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Abstract

Youth may be particularly responsive to motor learning training strategies that support injury-resistant movement mechanics
in youth for prevention programs that reduce injury risk, injury rehabilitation, exercise performance, and play more gener-
ally (Optimizing Performance Through Intrinsic Motivation and Attention for Learning Prevention Rehabilitation Exercise
Play; OPTIMAL PREP) One purpose of the present manuscript was to provide clinical applications and tangible examples
of how to implement the proposed techniques derived from OPTIMAL theory into PREP strategies for youth. A secondary
purpose was to review recent advances in technology that support the clinical application of OPTIMAL PREP strategies
without extensive resources/programming knowledge to promote evidence-driven tools that will support practitioner feedback
delivery. The majority of examples provided are within the context of anterior cruciate ligament (ACL) injury rehabilitation,
but we emphasize the potential for OPTIMAL PREP strategies to be applied to a range of populations and training scenarios

that will promote injury resistance and keep youth active and healthy.
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Introduction

Participating in sports at an early age is attributed to numer-
ous physical and psychosocial benefits that support long-
term neuromotor development [30, 36, 54, 57, 59, 88], with
youth being a particularly ideal time period to implement
exercise-based interventions [9, 55-58, 60-62, 65, 72,
78]. The OPTIMAL theory of motor learning (Optimizing
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Performance Through Intrinsic Motivation and Attention for
Learning) [123] proposes three "pillars"—two motivational
(enhanced expectancies, autonomy support) and one atten-
tional (external focus of attention)—that may support youth
injury prevention strategies (reduction of injury risk), injury
rehabilitation, exercise performance, and play more gener-
ally (Prevention, Rehabilitation, Exercise, Play; PREP) [24,
25]. Implementation of OPTIMAL PREP training strategies
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is further theorized to promote the long-term retention of
injury-resistant motor control by capitalizing youth’s height-
ened central nervous system (CNS) plasticity and potential
for neuro-mechanistically-targeted treatments to promote
positive neuromotor adaptations [24, 25].

To facilitate the translation of theory to clinical practice,
one purpose of the present manuscript is to provide clinical
applications and tangible examples of how to implement the
proposed OPTIMAL PREP strategies for youth. Historically,
these principles have been delivered via verbal augmented
feedback or "instruction-based" methods with or without the
inclusion of simple visual feedback. An example of this is a
cone being placed in front of a patient to focus on and jump
towards in an effort to promote an external focus of atten-
tion. Prior approaches to feedback delivery has, in part, been
due to technological constraints associated with the auto-
mated delivery of more complex, augmented biofeedback,
as these methods have been limited to expensive laboratory
environments and necessitated high levels of expertise, such
as visual displays of computer-generated geometric shapes
that respond in real-time to patients’ movement mechan-
ics (deemed "technology-based" herein). Thus, a second-
ary purpose of the present manuscript is to review recent
advances in technology that support the clinical application
of OPTIMAL PREP strategies without extensive resources
or programming knowledge to reduce the burden of clini-
cians providing the most appropriate instruction-based ver-
bal feedback. Throughout the manuscript a brief summary
of behavioral literature supporting the application of OPTI-
MAL theory is provided, but we direct the reader to a more
thorough review of the extant literature and definitions of
potentially unfamiliar terminology [25]. Of note, we pro-
vide most examples within the context of patients following
ACL reconstruction (ACLR) and undergoing rehabilita-
tion, but emphasize that OPTIMAL PREP strategies can be
applied across the spectrum of youth ages—in both males
and females—ranging from pre-adolescence (~ 6 years of
age) to early adulthood (~25 years of age) [24, 25]. Impor-
tantly, we emphasize OPTIMAL PREP strategies could also
be beneficial for youth with and without musculoskeletal-
related conditions and are applicable to a wide range of
training scenarios including injury prevention programs for
further reduced risk, injury rehabilitation, and exercise per-
formance/general play more broadly [24, 25].

