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Background  
Altered knee joint loading is pervasive and persistent after anterior cruciate ligament 
reconstruction (ACLR) and a significant driver for the development of knee osteoarthritis 
(OA). 

Purpose  
To describe a prospective, parallel, randomized controlled trial aiming to evaluate the 
efficacy of an eight-week squat visual biofeedback program implemented early after 
ACLR. 

Study Design   
Randomized controlled clinical trial 

Methods  
Thirty-four individuals (13-35 years of age) will be recruited for a prospective, parallel, 
randomized controlled trial. Embedded within progressive, criterion-based 
post-operative physical therapy, participants will be randomly allocated to an eight-week 
bodyweight squatting program either with or without visual biofeedback initiated when 
50% weightbearing is allowed by the treating surgeon. Outcomes will be measured at pre- 
and post-intervention, six months post-ACLR, and nine months post-ACLR. The primary 
outcomes are 1) change in knee flexion moment impulse interlimb ratio during squatting 
at post-intervention, and 2) change in cartilage microstructure from pre-intervention to 
six months. Secondary outcomes include 1) knee flexion moment impulse interlimb ratio 
during squatting at six months post-ACLR, 2) peak knee flexion moment interlimb ratio 
during gait at post-intervention and six months post-ACLR, and 3) quadriceps strength at 
post-intervention and six months post-ACLR. Exploratory outcomes include knee range 
of motion and effusion, single-legged hop tests, daily physical activity, additional 
movement biomechanics, and patient-reported outcomes. 
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Discussion  
This study will assess the efficacy of an eight-week squat visual biofeedback program 
implemented early after ACLR. Findings will inform the future development and testing 
of comprehensive knee loading rehabilitation interventions that seek to optimize both 
the magnitude and frequency of knee joint loading to prevent early knee OA after ACL 
injuries. 

Level of Evidence    
NA 

Trial Registration   
Clinicaltrials.gov reference: NCT05363683. Registered May 6, 2022. 

INTRODUCTION 

Anterior cruciate ligament (ACL) tears are traumatic, 
acutely debilitating, and have significant long-term im
pacts on knee health.1 An estimated 250,000 ACL injuries 
occur annually within the United States.2 Fifty percent of 
people with an ACL injury will develop symptomatic knee 
osteoarthritis (OA) within 5-15 years of injury, with rates 
reaching up to 80% at 20 years after ACL reconstruction 
(ACLR).3,4 Given that most ACL injuries occur in athletes 
under 30 years old,2 these individuals will develop early on
set knee OA 15-20 years younger than their uninjured coun
terparts who develop idiopathic OA.5 This high rate of early 
onset OA after ACL injury carries a large socioeconomic 
burden stemming from chronic pain, greater years of dis
ability, limitations in societal and work-related participa
tion, increased demand for knee joint arthroplasties, and 
increased rate of revision arthroplasty.5‑10 Thus, there is a 
critical need to better understand the modifiable factors in 
early OA development after ACL injury that can be targeted 
by accessible secondary preventative interventions. 

Altered knee joint loading, measured through metrics 
such as a knee flexion moment, is one factor driving the 
initiation of early knee OA.11 For example, smaller knee 
moments during walking at six months after ACLR is as
sociated with worse cartilage relaxation values, a metric 
of cartilage microstructure.12 Articular cartilage is avas
cular, aneural, and uniquely reliant on mechanical stimuli 
and the synovial fluid environment for maintenance of tis
sue health.13,14 Activities that dynamically load the articu
lar cartilage, such as squatting and walking, are protective 
by facilitating metabolism and synthesis of proteoglycans 
and collagen within the extracellular matrix (ECM) of carti
lage.11,15 The relationship between knee joint loading and 
cartilage structure has been demonstrated in uninjured 
knees, where larger knee joint moments have been shown 
to associate with thicker cartilage.16 Meanwhile, reduced 
proteoglycan content and cartilage thickness are seen fol
lowing periods of joint unloading or immobilization in the 
knee, indicating the importance of adequate joint loading 
to cartilage health.17,18 

