
Contemporary Clinical Trials Communications 22 (2021) 100769

Available online 20 April 2021
2451-8654/© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Reduction of Risk Factors for ACL Re-injuries using an Innovative 
Biofeedback Approach: Rationale and Design 

Robin M. Queen a,b,*, Alexander T. Peebles a, Thomas K. Miller b, Jyoti Savla c, 
Thomas Ollendick d, Stephen P. Messier e,f,g, DS Blaise Williams III h 

a Granata Biomechanics Lab, Department of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA, USA 
b Department of Orthopaedic Surgery, Virginia Tech Carilion School of Medicine, Roanoke, VA, USA 
c Department of Human Development and Family Science, Virginia Tech, Blacksburg, VA, USA 
d Department of Psychology, Virginia Tech Child Study Center, Virginia Tech, Blacksburg, VA, USA 
e Department of Health and Exercise Science, Wake Forest University, Winston-Salem, NC, USA 
f Section on Gerontology and Geriatric Medicine, Wake Forest School of Medicine, Winston-Salem, NC, USA 
g Department of Rheumatology and Immunology, Wake Forest School of Medicine, Winston-Salem, NC, USA 
h Nike Inc., Beaverton, OR, USA   

A R T I C L E  I N F O   

Keywords: 
Biofeedback 
Visual feedback 
Tactile feedback 
ACL 
Reconstruction 

A B S T R A C T   

Nearly 1 in 60 adolescent athletes will suffer anterior cruciate ligament (ACL) injuries with 90% of these athletes 
electing to undergo an ACL reconstruction (ACLR) at an estimated annual cost of $3 billion. While ACLR and 
subsequent rehabilitation allow these athletes to return to sports, they have a 15-fold increased risk of second 
ACL injuries. The modification of post-operative rehabilitation to improve movement and loading symmetry 
using visual and tactile biofeedback could decrease the risk factors for sustaining a second ACL injury. Partici-
pants included 40 adolescent ACLR patients who were intending to return to full sport participation. This pre-
liminary randomized controlled trial (RCT) examined the changes in knee extension moment symmetry, a known 
risk factor for second ACL injuries, during landing from a stop-jump task between the following time-points: pre- 
intervention, immediate post-intervention, and subsequent follow-up 6-weeks post-intervention. Participants met 
twice per week for six-weeks (12-session). The intervention included bilateral squat biofeedback (visual and 
tactile); the attention control group attended weekly educational sessions. This RCT enrolled and randomize 40 
participants over a two-and-a-half-year period. All participants were greater than 4.5 months post-op from a 
primary, unilateral ACLR and were released to participate by their treating physician. The findings from this pilot 
biofeedback RCT will provide critical effect size estimates for use in subsequent larger clinical trials.   

Trial registration 

ClinicalTrials.gov, NCT03273673. 

1. Introduction 

Over 200,000 anterior cruciate ligament (ACL) injuries are diag-
nosed annually in the United States [1,35] at an estimated annual cost of 
$3 billion [23,29,31]. ACL injury often leads to corrective surgical 
intervention and rehabilitation, with the goal of restoring joint stability. 
Most ACL reconstruction (ACLR) patients are adolescents and young 
adults (15–30 years old) [45] who seek to return to full sports partici-
pation. Unfortunately, athletes meet current guidelines for return to 

sport often have residual muscle imbalances, fear of re-injury, and 
altered lower extremity mechanics that exist up to two years following 
surgery and are associated with an increased risk of a second ACL tear 
[13,15,17,37,52]. Previous studies indicate that 91% [28] of young 
athletes (mean age: 14.3 years) and 81% [2] of older athletes (mean age: 
25.8 years) return to sports following ACL reconstruction. Of those who 
do return to sport, up to 29% suffer a second ACL tear [38]. 

Second ACL injuries are a significant problem largely influenced by 
the failure of current therapeutic approaches to restore symmetry. 
Current therapeutic interventions and return to sport decisions are based 
on the time since surgery, typically six to twelve months after surgery, 
along with achieving full range of motion, optimal isokinetic strength, 
and acceptable graft stability. Unfortunately, these interventions have 
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not been effective at decreasing the incidence of second ACL tears [3–5, 
17,37]. 

