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Abstract

Gait biomechanics after anterior cruciate ligament injury are associated with functional outcomes 

and the development of post-traumatic knee osteoarthritis. However, biomechanical outcomes 

between patients treated non-operatively compared to operatively are not well understood. The 

primary purpose of this study was to compare knee joint contact forces, angles, and moments 

during loading response of gait between individuals treated with operative compared to non-

operative management at 5 years after ACL injury. Forty athletes treated operatively and 17 

athletes treated non-operatively completed gait analysis at 5 years after ACL reconstruction or 

completion of non-operative rehabilitation. Medial compartment joint contact forces were 

estimated using a previously validated, patient-specific electromyography-driven musculoskeletal 

model. Knee joint contact forces, angles, and moments were compared between the operative and 

non-operative group using mixed model 2×2 ANOVA’s. Peak medial compartment contact forces 

were larger in the involved limb of the non-operative group (Op: 2.37±0.47 BW, Non-Op: 

3.03±0.53 BW; Effect Size: 1.36). Peak external knee adduction moment was also larger in the 

involved limb of the non-operative group (Op: 0.25±0.08 Nm/kg·m, Non-Op: 0.32±0.09 Nm/kg·m; 

Effect Size: 0.89). No differences in radiographic tibiofemoral osteoarthritis were present between 

the operative and non-operative group. Overall, participants treated non-operatively walked with 
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greater measures of medial compartment joint loading than those treated operatively, while sagittal 

plane group differences were not present.

Statement of Clinical Relevance: The differences in medial knee joint loading at 5 years after 

operative and non-operative management of anterior cruciate ligament injury may have 

implications on the development of post-traumatic knee osteoarthritis.
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INTRODUCTION

Anterior cruciate ligament (ACL) rupture is a frequent injury for individuals participating in 

cutting and pivoting activities. An estimated 120,000 ACL injuries occur each year in the 

United States, with the greatest incidence among high school and college-aged individuals.1 

ACL injury results in a loss of knee joint stability and development of abnormal movement 

patterns.2–6 This has significant consequences as 50% of those with ACL injury develop 

knee osteoarthritis within 10–20 years of injury.7 Altered movement patterns and knee joint 

loading may contribute to subsequent knee osteoarthritis development.8–10 Restoring passive 

knee joint stability through operative treatment (early ACL reconstruction) was previously 

thought to alleviate gait deviations and protect against the development of osteoarthritis.
11–13 Although operative treatment addresses excessive anterior tibial translation, the risk of 

knee osteoarthritis is similar when compared to knees managed non-operatively.14 Further, 

both operative and non-operative treatment of ACL injury result in similar levels of knee 

function and participation in cutting and pivoting activities, following a period of 

rehabilitation.15,16 This evidence supports non-operative management of ACL injury as a 

viable alternative to operative treatment to achieve successful functional outcomes. 

However, biomechanical outcomes between patients treated non-operatively compared to 

operatively are not well understood.

Gait patterns change within weeks of ACL injury.17,18 Compared to the uninjured limb, 

patients walk with lower peak knee joint angles and moments, most notably in the sagittal 

plane. Lower involved knee joint angles and moments in the sagittal plane continue 

throughout the first year after surgery.4,5 Joint loading in the involved knee appears to 

increase and match the uninvolved knee 1 year after operative treatment; a meta-analysis by 

Hart et al. reported no differences in interlimb peak knee flexion angles and moments during 

periods of 1–3 years and ≥3 years after ACL reconstruction.4 Hart and colleagues did not 

observe any differences in frontal plane angles or moments in their pooled analyses 

compared to either the contralateral limb or to healthy control groups.4 While gait 

biomechanics have been extensively studied after operative treatment, fewer studies have 

investigated gait biomechanics following non-operative ACL management. A systematic 

review and meta-analysis by Ismail et al. reported no differences in sagittal plane knee 

angles and moments in patients treated non-operatively 6 months of ACL injury compared to 

control cohorts.6 Ismail and colleagues were unable to pool data regarding frontal plane 

angles and moments in non-operative ACL cohorts secondary to limited quantitative 

reporting of these variables.
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Previous work investigating biomechanical movement patterns after ACL injury has focused 

on comparisons of either ACL-deficient or ACL-reconstructed cohorts to control cohorts 

without ACL injury. These study designs do not directly compare the effect of ACL 

reconstruction compared to non-operative management on aberrant movement patterns. The 

goal of this study was to advance our understanding of the effect of surgical intervention on 

gait biomechanics after ACL injury, by directly comparing patients completing operative and 

non-operative ACL management. To address this goal, the primary aim of this study was to 

compare knee joint contact forces, angles, and moments during gait between individuals 

treated with operative compared to non-operative management at 5 years after ACL injury. 

