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Abstract

Introduction—Total knee arthroplasty (TKA) reduces joint symptoms, but habitual movement 

compensations persist years after surgery. Preliminary research on movement training 

interventions have signaled initial efficacy for remediating movement compensations and restoring 

knee joint loading symmetry during dynamic functional tasks after TKA. The purpose of this 

clinical trial is to determine if physical rehabilitation that includes movement training restores 

healthy movement patterns after TKA and reduces the risk of osteoarthritis (OA) progression in 

the contralateral knee.

Methods/design—150 participants will be enrolled into this randomized controlled trial. 

Participants will be randomly allocated to one of two dose-equivalent treatment groups: standard 

rehabilitation plus movement training (MOVE) or standard rehabilitation without movement 

training (CONTROL). Movement training will promote between-limb symmetry and surgical knee 

loading during activity-based exercises. Movement training strategies will include real-time 
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biofeedback using in-shoe pressure sensors and verbal, visual, and tactile cues from the physical 

therapist. The primary outcome will be change in peak knee extension moment in the surgical 

knee during walking, from before surgery to six months after surgery. Secondary outcomes will 

include lower extremity movement symmetry during functional tasks, physical function, 

quadriceps strength, range of motion, satisfaction, adherence, contralateral knee OA progression, 

and incidence of contralateral TKA.

Discussion—This study will provide insights into the efficacy of movement training after 

unilateral TKA, along with mechanisms for optimizing long-term physical function and 

minimizing negative sequelae of compensatory movement patterns.

Keywords

joint replacement; biofeedback; osteoarthritis; rehabilitation; physical therapy

1. Introduction

Total knee arthroplasty (TKA) is one of the most commonly performed surgical procedures 

in the United States, and its utilization is expected to increase exponentially in the coming 

decade due to the aging of the population and an increased rate of obesity.[1, 2] Although 

most patients report substantial improvements in pain and self-reported function after 

unilateral TKA, movement compensations acquired prior to surgery often persist years after 

surgery.[3–7] These movement compensations are characterized by disuse of the surgical 

limb and a reliance on the non-surgical limb during walking and other functional tasks. Such 

between-limb movement asymmetries after TKA are associated with decreased knee 

extensor moments and persistent quadriceps weakness in the surgical limb along with poor 

physical function in both the short and long-term.[5–8] Moreover, these movement 

compensations are associated with a higher risk of developing osteoarthritis (OA) in the non-

surgical limb and requiring a second contralateral TKA.[3, 9] Thus, failure to resolve 

habitual movement compensations after unilateral TKA may lead to poor recovery of muscle 

strength and function as well as increased contralateral OA progression.

Traditional rehabilitation protocols after TKA focus primarily on critical impairments such 

as pain, range of motion, and strength, but often lack any components of movement training.

[10, 11] Preliminary research has found that providing patients with biofeedback during 

weight-bearing activities can improve movement patterns after surgery, improve strength 

recovery, and increase patient enjoyment. These interventions have been delivered through 

the use of commercially-available video gaming systems[12] and through biofeedback of 

weight-bearing symmetry during functional tasks and closed-chain strengthening exercises.

[13] While these previous movement interventions allowed therapists to monitor force 

symmetry and encourage normal movement patterns, they were limited in their scope of use. 

These interventions required constrained foot positions and did not easily allow patients to 

receive biofeedback outside of the clinical setting during a range of daily activities. The 

current study protocol has addressed such limitations by integrating commercially-available 

in-shoe pressure sensors that provide real-time feedback during any weight-bearing activity 

at any location. Integration of this technology, along with specific movement training 
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methods and motor learning principles into a comprehensive rehabilitation strategy, are the 

core elements of the experimental protocol.

As the incidence of TKA continues to increase, it is essential that rehabilitation protocols 

adequately address all residual physical, functional, and biomechanical impairments after 

surgery to optimize recovery and long-term health. Therefore, the purpose of this 

randomized clinical trial is to determine if a novel movement training program (MOVE) 

remediates pre-operative movement compensation more than standard rehabilitation 

(CONTROL) without movement training. Secondarily, we will determine if MOVE 

improves long-term physical function, strength, and lessens contralateral OA progression. 