The assessment of side-to-side symmetry in healthy individuals is 
common [26,27,46], and more recently studies have shown that 
movement and loading asymmetries are present following injury and 
that these asymmetries are present two years post ACL reconstructive 
surgery [7–9,15,20,21,42–44]. Others have identified movement and 
load asymmetries as predictors of a second ACL injury [38,39]. Collec-
tively, this work indicates that lower knee extension moment symmetry, 
as well as increased frontal plane valgus angle, and single limb balance 
stability are associated with an increased risk for a second ACL injury 
[39]. Patients with a knee extension moment asymmetry were three 
times more likely to incur a second ACL injury [39]. Asymmetrical 
loading and movement patterns are common in 83% of patients 
following return to full sport participation [16]. 

The development and use of biofeedback interventions demonstrate 
the ability to alter loading symmetry with visual feedback during a 
squatting task, however, the association between altering squatting 
mechanics and landing mechanics is unknown [33]. It is essential to 
assess the impact of new therapeutic techniques, such as biofeedback, to 
determine if improving neuromuscular control will decrease risk factors 
for second ACL injuries. 

This paper describes the design of the Reduction of Risk Factors for 
ACL Re-injuries using an Innovative Biofeedback Approach (ACL- 
Biofeedback Trial) preliminary clinical trial. We expect the biofeedback 
intervention to result in improved knee extension moment symmetry at 
the immediate post-intervention (IP) visit with the biofeedback (B) 

group demonstrating improved symmetry when compared to the 
attention control group (C). This study will provide the foundation for 
future studies required to shift the post-operative rehabilitation para-
digm to include the assessment and restoration of movement and 
loading symmetry before patients are returned to unrestricted sport 
participation. 

2. Methods/design 

2.1. Study design 

The ACL-Biofeedback Trial is an assessor-blinded, single-center, 12- 
week, parallel design randomized controlled trial. Participants are ran-
domized into one of two groups: biofeedback (B) or attention control 
education (C) (Fig. 1). 

2.2. Study sample 

The study sample consists of 40 adolescent ACLR patients who are 
intending to return to full sport participation. Inclusion criteria include: 
1) primary, unilateral ACL reconstruction; 2) completion of at least 18 
weeks of post-operative physical therapy, 3) willingness to comply with 
all study procedures, and 4) aged 14–21 years. Exclusion criteria were: 
1) history of more than one ACLR, 2) post-operative complications that 
required additional surgical intervention, 3) live greater than 60 miles 
from the research lab, 4) any limitations that would prevent the patient 
from attending the biofeedback training sessions, 5) participating in 

Fig. 1. Participant eligibility and screening flow chart.  
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another ACL intervention outside of standard post-operative physical 
therapy and 6) knee extension moment limb symmetry index (LSI) 
greater than or equal to 90% at the time of the initial study assessment. A 
full list of all inclusion and exclusion criteria are provided in Table 1. 

The study protocol was reviewed and approved by the Human 
Research Protection Program at Virginia Tech (Human Protocol: IRB# 
17-007). Informed consent was obtained from all study participants. 

2.3. Interventions 

2.3.1. Biofeedback 
The 6-week biofeedback training program focused on improving 

loading and movement symmetry during bilateral squatting in biweekly 
intervention sessions on non-consecutive days (12 sessions). The 
biofeedback training program was designed to provide sensory (visual 
and tactile) feedback to the participant to heighten awareness of 
asymmetrical movement strategies (e.g. load shift, decreased movement 
symmetry) and neuromuscular control during a squat. The two exercises 
that were completed during the biofeedback training program were a 
visual feedback squat and a resisted squat (tactile feedback). Each of 
these tasks was completed 30 (3 sets of 10 repetitions) times per session. 
We provided a 20 s rest between trials, and a 10-min break between the 
visual and tactile feedback exercises to decrease the effects of fatigue. 
Prior to the biofeedback intervention session, each participant 
completed a 5-min warmup on a stationary bicycle. 

Visual Feedback: The simplest way to provide biofeedback during a 
squat is through visual feedback of load. Under this approach, partici-
pants were asked to stand on force plates, which measure the ground 
reaction forces (load) beneath each foot. Shoulder width for each 
participant was measured as the distance between acromioclavicular 
joints. This distance was measured on the force plates and 2 pieces of 
tape were placed this distance apart (one on each force plate) and par-
ticipants were asked to stand with one heel on each piece of tape. Stance 