We hypothesized that no differences in knee joint contact forces, angles, and moments 

would be present during gait between the operative and non-operative groups. This 

hypothesis was developed from evidence that medium- to long-term functional outcomes do 

not differ after non-operative management compared to ACL reconstruction,14,16 and that 

persistent movement asymmetries after ACL injury during activities such as gait predict 

functional performance. For example, Hartigan et al. reported that a lower external knee 

flexion moment during gait was a significant predictor of failing a functional return-to-sport 

test battery (quadriceps strength, single-legged hop tests, subjective knee function) at 6 

months after ACL reconstruction.19 Pietrosimone et al. reported that individuals who walk 

with lower vertical ground reaction forces compared to their uninjured limb at 6 months 

after ACL reconstruction present with lower scores on the Knee injury and Osteoarthritis 

Outcome Score (KOOS) at 12 months after surgery.20 A secondary purpose was to compare 

knee extensor and flexor muscle forces during gait between individuals treated with 

operative compared to non-operative management at 5 years after ACL injury. A 

supplemental analysis comparing hip joint angles and moments during gait in this cohort is 

present in Supplemental Table 1.

METHODS

Participants

Individuals between the ages of 13–55 years with a complete, acute ACL injury who were 

active in a minimum of 50 hours per year of level 1–2 cutting and pivoting activities21,22 

prior to injury were eligible for this study. All participants in this study were part of a 

previously completed randomized control trial (55 patients)23 or ongoing prospective cohort 

study (150 patients)24 investigating the effects of neuromuscular training coupled with 

progressive quadriceps strengthening completed after ACL injury. Studies were approved by 

the University of Delaware Institutional Review Board, and all patients (or patient guardians 

if under 18 years old) completed written informed consent. Exclusion criteria included 

concomitant grade III injury to other knee ligaments, a repairable meniscus or full-thickness 

chondral lesions greater than 1 cm2 diagnosed on magnetic resonance imaging at time of 

ACL injury, prior history of ACL injury in either knee, or additional second ACL injury in 

either knee.

All patients completed progressive, criterion-based pre-operative or non-operative 

rehabilitation at a single, outpatient physical therapy clinic using previously reported 

protocols.25,26 Following initial resolution of knee impairments after ACL injury (range of 

Wellsandt et al. Page 3

J Orthop Res. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



motion, pain, effusion, isometric quadriceps strength), patients were categorized as a 

potential coper if no more than 1 giving way episode occurred since ACL injury, a score of 

≥80% of the Knee Outcome Survey-Activities of Daily Living Scale,27 a score of ≥60% on 

the Global Rating Scale of Perceived Function, and a score of ≥80% on the 6-meter timed 

hop.28 If any of these criteria were not met, the patient was categorized as a noncoper. In 

addition, patients completed an additional 10 physical therapy treatment sessions focusing 

on neuromuscular training and further strength training, irrespective of plans for operative or 

non-operative management of injury. Surgical decisions were made by the patient using 

orthopaedic surgeon and physical therapist input. For patients choosing operative 

management, anatomic ACL reconstruction was completed by a single, board-certified 

orthopedic surgeon using either a four-bundle semitendinosus-gracilis autograft or soft tissue 

allograft. All operative patients completed post-operative, criterion-based rehabilitation at 

the same outpatient physical therapy clinic previously described.29 For patients choosing 

non-operative management, patients continued rehabilitation as needed until meeting 

University of Delaware return to sport criteria (90% quadriceps strength and four single-

legged hop test scores compared to contralateral limb, 90% Knee Outcome Survey – 

Activities of Daily Living Scale, 90% Global Rating Scale).29

Biomechanical Gait Analysis and EMG-Driven Musculoskeletal Modeling

Participants completed biomechanical gait analysis in shoes 5 years after ACL 

reconstruction or completion of non-operative rehabilitation. A passive, retro-reflective 

marker set consisting of single markers at bony landmarks of the pelvis and both lower 

extremities and thermoplastic, rigid marker shells at the posterior pelvis and each thigh and 

shank were placed on each participant.30 This marker set has previously demonstrated 

reliability during gait.31 Stance phase kinematics, kinetics, and surface EMG data was 

collected using an 8-camera motion capture system sampled at 120 Hz (VICON, Oxford 

