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Abstract

Previous research suggests more biomechanically demanding tasks (e.g., stair descent, hopping) 

magnify biomechanical asymmetries compared with walking after anterior cruciate ligament 

(ACL) reconstruction. However, it is unclear if modifying task-specific constraints, like walking 

speed also elicits greater biomechanical asymmetries in this population. We examined the effects 

of manipulating walking speed on ground reaction force (GRF) asymmetries in individuals with 

ACL reconstruction and uninjured controls. Thirty individuals with ACL reconstruction (Age= 

20.6 ± 5.4 yr., body mass index [BMI]= 23.9 ± 3.3 kg/m2) and fifteen controls (Age= 23.1 ± 

4.5 yr., BMI= 23.6 ± 2.7 kg/m2) were tested on an instrumented treadmill at three speeds (100%, 

120%, and 80% self-selected speed). Bilateral vertical and posterior-anterior GRFs were recorded 

at each speed. GRF asymmetries were calculated by subtracting the uninjured from the injured 

limb at each percent of stance. Statistical parametric mapping was used to evaluate the effects of 
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speed on GRF asymmetries across stance. We found vertical and posterior GRF asymmetries were 

exacerbated at faster speeds and reduced at slower speeds in ACL individuals but not controls 

(p < 0.05). No differences in anterior GRF asymmetries were observed between speeds in either 

group (p > 0.05). Our results suggest increasing walking speed magnifies GRF asymmetries in 

individuals with ACL reconstruction.

Statement of Clinical Significance: Evaluating both preferred and fast walking speeds may 

aid in characterizing biomechanical asymmetries in individuals with ACL reconstruction which 

may be valuable in earlier rehabilitative timepoints when more difficult tasks like hopping and 

running are not feasible.

Keywords

Ground Reaction Force; Asymmetry; Task Complexity

Introduction

Appropriate joint loading is critical for maintaining knee joint health and mitigating 

osteoarthritis risk after anterior cruciate ligament (ACL) reconstruction 1-4. Underloading 

of the ACL-reconstructed limb (i.e., smaller vertical ground reaction forces [GRFs] relative 

to the uninjured limb) is associated with poorer patient-reported outcomes and lower 

knee cartilage proteoglycan density, and therefore, maybe a detrimental walking strategy 

employed by some individuals with ACL reconstruction3; 5. Given that asymmetrical GRFs 

during walking are known to negatively affect knee joint health and patient outcomes, it 

is critical to understand under what conditions GRF asymmetries are present in individuals 

with ACL reconstruction.

Gait biomechanics, such as GRF limb asymmetries, are most commonly evaluated at self-

selected walking speeds to capture one’s habitual walking pattern and loading environment. 

Many studies have shown that those with ACL reconstruction walk with near “normal” 

vertical GRF symmetry (i.e., < 5% interlimb difference) as early as 6 months post-

reconstruction 1; 2; 5-8. Although these data may indicate a resolution of biomechanical 

asymmetry, findings should be interpreted with caution. For example, early resolution of 

GRF asymmetry could be due to reductions in uninvolved limb GRF characteristics which 

would falsely suggest an improvement in gait characteristics1. Further, evidence suggests 

that asymmetry in the vertical GRF may be task-dependent 9 wherein more biomechanically 

demanding tasks (i.e., running, jump landing, etc.) reveal greater biomechanical differences 

between ACL-reconstructed and healthy knees 10-12. Therefore, it is plausible modifying 

the difficulty of a motor task may be advantageous when attempting to characterize 

biomechanical asymmetries in those after ACL reconstruction as it may provide a more 

rigorous clinical evaluation of a patient’s functional capabilities.