Our hypotheses are that MOVE will lead to improved biomechanical outcomes, strength, 

and function after surgery while reducing the incidence of OA progression in the non-

surgical knee.

2. Methods

2.1. Study Design

This will be a two-arm, randomized controlled trial that enrolls 150 participants undergoing 

unilateral TKA to determine if the addition of MOVE to standard rehabilitation improves 

movement pattern quality more than standard rehabilitation without movement training 

(CONTROL). This study has been prospectively registered on clinicaltrials.gov 

(NCT03325062).

2.2. Participants

Participants will be recruited from local orthopedic clinics in the Denver metro area. One 

hundred and fifty participants will be consecutively recruited, with at least 120 expected to 

complete testing at the six-month primary end-point. Participants can be included in the 

study if they are between 50–85 years old and are scheduled for a primary unilateral TKA 

for end-stage OA. Exclusion criteria are: severe contralateral knee OA (>4/10 verbal 

numeric pain scale or Kellgren-Lawrence grade >3/4), current smoking or drug abuse, 

comorbid conditions that limit physical function or would interfere with the participant’s 

ability to successfully complete rehabilitation (e.g. neurologic, vascular, cardiac problems, 

or ongoing medical treatments), unstable orthopedic conditions that limit function, 

uncontrolled diabetes (hemoglobin A1c level >8.0), body mass index >40 kg/m2, unable to 

safely walk 30 m without an assistive device, surgical complication necessitating an altered 

course of rehabilitation, discharge to a location other than home after surgery, or previous 

contralateral TKA. Additional exclusion criteria for magnetic resonance imaging (MRI) are 

ferromagnetic metal implants or pacemakers and other contraindications to MRI. Informed 

consent will be obtained from all participants prior to engagement in the study protocol. The 

proposed CONSORT diagram for participants is shown in Figure 1.

2.3. Randomization and Blinding

Following surgery, each participant will be randomized to a treatment arm: MOVE or 

CONTROL. Randomization will be carried out in a 1:1 ratio using a computer-generated 

allocation table with stratification on sex and random block sizes of two and four within 
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each stratum. An unblinded clinical coordinator, who is not involved in testing or 

recruitment, will randomize subjects, contact the appropriate outpatient clinic with 

randomization assignments, and assign the appropriate therapist to each participant per the 

randomization assignment. Blinded study personnel will consist of the principal investigator, 

study coordinators, outcomes assessors and the biostatistician. Unblinded study personnel 

will consist of the clinical coordinator and physical therapists delivering the intervention. 

Participants will only be aware that they are participating in one of two potential 

rehabilitation programs and will be instructed to not discuss any details of their program 

with any blinded personnel.

2.4. Intervention

All patients will receive a unilateral, tricompartmental TKA. Following hospital discharge, 

all participants will be seen in outpatient rehabilitation twice a week for weeks 1–4, once a 

week for weeks 5–8, and once a week 10. Treatment session duration will average 45 

minutes for both groups. Participants in both groups will be given an additional booster visit 

at four months postoperatively to review their discharge exercise programs for a total of 14 

visits. Booster visits have been demonstrated to improve long-term pain and physical 

function in individuals with knee and hip osteoarthritis, as well as booster visits may 

improve motor learning.[14]

Both groups will participate in a standardized progressive rehabilitation program, which 

consists of the following: activity-based exercises focusing on improving walking, standing, 

rising from a chair, rising from the floor, and stair climbing; range of motion and flexibility 

exercises; progressive resistive strengthening to key musculature of the lower extremities; 

balance exercises; manual therapy; modalities; and education on pain, swelling, wound 

management, return to activity progressions, and home exercises (Appendix A). Home 

exercises will be based on clinic performance and all exercises will be progressed based 

upon participant tolerance.[15] Home and clinic-based exercises in both groups will be 

dosed at the same frequency and intensity and will be based on clinic performance of each 

participant. The key difference between groups is the MOVE group will receive the 

movement training intervention (detailed below) during the performance of activity-based 

exercises whereas the CONTROL group will not. Activities in both groups will be 

progressed throughout the intervention period from simple (e.g., standing) to more complex 

(e.g., stair climbing) based upon clinical milestones. To decrease the potential for 

contamination between groups, treatment schedules for each group will not overlap, and 

primary therapists will be trained and assigned to treat one group. Details on therapist 

selection and training are provided in Appendix B.