Metrics Ltd., London, UK), one embedded Bertec force platform sampled at 1,080 Hz 

(Bertec Corporation, Worthington, OH), and an MA-300 EMG system sampled at 1,080 Hz 

(Motion Lab Systems, Baton Rouge, LA). Participants were instructed to walk at a 

comfortable walking speed. After establishing self-selected walking speed, participants 

completed eight gait trials for each limb along a 20-meter walkway while maintaining 

walking speed (±5% of established baseline speed using timing gates), with the mean of 

three trials in each limb reported in this study. Kinematic and kinetic data were low-passed 

filtered at 6 Hz and 40 Hz, respectively. Knee and hip joint angles and moments were 

calculated using inverse dynamics within custom Visual 3D programming (C-Motion, 

Germantown, MD). External joint moments were normalized to mass (kg) and height (m). 

Stance phase gait speed was calculated as the horizontal velocity of the center of mass of the 

modeled pelvis from heel strike to toe off in the involved limb.

Electromyography (EMG) data was also collected during maximal voluntary isometric 

contractions of each muscle group against external resistance using testing positions 

previously described32 before gait trials and during each gait trial. Surface electrodes were 

placed at the mid-belly of seven lower extremity muscles (vastus medialis and lateralis, 

rectus femoris, semitendinosis, long head of biceps femoris, and medial and lateral 

gastrocnemii) following skin preparation using rubbing alcohol and hair removal. Surface 
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EMG data were high-pass filtered at 30 Hz (2nd order Butterworth), rectified, and low-pass 

filtered at 6 Hz (2nd order Butterworth) to create linear envelopes within Visual 3D. The 

linear envelope of each muscle was normalized to maximal values during maximal voluntary 

isometric contraction or any of the gait trials. The linear envelope for the semimembranosus 

was set equal to the semitendinosus, and the linear envelope for the short head of the biceps 

femoris was set equal to the long head of the biceps femoris due to the inability of surface 

EMG to accurately measure deep muscles.

EMG, kinematic, and kinetic data served as inputs to a patient-specific, EMG-driven 

musculoskeletal model used to estimate tibiofemoral joint contact forces.33 This 

musculoskeletal model has been previously validated by accurately predicting in vivo joint 

contact forces during gait in an individual with an instrumented knee prosthesis.34 Full 

details of this modeling approach and validation have previously been described elsewhere.
32,33 Briefly, a Hill-type neuromusculoskeletal model that depends on both time-dependent 

variables (muscle activation, muscle fiber length, velocity and pennation angle) as well as 

time invariant variables (optimal fiber length, tendon slack length and maximum isometric 

muscle force) was used to compute the force generated by each muscle.35 The 

musculoskeletal model included the foot, shank, thigh and pelvis segments as well as 10 

muscles crossing the knee (rectus femoris, medial and lateral vasti, vastus intermedius, 

semimembranosus, semitendinosus, short and long head of biceps femoris, medial and 

lateral gastrocnemii). Based on individual muscle forces, the model further computed the 

internal sagittal plane knee joint moment using a forward-dynamics approach, which was 

then calibrated against the external sagittal plane knee joint moment obtained from an 

inverse-dynamics approach. After patient-specific calibration, individual muscle forces as 

well medial compartment contact force for three novel gait trials were estimated.

Biomechanical Variables of Interest

The primary outcome of interest was the peak medial compartment contact force during the 

first half of stance. Secondary variables of interest included peak knee flexion angle, peak 

knee adduction angle (during first 50% of stance), peak knee flexion moment, peak knee 

adduction moment (during first 50% of stance), knee extensor muscle force, and knee flexor 

muscle force. These biomechanical variables were chosen because they are commonly 

altered after ACL injury4–6 and are associated with knee osteoarthritis development after 

ACL injury.8,36 Knee extensor muscle force was defined as the sum of the rectus femoris, 

medial and lateral vasti, and vastus intermedius muscle forces at the time of peak medial 

compartment contact force. Knee flexor muscle force was defined as the sum of the 

semimembranosus, semitendinosus, short and long head of biceps femoris, and medial and 

lateral gastrocnemii muscle forces at the time of peak medial compartment contact force. 