Standard post-operative rehabilitation for patients dur
ing the first three months after ACLR focuses on restoring 
knee motion, reducing joint effusion, and building quadri
ceps strength.19 While these goals maintain an emphasis 
on function, they lack the precision to imprint healthy 

movement patterns and restore normal joint loading in 
the early post-operative period. Previous work has shown 
asymmetric knee joint loading during squatting and aber
rant squat biomechanics are linked with more risky move
ment patterns during drop vertical jumping and subsequent 
second ACL injury.20‑22 Given that atrophic cartilage 
changes are detectible by magnetic resonance imaging 
(MRI) within two months of ACLR through quantitative 
measurements such as T2 relaxation time,23‑27 a marker of 
water content and collagen organization in cartilage, there 
is a need for early intervention strategies aimed at restor
ing healthy joint biomechanics. 

To promote improved movement patterns early after 
ACLR, a visual biofeedback program was developed to be 
utilized during bodyweight bilateral squats aimed to im
prove symmetric knee biomechanics, implemented during 
the first months of rehabilitation after ACLR. The squat vi
sual biofeedback program was developed within a multidis
ciplinary team and is delivered utilizing current best prac
tice methods for post-operative rehabilitation after ACLR.19 

The results of this study will inform the future development 
and testing of comprehensive knee loading rehabilitation 
interventions that seek to optimize both the magnitude and 
frequency of knee joint loading to prevent early knee OA af
ter ACL injuries. 

MATERIALS AND METHODS 

STUDY AIM, DESIGN, AND SETTING 

This will be a prospective, parallel, randomized controlled 
trial28 with a primary aim to evaluate the efficacy of an 
eight-week squat visual biofeedback program implemented 
early after ACLR to improve symmetric knee joint biome
chanics and knee cartilage microstructure. The trial will be 
conducted at single site (University of Nebraska Medical 
Center [UNMC]) in Omaha, Nebraska (United States) in the 
following spaces: Clinical Movement Analysis Laboratory, 
Center for Advanced Magnetic Resonance Imaging, and 
Center for Healthy Living. The primary end points will be 
immediately post-intervention (knee joint biomechanics) 
and six months after ACLR (with cartilage microstructure 
measured on quantitative MRI). The study is approved by 
the UNMC Institutional Review Board (IRB# 0652-21-FB) 
and prospectively registered at clinicaltrials.gov 
(NCT05363683). 
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PARTICIPANTS 

Thirty-four individuals between the ages of 13-35 with an 
acute ACL injury within the prior six months will be in
cluded in this study. Participants will be enrolled within 
one month of ACLR. If enrolled prior to surgery, ACLR must 
be planned. Persons will be excluded if they have had pre
vious ipsilateral knee injury or surgery, concomitant pos
terior cruciate ligament reconstruction or cartilage restora
tion procedure, body mass index over 35 kg/m2, current 
pregnancy, or planned pregnancy during study duration. 

RECRUITMENT AND ENROLLMENT 

Local orthopedic surgeons, physical therapists, and athletic 
trainers will identify eligible patients in their clinical prac
tices. Interested persons will provide verbal consent to 
meet with a member of the study team during a clinic visit 
or for their medical team to provide their name, phone 
number, and/or email to a member of the study team. The 
person will be contacted by the research team to discuss 
study participation. 

Other interested persons that have not been identified 
in local clinics will be reached through study flyers posted 
across the community and social media accounts. Individ
uals will be directed to an online screening survey within 
REDCap electronic data capture tools hosted at University 
of Nebraska Medical Center. REDCap (Research Electronic 
Data Capture) is a secure, web-based application designed 
to support data capture for research studies.29 REDCap at 
University of Nebraska Medical Center is supported by the 
Research IT Office funded by the Vice Chancellor for Re
search (VCR). This publication’s contents are the sole re
sponsibility of the authors and do not necessarily represent 
the official views of the VCR. Persons who meet initial RED
Cap screening criteria will be contacted by the research 
team to confirm eligibility. 

Participants will present in-person with the research 
team either before ACLR or within one month of ACLR 
to complete study enrollment and begin physical therapy 
treatment. All participants will provide written informed 
consent prior to study testing and intervention. 