2.4.1. MOVE Treatment Arm—Participants enrolled in the MOVE program will focus 

on promoting surgical knee use with emphasis on symmetry in functional knee motion and 

surgical-limb loading without postural compensation. The MOVE program utilizes the 

Loadsol® insoles (Novel.de, Munich, Germany) and associated iOS app to deliver real-time 

visual biofeedback during activity performance. Participants in the MOVE group will use 

the insoles during clinic treatments, at home during their home exercise program, and during 

the performance of routine daily activities. This will provide a high number of repetitions 
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during task-specific practice (e.g. greater than 2000 repetitions of sit to stand practice over 

the course of the intervention) to enhance motor learning.[16, 17] Clinicians will also be 

allowed to use verbal, visual, auditory, and tactile cues during clinic sessions based upon the 

optimal strategy for each participant and activity.

During each clinic session in the MOVE group, the participant will be assessed for retention 

of motor learning from the previous session on their current activities to determine if they 

are ready for intervention progression.[18] Once a participant is able to complete a given 

activity with less than 5% between-limb loading asymmetry and no movement 

compensations, the difficulty will be progressed based upon tolerance criteria or to a 

difficulty level where the participant is unable to correct the task without biofeedback. Then, 

the frequency of biofeedback will be faded to 50% using an intermittent biofeedback 

schedule along with random practice of the activities to promote retention of the improved 

movement pattern.[19] Participants will be instructed to use intermittent biofeedback 

throughout the day when performing these activities as a part of daily living to encourage the 

development of an internal representation of the movement pattern. Intermittent biofeedback 

has been shown to increase motivation and motor learning.[20] The MOVE group home 

exercise program will be the same as the CONTROL group home exercise program; 

however, the MOVE group will utilize biofeedback during the performance of their activity-

based exercises. The home-based biofeedback and practice schedule will mirror what is 

performed in clinic.

2.4.2. CONTROL Treatment Arm—Participants enrolled in the CONTROL program 

will focus on the same exercise protocol as the MOVE program, though the treating physical 

therapists will not provide any instructed feedback on movement patterns during their 

treatment beyond minimal cues for safety. Progression within activities in the CONTROL 

group will be based upon the participant’s tolerance and safety in performing the activity. 

The CONTROL home exercise program will be the same as the MOVE group but without 

use of biofeedback. If a therapist is directly questioned on movement patterns by a 

participant, the therapist will encourage the participant to move “naturally” and 

“comfortably.”

2.5. Fidelity Oversight

Onsite fidelity assessments and chart reviews will be used to maximize study treatment 

fidelity (Appendix B). For each clinical site, the clinical coordinator will observe at least 

50% of clinic sessions for the first two participants with each therapist to ensure protocol 

adherence. Such onsite observations will be repeated with at least one clinic session for 

every participant and a study treatment fidelity checklist will be completed and graded. If 

treatment fidelity is below 90%, additional training sessions will be scheduled with 

individual therapists. We have averaged 97% fidelity when using this approach to ensure 

fidelity of a previous study (n=162 participants) at the same clinical sites.[15] Therefore, we 

expect treatment fidelity to be greater than 90% for all observations. Should new therapists 

require training during the course of the trial, the same procedures for initial selection, 

training, and monitoring will be implemented. Furthermore, monthly email, phone calls 

and/or in-person meetings will occur involving each of the two intervention group therapists 
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(MOVE and CONTROL) with the clinical coordinator to answer any questions, review 

current and past participants, and receive feedback. For chart reviews, a daily note fidelity 

checklist for adherence to the rehabilitation protocol across therapists will be completed for 

every visit and charts will be reviewed monthly in each treatment group at each clinical site.

