
©Journal of Sports Science and Medicine (2015) 14, 1-8 
http://www.jssm.org 

 

 
Received: 30 July 2015 / Accepted: 02 October 2014 / Published (online): 01 March 2015 
 

 

  
  

 
 

A Commentary on Real-Time Biofeedback to Augment Neuromuscular Train-
ing for ACL Injury Prevention in Adolescent Athletes 
 
Adam W. Kiefer 1-3, Adam M. Kushner 1, John Groene 1, Christopher Williams 1, Michael A. Riley 3 
and Gregory D. Myer 1,2,4,5 

1 Division of Sports Medicine, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH USA; 2 Department of 
Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH USA; 3 Center for Cognition, Action and Per-
ception, Department of Psychology, University of Cincinnati, Cincinnati, OH USA; 4 The Sports Health and Perfor-
mance Institute, OSU Sports Medicine, The Ohio State University Medical Center, Columbus, OH USA; 5 The Micheli 
Center for Sports Injury Prevention, Waltham, MA, USA 
 

 
 

Abstract  
Anterior cruciate ligament injury and the associated long-term 
sequelae, such as immediate reductions in physical inactivity, 
increased adiposity and increased risk of osteoarthritis through-
out adulthood, are a major health concern for adolescent ath-
letes. Current interventions for injury prevention may have 
limited effectiveness, are susceptible to issues of compliance 
and have not achieved the widespread acceptance necessary to 
promote full adoption. Neuromuscular training (NMT) is a well-
established training intervention introduced to affect change in 
modifiable biomechanical risk factors to reduce the risk of 
injury in these athletes. Despite moderate success, neuromuscu-
lar training is still limited by its reliance on subjective feedback 
and after the fact (i.e., offline) objective feedback techniques. 
The purpose of this commentary is to discuss technological tools 
that could be used to enhance and objectify targeted biofeedback 
interventions to complement NMT. Electromyography, force 
plates, motion sensors, and camera-based motion capture sys-
tems are innovative tools that may have realistic feasibility for 
integration as biofeedback into NMT programs to improve 
training outcomes. Improved functional deficit identification and 
corrective analysis may further improve and optimize athletic 
performance, and decrease the risk of sports-related injury dur-
ing sport performance.  
 
Key words: Neuromuscular training, anterior cruciate ligament 
injury, biofeedback, electromyography, force platforms, motion 
sensors, 3D motion capture. 

 

 
Introduction 
 
Anterior cruciate ligament (ACL) injuries are debilitating 
to adolescent athletes, and these injuries create short- and 
long-term pain and disability for individuals throughout 
the processes of reconstructive surgery, rehabilitation, 
return to sport, and the maintenance of a healthy, active 
lifestyle into adulthood. This, combined with a strong 
association that links ACL injury to the development of 
post-traumatic knee osteoarthritis at a relatively young 
age, evidences a tremendous need for interventions that 
reduce the risk and contribute to both primary and sec-
ondary injury prevention as it relates to ACL injuries. 
Unfortunately, current standardized interventions are 
largely inefficient at relative risk reduction (Sugimoto et 
al., 2012) and are susceptible to non-compliance 
(Sugimoto et al., 2012). In response to these issues, neu-

romuscular training (NMT)—a targeted set of strength 
and conditioning activities that promote correct move-
ment technique and competence—was developed and has 
demonstrated proven injury risk factor reduction benefits 
(Myer et al., 2011b; 2013a).  

A primary component of NMT is training instruc-
tion and feedback from qualified and specially trained 
instructors. Standard NMT provides verbal feedback after 
the movement has been completed based on what the 
instructor might subjectively decide is the most egregious 
error in movement. It also encourages the athlete to ex-
plicitly focus attention internally on bodily movement 
patterns despite the preponderance of evidence that exter-
nally focused attention provides more robust motor learn-
ing outcomes (Benjaminse and Otten, 2011; Gokeler et 
al., 2013). Thus, injury prevention effects of NMT have 
only been modest and there is a need to more effectively 
and objectively guide an athlete to improve movement 
technique to further reduce injury risk (Myer et al., 
2013b). 