RANDOMIZATION ALLOCATION, CONCEALMENT, AND 
BLINDING 

After ACLR, participants will be randomized in a 1:1 al
location ratio to either the visual biofeedback group or 
standard-of-care group across six strata based on presence 
of concomitant meniscal repair (either present or absent), 
concomitant meniscectomy (either present or absent), or 
history of contralateral ACL injury to reduce variability by 
distributing these factors evenly between the visual 
biofeedback and standard-of-care group. Concomitant 
meniscal procedures will be identified from the partici
pant’s operative report obtained from the treating surgeon 
after ACLR. For each stratum, randomization will be per
formed using a block randomization schedule with blocks 
of 2. A randomization schedule was created a priori by an 
administrative assistant not involved with any other as

pect of this study. A random number generator will be used 
to generate a number between 0-1 to the first individual 
in each block. If that number is <0.50, the first individual 
will be enrolled in the visual biofeedback group. The sub
sequent participant assigned to that same block will be en
rolled in the standard-of-care group. If the number is ≥0.50, 
then the first individual in that block will be enrolled in the 
standard-of-care group with the subsequent individual en
rolled in the visual biofeedback group. To ensure appropri
ate concealment, group allocation for the first participant 
within each block will be kept within a sealed envelope. 

This is a planned double-blinded study. Study team 
members conducting study assessments will be blinded to 
group allocation. To blind participants to study group, indi
viduals in both groups will complete their respective squat 
protocol while standing on two portable force plates. The 
physical therapists leading the treatment sessions and 
squat protocol cannot be blinded to group allocation owing 
to the type of physical therapy intervention. 

REHABILITATION AND INTERVENTIONS 

Participants in both the visual biofeedback and standard-
of-care groups will complete the University of Delaware 
ACL post-operative PT protocol in which squatting is in
cluded within the early and middle stages of rehabilitation 
after ACLR to promote lower extremity strength and im
proved biomechanics.19 This protocol provides a clinically 
benchmarked strategy for ACLR rehabilitation. Its charac
teristics include the use of frequent and valid quadriceps 
strength testing, immediate use of open kinetic chain ex
ercise, standardized home exercise programs, and crite
rion-based progressions for running, sprinting, plyomet
rics, agility, cutting/pivoting, and return to competition. 
A licensed physical therapist will directly supervise all PT 
sessions. 

Following randomization, participants will undergo pre-
intervention testing and begin the visual biofeedback or 
standard-of-care squat protocol at either two weeks after 
ACLR or when 50% weightbearing is allowed by the treating 
surgeon. All participants, regardless of group allocation, 
will complete the same number of sets and repetitions of 
bilateral bodyweight squats during the squatting interven
tion period, completed twice weekly over a period of eight 
weeks (16 total sessions). Participants in both groups will 
complete squats while standing with each foot on a sep
arate portable force plate with raw data collected for ex
ploratory analyses (495 X 595mm, Bertec Corporation, 
Columbus, Ohio). Participants in the visual biofeedback 
group will receive real-time visual feedback on a television 
screen during all squats. In contrast, the control group will 
receive no visual feedback but will be provided standard 
verbal instructions at the beginning of each set of squats 
(keep knees in line with toes, keep hips back, keep equal 
weight on each foot). Participants will be instructed to 
complete squats up to 90° of knee flexion, as able. At least 
30 seconds of rest will be provided between each set. 

The visual biofeedback and standard-of-care interven
tions integrate evidence-based motor learning principles to 
support neuroplasticity that results in improved functional 
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performance, including 1) repeated skill practice (i.e., 2x/
week for 8 weeks); 2) external focus of attention (i.e., visual 
biofeedback protocol); 3) implicit learning (e.g., avoiding 
cues such as standing shoulder-width apart); 4) differential 
learning (e.g., completed with varying arm positions 
[crossed over chest, straight out in front, or at side], varying 
environments [loud music, different rooms, different peo
ple around], and different times during the rehabilitation 
session); 5) self-controlled learning (self-controlled feed
back schedules regarding squat symmetry after each set 
in visual biofeedback protocol) and 6) contextual interfer
ence (varied visual feedback during weeks 7 and 10 of visual 
biofeedback protocol).30 

VISUAL BIOFEEDBACK SQUAT INTERVENTION 

The visual biofeedback squat intervention has been de
signed to promote symmetric movement patterns and shift 
muscular demands to the quadriceps without requiring ad
ditional treatment time. It provides participants with 
ground reaction force (GRF) and/or center of pressure 
(COP) feedback that is projected in real-time on a screen 
in front of the participant. The visual biofeedback program 
was developed using Matlab R2023a (Mathworks, Natick, 
MA). 