2. 6. Outcomes

All outcomes (Table 1) will be assessed 1–2 weeks preoperatively, at the end of intervention 

(10 weeks), at six months (primary endpoint), and at two years postoperatively at the 

University of Colorado Denver Anschutz Medical Campus (Aurora, CO, USA).

2.6.1. Primary Outcome—The primary outcome for this study is change in peak knee 

extension moment in the surgical limb from baseline (preoperative) to six months after TKA 

during walking at a fixed speed of 1.0 m/s. We have selected the primary outcome of peak 

knee extension moment as a clear indicator of movement quality for the following reasons: 

1) speed on functional tasks can improve acutely (within one year) despite persistent 

movement compensations[2, 4, 7, 8], 2) knee extension (quadriceps) muscle weakness is a 

chronic impairment following TKA[21–23], 3) small surgical limb knee extension moments 

are a primary movement deviation following TKA[24–26], and 4) the MOVE intervention 

specifically targets surgical limb loading and thus assessment of knee extension moment is a 

direct assessment of intervention efficacy. We selected the 6-month time point as primary 

based on preliminary data indicating response to movement training becomes more 

pronounced at this point as opposed to immediately following the intervention.[12]

2.6.2. Secondary Outcomes—Secondary biomechanical outcome measures include 

peak surgical limb knee extension moments measured: 1) at the participant’s preferred 

walking speed, 2) during rising from a chair, and 3) ascending/descending a step. Secondary 

physical performance and self-report measures include the stair climb test (SCT)[27], 30 

second sit-to-stand test (30STS)[28], 6-minute walk test (6MW)[29], timed up and go test 

(TUG)[30], average steps per day, Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC)[31], The Veteran’s RAND 12-item health survey (VR-12)

[32], quadriceps strength[21] and knee range of motion[33]. Weekly home exercise program 

logs, averaged over the course of the intervention, will be used to quantify adherence to the 

intervention in addition to number of clinical sessions attended. Adherence to the movement 

training intervention will also be quantified by calculating the number of minutes of 

Loadsol® insole wear time over the course of the intervention. Satisfaction with each of the 

rehabilitation programs will be assessed utilizing a 5-point Likert scale. The relationship 

between between-limb peak knee extension moment asymmetry (six months) and 

contralateral knee OA progression assessed by magnetic resonance imaging (MRI) at two 

years following TKA will be evaluated. Knee OA progression will primarily be quantified 

using the whole-organ MRI scoring method (WORMS) total sum score, with the maximum 

WORMS cartilage subscore and maximum WORMS medial meniscus subscore serving as 

additional descriptors of knee OA progression.

2.6.3. Testing Procedures—Biomechanical and clinical testing will take place in one 

day, at each test point. Biomechanical testing will be completed prior to the clinical testing 
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and the order of assessment items are standardized. Magnetic resonance imaging 

assessments will be completed within the same week as biomechanical and clinical testing. 

Questionnaires will be completed electronically via Research Electronic Data Capture 

software at home or in-person at the testing session based on participant preference. 

Outcome assessors will review all questionnaires to ensure no incomplete data.

Biomechanical testing will utilize an 8-camera motion capture system (Vicon Motion 

Systems, Oxford, United Kingdom) and two force plates (Bertec Corporation, Columbus, 

OH) embedded in an over ground walkway (12 m). Reflective markers will be placed on 

anatomical landmarks of the lower limbs, trunk, and upper extremities according to a 

modified Helen-Hayes marker set.[34] Force and marker position data will be sampled at 

2000 Hz and 100 Hz and filtered using a fourth order low-pass Butterworth filter with cut-

off frequencies of 20 Hz and 6 Hz, respectively. For gait testing, subjects will be asked to 

walk at their self-selected speed. Following this, subjects will be asked to walk at a set speed 

of 1.0 meters/second (±5%). Five acceptable trials at each speed will be collected. Subjects 

will then be asked to ascend and descend a single step. The wooden box (width 40.26 cm, 

length 59.69 cm, height 19.05 cm) will be mounted to one of the embedded force plates. 