One way to increase task difficulty during walking is to increase walking speed, as 

it challenges the neuro-musculoskeletal system by requiring increased attentional and 

muscular demands 13-18. Many studies have suggested manipulating walking speeds may 

be useful to help better characterize gait impairments like asymmetries in pathological 

populations (e.g., stroke, amputees) 19-23. For example, previous work have shown that 
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pathological populations often exhibit increased gait asymmetries at fast speeds compared 

to preferred 19-23. In able-bodied individuals, however, it has generally been shown 

that GRF symmetries are maintained across non-preferred walking speeds 23-25; though 

some evidence does exist showing that certain gait metrics like support and propulsive 

impulses are affected by non-preferred walking speeds 13; 26. Nonetheless it is not clear if 

manipulating gait speed from a self-selected pace alters GRF symmetry in individuals with 

ACL-reconstruction similar to that seen in other pathological gaits. It is plausible individuals 

with ACL reconstruction may indeed exhibit a differential response from healthy adults 

when manipulating walking speeds given the long-term neuromuscular deficits induced 

after ACL-reconstruction27-30. Previous work may lend some support for this notion as it 

has been shown that manipulating walking speed alters knee kinematic variability in those 

with ACL deficiency but not in healthy controls14; 31. As such, understanding the effect of 

walking speed on GRF asymmetries during gait may provide a unique insight into the effects 

of altered task difficulty on biomechanical function in those with ACL reconstruction.

The vertical GRF during gait is often used as an estimate of the total load applied up 

through the lower limbs in individuals with ACL reconstruction 1; 2; 5-8, and recent work 

has shown this gait parameter is a viable target for gait interventions using real-time 

biofeedback paradigms2; 32. However, evaluation of other components of the GRF during 

walking, such as the posterior-anterior GRF, have received far less attention in the literature 

despite evidence suggesting this parameter may provide additional insight into the extent of 

biomechanical asymmetries present after surgery. For example, Lim et al 33; 34 demonstrated 

the magnitude of asymmetry in the posterior (breaking) GRF was substantially higher than 

that seen in the vertical GRF component (i.e., 11% vs. 4%). Further, posterior GRF limb 

symmetry, but not vertical GRF symmetry has been shown to predict knee extensor moment 

symmetry in those with ACL reconstruction 33; 34. Given these findings, there is a need to 

further examine the posterior-anterior GRF during gait and how walking speeds may impact 

the magnitude of asymmetries observed in individuals with ACL reconstruction.

Therefore, the purpose of this study was to examine the effect of gait speed on asymmetry 

in vertical and posterior-anterior GRFs in individuals with ACL reconstruction and compare 

the results with uninjured controls. Although discrete pre-determined time points of the GRF 

waveform are commonly evaluated, we employed statistical parametric mapping (SPM) in 

order to more comprehensively evaluate the entirety of the GRF waveform. Consideration of 

GRFs across the entirety of the stance phase is important as it may provide a more robust 

evaluation of gait characteristics that may not be captured when using single discrete time 

points. We hypothesized that 1) asymmetry in GRFs would increase with an increase in 

walking speed in the ACL-reconstructed group, and 2) uninjured controls would be able to 

maintain symmetrical GRF characteristics regardless of walking speed.

Methods

The data presented herein are from a randomized clinical trial (Clinical trial #: 

NCT03282565) identifying the effect of functional resistance training on gait biomechanics 

in a cohort of ACL-reconstructed individuals (National Institutes of Health Grant # R21 

HD092614-02). For this manuscript, data were collected from the ACL-reconstructed 
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individuals during their first study visit prior to the administration of any intervention. All 

participants and legal guardian(s) of participants under the age of 18 provided informed 

written consent for this study. The University Medical School Institutional Review Board 

approved all procedures of the current study.

Participants:

Thirty individuals with unilateral ACL reconstruction (Time from surgery: 9.5 ± 2.8 weeks, 

Age = 20.6 ± 5.4 years, BMI = 23.9 ± 3.3 kg/m2, Table 1) and fifteen matched healthy 

control participants who were free from lower extremity injury in the past six months (Age 

= 23.1 ± 4.5 years, BMI = 23.6 ± 2.7 kg/m2, Table 1) volunteered for this study. Control 

participants were matched with one of the ACL subjects based on age (± 3 yrs.) and sex. 