width was recorded on the data collection sheet and then entered in the 
REDCap [24,25] database so that this distance could be used during each 
subsequent training and testing session and foot position could be 
measured and marked prior to participant arrival. Participants faced a 
projection screen that displayed 2 bar graphs of the vertical ground 
reaction force, depicting each foot’s load. Participants were asked to 
stand with their feet shoulder width apart (one foot on each force plate) 
with their hands in front on them with the shoulder flexed to 90◦ for 
counterweight. The foot width was standardized to ensure that foot 
placement was consistent for both the squatting trials and during the 
biofeedback training. The participants were asked to squat until their 
thighs were parallel with the ground or until their heels begin to come 
off the ground, whichever occurred first. A stool was placed behind the 
participant (Fig. 2) and was set to the height where the participant’s 
thighs were parallel to the ground if they sat down (stool was placed at 
the height of the popliteal fold), so that the participant would know the 
deepest position they have to achieve. If the participant was able to 
achieve a squat position where the thigh was parallel to the floor they 
were instructed to squat until they barely touch down on the bench and 
then slowly stand back up without transferring any weight to the bench 
(Fig. 2). Participants were asked to stand on the force plates and transfer 
weight between their feet and watch the visual biofeedback during 
bilateral squatting to see the change in load beneath each foot. After 
completing the practice bilateral squat, participants completed all sub-
sequent squats with the goal of keeping the bars level on the graph or 
maintaining an LSI ≥90% (symmetric load on both feet) (Fig. 2). This 
process was completed a total of 30 times (3 sets of 10 repetitions each) 
during each of the training sessions with the same goal each time of 
maintaining the bars at an equal level. During all squatting tasks, par-
ticipants were instructed to squat to the pace of a metronome that is set 
at 30 beats per minute and the participants were asked to complete one 
squat every two beats. 

Tactile Feedback: The second set of exercises at each biofeedback 
session was a series of resisted squats. Participants were asked to squat 
while an external force was applied to the side of the knee (Fig. 3) 
requiring the participant to work against this resistance to maintain 
balance and complete the squat. The band was placed on the surgical 
limb of each patient and was pulled at approximately a 45-degree angle 
toward the contralateral side. Pulling the participant toward the non- 
operative limb (one that is typically displaying higher loads) required 
the participant to pull toward the surgical limb and maintain good 
frontal plane knee position by resisting frontal plane valgus. A handheld 
dynamometer (Rolyan Smart Handle, Performance Health, Warrenville, 
IL) was used to maintain a consistent load across trials and sessions. The 
clinician who completed the biofeedback session set this load based on 
their clinical judgement. This is a typical exercise utilized in the clinic to 
aid in equal weight bearing and active hip abduction. The squat position 
that was used during these exercises was the same as the squat position 
used in the visual biofeedback task and during the biomechanical 
testing. The participants were asked to stand with their feet at the same 
standard width as described in the visual feedback section and squat 
until they contacted the stool that was positioned behind them during 
the biofeedback session. Participants were asked to complete 30 tactile 
feedback squats (3 sets of 10 squats) during each of the biofeedback 
sessions. 

2.3.2. Attention Control 
The 6-week attention control program focused on providing educa-

tional information to the participants related to the clinical and sports 
expectations as they are released to return to sport. These participants 
were asked to meet 6 times, once a week, during the 6-week intervention 
period. Three of these visits were completed in person and three were 
completed using an online educational module (6 sessions in total). The 
online sessions were completed in week 1, week 3, and week 5, while the 
in-person sessions were completed during week 2, week 4, and week 6. 
The content of these sessions focused on providing information on ACL 

Table 1 
Full list of trial Inclusion and Exclusion Criteria.  

Inclusion Criteria Exclusion Criteria 

Primary, unilateral ACL reconstruction History of more than one ACLR 
No pain in the contralateral leg post-operative complications that 

required additional surgical intervention 
Completion of at least 18 weeks of post- 

operative physical therapy 
Hospitalization for any reason other than 
the ACLR in the last 3 months 

Within 6 weeks of being ready to be 
released 

Currently pregnant or planning to 
become pregnant 

Willingness to comply with all study 
procedures and availability for the 
duration of the study 

Plans for additional surgical procedures 
in the next 12 months 

Aged 14–21 years Live greater than 60 miles from the 
research lab  
Any limitations that would prevent the 
patient from attending the biofeedback 
training sessions  
Motor neuron diseases, Parkinson’s 
disease, multiple sclerosis  
Severely impaired hearing or speech  
No access to a telephone  
Participating in another ACL intervention 
outside of standard post-operative 
physical therapy  
Attending post-operative physical 
therapy more than 2 times per week  
Inability to understand or speak English  
Self-reported medical problem that 
would prohibit participation in the study  
Health condition or personal issue judged 
by a study team or primary physician to 
make the patient inappropriate for study 
participation  
Knee extension moment limb symmetry 
index (LSI) greater than or equal to 90%  
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reconstruction, athlete expectation as they return to sport, incidence, 
and risk factors for second ACL injuries, as well as some suggestions on 
the gradual progression back into sport. A short quiz was administered 
at the completion of each educational session to assess understanding of 
the content from each session. 