Medial compartment contact force, knee extensor muscle force, and knee flexor muscle 

force were normalized to body weight (BW).

Peak hip joint angle and external moment variables of interest (presented in Supplemental 

Table 1) included the hip flexion angle, hip extension angle, hip adduction angle (during first 

50% of stance), hip flexion moment, hip extension moment, and hip adduction moment 
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(during first 50% of stance). Hip excursion in the sagittal plane was calculated as the 

difference between the peak hip flexion angle and peak hip extension angle.

Clinical Measures of Knee Function

The participants in this study were included in a previous larger analysis of functional and 

radiographic outcomes after operative compared to non-operative management at 5 years 

after ACL injury.16 Quadriceps strength, subjective knee function on the Knee injury and 

Osteoarthritis Outcome Score (KOOS), and activity level21,22 are reported for participants in 

this study. Quadriceps strength was measured isometrically in the seated position with 90⁰ of 

hip and knee flexion using the burst superimposition technique on an electromechanical 

dynamometer (Kin-Com; DJO Global).37 A quadriceps index was calculated by taking the 

maximal voluntary isometric contraction of the involved limb divided by that of the 

uninvolved limb multiplied by 100%. The KOOS is a reliable and valid subjective measure 

of knee function widely used after ACL injury.38,39 It has 5 sub-scales: pain, symptoms, 

function in daily living, function in sports and recreational activities, and knee-related 

quality of life.

Radiographs

Participants completed bilateral weightbearing, posterior-anterior bent knee (30⁰) 
radiographs at 5 years after ACL reconstruction or completion of non-operative ACL 

management. Radiographs were view in SigmaView software (Agfa HealthCare 

Corporation) and scored using the Kellgren-Lawrence (KL) grading system40 in both the 

medial and lateral tibiofemoral compartment by a single grader (E.W.) with previously 

established grading reliability.16 All KL grades were verified by a board-certified 

orthopaedic surgeon. Radiographic osteoarthritis was defined by a KL grade of 2 or greater 

in either the medial or lateral tibiofemoral compartment or both.

Power and Statistical Analysis

Power analysis was completed using G*Power 3.141 with the primary outcome of peak 

medial compartment contact force. Using the ratio of operative to non-operative participants 

in this study cohort of 4:1, the minimal detectable change (MDC) for peak medial 

compartment contact force of 0.30 BW with a standard deviation of 0.30 BW,42 and α=0.05, 

42 operative participants and 10 non-operative participants were needed to achieve 80% 

statistical power using a two-sided test.

Statistical analyses were completed using PASSW 25.0 software (SPSS, Inc., Chicago, IL). 

Fisher’s exact tests, Chi-square tests, and independent t-tests were used to compare baseline 

characteristics, frequency of second ACL injuries, clinical measures of knee function, and 

KL grades at 5 years between the operative and non-operative treatment groups. A mixed 

model 2×2 analysis of variance (ANOVA) was used to test peak biomechanical gait variables 

with group (operative vs. non-operative) as the between-subjects factor and limb as the 

within-subjects factor. If a significant interaction factor was present, interlimb differences in 

the biomechanical variable of interest (involved minus uninvolved) were compared between 

the operative and non-operative groups using independent t-tests. MDC and effect sizes (ES) 

were used qualitatively to determine if meaningful differences existed between the operative 
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and non-operative group and between limbs.42–44 A prior statistical significance was set at 

p≤0.05.

RESULTS

Baseline Characteristics, Clinical Measures of Knee Function, and Radiographic 
Outcomes

The first 40 patients after ACL reconstruction and 17 patients who completed non-operative 

management who returned for 5-year testing were included in the current analysis (Figure 

1). In the operative group, 12 patients were treated with a semitendinosus-gracilis autograft 

and 28 with a soft tissue allograft. The operative and non-operative group did not differ in 

age, sex, body mass index, pre-injury cutting and pivoting activity level, concomitant medial 

meniscus injury, frequency of second ACL injuries, timing of 5-year testing, or gait speed 

(Table 1). A greater proportion of operatively treated participants demonstrated dynamic 

knee instability (i.e. classified as noncopers28) early after ACL injury compared to non-

operatively treated participants (Table 1). At 5 years after ACL reconstruction or completion 

of non-operative management, the operative and non-operative group did not differ in 

quadriceps strength, KOOS scores, or activity levels (Table 2). All patients treated non-

operatively and 36 of 40 patients treated operatively completed radiographs at 5 years. One 

(5.9%) patient treated non-operatively and six (16.7%) patients treated operatively had 

radiographic tibiofemoral osteoarthritis at 5 years (p=0.408) (Table 2). No patients with 

tibiofemoral osteoarthritis in the injured knee had radiographic tibiofemoral osteoarthritis in 

the uninjured knee.