All volunteers, regardless of injury status, had to be between 14-40 years of age to qualify 

for participation. If any interested person reported 1) pregnancy or actively trying to become 

pregnant, 2) a history of untreated diabetes or hypertension, and 3) a diagnosis of any 

neurological condition or chronic pain pathology, they were excluded from participation 

in this study. Additional exclusion criteria for the ACL reconstruction group included: 1) 

multiple ACL injuries or surgeries, 2) any lower-extremity injury or surgery other than 

the current ACL reconstruction, and 3) reconstruction with an allograft. Participants in the 

uninjured control group were excluded if they had any history of a previous knee injury.

Experimental Procedures:

The experiment began by having participants perform a 10-meter walk test overground to 

determine their self-selected walking speed for future treadmill walking conditions similar to 

several recent studies 2; 35; 36. All participants wore their own athletic shoes during testing. 

The participants walked over a 12-meter walkway at their preferred walking speed while 

an experimenter used a hand-held stopwatch to time the intermediate 10-meter walk37. 

Participants were given one practice trial, and then the average of 3 successive trials 

was used to determine their self-selected walking speed. Once speed was determined, all 

participants completed one 65-second walking trial on a fully instrumented Bertec split-belt 

treadmill (ITC-11-20L/R, Bertec, Corp., Columbus, OH, USA) at each of the three treadmill 

speeds (80%, 100%, and 120% of self-selected speed). The vertical and posterior-anterior 

GRFs were recorded using a custom-written LabVIEW program (LabVIEW 2011, National 

Instruments Corp., Austin, TX, USA). The GRF data were lowpass filtered at 500 Hz 

using a National Instruments 8th order analog anti-aliasing Butterworth filter (SCXI 1143, 

National Instruments Corp., Austin, TX, USA) which were then sampled at 1000 Hz using 

16-Bit National Instruments data acquisition hardware (USB-6255).

Participants were given standardized verbal instructions to facilitate normal walking by 

asking them to 1) maintain their position on the center of the treadmill, 2) walk as normal 

as possible and attempt not to scuff their feet or strike the opposite treadmill belt with their 

foot (i.e., cross-over step), and 3) keep their eyes forward and not look down at their feet 

for extended periods (other than checking body position). These standardized instructions 

were repeated to participants as needed during treadmill conditions. Once the treadmill 

was initiated and reached the set speed, participants were allotted 10 seconds to familiarize 

themselves with the treadmill speed before trial recording was initiated. Following each 65-
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second trial, the treadmill speed was changed to the subsequent walking speed (i.e., 120% 

and 80% of self-selected speed), and once the treadmill reached the set speed, participants 

were again given 10 seconds of familiarization before initiating the next 65-second trial 

recording.

Data Reduction:

Analog force data were recorded and further analyzed using an offline LabVIEW program 

(LabVIEW 2011, National Instruments Corp., Austin, TX, USA). Force data were low-pass 

filtered using a fourth-order zero-phase lag Butterworth filter (100 Hz cut-off frequency). 

The stance phase for each gait cycle was identified as the period between where the vertical 

GRF exceeded 20N and subsequently fell below 20N. On average, over 50 strides per limb 

were identified at each walking speed and subsequently used to generate time-normalized 

(101-point) ensemble averages of the vertical and posterior-anterior GRF curves. Ensemble 

GRF curves were normalized to percent body weight (% BW) by dividing each element 

of the GRF waveform by the participant’s body weight in Newtons and multiplying by 

100. We chose to calculate interlimb differences (i.e., asymmetry) for each GRF component 

in our cohort instead of using other metrics of symmetry (i.e. limb symmetry indices) in 

order to more directly evaluate the magnitude of GRF changes (i.e. % BW) that may be 

occurring across walking speeds. For ACL-reconstructed participants, the uninjured limb 

GRF was subtracted from the injured limb GRF across each percent of the stance phase. 