2.4. Trial conduct 

2.4.1. Recruitment 
An 18-month recruitment period was used to recruit the target 

sample of 40 adolescent (between the ages of 14 and 21) participants for 
this study, who had a primary ACL reconstruction by one of the referring 
physicians. The predominant recruitment strategy was through referral 
from the treating orthopaedic surgeon. At weekly meetings, all recruit-
ment activities and the number of participants referred, recruited, and 
randomized were reviewed. 

We used the electronic medical record to identify all patients who 
had an ACLR within the last 4 months or who were scheduled to have an 

ACLR with any of the referring orthopaedic surgeons. The clinic 
schedule for each of the five referring physician was reviewed weekly to 
screen post-operative ACLR patients who meet the age (between 14 and 
21) and time since surgery (approximately 4 months) inclusion criteria 
on a weekly basis and the patient was added to the potential study 
participant list. This list was generated for each referring orthopaedic 
surgeon and included identifying information about the patient, the 
scheduled appointment time and ACLR operative date. The patient, and 
the parents if the patient was a minor, of all potential participants was 
approached by the treating orthopaedic surgeon or member of the sur-
geon’s clinical staff. If the patient was interested in participating in the 
study and the referring physician believed that the patient was medi-
cally ready to participate in the study, the surgeon completed and signed 
a release to participate form (available upon request to the first author) 
and asked the patient (and parent if the patient is a minor) to sign a 
release of information form. These two signed forms were returned to 
the study team as a referral to participate in the study. Once the release 
of information form was received the medical record was reviewed to 

Fig. 2. Participant completing the visual feedback training.  

Fig. 3. Participant completing the tactile feedback intervention.  
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ensure that the potential participant met all inclusion and exclusion 
criteria for the study except for the knee extension moment limb sym-
metry index (LSI) being greater than or equal to 90% which was assessed 
at the initial study assessment (baseline) and served as the final enroll-
ment criterion. All potential participants were contacted within one 
week of receiving the referral by a member of the study team to inform 
the potential participant as to whether they were eligible to participate 
in the study or not. If the patient was eligible and interested in partici-
pating an additional screening questionnaire was competed over the 
phone to ensure eligibility and answer any questions from potential 
participants and their parents before the first assessment visit is 
scheduled. 

2.4.2. Techniques to improve adherence and retention 
Participant retention began with the recruitment process. Based on 

medical records and release of information consent forms from the 
treating physician, only those patients who do not actively opt out were 
contacted by phone to receive follow-up information about the study 
and assess their interest in participating. Once enrolled in the study, all 
participants were contacted by the study team to schedule each mea-
surement time point (baseline, 6 weeks and 12 weeks). In addition, 
based on group randomization the participants were in contact with the 
study team either two times a week for six weeks (Biofeedback Group) or 
once a week for six weeks (Attention Control). Participants who decide 
to withdraw from study were encouraged to complete the study as-
sessments. The reason for any missed intervention sessions as well as 
assessment sessions were recorded for future analysis to improve plan-
ning for subsequent clinical trials. All successful and unsuccessful at-
tempts to contact participants were documented within the participant’s 
study record. Additionally, alternate phone numbers were requested 
from participants to aid in locating the participant. Participant recruit-
ment and retention statistics were collected and monitored on a regular 
basis such that any problems or negative trends could be identified early, 
and appropriate measures taken and/or procedures modified. 

2.5. Measurements 

2.5.1. Screening and follow-up visits 
Those who were eligible after completing the final screening ques-

tionnaire signed informed consent and complete the baseline assessment 
(BA). All 40 participants were measured at baseline and all those who 
meet the final inclusion criteria completed assessments at 6- and 12- 
weeks (Fig. 1 and Table 2). The 6-week assessment was the immediate 
post-intervention (IP) and the 12-week assessment was the retention 
visit (RV). 