Subjects will also perform a sit-to-stand task during the motion capture. The chair will be 

placed so that the knees are in 90 degrees of flexion when sitting and both feet will be placed 

symmetrically on adjacent force plates. Subjects will be asked to rise from the chair, come to 

a complete standing position, and return to a seated position without using their arms. For all 

activities, joint angles and moments will be calculated using Visual 3D (C-Motion Inc., 

Germantown, MD) using Euler sequences. Tasks will be time-normalized based on 

kinetically-derived gait events for the walking and stepping tasks or movement of the pelvis 

for the sit-to-stand task.

Clinical testing will include a battery of performance-based tests, questionnaires, and 

clinical measures. Performance-based tests will include the SCT, 30STS, 6MW, and TUG. 

For the SCT, subjects will be asked to ascend and descend a flight of 12 stairs (17.1 cm step 

height). A handrail will be available if needed for safety. During the 30STS, the number of 

times a subject can rise from a seated position without the use of a hands will be recorded. A 

repetition will only count if the individual has completed standing from the 40 cm chair. In 

the event the individual cannot perform the test without the use of the hands, he or she will 

receive a score of 0, but a modified score with the use of hands will be recorded, but not 

used in the analysis. The 6MW will test how far a subject can walk in six-minutes in a 30.5 

m hallway. Subjects cannot run and rest breaks are allowed, although time will continue. The 

TUG will measure the amount of time it takes for an individual to rise from a chair with a 

seat height of 40 cm, walk 3 meters, turn-around, walk back to the chair, and return to a 

seated position. For all tests, subjects will be asked to complete them as fast as possible 

while still being safe. Time will start on the investigators command of “Go”. These are 

common, valid, reliable, and responsive measures to measure functional ability before and 

after TKA.[27–30]

The isometric strength of the knee extensors will be collected using an electromechanical 

dynamometer (HUMAC Norm, Computer Sports Medicine Inc., Stoughton, MA). Subjects 

will be positioned in a seated position with hips flexed to 80 degrees and knee flexed to 60 
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degrees. The ankle will be secured to the dynamometer using Velcro strap, which will be 

placed on the anterior shank 2 cm proximal to the lateral malleolus. The axis of the 

dynamometer arm will be aligned with the lateral femoral condyle. Subjects will complete 

three submaximal warm-up contractions (50%, 75%, 100%), followed by up to three 

maximal efforts lasting 3 seconds each until two trials are within 5% peak torque of each 

other. One minute of rest will be given between each of the trials. Strength of the knee 

extensors will be defined as the peak maximal voluntary isometric contraction. This will be 

quantified as the maximal torque production during any of the trials, normalized to the 

subject’s body mass (Nm/kg). Knee flexion and extension range of motion will be measured 

using a standard long-arm goniometer. Subjects will be positioned supine and asked to draw 

their heel toward their buttocks as far as possible for knee flexion, and straighten the knee as 

much as possible for knee extension. All goniometric measurements will be active and no 

overpressure will be applied by the tester during range of motion measurement.

Physical activity will be quantified objectively using accelerometers (ActiGraph wGT3X-

BT, ActiGraph Corp., Pensacola, FL, USA). Subjects will be issued the activity monitor and 

instructed to place it on their hip during all waking hours for 10 days. The number of steps 

per day will be extracted and averaged across all valid wear days. Valid wear days will be 

considered days in which the subject wore the monitor for at least 10 hours.

Magnetic resonance images will be collected at the 10-week and two-year time points. 

Immediately prior to the MRI, the subject will complete an MRI safety and contraindication 

form. Images of the non-operated knee will be collected on a Siemens MAGNETOM Skyra 

3.0 Tesla whole-body scanner (Siemens Healthcare, Germany). The patient will be 

positioned in supine with the foot vertical with the leg relaxed. The bottom of the patella 

will be aligned with the center of the multi-purpose, flexible coil.