For control participants, we considered the limb with the smaller peak vertical GRF from 

the self-selected speed as the “injured limb” and the limb with the greater peak vertical 

GRF as the “uninjured limb”. Once the “injured” and “uninjured” limbs were identified 

from the self-selected speed trial, we calculated asymmetry similar to ACL-reconstructed 

participants where we subtracted “uninjured limb” GRF from the “injured” limb GRF across 

each percent of stance phase shown below in equation 1. For reference, positive value 

represents higher GRFs in the “injured” relative to the “uninjured” limb whereas negative 

values indicate lower GRFs in the “injured” relative to the contralateral limb. The identified 

“injured” and “uninjured” limb in controls were kept consistent for the 120% and 80% speed 

conditions. We opted to identify “injured” and “uninjured” limbs for control participants in 

this fashion to give us a conservative estimate of gait GRF asymmetries when comparing the 

effects of walking speed conditions between ACL reconstructed participants and controls.

Statistical Analyses:

Demographic comparisons between individuals with ACL reconstruction and uninjured 

controls were performed using two-sample t-tests in IBM SPSS Statistics for Windows, 

version 27 (IBM Corp., Armonk, NY, USA). To evaluate the effects of walking speed on 

asymmetry in the vertical and posterior-anterior GRFs, we performed two separate 2 x 

3 (group: [ACL reconstructed, Controls] by speed: [80%, 100%, and 120% self-selected 

speed]) repeated-measures analysis of variance (ANOVA2onerm; SPM[F]) using one-

dimensional statistical parametric mapping (SPM1D) techniques. Analyses were completed 

via Matlab (R2020b, The Mathworks Inc. Natick, MA, USA) using open-source code 

(SPM1D, v.M0.1, www.spm1d.org) detailed elsewhere 38; 39. Briefly, SPM1D analysis first 

calculates a vector field of test statistics (F) at each instantaneous point across the GRF 

waveform. To evaluate the significance of the vector field (F), SPM techniques compute 
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a critical F threshold (F*) using Random Field Theory (critical threshold 5%; α = 0.05) 

wherein portions of the computed vector field (F) that exceeded the computed critical F 

threshold (F*) were considered significant 39. We tested the null hypothesis that speed does 

not induce an effect on the observed asymmetry in vertical and posterior-anterior GRFs in 

individuals with ACL reconstruction and uninjured controls.

Following the inspection of SPM results, significant interactions were followed with post 

hoc paired t-tests (TTESTpaired; SPM[t]) to evaluate the effects of walking speed on 

asymmetry in GRFs within each respective group. The paired t-tests analyses tested 

three planned comparisons: 80% - 100% self-selected speed, 80% – 120% self-selected 

speed, and 100%-120% self-selected speed. Similar to procedures described above, SPM[t] 

analyses calculate a scalar field (t) at each instantaneous point across GRF waveforms, and 

significance was evaluated at a critical t threshold (t*, α = 0.05). If any portions of the GRF 

waveform exceed this critical threshold (t*), then a significant difference between speeds 

was considered present. We tested the null hypothesis that the magnitude of asymmetry in 

GRF is similar across walking speeds in both ACL-reconstructed participants and uninjured 

controls.

Results:

Participant Demographics

Participant demographics and walking speeds (Mean and 95% CI) are provided in Table 1. 

No significant differences were found between groups for age, body-mass, height, or BMI 

(p > 0.05). Individuals with ACL reconstruction walked with slower self-selected speeds 

compared with uninjured controls (1.30 m/s [95% CI: 1.24, 1.36] vs. 1.47 [95% CI: 1.36, 

1.58], p <0.01, Cohen’s d= 0.98).

Vertical Ground Reaction Force

There was a significant group by speed interaction on the asymmetry in vertical GRF 

(F*[2,86] = 7.07, p <0.05; Figure 1). Post hoc analyses of the interaction indicated that 

the asymmetry in vertical GRF did not differ between speeds in the control participants 

(all p > 0.05; Figure 2) but differed significantly in individuals with ACL reconstruction 

(all p < 0.05; Figure 3). Specifically, asymmetry increased with increases in walking speed, 

with 80% self-selected speed showing the lowest asymmetry and 120% self-selected speed 

showing the greatest asymmetry (i.e., 100% > 80% of self-selected walking speed and 120% 

> 80% and 100% of self-selected walking speeds) (Figure 3). Ensemble averages of the 

vertical GRF waveforms for both limbs that were used to compute GRF asymmetries can be 

found in Supplemental Figure 1.