To combat this, effective biofeedback should be 
premised on the principle that sensorimotor learning and 
performance are enhanced when trainees focus attention 
on the external consequences of their actions rather than 
on their limbs, segments or joints (McNevin et al., 2003; 
Shea and Wulf, 1999; Wulf, 2013; Wulf and McNevin, 
2003; Wulf and Prinz, 2001; Wulf et al., 2001; 2002; 
2010). These two principles stem from the natural linkage 
between neuromuscular actions and their perceptual out-
comes (i.e., the perception-action cycle) and the robust-
ness of automatic, implicit motor learning and control 
processes compared to conscious, effortful motor control, 
which is relatively fragile and inefficient. One potential 
limitation of current injury prevention programs could be 
a deficiency in the transition from conscious awareness of 
desired biomechanical adaptations achieved during train-
ing sessions to unexpected and automatic movements 
required for athletic activities on the field (Benjaminse 
and Otten, 2011). Learning strategies with an internally 
directed focus have traditionally been utilized, but those 
may be less suitable for the acquisition of the control of 
complex motor skills required for transfer into sport (Ben-
jaminse and Otten, 2011; Gokeler et al., 2013). A second 
and related potential limitation is that verbal feedback 
(subjective and internally focused) may be more difficult 
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and less effective for athletes to translate into neuromus-
cular adaptive strategies than visual biofeedback. (Benja-
minse and Otten, 2011; Gokeler et al., 2013; Myer et al., 
2013a) Accordingly, analytic-driven, implicit and external 
biofeedback techniques may have the potential overcome 
these practice barriers. 

The focus of this commentary is to outline the util-
ity for new and existing technologies that can provide the 
potential to remedy current limitations of NMT for injury 
prevention. The core concept of these strategies is to 
augment NMT through the selection of key biomechani-
cal, physiological, or neuromotor variables for training 
through the automation of the quantitative measurement 
of those variables using a variety of technological modali-
ties. This allows for the transformation of those measured 
variables to provide information in simplified form for 
real-time (i.e., online), visual biofeedback displays. The 
use of objective, real-time visual stimuli is an important 
component for delivery of feedback during NMT that 
oftentimes provides a more salient and effective form of 
corrective instruction than verbal or auditory feedback. 
(Moleiro and Cid, 2001) This is due, in large part, to the 
fact that the visual system is known to be a powerful 
pattern recognition system, and visual perception trans-
lates easily into modulations of behavior. (Meijer & Roth, 
1988) In the following sections we discuss measurement 
and biofeedback-capable tools, including electromyogra-
phy (EMG), force sensors and force platforms, inertial 
sensors, and camera-based motion capture systems that 
can be used to augment existing NMT feedback protocols. 
The choice of technology depends largely on the details 
of the training protocol, the specific exercises employed 
and, in the case of highly individualized training, the 
particular movement deficits of each athlete.  
 
EMG 
 
EMG is a measurement tool used to record the electrical 
activity produced by a specific muscle or group of mus-
cles. (De Luca, 1997) The information provided by EMG 
signifies the degree to which a muscle is active. The elec-
trical activity is recorded via surface electrodes that are 
placed on the skin, or less commonly via intramuscular 
needle electrodes, and muscle activation is characterized 
through  detection  of electrical potentials of neurally acti- 

vated muscle cells. Thus, EMG provides an objective 
measurement of muscle activation level and recruitment 
order for biomechanical movement analysis (Robertson et 
al., 2013). These patterns of muscle activations can be 
converted into visual and/or auditory signals and can be 
observed by the clinician or instructor, and as feedback by 
the patient or athlete.  

Applications of EMG to Augment NMT: EMG-
based feedback can be utilized to improve muscle re-
cruitment and thus technique during NMT. Feedback after 
the task (i.e., offline feedback) can be utilized to aid a 
practitioner in corrective intervention, but EMG is per-
haps most useful in that it can provide online feedback to 
an athlete during a variety of movements to promote cor-
rect muscle activation and recruitment above and beyond 
classic offline, instructor-based feedback. For example, a 
fundamental NMT exercise and precursor to more intense 
exercise variation is the basic unloaded bilateral squat 
(Myer et al., 2008b). The squat requires the activation of 
specific muscles (i.e., the gluteals, hamstrings, and quad-
riceps) in correct sequences and ratios for optimal per-
formance technique. (Schoenfeld, 2010) Classically, a 
trainer observes the maneuver and provides subjective, 
verbal feedback during and after the athlete performs the 
squat. The feedback often varies from instructor to in-
structor and the competency of the trainer can limit cor-
rective outcome potential. (Myer et al., 2013a) Alterna-
tively, stimuli based on EMG data would allow for analyt-
ic-driven, objective feedback as a supplement to trainer 
responses. In this context, the athlete would perform a 
vertical squat jump with the surface electrodes placed on 
her hamstrings, gluteals, and quadriceps. The relative 
activation and location of muscle activation would be 
visualized on a display to allow for the self-adjustment of 
muscle contractions in order to achieve the desired tech-
nique. For example, a display could map the EMG activa-
tion values for each muscle group as angles that form a 
triangle, and the athlete’s task would be to “control” the 
shape of the triangle (by contracting the muscles in the 
right order and to the right degree so that the triangle, 
which transforms in real time as a function of muscle 
group activation, exhibits equilaterality (see Figure 1 for 
an example). To simplify the task for the athlete, a tem-
plate triangle could be displayed, and the task would be to 
match the shape of the stimulus to the template. 