The knee MRI acquisition will begin with a three-plane localizer. The following three 

sequences will be used for the morphological analysis of the knee joint: 1) a coronal 

intermediate-weighted 2D turbo spin-echo sequence (TR/TE: 3550/22 ms; FOV: 140 mm2; 

Matrix: 384 × 307; Slice thickness: 3 mm; Acquisition time: 3:45 min); 2) a sagittal 3D 

dual-echo in steady state sequence (TR/TE: 16.30/5 ms; FOV: 150 mm2; Matrix: 384 × 307; 

Slice thickness: 0.7 mm; Acquisition time: 11:33 min) followed by two multi-planar 

reformations to reconstruct coronal and axial plane images; and 3) a sagittal intermediate-

weighted 2D turbo spin-echo sequence with fat suppression (TR/TE: 3550/30 ms; FOV: 150 

mm2; Matrix: 448 × 314; Slice thickness: 3 mm; Acquisition time: 6:51 min). Further MRI 

sequence details can be found in the OAI protocol.[35]

De-identified images will be reviewed on a picture-archiving communication system 

workstation (Agfa Healthcare, USA) by a radiologist with over 10 years of experience and 

scored by a blinded assessor according to the WORMS scoring method.[36] WORMS 

separately evaluates menisci, cartilage, bone marrow lesions, ligaments, and other structural 

findings, with higher scores corresponding to increasing severity. Meniscal lesions will be 

assessed in six regions (anterior/body/posterior regions of the medial and lateral menisci) 

and graded from 0 to 4. Cartilage lesions will be assessed in six regions (patella, trochlea, 

medial femoral condyle, lateral femoral condyle, medial tibia, and lateral tibia) and graded 
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from 0 to 6. Bone marrow edema pattern lesions will be assessed in the subchondral zone of 

the same six regions as described for cartilage, and graded from 0 to 3. Ligamentous 

abnormalities of the anterior cruciate ligament, posterior cruciate ligament, medial collateral 

ligament, lateral collateral ligament, patellar tendon, and popliteal tendon, as well as other 

findings (e.g., subchondral cysts, effusion, loose bodies, and popliteal cysts) will be graded 

according to WORMS as previously described.[36]

The WORMS total sum score will primarily define the progression of OA, calculated as the 

sum of grades for all the knee features. Secondary descriptors of knee OA progression will 

include the maximum WORMS cartilage subscore and the maximum WORMS medial 

meniscus subscore. Additionally, incidence of contralateral TKA at the 2-year time point 

will also be collected.

2.6.4. Participant Safety—Adverse events (injuries, falls) and serious adverse events 

(pulmonary embolism, manipulation under anesthesia, TKA revision, etc.) will be monitored 

regularly throughout the duration of the study. The safety officer will meet with the principal 

investigator on a bi-annual basis to review study progress and adverse events/serious adverse 

events. Routine monitoring of adverse events will be conducted throughout the intervention 

(first 10 weeks postoperatively) and continual monitoring will be conducted at each testing 

time point (10 weeks, six months, two years). Adverse events and serious adverse events will 

be recorded at each of the intervention visits within both groups (MOVE and CONTROL).

2.7. Sample Size

Statistical power was estimated using effect sizes based on a previous clinical trial.[12] The 

observed mean change (± SD) from baseline to six months for surgical limb knee extension 

moment during fixed-speed walking was 0.05 ± 0.24 Nm/kg in the experimental group vs 

−0.16 ± 0.30 Nm/kg in the control group. A sample size of 120 participants (60 per group) 

would have over 95% power to detect this observed difference in peak knee extension 

moments at fixed-speed using a 2-sided, independent samples t-test with an alpha level of 

0.05. We will recruit 150 participants (75/group) to allow for as much as a 20% dropout rate.

2.8. Statistical Analyses

The primary analysis will be an intent-to-treat comparison of differences between treatment 

groups in surgical limb knee extension moment change from baseline to six months after 

TKA, during fixed-speed walking. No interim analyses are planned. Statistical inference 

regarding the difference between treatment groups will be based on the estimated coefficient 

for a treatment group indicator variable in an analysis of covariance model with the change 

from baseline in peak knee extensor moment at six months as the response variable, and 

additional covariates that include sex (stratification variable) and the baseline value of peak 

knee extensor moment to improve the precision of the estimated treatment differences. The 

conclusion about between-group differences will be determined by this single statistical test 

to protect against an elevated risk of false positive conclusions.