Posterior-Anterior Ground Reaction Force

There was a significant group by speed interaction on the asymmetry in posterior-anterior 

GRF (F*[2,86] = 7.17, p <0.05; Figure 1). Post hoc analyses of the interaction indicated 

that the asymmetry in posterior-anterior GRF did not differ between speeds in the control 

participants (All p > 0.05; Figure 4) but differed significantly in individuals with ACL 

reconstruction (All p < 0.05; Figure 5). Specifically, asymmetry increased in the posterior 
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GRF with increases in walking speed, with 80% self-selected speed showing the lowest 

asymmetry and 120% self-selected speed showing the greatest asymmetry (i.e., 100% > 80% 

of self-selected walking speed and 120% > 80% and 100% of self-selected walking speeds) 

(Figure 5). Ensemble averages of the posterior-anterior GRF waveforms for both limbs that 

were used to compute GRF asymmetries in each group can be found in Supplemental Figure 

2.

Discussion:

The purpose of this study was to examine the effect of gait speed on asymmetry in vertical 

and posterior-anterior GRFs in individuals with ACL reconstruction and compare the results 

with uninjured controls. We found that the asymmetry in both vertical and posterior-anterior 

GRFs increased at faster walking speeds but decreased at slower speeds in individuals 

with ACL reconstruction. Conversely, speed did not affect GRF asymmetries in uninjured 

controls. These findings are clinically meaningful as assessing gait biomechanics at multiple 

walking speeds may be necessary to magnify existing gait asymmetries in individuals with 

ACL reconstruction. Ultimately, this may improve our ability to identify the extent of 

underlying gait impairments simply by manipulating task-specific constraints like walking 

speed.

As hypothesized, asymmetry in the vertical GRF was affected by walking speed in 

individuals with ACL reconstruction, but not in healthy controls. We found that asymmetries 

in the vertical GRF were smallest at 80% of self-selected speed (approximately 10% 

BW, Figure 3) but greatest at 120% of self-selected speed (approximately 18-20% BW, 

Figure 3). Our results appear to be consistent with findings from previous investigations in 

several neurologic/pathological populations (i.e., post-stroke, amputees) which also show an 

augmentation of gait asymmetries when task-constraints like speed are increased 19-23. In 

healthy individuals, however, our results and others suggest the effects of increased speeds 

on gait symmetries appear to be less pronounced or non-existent 23-25. Although direct 

comparison of our results to other ACL cohorts is limited, several previous studies provide 

support that more biomechanically demanding tasks (i.e., stair walking, jump landing, and 

running) show greater biomechanical impairments in ACL knees compared to those seen in 

self-selected level walking 9; 11; 12. Nonetheless, it is important to recognize that tasks like 

hopping or landing, for example, may be contraindicated early after ACL reconstruction, and 

the biomechanical and neuromuscular control demands required during these tasks differ 

from those of walking9; 40. Thus, given the results of our study, we believe manipulating 

walking speed could be a viable option to impose increased (or decreased) tasks-demands 

when evaluating gait biomechanics. This may be particularly useful in earlier stages of 

rehabilitation when patients are yet to advance to running or hopping. It is important to 

point out, however, that our study limited speed manipulations to 20% above and below 

self-selected, in part, so that all patients were capable of completing each walking condition 

safely without the use of handrails for stabilization and/or support. Thus, it is not clear 

if using even greater speed changes (i.e. 30-40% above or below self-selected) may more 

effectively reveal compensatory gait strategies in those with ACL reconstruction. Future 

studies should examine the use of a wider range of speed manipulations when aiming to 

evaluate the effects of speeds on walking mechanics in this patient population.
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We observed that individuals with ACL reconstruction walk with marked asymmetries in 

the vertical GRF across the majority of stance phase. Our results also demonstrate the 

magnitude of these asymmetries may not be consistent across multiple walking speeds. 