Visual biofeedback conditions will be progressed from 
simplest level (GRF only) to most complex (GRF+COP) with 
standard verbal instructions provided for each condition 
(Table 1). The goal of GRF feedback was to promote sym
metric magnitude of GRF between each limb. The goal of 
the COP feedback was to promote symmetric anterior-pos
terior position of the COP between each limb. Individuals 
after ACLR squat with intralimb compensations that redis
tribute joint moment contributions away from the knee to 
the hip and ankle joints.21,31,32 COP position predicts the 
magnitude of these intralimb joint moment compensations 
during squatting33; therefore, COP was chosen as a visual 
biofeedback target in addition to GRF. If squat protocol ap
pointments are missed, a participant will be progressed to 
the next level only after completing at least 75% of the ses
sions at a specific level with four sessions (e.g., must com
plete at least three sessions in Level 1 before progressing 
to Level 2) or 50% of sessions at a specific level with two 
sessions (e.g., must complete at least one session in Level 3 
before progressing to Level 4) (Table 1). Interlimb threshold 
levels will be standardized initially and progressed based 
on individual interlimb accuracy. Accuracy was defined and 
measured as the percent time during a single set that the 
participant remained within the thresholds for the respec
tive condition. Initial interlimb thresholds and threshold 
progressions were established based on prior pilot testing. 

STANDARD-OF-CARE SQUAT INTERVENTION 

The standard-of-care group will not receive any visual feed
back. Standard verbal instructions provided will be pro
vided at the beginning of each set of squats (“I would like 
you to squat keeping your knees in line with toes, hips back, 
and weight evenly balanced between your feet”). 

DATA COLLECTION AND MANAGEMENT 

Participants will undergo testing after ACLR at pre-inter
vention, post-intervention, six months post-ACLR, and 
nine months post-ACLR as outlined in Figure 1. Pre-in
tervention testing will be completed prior to initiation of 
the squat protocol at two weeks after ACLR or when 50% 
weightbearing is allowed. Participants will complete post-
intervention testing within one week of completing the 
squat protocol. 

Data will be collected and managed within REDCap soft
ware hosted at UNMC. Data manually measured during 
testing sessions (e.g., knee range of motion, effusion, 
height, mass) will be initially recorded on paper with subse
quent double data entry into REDCap. Data collected elec
tronically (e.g., muscle strength, biomechanics) will be 
stored on UNMC-supported Box data storage. 

OUTCOMES 

PARTICIPANT CHARACTERISTICS 

Table 2 provides an overview of participant demographics, 
surveys and physical function tests that will be collected 
throughout the study. Demographics and participant char
acteristics will be self-reported within REDCap surveys dur
ing pre-intervention testing. The operative report will be 
obtained from each participant’s treating surgeon after 
ACLR and surgical details including date, graft type and 
concomitant injuries and procedures will be recorded. At 
each of the four testing sessions, height and body mass will 
be measured using a standard stadiometer and scale. 

PRIMARY OUTCOMES 

KNEE FLEXION MOMENT IMPULSE DURING SQUATTING 
AT POST-INTERVENTION 

Abnormal joint loading during squatting is associated with 
early cartilage degradation after ACLR.11 Given this, three-
dimensional biomechanical movement analysis will be con
ducted during bilateral bodyweight squats following the 
completion of the visual biofeedback intervention. Biome
chanics will be captured using a 16-camera motion capture 
system (Qualisys AB, Göteborg, Sweden) integrated with 
three embedded force plates (Bertec Corporation, Colum
bus, Ohio). A retroreflective marker set previously de
scribed will be placed on each participant.34 Participants 
will complete 3 sets of 5 bilateral bodyweight squats with 
arms crossed at the chest. Participants will be instructed to 
complete squats at a speed of three seconds during squat 
descent and three seconds during squat ascent using a 
metronome set at one-second increments. The external 
knee flexion moment will be calculated using an inverse dy
namics approach.35 Knee joint loading will be assessed uti
lizing the interlimb ratio of knee flexion moment impulse 
throughout descent and ascent phase of the middle three 
squats of each set (nine total squats). 
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Table 1. Visual biofeedback squat protocol.     