Primary Outcome: Peak Medial Compartment Contact Force

Peak medial compartment contact forces were larger in the non-operative group than the 

operative group (p<0.001) (Table 3). The between-group difference of 0.66 BW in peak 

medial compartment contact force in the involved limb (Op: 2.37±0.47 BW, Non-Op: 

3.03±0.53 BW; ES: 1.36) exceeded the MDC of 0.30 BW for this variable.42 A post-hoc 

power analysis using peak medial compartment contact force data for the 40 operatively-

treated and 17 non-operatively treated patients with α=0.05 resulted in a statistical power 

value of 99.4%. The non-operative group loaded the involved knee 0.27 BW more than the 

uninvolved knee, but this difference was not statistically different compared to the operative 

group (Table 3). The operative group demonstrated symmetric peak contact forces during 

gait (interlimb difference: −0.01 BW) (Table 3).

Secondary Outcomes: Knee Joint Angles, Moments, and Muscle Forces

There was a significant interaction effect for peak knee adduction moment (p=0.026, Table 

3). Post-hoc comparisons of the interlimb differences showed that patients treated non-

operatively walked with larger knee adduction moments in the involved limb compared to 

the uninvolved limb, whereas the patients treated operatively did not (interlimb difference in 

peak knee adduction moment: p: 0.026; Op: −0.02±0.08 Nm/kg·m, Non-Op: 0.04±0.10 Nm/

kg·m; ES: 0.66). There was also a main effect of limb (p=0.046) for peak knee adduction 

moment, characterized by larger values in the non-operative group than the operative group 

(Table 3). The between-group difference of 0.07 Nm/kg·m in peak knee adduction moment 
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in the involved limb (Op: 0.25±0.08 Nm/kg·m, Non-Op: 0.32±0.09 Nm/kg·m; ES: 0.89) 

exceeded the MDC of 0.06 Nm/kg·m for this variable.42 Peak knee adduction angle was 

statistically smaller in the involved limb compared to the uninvolved limb (p=0.001; 

Involved: 2.7±2.5°; Uninvolved: 3.9±2.5°; ES: 0.46) but did not exceed the MDC of 1.7° for 

this variable42 and was likely not clinically meaningful. No differences in peak knee flexion 

angles, peak knee flexion moment, or knee extensor and flexor muscle forces at the time of 

peak medial compartment contact force were present by group or limb (Table 3).

DISCUSSION

The results of this study showed that patients treated with non-operative management of 

ACL injury walked with 28% greater peak medial compartment contact force (equal to two-

thirds bodyweight) and also 28% greater peak knee adduction moment in the involved knee 

compared to patients treated operatively at 5 years. The similar findings for both medial 

compartment contact forces and knee adduction moments is not surprising, as the knee 

adduction moment is used within our musculoskeletal modeling approach and previously 

shown to predict medial compartment contact forces.45,46 The group difference in the 

involved peak knee adduction moment resulted in an interlimb peak knee adduction moment 

difference in which the non-operative group walked with a greater peak knee adduction 

moment in the involved compared to uninvolved limb (interlimb difference = 0.04 Nm/kg∙m) 

compared a lower knee adduction moment in the involved limb of the operative group 

(−0.02 Nm/kg∙m). Peak knee flexion and adduction angles and knee flexion moment did not 

differ between the operative and non-operative group at 5 years, nor did knee extensor and 

flexor muscle forces.