When examining the ensemble averages of the vertical GRF for each limb and both 

groups (Figure S-1), it is apparent that ACL subjects primarily modulate the vertical GRF 

of their injured limb by decreasing its magnitude in early and late stance phase while 

also undergoing substantially less unloading during midstance (i.e. greater GRFs in the 

injured relative to the contralateral). At the highest speed, the vertical GRF appears to 

disproportionately increase in the uninjured relative to the injured limb, while at the slowest 

speed there is the least modulation in GRF and the greatest symmetry between limbs. 

These alterations in the vertical GRF corroborate findings from several previous studies at 

self-selected speeds 1; 8 and have been generally described as a less “dynamic” or blunted 

GRF waveform (i.e., less midstance unloading). Overall, we reason these gait alterations 

are reflective of ACL participants attempting to avoid or limit loading of the reconstructed 

limb by stepping more lightly at faster speeds, possibly because of fear of re-injury or 

apprehension due to increased task-demands. This aberrant loading phenomenon has also 

been accompanied by and associated with greater quadriceps-to-hamstring co-contraction 

and less knee flexion excursion which is thought to reflect a stiffened knee strategy41. Based 

on our findings, it is plausible that these compensatory strategies may become magnified 

by increasing walking speed but additional research that includes knee-specific gait metrics 

(i.e., moments, angles etc.) are needed to substantiate our findings.

Further, as stated above, our data provide supporting evidence that vertical GRF alterations 

in ACL reconstruction individuals are not only apparent in early stance/load acceptance 

phases but also extend into mid- and late-stance 1; 8. While the clinical significance of the 

timing/duration of stance phase GRF alterations are not entirely clear, it is reasonable to 

surmise that consistent loading asymmetries could be more detrimental to patient outcomes 

or knee joint health than ones that occur more discretely (e.g. only at initial contact or at 

peak loading). Future research is needed, however, to elucidate the biomechanical factors 

associated with mid- and late- stance vertical GRF alterations and how these aberrant gait 

mechanics are associated with patient outcomes and/or knee joint health. Furthermore, 

although not measured here, interlimb differences in spatiotemporal parameters may partly 

contribute to these GRF asymmetries as recent findings have shown patients approximately 

8 months post-ACL reconstruction walk with asymmetrical step lengths42. Future studies 

should consider evaluating the contributions of spatiotemporal parameters to loading 

characteristics in those with ACL reconstruction.

Although many studies have highlighted the importance of vertical GRF asymmetries after 

ACL reconstruction1; 2; 5-8, less data is available detailing asymmetries in other components 

like the posterior-anterior GRF 33; 34. Here, we found that asymmetries in the posterior 

GRF (i.e., breaking forces) became exacerbated when speeds were increased and reduced 

at slower speeds in individuals with ACL reconstruction, but not in uninjured controls. 

However, we did not observe differences across speeds in the anterior GRF (i.e., propulsive 

GRF) in either group. The increase in posterior GRF asymmetry observed in response 

to elevated walking speeds could be explained by findings that suggest posterior GRFs 

are primarily counteracted by the knee extensors during loading response, while other anti-
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gravity muscle groups like the hip extensors may also contribute43. Thus, it is reasonable 

that the stiffened-knee gait strategy often adopted by patients after ACL-reconstruction 

may underlie findings of asymmetrical posterior GRFs as this would aid in limiting knee 

extensor demands particularly when walking speeds are increased44. While it may appear 

that the observed changes in the posterior GRF between walking speeds were small (i.e. 

approximately 2-5% BW change), we argue that these changes may represent important and 

meaningful alterations in GRF asymmetries given that GRF peak magnitudes generally 

range between 15-25% BW (Figure S-2). Thus, a 2-5% BW change in the posterior 

GRF asymmetries between speeds would correspond to a relatively large reduction (or 

improvement) in GRF symmetry.