 
 

 
 
 

Figure 1. A schematic of how real-time EMG biofeedback might be utilized. The athlete is preparing for a full ef-
fort vertical jump as part of the drop vertical jump as the EMG activity is recorded at three sites (far left). This 
data is streamed in real-time to a PC where the data are converted into a dynamic stimulus (in this case a triangle 
shape) in which the three angles of intersection correspond with values of muscle activation. The goal in this case 
is for the athlete to “animate” a shape that matches the black outline of the equilateral triangle (far right). 
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Force Platforms and Sensors 
 
Force measurement systems quantify the force that is 
generated by the body, generally at the feet, and can give 
feedback on an athlete’s force production and balance in 
the context of postural control, jumping and landing, and 
gait. The most basic force sensors measure the vertical 
components of force, while more advanced force plat-
forms are able to provide multi-axis data in three dimen-
sions (vertical, medial-lateral, and anterior-posterior). 
Force plate data allow for the calculation and extrapola-
tion of acceleration, work, power output, jump angle, and 
jump distance. When combined with motion capture sys-
tems that capture spatial kinematics and relative joint 
angles (discussed later), additional inverse dynamic calcu-
lations of torque, work and power at each joint can be 
quantified. 

Force feedback can be delivered via a visual dis-
play on a computer screen that demonstrates the changes 
in force output. (Barclay-Goddard et al., 2004) Tradition-
ally, force plate systems have been restricted to laboratory 
or clinical environments due to high costs of the equip-
ment and required accessories. More recently, however, 
the introduction of force measurement technology to 
game and entertainment platforms such as the Wii Bal-
ance Board™ by Nintendo™ provides consumer-grade 
technologies for real-time force feedback. Researchers 
have already begun to validate these technologies (Clark 
et al., 2010) and such devices have resulted in significant 
cost reductions and increased availability of force meas-
urement systems in myriad contexts by the general popu-
lation. 

Applications of Force Platforms to Augment NMT: 
NMT currently utilizes force plates to identify ground 
reaction force (GRF) asymmetries before, during, and 
after training to quantify performance progress (Hewett et 
al., 2005; Myer et al., 2006). Thus, there are several pos-
sible applications of force feedback during NMT, pre-
dominantly during plyometric exercises (Myer et al., 
2008b), to teach the athlete how to modulate force pro-
duction during takeoff and force absorption during land-
ing. Force plates can also support the optimization of 
postural control and balance. For example, offline force 
feedback has been utilized during performance of the tuck 
jump (Myer et al., 2008a; Myer et al., 2011a; Stroube et 
al., 2013). The tuck jump exercise involves repetitive 
vertical jumps where the athlete immediately brings the 
knees up toward the chest after takeoff. Force plates un-
derneath the landing zone can enable GRF measurement 
and thus feedback of forces to provide information rela-
tive to excessive landing forces (i.e., lack of knee bend or 
force absorption at the ankle), landing force asymmetries, 
and overall balance during takeoff and landing (Myer et 
al., 2005; Paterno et al., 2004). Offline feedback could be 
replaced by online feedback during NMT to potentially 
enhance the effectiveness of this exercise. Similarly, 
online biofeedback could be utilized during a systematic 
plyometric exercise like the tuck jump—a series of re-
peated vertical jumps where the knees are pulled up as 
high as possible while airborne—as instantaneous feed-
back can be utilized to modify technique during consecu-

tive jumps (Stroube et al., 2013). A visual display that 
provides the GRF and vector for each extremity provides 
a real-time evaluation of symmetry between limbs. In 
addition, a display that provides information relative to 
the athlete’s center of gravity—information that cannot be 
seen or observed by the naked eye under normal train-
ing—can be utilized to train the proper loading of the hips 
and spine (Figure 2; Benjaminse and Otten, 2011). Force 
feedback can be utilized in conjunction with another 
measurement device such as motion capture or EMG in 
order to gather additional data about the body in space 
rather than just the forces that the body exerts on the 
ground.  
 