Medial compartment contact forces using the same EMG-drive musculoskeletal model were 

previously reported in nine physically active, uninjured individuals.42 The medial 

compartment contact force of the operative group (2.37±0.47 BW) was more similar to the 

uninjured cohort (2.48±0.30 BW) than the non-operative group (3.03±0.53 BW). However, 

it is unknown whether higher or lower medial joint loading is protective to long-term knee 

joint health after ACL injury, particularly after non-operative management. After ACL 

reconstruction, we have previously shown that patients with radiographic knee osteoarthritis 

at 5 years walked with lower medial compartment contact forces and peak knee adduction 

moments before and 6 months after ACL reconstruction than those who did not develop 

knee osteoarthritis.8 Others have demonstrated similar links to low joint loading early after 

ACL injury and signs of articular cartilage breakdown, but caution must be used as none of 

these studies include patients treated non-operatively.10,47 In the current study, only 5.9% of 

patients treated non-operatively had radiographic tibiofemoral osteoarthritis at 5 years, 

compared to 16.7% of patients treated operatively. These findings indicate that the higher 

medial compartment contact forces and external knee adduction moments during gait in the 

non-operative group may not be harmful to knee joint health at 5 years. Magnetic resonance 

imaging was not completed in this cohort at 5 years. Thus, pre-radiographic signs of 

osteoarthritis cannot be ruled out.

The absence of surgery in the non-operative group may contribute to the low rates of knee 

osteoarthritis in the non-operative group, or a slower rate of disease progression. Patients 
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treated non-operatively may demonstrate shorter periods of the typical underloading period 

after ACL injury because they do not undergo a second major trauma and inflammatory 

event in ACL surgery compared to patients treated operatively. At 5 years after ACL 

reconstruction, patients with radiographic knee osteoarthritis walk with lower knee flexion 

angles and moments but not with different knee adduction moments and medial 

compartment contact forces.36 Further, returning to pivoting sport after ACL reconstruction 

has been shown to decrease the odds of developing symptomatic and radiographic knee 

osteoarthritis at 15 years.48 Together, these previous studies suggest that higher levels of 

joint loading may not be harmful after ACL injury. However, excessive joint laxity that 

persists after non-operative management of ACL injury may result in portions of the joint 

experiencing load for which it was not previously conditioned and result in joint 

degeneration.49 For example, Yang and colleagues reported that anterior-posterior 

translation measured using computed tomography (CT) bone modelling and biplane 

radiography during weight acceptance of the gait was greater in ACL-deficient knees in 

comparison to the contralateral limb in patients despite no symptoms of knee instability.50 

Studies with longer-term follow-up are needed to clarify the role of joint loading in the 

osteoarthritis pathway after operative and non-operative management of ACL injury to 

further place the current findings of 5-year gait biomechanics within the context of long-

term joint health.

Two recent systematic reviews and meta-analyses have investigated interlimb differences in 

long-term walking patterns in patients after operative and non-operative treatment of ACL 

injury.4,6 The results of the present study are in accordance with these reviews that reported 

no interlimb differences in sagittal plane knee joint angles or moments during loading 

response of gait in both operative and non-operative groups of patients at least 3 years after 

ACL reconstruction or ACL injury (if treated non-operatively). Greater levels of passive 

knee joint laxity persist without ACL reconstruction. However, the findings of this study 

suggest that ACL reconstruction is not required to restore symmetric knee flexion angles and 

moments during gait.

The progression of frontal plane joint moments after ACL injury is less clear that its sagittal 

plane counterparts. For example, no studies included in the systematic review by Ismail et al. 

compared interlimb differences in the frontal plane in non-operatively treated patients.6 In 

the current study, patients completing non-operative ACL management walked with a 

greater knee adduction moment than the contralateral limb and the injured limb of those 

completing operative management. A previous study within a separate ACL cohort reported 

that patients who have a medial meniscectomy concomitantly with ACL reconstruction walk 

with a greater peak knee adduction moment than patients undergoing medial meniscal repair 

or no medial meniscus procedure.51 These previous findings, along with the smaller number 

of patients who underwent medial meniscectomy with ACL reconstruction (n=6), do not 

explain the lower peak knee adduction moment present in the operative group. Another 

study completed by Ismail et al. completed after publication of the systematic review6 

investigated 43 non-operatively treated patients at 34.5±55.6 months after injury.52 Unlike 

the current findings, they found no interlimb differences in the knee adduction moment (as 

well as the knee flexion moment) during stance phase of gait. The different findings may be 

explained by the difference in time since ACL injury of the two studies. In the current study, 
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testing was completed within a tight window of 5 years (standard deviation of 0.5 years). 