Following recruitment and the completion of informed consent, each 
participant completed a biomechanical assessment in the Kevin P. 
Granata Biomechanics Lab at Virginia Tech. All participants were asked 
to wear form fitting shorts and a shirt, and a standard pair of athletic 
shoes (Nike Pegasus, Nike Inc, Beaverton, CO) to use during testing 
(Fig. 4). Previous literature has shown that differences in footwear can 
alter the ground reaction forces [34,36]. Patients warmed up by riding a 
stationary bike at a comfortable pace for 5 min. After the warm-up, 
patients had retro-reflective markers attached on their skin to track 
segmental motion during both squatting and landing (Fig. 4). 
Three-dimensional coordinate data were collected using a 10–camera 
motion capture system at a sampling rate of 240 Hz (Qualisys, Goth-
enburg, Sweden) and 43 retroreflective markers in a modified 
Helen-Hayes marker set (Fig. 4) [45]. Ground-reaction forces were 
collected using a series of force plates at a sampling rate of 1920 Hz 
(AMTI, Watertown, Massachusetts). In-shoe plantar force was collected 
using size appropriate, loadsol® sensors sampling at 100 Hz (Novel 
Electronics, St. Paul, Minnesota). The loadsol® is a single sensor insole 
that was used to monitor real-time plantar load during each task for 
future analysis and clinical applications. Each participant was asked to 
complete a standing trial followed by a series of bilateral squatting and 

landing trials. 
Squatting trial: With their feet shoulder width apart (one foot on each 

force plate) and their hands in front of them for counterweight, partic-
ipants completed 15 bilateral squats. Stance width was standardized to 
ensure that foot placement was consistent for both the squatting trials 
and during the biofeedback training. Participants were asked to squat 
down until their thighs were parallel with the ground or until their heels 
began to come off the ground (Fig. 5). The squat assessment was 
completed so that the exact same setup and protocol was used for the 
biofeedback training program and obtained a baseline measure of skill 
during a squat. 

Landing trial: The stop-jump task was selected based on its game-like 
nature. The stop-jump task is a good simulation of a basketball jump- 
shot or heading a soccer ball and therefore could produce loads and 
movements that are closely related to those seen during game play [41]. 
Participants were asked to complete 10 trials of a vertical stop-jump 
task. During the vertical stop-jump task, participants ran straight for-
ward for up to 5 steps took off on 1 foot, landed on 2 feet (one foot on 
each force plate), and took off again on 2 feet [15,16,18,19]. Prior to 
testing, maximum jump height was determine using a Vertec vertical 
jump tester (Power Systems, Knoxville, TN). During testing, a ball was 
hung above the force plates at 75% of the participant’s maximum jump 
height to provide a target during jumping (Fig. 6). Participants were 
instructed to jump up and tap the ball and then come down bilaterally on 
the two force plates. No instructions were provided on how to land or 
what to do with their arms to initiate the jump. The stop-jump task was 
used to determine if the biofeedback intervention was effective at 
decreasing second ACL risk factors. Participants could practice the task 
between 3 and 5 times until they are comfortable with the movement. A 
minimum of 5 min of rest was provided between conditions to minimize 
the effects of fatigue. 

Data Reduction: Knee kinematics and kinetics were computed using 
Visual 3D (C-Motion, Bethesda, Maryland) and the 3D marker coordi-
nate and ground reaction force data from the embedded force plates. Hip 
joint center locations were estimated based on the work of Bell et al. [6], 
and the knee and ankle joint center locations were estimated as the 

Table 2 
Data collection visits.  

Description Baseline Follow-up 

Initial 
Biomechanical 
Assessment 

Biomechanical 
Assessment 2 
Week 6 

Biomechanical 
Assessment 3 
Week 12 

Informed Consent X   
Randomization 

(Following 
Baseline) 

X   

Participant 
Demographics 

X    

Height and Weight X X X 
Maximum Vertical 

Jump Height 
X   

Tegner Physical 
Activity 

X X X 

ACL-RSI X X X 
KSES X X X 
Multidimensional 

LOC 
X X X 

TSK-11 X X X 
Stop-Jump 

Assessment 
X X X 

Visual Analog Pain 
(previous 2 weeks) 

X X X  

Adverse Events X X X 
Serious Adverse 

Events 
X X X  

R.M. Queen et al.                                                                                                                                                                                                                               



Contemporary Clinical Trials Communications 22 (2021) 100769

6

midpoint between medial and lateral femoral epicondyle and malleoli 
markers, respectively. Kinematic and kinetic data during motion was 
low-pass filtered using a fourth-order recursive Butterworth filter with a 

cutoff frequency of 7 and 100 Hz, respectively. Knee joint angles and 
moments were computed during the descending phase of each bilateral 
squat and the landing phase of each stop jump, with flexion set as the 

Fig. 4. Motion Capture set up and marker set used for data collection at each assessment visit.  

Fig. 5. Testing setup for squatting assessments.  