Protocol 
Level 

Weeks 
Sets & Reps 
(Both 
Groups) 

Visual 
Biofeedback 
Condition 

Initial Condition Threshold 
Progression of 
Threshold 

1 1-2 6 sets, 5 reps GRF Interlimb difference within 15% 
Decreases by 
1% after 90% 
accuracy 

2 3-4 5 sets, 8 reps COP Interlimb difference of 10% shoe length 
Decreases by 
1% after 90% 
accuracy 

3 5 6 sets, 8 reps 
GRF, COP, or 
None 

Begin at best previously achieved 
thresholds 

Decreases by 
1% after 90% 
accuracy 

4 6-7 5 sets, 10 reps GRF + COP 
5% less than best isolated GRF 
threshold; 3% less than best isolated 
COP threshold 

Decreases by 
1% after 90% 
accuracy 

5 8 6 sets, 10 reps 
GRF, COP, 
GRF+COP 

Begin at best previously achieved 
thresholds 

Decreases by 
1% after 90% 
accuracy 

Footnote: Progression of each condition requires at least 90% accuracy in two consecutive sets of same condition. Accuracy was measured as the percent time during a single set that 
the participant remained within the thresholds for the respective condition. During weeks 5 and 8, the condition is randomly assigned during each set by a random number generator. 
Abbreviations: Rep, repetitions; GRF, ground reaction force; COP, center of pressure. 

CHANGE IN CARTILAGE MICROSTRUCTURE FROM PRE-
INTERVENTION TO SIX MONTHS AFTER ACLR 

Changes in cartilage structure and composition are de
tectible by MRI within two months of ACLR.23‑27 Therefore, 
a 3-Tesla MRI scanner will be used to obtain T2 maps of the 
injured knee using MRI procedures and parameters estab
lished by the Osteoarthritis Initiative, a nationwide, multi-
center research study aimed to understand and prevent 
knee OA.36,37 All MRI procedures will be performed without 
contrast. Custom computer programs developed in Interac
tive Data Language (IDL; Harris Geospatial Solutions Inc., 
Broomfield, CO, USA) will be used to calculate T2 maps and 
extract mean T2 relaxation times from segmented carti
lage regions of interest. T2 relaxation times are sensitive to 
detect alterations in collagen organization and water con
tent.38,39 MRIs will be read by a board-certified muscu
loskeletal radiologist for incidental findings. The percent 
change in cartilage T2 relaxation time from two weeks to 
six months after ACLR will be calculated, with an increase 
in T2 relaxation time representing negative cartilage 
health. 

SECONDARY OUTCOMES 

KNEE FLEXION MOMENT IMPULSE INTERLIMB RATIO 
DURING SQUATTING AT SIX MONTHS AFTER ACLR 

The interlimb ratio of the knee flexion moment impulse 
during bilateral squatting will be collected at six months 
using the same methods described above to assess the car
ryover effect of the squat intervention. 

GAIT BIOMECHANICS AT POST-INTERVENTION AND 6 
MONTHS AFTER ACLR 

Gait asymmetries are common following ACL injury and 
have been shown to persist up to 6-12 months after ACLR.40 

Dynamic mechanical loading during activities such as 
squatting and walking is protective for articular cartilage11 

by facilitating proteoglycan and collagen synthesis. Restor
ing gait symmetry following ACLR may be another indicator 
of healthy loading to minimize risk of early knee OA. Gait 
biomechanics will be collected using the same 3D motion 
capture system used for bilateral squats. Participants will 
walk at a self-selected speed that will be maintained within 
±5% at six months. Variables of interest will include the in
terlimb ratio of the peak external knee flexion moment dur
ing stance phase. 