Similar to several recent investigations, our results also suggest that asymmetries in the 

posterior GRF may be more pronounced than the vertical component in individuals with 

ACL reconstruction 33; 34. Although only three studies have evaluated posterior GRFs 

(including the current investigation) to date, it appears that posterior forces may be 

modulated to a greater extent than vertical support forces at least in earlier phases of 

rehabilitation. These findings are important given the strong associations between posterior 

GRFs and knee-specific metrics like the knee extensor moment in ACL reconstructed 

individuals 33; 34. It is possible that posterior GRFs could serve as a potential target for gait 

rehabilitation strategies in individuals with ACL reconstruction 33. However, future research 

is needed to elucidate the factors contributing to posterior GRF alterations and to identify 

avenues to target posterior GRF asymmetries; knowledge critical to improve our ability to 

restore gait mechanics in this population.

There are some potential limitations to this study. Our study was cross-sectional in design 

and included individuals with acute ACL reconstruction. As such, it is unclear if our results 

are generalizable to individuals in more chronic time-periods after ACL reconstruction or 

if the effects of speed diminish as individuals progress through rehabilitation. Nonetheless, 

evaluating gait characteristics early in the rehabilitation process may important given that 

gait alterations also occur in the uninjured limb which may confound calculations of 

symmetry indices at later time points. Furthermore, identification of asymmetries early 

after ACL reconstruction and treating them appropriately may allow for more symmetrical 

movements in later periods after ACL reconstruction and may also be useful as a criterion to 

consider before patients are progressed to more difficult movement tasks (jogging, hopping, 

etc.). We also did not randomize speed conditions in our study (i.e., the order was always 

self-selected, 120%, 80%) which may have affected our study outcomes. However, we do 

not suspect this is likely given that speed demonstrated similar effects on gait asymmetries 

here as it has in other investigations with pathological populations 19-23. Each speed 

condition also consisted of 65 second trials and it is possible that longer walking and 

familiarization periods would have led to different results. One benefit of the treadmill 

is that it allows for capture of multiple successive gait cycles and as such, we captured 

on average over 50 gait cycles for each condition and subject which we believe offers 

a sufficient representation of an individual’s walking gait. Future investigations should 

consider randomizing speeds and using longer familiarization periods when assessing gait 

across walking speeds. We also recognize that the presence of quadriceps weakness and/or 

increased muscle co-activation may have influenced the magnitude of GRF asymmetry 
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and speed effects observed in our cohort 45. While the aims of this study were not to 

evaluate the effects of impaired quadriceps function on GRF asymmetries across walking 

speeds, future research should determine if ACL-reconstructed individuals with stronger 

quadriceps can maintain GRF symmetries despite manipulating walking speeds, similar 

to that of control participants. Our data also considered GRF characteristics as global 

measures of gait function after ACL reconstruction. Thus, we are unable to ascertain if 

walking speed has a similar effect on other biomechanical characteristics like joint-specific 

or spatiotemporal outcomes in individuals with ACL-reconstruction. It would be beneficial 

to evaluate if manipulating walking speed similarly leads to greater (or lesser) asymmetries 

in joint-specific outcomes like the knee extensor moment, or if individuals with ACL 

reconstruction adopt compensatory strategies at the ankle or hip in order to meet the 

demands imposed by varying walking speeds. Lastly, we note our study design included 

unequal sample sizes and while controls were matched by age (±3) and sex, matching 

between groups was not 1 to 1 which could affect the power of our statistical analyses.

Conclusion:

Increased walking speed magnifies biomechanical asymmetries in the vertical and posterior-

anterior GRF in individuals with ACL reconstruction. At slower speeds, individuals with 

ACL reconstruction can walk with more symmetrical GRFs (i.e., decreased interlimb 

differences) compared with self-selected and fast speeds. It may be beneficial to evaluate 

speeds at and above self-selected walking speeds to evaluate the extent of gait biomechanical 

alterations in those with ACL reconstruction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
SPM [F] main effects and interaction results for the vertical and posterior-anterior ground 

reaction force components. For each graph, the red dashed line corresponds to the critical F 

thresholds, denoted as F*. Any portion of the waveform that exceeded this threshold (shaded 

in grey) indicates a significance difference at p < 0.05.
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Figure 2. 
SPM[t] Post hoc paired t-tests showing the effect of walking speed on asymmetry in vertical 