Fig. 6. Setup for the landing assessments. A) landing from the stop-jump followed by (B) a jump to a target.  
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first and ab/adduction set as the second rotation in the Cardan rotation 
sequence. The descending phase of each squat was defined between the 
first frame when the pelvis center of mass exceeds 5 cm per second and 
the instant when the pelvis reaches its lowest vertical position. The 
landing phase of each stop jump was defined between the first frame 
when the vertical ground reaction force exceeded 25 N (for each limb) 
and ended when the pelvis reached its lowest vertical position. Peak 
internal knee extension moment symmetry (primary outcome measure) 
was computed during each trial using the limb symmetry index (Equa-
tion (1)) and averaged across trials for the bilateral squatting and 
landing tasks. The Limb Symmetry Index (LSI) is calculated as shown in 
Equation (1) with Sx indicating the value on the surgical limb and NSx 
indicating the value on the non-surgical limb. 

LSI=ABS
[

Sx − NSx
0.5(Sx + NSx)

]

(1)  

Peak vertical ground reaction force symmetry, ground reaction force 
impulse symmetry, peak knee flexion angle symmetry, peak flexion 
angle, peak knee abduction angle, and knee ab/adduction range of 
motion (secondary outcome measures) was computed during each trial 
and averaged across trials for both the landing and bilateral squatting 
tasks. 

2.6. Patient reported outcomes 

2.6.1. Tegner physical activity 
The Tegner Physical Activity questionnaire assesses the current level 

of physical activity at the time when the instrument is completed. The 
Tegner [48] has adequate test–retest reliability (ICC = 0.82–0.97) [10, 
11,30,40], and acceptable validity [10,11]. 

2.6.2. ACL-Return to Sport after Injury (ACL-RSI) 
The ACL-RSI is a 12-question measurement of an athlete’s emotions, 

confidence in performance, and the patient’s risk appraisal for returning 
to unrestricted physical activity following ACL reconstruction with each 
question being on a 0–10 scale with 0 indicating not at all confident to 
10 extremely confident [53]. The ACL-RSI has high internal consistency 
(α = 0.960) [53] in previous work as well as the current study (α =
0.942). 

2.6.3. Knee self-efficacy scale (K-SES) 
The Knee Self-Efficacy Scale is a 22-question assessment that seeks to 

assess an individual’s perceived ability to accomplish a task, not the 
actual ability to complete the task. Each question is rated on a scale on a 
0 to 10 scale with 0 indicating that the participant is not certain at all 
and 10 being very certain. The internal consistency of the K-SES is 0.94 
for the total test in previous studies [49] as well as the current study (α 
= 0.970). The K-SES has excellent test–retest validity with an intraclass 
correlation coefficient of 0.75 [49]. 

2.6.4. Multidimensional health locus of control scale (MHLC) 
The multidimensional health locus of control scale is an 18-question 

assessment to determine if ACLR patients believe that they, as opposed 
to external, outside forces (e.g., parents, coaches, doctors), have control 
over their recovery and eventual return to activity [47]. Each question is 
answered on a scale from 1 to 6 with 1 being strongly disagree and 6 
being strongly agree. The results of the MHLC are reliable (Cronbach 
alpha between 0.60 and 0.75) and good test–retest stability (coefficients 
from 0.60 to 0.70) [51]. The internal consistency of the MHLC for this 
study was moderate (α = 0.754). 

2.6.5. Tampa scale for Kinesiophobia (TSK-11) 
The TSK-11 is an 11-question assessment of an individual’s fear of 

movement as it relates to the potential for re-injury as well as percep-
tions of pain changes that occur with physical activity [50,53,54]. Each 

question is answered on a scale from 1 to 4 with 1 being strongly 
disagree and 4 being strongly agree. The higher the score on the TSK-11, 
the greater the pain-related fear of movement or re-injury. The TSK-11 
score has good internal consistency (α = 0.88) in previous research 
and good test-retest reliability (ICC = 0.81 and 0.93) [22,54]. The in-
ternal consistency for the TSK-11 was lower in the current study (α =
0.605) than was previously reported. 

2.6.6. Adverse event collection and reporting 
All adverse events (AEs) had their relationship to study intervention 

assessed by the trial medical director who examined and evaluated the 
participant based on temporal relationship and his clinical judgment. 
The degree of certainty about causality was determined to be related, 
probably related, or not related by the trial medical director. 