 

 
 
 

Figure 2. The GRF as represented by the blue arrows that 
originate at each foot for three phases of the drop vertical 
jump and a corresponding bar graph feedback display for 
each movement phase. The athlete is instructed to match the 
height of the bars throughout the movement. 
 
Inertial Sensors (Accelerometers and Gyro-
scopes) 
 
Inertial sensors, such as accelerometers and gyroscopes—
the latter of which are devices that measure orientation 
based on the principles of angular momentum—measure 
information related to the motion of body segments, such 
as acceleration and orientation. (Schepers, 2009) These 
sensors have become miniaturized and more cost-
effective over the last decade, primarily given their appli-
cation in smart phones and tablets, and this has led to 
numerous applications in fitness tracking devices, as 
discussed below.  

Applications of Inertial Sensors to Augment NMT: 
Most often, standard NMT is conducted in a formal train-
ing center and often requires a laboratory or clinical set-
ting to provide precise forms of feedback and instruction. 
Thus, the number of training sessions and the lack of 
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qualified supervision when the athlete goes home limit 
both types of training. Accelerometers may therefore have 
enormous potential in their ability to monitor and promote 
physical activity outside of a training or laboratory facili-
ty. For example, an athlete may attend NMT to improve 
activity levels for pre-season conditioning, and as part of 
their program an accelerometer device could monitor the 
athlete’s physical activity levels and alert them, their 
parent(s), and even the training professional to the ath-
lete’s activity levels and quality of adherence. Advanced 
pedometers offer audible measures of tempo that can 
promote higher frequency movements, and provide audi-
tory cues during training to indicate the transition between 
various tasks (e.g., running, jumping, stepping, etc.). 

These types of sensors can also provide real-time 
movement correction feedback during NMT. Accelerome-
ters can be attached to multiple body segments to track 
movement frequencies and acceleration patterns in order 
to improve movement efficiency. For example, an athlete 
can be presented with visual feedback as to whether their 
limb accelerations are symmetric, and can correct acceler-
ations in real-time during repetitive exercises like the tuck 
jump. Similarly, gyroscopes can provide feedback for the 
appropriate orientation of the trunk during these types of 
maneuvers. Much like a spirit level or bubble level used 
in construction, feedback displays could provide infor-
mation as to where the athlete’s balance is located within 
a visual base of support (see Figure 3). As an athlete lands 
and attempts to stabilize their balance, this type of feed-
back can allow them to train stabilizing muscle groups for 
more efficient and effective balance control. 
 
Camera-based 3D Motion Capture 
 
Camera-based motion capture systems enable the objec-
tive examination of movement patterns, as opposed to 
standard video cameras that allow for qualitative assess-
ment of motion and less refined 2-D kinematic measure-
ments. Thus, camera based systems can be divided into 
two separate groups: 2D video and 3D motion capture 

systems. Our focus here will be on 3D motion capture 
systems: While 2D systems have some utility as well, 
their potential for real-time biofeedback is limited. Typi-
cally, 3D tracking systems quantify movement through 
the detection of a series of markers placed on the body of 
a patient or athlete. In passive motion capture systems, 
infrared light is sent out from each camera and reflected 
back via highly reflective markers attached to the body 
segments of the user. Active motion capture systems work 
similarly but the markers emit infrared signals that are 
detected by the cameras and provide high-fidelity kine-
matic data to facilitate a more detailed observation of 
movement at variable scales, angles, and speeds.   

Applications of 3D Motion Capture to Augment 
NMT: With regard to NMT, motion capture-based NMT 
that utilized offline feedback has already demonstrated to 
lead to improved limb symmetry and a reduction in joint-
position risk during landing tasks, and this has led to a 
significant reduction in lower musculoskeletal injuries. 
(Hewett et al., 1999) Real-time biofeedback based on 
motion capture data may be even more effective. For 
example, real-time biofeedback was used to successfully 
modify performance of a repetitive double leg squat. 
Subjects were delivered either kinetic or kinematic bio-
feedback via a monitor that displayed a real-time anima-
tion of the subject, and a data curve with a highlighted 
goal region for the subject to achieve via technique modi-
fication (Figure 4; Ford et al., 2014). Subjects were able 
to significantly improve their technique for both kinetic 
and kinematic technique with this system.  