QUADRICEPS MUSCLE STRENGTH AT POST-
INTERVENTION AND SIX MONTHS AFTER ACLR 

Quadriceps weakness is an established independent risk 
factor for development of OA,41‑44 and deficits in quadri
ceps function have been shown to persist for years beyond 
ACL injury and reconstruction.45 Quadriceps strength will 
be assessed at post-intervention and 6 months after ACLR 
both isometrically at 90° and isokinetically at 60°/second 
on an isokinetic dynamometer (Biodex, System 4™, Biodex 
Medical Systems Inc. USA). A maximum of three recorded 
maximal effort isometric trials will be completed. One set 
of five consecutive alternating repetitions of concentric 
knee extension and concentric knee flexion will be 
recorded. The interlimb ratio of the peak value of isometric 
and isokinetic quadriceps strength will be calculated, re
spectively. 
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Figure 1. Overview of participant advancement through the study.        
Abbreviations: ACLR, anterior cruciate ligament reconstruction; MRI, magnetic resonance imaging; LSI, limb symmetry index. 

EXPLORATORY OUTCOMES 

MEASURES OF KNEE FUNCTION 

At each testing session, active knee flexion and extension 
will be measured using a standard goniometer. Knee ef
fusion will be assessed and using the modified stroke test 
and a 5-point semiquantitative grading scale.46 At six- and 
nine-month testing, four single-legged hop tests will be as
sessed as previously described47 if isometric or isokinetic 
quadriceps strength is at least 80% compared to the unin
jured limb. Hop testing will not be completed if quadriceps 
strength is less than 80%. 

QUADRICEPS MUSCLE STRENGTH 

Isometric quadriceps strength at 90° of knee flexion and 
isokinetic quadriceps strength at 60°/second will be as
sessed as an exploratory outcome at nine months after 
ACLR. Additionally, isokinetic quadriceps strength at 
180°/second will be assessed at 6 and 9 months after ACLR. 

ADDITIONAL BIOMECHANICAL OUTCOMES 

Bilateral squats and gait at a speed of ±5% from post-inter
vention testing will also be assessed at nine months after 
ACLR. Unilateral squats on each limb will be completed at 
post-intervention, six months and nine months after ACLR 
using the same methodology as outlined above for bilateral 
squats. Five trials each of bilateral drop vertical jumps, uni
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Table 2. Overview of data collection.     

Pre-
intervention 

Post-
intervention 

6 months 
post-ACLR 

9 months 
post-ACLR 

Demographics & Participant Characteristics 

Age x 

Gender & Sex x 

Race & Ethnicity x 

Height & Weight x x x x 

Smoking history x 

Occupation x 

Education level x 

Health history & comorbidities x 

Prior knee injury & treatment x 

ACL injury and surgery history x 

Pre-injury sports participation x 

Physical Function & Knee Structure 

Knee MRI x x 

Knee flexion and extension ROM x x x x 

Knee effusion x x x x 

4 Single-Legged Hop Tests x* x* 

Physical Activity x x x x 

Strength 

Isometric quadriceps strength x x x 

Isokinetic 60°/sec quadriceps strength x x x 

Isokinetic 180°/sec quadriceps strength x x 

Biomechanics 

Bilateral squats x x x x 

Unilateral squats x x x 

Walking x x x 

Bilateral drop vertical jumps x* x* 

Unilateral drop lands x* x* 

Unilateral drop vertical jumps x* x* 

Patient-Reported Outcomes 

Grit Scale x x 

Global Rating Scale x x x x 

International Knee Documentation Committee 
subjective knee form 2000 (IKDC) 

x x x x 

Tampa Scale of Kinesiophobia 
(TSK-11) 

x x x x 

Numeric Pain Rating Scale (NPRS) x x x x 

ACL Return to Sport after Injury scale (ACL-RSI) x x x x 

Knee injury and Osteoarthritis Outcome Score (KOOS) x x x x 

Anterior Knee Pain Scale (AKPS) x x x 

Marx activity rating scale x x 

Return-to-sport clearance x 

European Quality of Life 5 Dimensions (EQ-5D) x 

Knee-Self Efficacy Scale (KSES) x 

Current sports & activity level x 
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Current muscle strengthening x 