GRF (asymmetry: % BW) for uninjured control participants. For column 1, positive values 

represent higher vertical GRFs in the “injured” relative to the contralateral limb whereas 

negative values indicate lower vertical GRFs in the “injured” relative to the contralateral 

limb. For each graph in column 2, the red dashed line corresponds to the critical t thresholds, 

denoted as t*. Any portion of the waveform exceeding this threshold (shaded in grey) 

indicates a significance difference between speeds at p < 0.05. Note that the limb that had 

lower peak vertical GRF during the self-selected speed walking condition was considered as 

the “injured limb” for the control participants. SS = self-selected speed.
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Figure 3. 
SPM[t] Post hoc paired t-tests showing the effect of walking speed on asymmetry in 

vertical GRF (asymmetry: % BW) for individuals with ACL reconstruction. For column 

1, positive values represent higher vertical GRFs in the injured relative to the contralateral 

limb whereas negative values indicate lower vertical GRFs in the injured relative to the 

contralateral limb. Shaded regions in column 1 correspond to significant regions identified 

in the SPM [t] results in column 2. For each SPM [t] graph, the red dashed line corresponds 

to the critical t thresholds, denoted as t*. Any portion of the waveform exceeding this 

threshold (shaded in grey) indicates a significance difference between speeds p < 0.05. SS = 

Self-selected speed.
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Figure 4. 
SPM [t] Post hoc paired t-tests showing the effect of walking speed on asymmetry in 

posterior-anterior GRF (asymmetry: % BW) for uninjured control participants. For column 

1, positive values represent higher posterior-anterior GRFs in the “injured” relative to the 

contralateral limb whereas negative values indicate lower vertical GRF’s in the “injured” 

relative to the contralateral limb. For each SPM [t] graph, the red dashed line corresponds to 

the critical t thresholds, denoted as t*. Any portion of the waveform exceeding this threshold 

(shaded in grey) indicates a significance difference between speeds at p < 0.05. Note that the 

limb that had lower peak vertical GRF during the self-selected walking speed condition was 

considered as the “injured limb” for the control participants. SS = Self-selected speed.
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Figure 5. 
SPM [t] Post hoc paired t-tests showing the effect of walking speed on asymmetry in 

posterior-anterior GRF (asymmetry: % BW) for individuals with ACL reconstruction. For 

column 1, positive values represent higher vertical GRFs in the injured relative to the 

contralateral limb whereas negative values indicate lower vertical GRFs in the “injured” 

relative to the contralateral limb. Shaded regions in column 1 correspond to significant 

regions identified in the SPM [t] results in column 2. For each SPM [t] graph, the red dashed 

line corresponds to the critical t thresholds, denoted as t*. Any portion of the waveform 

exceeding this threshold (shaded in grey) indicates a significance difference between speeds 

p < 0.05. SS = Self-selected speed.
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Table 1

Participant Demographics

ACL-Reconstructed Group
N=30, Mean [95% CI]

Healthy Control Group
N=15, Mean [95% CI]

Age (yrs.) 20.63 [18.62, 22.63] 23.1 [20.6, 25.6]

Height (cm.) 172.04 [158.53, 175.43] 173.29 [166.76, 179.82]

Weight (kg.) 70.95 [66.40, 75.51] 71.52 [63.76, 79.27]

BMI (kg/m2) 23.91 [22.70, 25.13] 23.64 [22.14, 25.14]

Self-selected Speed (m/s) 1.30 [1.24, 1.36] 
a 1.47 [1.36, 1.58]

120% Self-selected Speed (m/s) 1.56 [1.49, 1.63] 
a 1.76 [1.63, 1.89]

80% Self-selected Speed (m/s) 1.04 [0.99, 1.09] 
a 1.17 [1.09, 1.26]

Graft Type (n)
25 patellar

4 hamstring tendon
1 quadriceps tendon

N/A

BMI: Body mass index.

a =
Indicates significant difference between groups (α level = 0.05)
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