3D motion capture has been utilized to facilitate 
learning of complex, whole-body, closed-chain movement 
tasks (Faugloire et al., 2005). In the context of postural 
control, participants were tasked with learning to produce 
dynamic postural coordination patterns of the lower leg 
and trunk about the ankle and hip joints (Faugloire et al., 
2005). Rather than instructing subjects explicitly to per-
form specific coordination patterns, they were simply 
instructed to view an online feedback display and discov-
er how to move the body so as to create either a circular 

 
 

 
 
 

Figure 3. A lateral jump and hold task in which the athlete stands on the right leg (left) and then jumps laterally (middle) and 
lands on a predefined point on the floor with the opposite leg (right). During this task it is possible to compute a center of 
mass through the use of an accelerometer or gyroscrope and display a bubble level type of display to orient the athlete to her 
balance performance throughout the trial. The goal of this task is to keep the bubble in the center of the bubble level display. 
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pattern or downward-sloping diagonal line. The feedback 
display was, unbeknownst to participants, a simple angle-
angle diagram (ankle vs. hip joint rotations). In the joint 
angle space, the goal circular shape corresponded to in-
phase (0° relative phase angle) ankle-hip coordination and 
the diagonal line to anti-phase (180° relative phase angle) 
ankle-hip coordination. Participants quickly learned to 
produce the ankle-hip coordination patterns by “drawing” 
the desired shapes in the feedback display. Those partici-
pants who had this feedback available produced better 
postural coordination patterns faster than those who did 
not. Moreover, when stroke patients performed this task 
as a balance intervention they showed long-lasting im-
provements in balance performance (Varoqui et al., 
2011). In the future, such a protocol could be expanded in 
NMT as participants “control” the shape of a feedback 
stimulus to guide the acquisition of desired biomechanical 
profiles. This type of application during dynamic activi-
ties, for example, can allow for fine-grained adjustments 
of the athlete’s lower limbs in real-time and lead to a fun, 
motivational game of self-correction independent of the 
instructor. It also promotes implicit, externally focused 
training that is known to enhance motor learning and skill 
transfer to sport (Benjaminse and Otten, 2011; Gokeler et 
al., 2013). 
 

 

 
 
 

Figure 4. Real-time feedback of the right knee moment dur-
ing a standing squat maneuver. The shaded region on the 
plot represents the target knee moment and the time series 
data represents the participant’s actual knee moment. The 
vertical pointing arrows that originate at the skeleton’s feet 
represent the GRF for each foot. In this case the athlete is 
not executing the movement within the targeted range, as 
computed via the hip moment. 

 A limiting factor for these types of applications at 
present is cost and lack of portability to the home or 
school setting. With the advent of Microsoft Kinect™ and 
Kinect for Xbox One™, these new systems may facilitate 

the arrival of 3D motion capture as a training tool for the 
general population. Microsoft’s Kinect Deep Camera 
Technology™ offers a real solution and efforts are al-
ready underway to utilize this technology for range of 
motion measurements in clinical settings (Barandas, 
2013). However, it is important to note that the Kinect™ 
has demonstrated to be an order of magnitude less accu-
rate than more expensive, laboratory motion capture tech-
nologies (Dutta, 2012). Thus, while the Kinect is an im-
portant step for the portability of these technologies, and 
may provide a useful, cost-effective system for off-site 
NMT training and feedback, it should be employed with 
caution. 
 
Visual Display Techniques to Deliver Biofeed-
back 
 
The proposed approach to provide feedback to athletes 
through the use of visual displays requires discussion 
relative to the display medium through which such feed-
back can be utilized. Traditional approaches have incor-
porated computer monitors and projector screens for the 
display of video feedback, including our own recent work 
(Ford et al., 2014; Myer et al., 2008b; 2011b; 2013; 
Stroube et al., 2013). While the usefulness of these dis-
plays is obvious, they are limited in their position relative 
to the athlete. The very nature of the stationary position of 
the display has the potential to negatively influence the 
movement patterns during performance of a given task. 
For example, an athlete performing a drop vertical jump 
task is forced to fixate on the screen in front of them, thus 
modifying their head position in a way that may be sub-
optimal for efficient performance. Moreover, such dis-
plays limit where the athlete can perform the task, may 
take up valuable real estate in a laboratory or training 
setting, and may not provide a compelling, immersive 
experience for the athlete, which could negatively affect 
adherence. 
 