The trial medical director and the principal investigator in consul-
tation will be responsible for determining whether an AE is expected or 
unexpected. All AEs and SAEs were captured on the appropriate report 
form within the REDCap database. The study team recorded all report-
able events with start dates occurring any time after informed consent 
was obtained until 7 (for non-serious AEs) or 30 days (for SAEs) after the 
last day of study participation. All AEs and/or laboratory abnormalities 
identified in the protocol as critical to participant safety were reported 
to the NIAMS and the safety officer. All AEs experienced by a participant 
during the time frame specified in the protocol were reported. Study 
team members who became aware of any adverse event related to the 
study notified the principal investigator immediately who then notified 
of the Virginia Tech IRB within 24-h of a study-related death, within 5 
business days for any another serious adverse event, and within 10 
business days of a protocol deviation/violation, or other unanticipated 
problem. All AEs and protocol deviations were reported to the study’s 
NAIMS safety officer on a biannual basis, or as requested. All SAEs were 
reported to the study’s safety officer within 48 h of the event being made 
known to the investigator. 

2.6.7. Randomization 
A 1:1 block randomization with block size unknown to investigators 

and staff was utilized to ensure equal accrual to each study arm. Par-
ticipants were allocated in one of the two study arms, with randomi-
zation stratified according to gender, age (young: 14–17 years old, older: 
18–21 years old) and activity level (mild activity: Tegner score 1–3, 
moderate activity: Tegner 4–7, or vigorous activity: Tegner 8–11) to 
ensure that the groups were balanced in these respects. All participants 
continued with any other usual medical care they receive for their ACLR. 

Eligible participants were randomized following the first biome-
chanical assessment (Baseline), during which informed consent was 
obtained. After the Baseline biomechanical assessment, participants 
were scheduled for their first study visit (biofeedback intervention or 
control in-person education session) at this time each participant was 
informed about the research arm to which they were assigned. 
Randomization was based on a computer-generated sequence main-
tained by the project statistician and implemented in the randomization 
module in REDCap [24,25] where the randomization assignment was 
entered and stored. As this is an assessor blinded trial, no participant 
unblinding procedures were necessary. 

2.6.8. Data management 
Data were uploaded to a web-based REDCap software program that is 

validated and meets HIPAA compliance rules [24,25]. New data were 
inspected for completeness and queried for programmed logic checks 
and out-of-range values. Only participants who completed a release of 
information form had their data entered and stored in REDCap. REDCap 
was used for tracking referral and recruitment of participants and the 
collection of all patient outcome measures throughout the study. The 
person responsible for data collection worked with the project manager 
to track participant enrollment, outcome form completion and prompts 
for email and telephone reminders and appointment scheduling. 
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Clinical data were entered into REDCap [24,25], a 21 CFR Part 
11-compliant data capture system provided by Virginia Tech under a 
fully executed technology control plan with the Office of Export and 
Secure Research Compliance. The data system included password pro-
tection and internal quality checks, such as automatic range checks, to 
identify data that appeared inconsistent, incomplete, or inaccurate. 

Reducing measurement bias: To reduce the possibility of bias, the 
biofeedback intervention was completed by a single individual (clinician 
– Athletic trainer) and the biomechanical assessments was completed by 
a second individual who was masked to the participant’s group assign-
ment (research technician). The research technician was trained to 
complete the biomechanical assessment using a standard set of di-
rections. The clinician completed the intervention using a standard set of 
instructions to decrease between participant variability and provide 
consistent feedback to each participant. The intervention instructor was 
trained by the clinical rehabilitation expert (DSBW) in proper technique 
and instruction. 

2.7. Statistical considerations 

2.7.1. Statistical analyses 
The results from all descriptive statistics were calculated and re-

ported as percentages as well as means and standard deviations as 
appropriate for the measure. For inferential tests, the p-value and con-
fidence intervals for statistical significance (Type I error) were reported 
along with an indication as to whether a two or one-tailed test was 
performed. Checks for the assumption of normality were performed 
prior to additional statistical procedures. If this assumption was not met, 
then corrective procedures were applied such as transformation or 
nonparametric tests as appropriate. 

All preliminary analyses were based on the Modified Intention-to- 
Treat (ITT) method in which each participant was included indepen-
dent of adherence. Per-Protocol analyses was completed in which a 
subset of the participants in the full analysis (ITT) set who complied with 
the protocol sufficiently to ensure that these data would be likely to 
represent the effects of study intervention according to the underlying 
scientific model (participants who completed at least 75% of the study 
intervention visits). 

2.7.2. Primary aim 
The primary aim of this study was to determine the impact of an 

innovative biofeedback training program on decreasing risk factors for 
second ACL injuries in adolescent athletes. Based on previous work, the 
primary outcome measure, a surrogate for second ACL injury risk, was 
the knee extension moment limb symmetry index (LSI) at the six-week 
visit (immediately post-intervention). Secondary outcomes were verti-
cal ground reaction force, and frontal plane knee range of motion 
symmetry. Symmetry between the operative and non-operative limbs in 
this study was determined by calculating the LSI. 