However, in the study completed by Ismail et al., patients were eligible as soon as 6 months 

after ACL injury, and the standard deviation for testing of 55.6 months indicates patients 

were tested within a wide range of time since injury. It is possible that frontal plane knee 

joint underloading and overloading characteristics of gait change with time after ACL injury. 

If so, interlimb differences could be washed out within a cohort that is heterogeneous 

regarding time since injury.

A strength of this study is the direct comparisons of an operative and non-operative group of 

patients after ACL injury who had similar pre-injury characteristics (i.e. age, sex, activity 

levels) which few previous studies have done. Markström and colleagues investigated 

differences in hip and knee joint angles during a vertical hop in patients treated operatively 

and non-operatively 23 years after injury.53 Both groups demonstrated interlimb differences 

at the hip and knee across the sagittal, frontal and transverse planes that were not present in 

uninjured individuals. However, both the operative and non-operative group presented with 

lower Tegner activity levels (median = 4) than the uninjured control group (median = 6), 

indicating the ACL group was completing less routine vertical hopping activities than the 

uninjured control group at the time of testing. The low Tegner activity level may have 

impacted the ability of the ACL group to successfully complete the vertical hop task.

The operative and non-operative groups presented with similar levels of function and activity 

5 years after ACL reconstruction or completion of non-operative rehabilitation, respectively. 

Both groups demonstrated high quadriceps strength and KOOS scores. Baseline 

characteristics of the non-operative and operative groups were also similar. However, a 

higher proportion of patients that were categorized by noncopers early after ACL injury 

elected to have ACL reconstruction instead of pursuing non-operative management. 

Noncopers can be identified through a clinical battery of tests (i.e. hop tests, subjective knee 

function, history of knee giving ways) and are defined by a knee “stiffening” strategy during 

gait that is more apparent than their potential coper counterparts.54 The higher proportion of 

noncopers in the operatively treated group in the current study could account for 

biomechanical differences present at 5 years. Therefore, a separate secondary analysis of the 

noncopers and potential copers in the operative group was completed. At 5 years after ACL 

reconstruction, independent t-tests showed no differences between noncopers and potential 

copers in any of the knee variables included in this study, including peak medial 

compartment contact force (p: 0.205; Noncoper: 2.31±0.42 BW, Potential Coper: 2.51±0.54 

BW), peak knee adduction moment (p: 0.587; Noncoper: −0.01±0.07 Nm/kg·m, Potential 

Coper: −0.04±0.08 Nm/kg·m), and interlimb difference of peak knee adduction moment (p: 

0.203; Noncoper: 0.25±0.08 Nm/kg·m, Potential Coper: 0.32±0.09 Nm/kg·m). These 

additional findings support that biomechanical gait differences and similarities between 

operatively and non-operatively treated patients present at 5 years in this study were not 

driven by the proportional group differences of noncopers versus potential copers.

There are several additional strengths of the current study. Analyses of the included patients 

occurred within a tight timeframe of 5 years after ACL reconstruction or non-operative 

rehabilitation. Many previous studies include patients over a wide time range, such as the 

systematic review of biomechanics in non-operatively treated patients 6–240 months after 
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ACL injury.6 Gait biomechanics after ACL injury change with time. Thus, it may not always 

be appropriate to summarize movements patterns in these groups of patients. Next, extensive 

clinical and patient-reported data at both pre-operative and 5-year time points is known for 

both the operative and non-operative group. An understanding of knee function levels 

provides key clinical context in which to interpret these biomechanical findings. This study 

also incorporated mechanistic evaluation of joint angles and moments with an EMG-driven 

musculoskeletal model to provide advance metrics of knee joint biomechanics including 

joint contact and muscle forces during gait. Study limitations were also present. 

Longitudinal biomechanical data of the study cohort does not exist. Thus, comparisons of 

biomechanical gait profiles between the non-operative and operative group at earlier time 

points could not be completed. Further, group comparisons of multiple biomechanical 

variables were completed that increased the risk for false positive findings. However, group 

differences had medium to large effect sizes and exceeded MDC thresholds suggesting these 

findings represent true group differences.

In summary, the findings of this study suggest that patients treated non-operatively after 

ACL injury walk with greater medial compartment contact forces and peak knee adduction 

moments at 5 years than patients treated operatively. These differences in medial knee joint 

loading may have implications on the development of post-traumatic knee osteoarthritis after 

operative and non-operative management of ACL injury.
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Figure 1. 
Flow diagram of study cohort
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