 

 
 
 

Figure 5. A schematic of a smart-eye display (in this case, 
Google GlassTM) as worn by an athlete, and as viewed from 
the front (left) or from inside the display (right). The display 
can be either transparent as is the case here or, alternatively, 
a small monitor-like display that is opaque. Heads-up dis-
plays such as these may provide a more unobtrusive display 
for the relay of biofeedback to the athlete. 
 

New, highly innovative alternatives to such limita-
tions are augmented reality (i.e., see-through) and smart-
eye heads-up displays (HUDs). These HUDs are light-
weight, low-profile sport-style glasses that enable the 
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child to move freely in the training environment with a 
display that is easily accessible by adjusting the gaze of 
their right eye either up or down to a miniature screen 
display mounted just outside their central field of view 
(see Figure 5). The benefits of such a display are numer-
ous and include the ability to move freely during training, 
a personalized training display simultaneously for every 
athlete during group training, the ability to interact with 
other athletes and instructors without visual occlusion, 
and the ability to take such a display outside and onto the 
field of play with minimal impact on the child’s move-
ments. Such displays are becoming more cost-effective by 
the day (i.e., Recon Instruments’ Jet HUD™) and provide 
an efficient method to provide feedback during NMT. 
 
Conclusion 
 
While the current evidence indicates that biofeedback is 
the critical component to success in interventions aimed 
to reduce injury, (Myer et al., 2005; 2013a; 2013b; 
2013c), there is the potential that this commentary is open 
to bias as to the benefits of biofeedback. Thus, future 
research should target research questions specific to ex-
ternally focused learning, and more generally with regard 
to biofeedback, in the context of neuromuscular training 
to elucidate the influence of biofeedback on injury pre-
vention efforts. Regardless, the removal of barriers to 
feedback interventions (e.g., subjective, potentially erro-
neous or uninterpretable feedback) through the proposed 
real-time automated techniques that provide implicit, 
analytic-driven biofeedback may make it possible to sig-
nificantly overcome current limitations. Specific targeted 
interventions that isolate injury risk factors and can help 
correct modifiable neuromuscular deficits are essential for 
prevention of ACL injury. NMT is a proven regimen that 
has been shown to reduce ACL injuries via analyses of 
the movement biomechanics and retrospective feedback 
to the athlete regarding proper body position and tech-
nique (Myer et al., 2013b). Traditionally, qualified in-
structors provide subjective feedback and awareness to an 
athlete during training. The initiation of real-time feed-
back throughout NMT may improve the intervention via 
the application of measurement technologies that could 
supplement instructor-based feedback practices. Through 
the use of these technologies it may be possible to provide 
more efficient and effective interventions that target and 
correct specific deficits with the additional benefit of 
engaging implicit, procedural learning techniques to di-
rect the athlete’s attention externally toward the conse-
quences of their movements. We have provided a review 
of what we believe to be the most promising of these 
tools, and ultimately, these technologies will likely need 
to be combined for optimal training outcomes. As manu-
facturing costs come down and these technologies contin-
ue to develop, instructors, parents and the adolescent 
athletes themselves will have a number of promising 
feedback devices for a well-rounded and effective training 
program designed to prevent injury and sustain a healthy, 
physically active lifestyle into and throughout adulthood. 
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Key points 
 
• Specific, targeted interventions that isolate injury risk 

factors and can help correct modifiable neuromuscu-
lar deficits are essential. 

• Current training interventions for anterior cruciate 
ligament (ACL) injury prevention have only demon-
strated limited effectiveness and have not achieved 
the widespread acceptance necessary to promote full 
adoption to reduce ACL injury rates. 

• The paper provides an overview of innovative strate-
gies and technological tools that could be used to en-
hance and objectify targeted biofeedback interven-
tions to complement neuromuscular training (NMT) 
including electromyography, force plates, motion 
sensors, and camera-based motion capture systems. 

• These strategies utilize biomechanical, physiological, 
or neuromotor variables for training, automate the 
quantitative measurement of those variables through 
a variety of technological modalities, and then feed 
those measured variables via software to provide in-
formation in simplified form for online, visual bio-
feedback displays.  
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