For the primary aim of this pilot study, a mixed effects model will be 
used to determine if a clinical (LSI>90%) and/or statistical difference 
exists between the pre- and the two post-intervention time points (effi-
cacy and durability) for the primary outcome of interest (knee extension 
moment LSI). Post-hoc testing will be completed for any variable that is 
determined to be statistically different. 

2.7.3. Secondary aims 
The secondary aim of this preliminary clinical trial will assess the 

rates of recruitment, retention, and adherence. No hypothesis tests will 
be performed. For each of the outcome measures the between session 
analysis will allow us to calculate test-retest reliability. The use of cor-
relations will allow us to compute criterion and predictive validity. 
Study retention will be defined as a participant who attends each of the 
biomechanical testing session (baseline, immediately following inter-
vention (intervention)/6 weeks after baseline (control), and then 6 
weeks after training (intervention) or 12 week after the baseline 

(control). Proportion retention will be computed by dividing the number 
of retained participants at the end of the intervention by the total 
number of patients randomized into the study. Adherence to the inter-
vention will be defined as a participant who attends at least 75% of the 
biofeedback training sessions during the six weeks of the intervention. 
Proportion adherence will be computed by dividing the number of ses-
sions attended by the total number training sessions (n = 12). 

2.7.4. Sample-size calculations 
This was a pilot study, with the purpose of discerning parameter 

estimates for use in powering a subsequent multi-center clinical trial. To 
estimate statistical power for this pilot design, we considered a com-
parison of outcomes by group across time. Previous studies have not 
examined the knee extension moment limb symmetry index, therefore 
the difference in knee joint position and the knee extension moment 
were employed as proxy variables to estimate statistical power for this 
pilot design. We considered a comparison of outcomes between pre- and 
post-intervention [18,19] and side-to-side differences in ACL-R patients. 
(Table 3) [16]. 

Using 2-sided testing between groups based on previous results, we 
needed 14 patients overall randomized at 1:1 ratio assuming 80% power 
to detect a significant difference in the knee extension moment between 
the groups with α = 0.05 [14]. Therefore, with recruitment of 40 par-
ticipants (goal of retaining 30 participants through study completion), 
we were adequately powered to declare significance. Thus, while not the 
primary purpose of this experiment, we were adequately powered to 
declare significance between groups. 

3. Discussion 

The high rate of ACL re-injury implies that in many cases current 
post-operative interventions fail to restore adequate knee motion and 
neuromuscular control to decrease re-injury risk. Many patients cleared 
to return to sport following ACL reconstruction demonstrate residual 
muscle weakness, imbalances, and asymmetrical movement and loading 
patterns [32,38,39,43,44,48,50]. Previous interventions improve 
strength and joint range of motion while failing to assess and modify 
lower extremity movement deficits. Although the American Academy of 
Orthopaedic Surgeons’ ACL return to sport guidelines state a need for 
restoration of movement, they do not provide or reference objective 
assessment measures or criteria for release [3,17,37]. Following ACL 
reconstruction and clinical release to return to sports, most patients have 
residual limb asymmetries during jumping and landing [12,15,32,43, 
44]. The primary risk factors for second ACL injuries, based on previous 
prospective work, include asymmetrical frontal plane knee range of 
motion and knee extension moment during bilateral landing [39]. Thus, 
to decrease the risk for second ACL injuries, there is a pressing need to 
evaluate novel, clinically relevant interventions that improve lower 
extremity movement patterns and restore movement and loading sym-
metry prior to release to return to full sport participation. 

This novel biofeedback intervention may be an alternative approach 

Table 3 
Sample Size Calculations (N = sample size per group).   

Pre- 
intervention 

Post- 
intervention 

Sample 
Size 

Peak Knee Extension Moment 
[9] 

3.7 ± 0.9 2.4 ± 0.5 N = 7 

Peak Knee Flexion [21] 88.8 ± 8.0 105.0 ± 5.6 N = 5      

Control Intervention Sample 
Size 

Knee Flexion Angle [21] 83.5 ± 20.5 103.8 ± 16.3 N = 15 
Vertical ground reaction 

force [21] 
2.0 ± 0.4 1.6 ± 0.3 N = 14  
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to current rehabilitation protocols to decrease the risk of second ACL 
injury. The results of this pilot clinical trial will also provide effect size 
estimates for the planning of a subsequent larger clinical trial. 
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