The secondary outcomes at six months will be analyzed as described above and be evaluated 

for consistency with the primary outcome. We anticipate secondary outcomes will be 
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correlated with the primary, so that similar effects on secondary outcomes will reinforce 

significant differences in the primary outcome. Failure to observe consistency between 

primary and secondary outcomes will be taken as evidence that the effects of movement 

training are not clear, and that further study is necessary to resolve inconsistencies of the 

effect of movement pattern training on secondary outcomes. This approach reduces the risk 

of false-positive conclusions resulting from multiple statistical tests. Measures at other time 

points will be evaluated using a mixed-effects model to account for the correlation between 

repeated observations on a subject. Predictors will include group, time and a group by time 

interaction and the model will additionally control for sex. Linear contrasts will be used to 

estimate within and between group differences in change over time.

Differences in satisfaction with rehabilitation programs between groups will be evaluated 

using a Cochran-Mantel-Haenszel test, controlling for sex. Differences in adverse event rates 

during the intervention between groups will be evaluated using a Chi-square test and 

differences in adherence will be evaluated using an independent samples t-test. Sensitivity to 

non-compliance with home exercise program and attendance at PT sessions will also be 

evaluated in secondary analyses; that is, a per-protocol analysis will be compared to the 

intention-to-treat results. Loadsol® insole wear time will be used to evaluate how 

intervention dose impacts intervention efficacy.

We will evaluate the association between two-year progression of knee OA in the non-

surgical limb (imaging-based and symptomatic) and asymmetry in peak knee extension 

moment measured at the primary endpoint (6 months), using Pearson correlations and 

multiple linear regression with OA progression as the dependent variable. The multiple 

linear regression model will control for baseline WORMS score, pain, radiographic 

alignment, body mass index, age, and sex. The independent variable of interest in the model 

will be relative loading of the contralateral knee at 6 months, measured as the ratio of 

contralateral to surgical limb peak sagittal plane moments during walking, sit-stand 

transitions, and step-down tasks. Because relative loading on the contralateral knee is 

expected to differ by intervention group, we will evaluate the effect of group assignment on 

the relative loading/OA progression relationship. Variance inflation will be calculated for all 

variables to detect issues of collinearity. Finally, we will explore rates of contralateral TKA 

between groups using a Chi-square test.

3. Discussion

Conventional postoperative rehabilitation focuses on pain management, range of motion, 

strength training and functional activity restoration.[10, 11] However, there is a notable lack 

of guidelines to address persistent movement compensations after TKA. A National 

Institutes of Health consensus statement on TKA stated that “the use of rehabilitation 

services is perhaps the most understudied aspect of the perioperative management of TKA 

patients.”[37] Furthermore, “there is no evidence supporting the generalized use of any 

specific preoperative or postoperative rehabilitation intervention.” While evidence has begun 

to emerge [38], there is still substantial room for improving rehabilitation strategies as 

movement compensations and functional deficits persist following TKA, leaving patients 

vulnerable to future disability.[21, 39–42] This study advances current physical 
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rehabilitation by implementing motor control and motor learning techniques, proven 

successful for other populations[43], to target movement training after TKA.