Information sources x 

ACL knowledge x 

Footnote: * = only performed if isometric or isokinetic (60 degrees/second) quadriceps strength limb symmetry index is ≥ 80%. 
Abbreviations: ACLR, anterior cruciate ligament reconstruction; ROM, range of motion; MRI, magnetic resonance imaging; °, degrees; sec, second. 

lateral drop lands at each limb, and unilateral drop vertical 
jumps at each limb will be completed at nine months after 
ACLR from a 31-centimeter box using previously described 
methods.48,49 

PATIENT-REPORTED OUTCOMES 

Participants will complete the Grit Scale,50 Global Rating 
Scale,51 International Knee Documentation Committee 
Subjective Knee Form 2000 (IKDC),52 Tampa Scale of Kine
siophobia (TSK-11),53 Numeric Pain Rating Scale (NPRS),54,
55 ACL Return to Sport after Injury Scale (ACL-RSI),56 Knee 
injury and Osteoarthritis Outcome Score (KOOS),57 Ante
rior Knee Pain Scale (AKPS),58 Marx Activity Rating Scale,59 

European Quality of Life 5 Dimensions (EQ-5D),60 and 
Knee-Self Efficacy Scale61‑63 within REDCap surveys at 
time points outlined in Table 2. In addition, participants 
will complete survey questions pertaining to return-to-
sport clearance, current sports and activity level, current 
muscle strengthening, information sources, and ACL 
knowledge at nine months after ACLR. 

SAMPLE SIZE 

Sample sizes were calculated for each of the primary out
comes: knee flexion moment impulse interlimb ratio during 
bilateral squatting and knee cartilage structure measured 
by T2 relaxation times. A sample size of 20 (10 per group) 
achieves 82.5% power to detect a difference in the knee 
flexion moment impulse interlimb ratio of 0.283 during 
squatting between the visual biofeedback (expected inter
limb ratio=0.800±0.183) and standard-of-care group (ex
pected interlimb ratio=0.517±0.228) using a two-sided hy
pothesis test and a=0.05. Group differences are based on 
our previous preliminary data from a prospective cohort 
study of participants receiving standard-of-care post-oper
ative PT: knee flexion moment impulse interlimb ratio at 
four months (N=20):0.517±0.228; knee flexion moment im
pulse interlimb ratio at 10 months after clearance to return 
to sport (N=5):0.971±0.183. It is anticipated that post-in
tervention testing of bilateral squat biomechanics will oc
cur on average at 3.5 months after ACLR. Thus, it is not 
expected that the visual biofeedback group will achieve 
a knee flexion moment impulse interlimb ratio of 0.971 
demonstrated by participants in our preliminary data at 10 
months after ACLR. Accordingly, a more conservative esti
mate of the knee flexion moment impulse interlimb ratio 
of 0.800±0.183 was used for the visual biofeedback group at 
post-intervention. 

To test group differences in cartilage T2 relaxation time, 
a sample size of 30 (15 per group) achieves 81.0% power 
to detect a group difference of 2.9±2.7 milliseconds in T2 

relaxation time. We are using this expected group differ
ence based on the reported change in T2 relaxation time of 
2.2±2.4 ms in the medial femoral cartilage by six months af
ter ACLR as reported by Kumar et al.64 

To account for the sample sized required for both pri
mary outcomes and expected attrition, a total of 34 partici
pants will be enrolled in this study. 

STATISTICAL ANALYSIS 

To test the efficacy of the squat biofeedback intervention 
to improve symmetric knee joint biomechanics, analyses 
of covariance will be used to test group differences in the 
interlimb ratio (equal to injured limb / uninjured limb) of 
the knee flexion moment impulse during squatting at post-
intervention after adjusting for baseline knee flexion mo
ment impulse during squatting at pre-intervention. To test 
the squat intervention’s efficacy to improve structural knee 
cartilage health measured by MRI T2-relaxation times, in
dependent t-tests will be used to test the difference in the 
change in cartilage T2 relaxation time in the injured knee 
from two weeks to six months after ACLR between visual 
biofeedback and standard-of-care groups. If assumptions 
for any of these tests are violated, a nonparametric test will 
be conducted. Covariates such as age and concomitant in
juries will be explored. 

