change Gait Speed Change 0.01     

 Cluster Group 0.05 0.04 0.270 4.32 -3.5, 12.2 

KOOS Symptoms Change Gait Speed Change 0.001     

 Cluster Group 0.01 0.01 0.526 3.45 -7.5, 14.4 

KOOS ADL Change Gait Speed Change 0.003     

 Cluster Group 0.08 0.07 0.135 3.66 -1.2, 8.5 

KOOS Sport Change Gait Speed Change 0.05     

 Cluster Group 0.11 0.06 0.178 14.0 -6.7, 34.7 

KOOS QOL Change Gait Speed Change 0.07     

 Cluster Group 0.12 0.05 0.185 7.11 -3.6, 17.8 

KOOS= Knee injury and Osteoarthritis Outcomes Score, ADL= Activities of Daily Living, QOL= Quality of Life 
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