Movement compensations acquired prior to TKA can persist years after TKA despite 

rehabilitation[3–7] and are related to persistent quadriceps weakness and chronic functional 

limitation.[4–8] Knee pain resolution is common after TKA, however the continual presence 

of movement compensations remain, suggesting that movement patterns are a learned 

behavior, possibly as a compensation for chronic unilateral knee OA pain prior to surgery.[8, 

44] Although movement compensations are related to pain prior to surgery, there is little to 

no relation between pain and movement pattern after surgery.[8, 44] Moreover, movement 

patterns that result in excessive contralateral limb loading may be related to contralateral OA 

progression and the high rate of contralateral TKA after index TKA.[3]

The proposed study will build upon results of preliminary research by specifically targeting 

remediation of movement compensations using focused movement training.[12, 13] The 

MOVE intervention includes novel technology and intervention methods for promoting 

motor learning during functional training and exercises. While motor learning through the 

use of biofeedback and practice schedules is not a novel rehabilitative tool in neurological 

populations,[43] use of the methods for training movement is innovative for TKA 

rehabilitation. Preliminary data suggests that this approach not only improves biomechanical 

outcomes but also improves quadriceps strength and function after TKA.[12] As quadriceps 

strength is reduced chronically after TKA and is highly related to long-term functional 

performance,[21, 22] it is important to determine which strategies are most effective at 

improving long-term strength and function. Compensatory movement patterns may persist 

due to learned disuse of the involved quadriceps muscle and movement training may be a 

mechanism to address this impairment.[44]

As the TKA patient population becomes progressively younger, there is a need to maintain 

integrity of the replaced knee, as well as the other lower extremity joints.[45] This study will 

specifically examine the relationship between compensatory movement patterns and 

contralateral knee OA progression following unilateral TKA. Following unilateral TKA, the 

contralateral knee is the next most likely joint to be replaced, followed by the contralateral 

hip.[9] Up to 50% of individuals undergoing primary unilateral TKA will need their 

contralateral knee replaced in the subsequent 6 years.[46] Thus, this patient population 

represents a unique model in which to study accelerated OA progression. The observation of 

rapid contralateral knee OA progression is consistent with the movement compensations 

observed before and after TKA, which result in relatively greater loading of the contralateral 

knee, compensating for reduced loading of the surgical knee. This study will be the first to 

examine how compensatory movement patterns are related to symptomatic and structural 

knee OA progression by using a comprehensive approach of imaging analyses over time 

coupled with biomechanical analyses. Most studies that assess long-term outcomes after 

TKA are concerned only with the status of the surgical limb. While we believe normalizing 

movement patterns will increase joint moments and quadriceps function of the surgical limb, 

we will directly evaluate the non-surgical limb up to two years after surgery using MRI 

techniques, with proven sensitivity capable of detecting early stages of whole-joint 

pathology within relatively short time periods of 1–2 years.[35, 47] Results from this 
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innovative approach will provide insight into the biomechanical mechanisms that underlie 

the rapid progression of contralateral knee OA after unilateral TKA.

In summary, traditional rehabilitation protocols may have acute functional benefit, but 

rehabilitation must also address remediation of movement compensations to prevent 

cumulative musculoskeletal stresses that negatively impact long-term function and OA 

progression. Remediation of movement compensations may reverse muscle weakness and 

functional limitations, while also reducing contralateral joint loading and its detrimental 

consequences. Preserving long-term functional ability and reducing future impairments is 

especially important as the incidence of TKA increases.[2]
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Proposed CONSORT Diagram
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Table 1.

Timeline of outcome assessments

Outcome Measures Baseline 10 Weeks 6 Months 2 Years

Motion Analysis: Peak Knee Extension Moment X X X* X

Physical Function: SCT, 30-STS, 6MW, TUG, Physical Activity X X X X

Self-Report Measures: WOMAC, VR-12 X X X X

Quadriceps Muscle Strength: Dynamometry X X X X

Knee Range of Motion: Goniometry X X X X

Satisfaction X

Adherence X

Knee OA progression: MRI (WORMS score) X X

Incidence of contralateral TKA X

Note: SCT, stair climb test; 30-STS, 30 second sit-to-stand test; 6MW, six minute walk test; TUG, timed up and go test; WOMAC, Western Ontario 
and McMaster Universities Osteoarthritis Index survey; VR-12, Veterans Rand 12-item health survey; MRI, magnetic resonance imaging; OA, 
osteoarthritis; WORMS, Whole-Organ Magnetic Resonance Imaging Score.

*
indicate primary outcome and time point.
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