PATIENT AND CLINICIAN INVOLVEMENT 

Three clinician partners (two physical therapists with 10+ 
years of clinical experience, one physical therapist with 30+ 
years of clinical experience) were engaged throughout the 
design and planning of this study. They provided guidance 
on the research objectives, funding applications, physical 
therapy protocol, and design of the visual biofeedback in
tervention to make clinical implementation feasible in the 
future. They also participated in the development and de
sign of physical therapy home exercise programs. Partic
ipants in this study will complete post-study surveys to 
obtain patient perspectives on completion of the study in
tervention and participation within the study. 

MONITORING 

The principal investigator, research coordinator, physical 
therapists, and other members of the research team will 
remain in close contact and meet bi-monthly to monitor 
recruitment, participant timelines, data management, and 
adverse events or other issues. Protocol implementation 
and efficacy will be monitored throughout as part of bi-
monthly meetings between members of the research team. 
Fidelity checks of assessment methods (i.e., knee range of 
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motion and effusion) and study interventions (i.e. quadri
ceps exercises, use of neuromuscular electrical stimulation, 
and squatting exercises) will be completed by a study team 
member (board certified in sports PT) not completing treat
ments or outcome assessments. Results will be reported to 
the research team. 

STUDY ADHERENCE 

Several strategies will be used to promote study adherence 
by enrolled participants. Participants will be provided text 
message reminders for physical therapy treatment sessions, 
study testing sessions, and wearing physical activity mon
itors. Participants will receive gift cards for participating 
in testing sessions and returning physical activity monitors 
with valid data. Treatment sessions will be conducted 1:1 
by physical therapists with expertise in treating patients 
with ACL injury and who have orthopedic and sports cer
tifications in physical therapy from the American Board 
of Physical Therapy Specialties. Participants will be given 
summary sheets after each testing session to provide 
knowledge of their recovery according to objective clinical 
milestones. These measures include knee effusion, range 
of motion, global rating scale, IKDC, ACL-RSI, quadriceps 
strength, and single-legged hop tests. A biomechanics 
summary of squats and drop vertical jumps will be given to 
participants at nine months. The summaries will be shared 
with the participant’s treating surgeon to aid in shared 
decision-making. A lay description of testing details and 
clinical targets will be provided to participants. A clinical 
description of testing details and clinical targets will be 
provided to treating surgeons. 

DISSEMINATION 

The findings of the study will be disseminated at relevant 
scientific and professional conferences and published in 
relevant peer-reviewed journals. Important protocol 
amendments will be reported to the IRB and registered 
through U.S. National Library of Medicine clinical trials 
registry (clinicaltrials.gov). Study participants will be pro
vided with a lay summary of findings. 

DISCUSSION 

ACL injury rates continue to rise within the US and around 
the world with a 75% increase over a recent 15-year pe
riod.65‑67 The onset of post-traumatic knee OA presents a 
significant healthcare and societal burden. Currently, there 
are limited interventions available to mitigate the early on
set of OA. Reduced joint loading has been shown to be a 
contributing factor in the initiation of post-traumatic knee 
OA.68 This trial will determine the efficacy of an eight-week 

visual biofeedback program aimed at improving involved 
limb joint loading, initiated two weeks after ACLR or when 
cleared for 50% weight-bearing by the treating surgeon, by 
assessing changes in movement biomechanics and cartilage 
microstructure changes on MRI. Successful completion of 
this project will establish a rehabilitation intervention that 
effectively and optimally loads the knee joint early after 
ACLR, providing the initial steps in our work to prevent OA 
after ACL injury. 

CONCLUSION 

This randomized controlled trial will represent an impor
tant step towards identifying potential secondary preven
tion interventions to reduce the rate of post-traumatic knee 
OA following ACL injury. The results of this study will in
form the future development and testing of comprehensive 
knee loading rehabilitation interventions that seek to opti
mize both the magnitude and frequency of knee joint load
ing to prevent early knee OA after ACLR. 
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