Enhanced Expectancies and Clinical Applications
Using Instruction-Based Feedback

Enhancing expectancies refers to boosting an individual’s
sense of confidence and "expectations to succeed in the
future", which, in turn, can better prepare the performer for
action. Enhancing patient expectancies can be achieved by
using positive/social-comparative feedback, which enhances
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conceptions of personal ability and reduces perceived task
difficulty [123]. In turn, improved patient self-efficacy, confi-
dence/motivation, and expectation for success can contribute
to enhanced motor behavior. Furthermore, enhanced expec-
tancies can even facilitate movement efficency [104]; this is
particularly relevant to ACL injury, as maladaptive (or less
efficient) neuromuscular function has been observed [17,
111] and deemed a precursor to secondary injury risk [46,
83]. ACL injury can also lead to fear of (re)injury—the most
commonly cited reason among athletes who do not return
to play [76]—potentially leading to increased muscular ten-
sion, fatigue, decreased coordination, and as a result, higher
vulnerability to future injury [3]. As these psychological
factors regarding perceived ability are critical for an ath-
lete’s successful return to sport [66, 86], it is noteworthy that
enhancing expectancies can improve self-efficacy [7, 8] and
could potentially reduce fear of (re)injury.

Practitioners, used herein to be inclusive of researchers,
clinicians, coaches, instructors, physical therapists, athletic
trainers, certified strength and conditioning specialists,
teammates, etc., can enhance expectancies within OPTI-
MAL PRERP training applications to promote injury-resistant
movement. Specifically, positive feedback can seamlessly
be provided following good repetitions or the patient’s most
effective repetitions (e.g. following the back squat: “Your
knee alignment has significantly improved from last week’s
session”). Likewise, social-comparative feedback is also
easily implementable and favorably juxtaposes the patient’s
current performance with normative performances of others
performing the same task. However, this feedback should not
be framed in a manner that would allow immediate peers
and teammates to become aware of such negative social
comparisons, or at least used with caution and with con-
sideration of how it may influence the mindset of a given
athlete [24] (e.g., “Your performance on this task is well
above average”). Self-modeling can also be achieved using
videos where a clinician displays to the patient their previous
success, such as a pre-injury video of the patient performing
a successful movement during rehabilitation. Self-modeling
can also be achieved by providing videos of models who
identify to the patient, such as an athlete from the same sport
who experienced an injury describing their personal barriers
and achievements during pre- and post-operative recovery.
For example, self-modeling has been used to promote a cur-
rent patient’s self-efficacy while also reducing pain [63] and
can reduce biomechanics associated with ACL injury risk
[87].

Lastly, participants’ confidence can even be raised by
reducing perceptions of task difficulty and/or providing fake
positive feedback. However, fake positive feedback must be
"purposeful”, such that it does not induce a level of confi-
dence that exceeds an individuals’ physical capability, poten-
tially exposing them to greater injury risk [24]. For instance,
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during a single leg hop a clinician could safely place a cone
at a distance perceived as "easy" to reach by the patient to
enhance self-efficacy before increasing the perceived dis-
tance the patient strives to jump to. As an illustrative exam-
ple with respect to youth play, instructors could even adopt
the "Ebbinghaus Illusion" that can enhance self-efficacy and
motor behavior by making targets appear larger than they
actually are [7, 8, 19, 82]. For instance, this principle could
be used in youth by creating "perceptually larger targets" an
athlete must kick a soccer ball towards; small objects could
surround a goal target to make it appear larger. Notably,
many sports performance examples likely will not induce
injury risk, but careful consideration of purposeful expec-
tancies are necessary in many medical scenarios and patient
safety should be considered as to not induce a false sense
of ability that could increase injury-risk behavior [24]. We
provide a few more specific examples within the context of
ACL injury rehabilitation in Table 1.

Autonomy Support and Clinical Applications Using
Instruction-Based Feedback

Autonomy support refers to providing learners a degree of
self-control which can positively influence self-efficacy/
motivation to enhance motor performance and learning [20,
49, 52,99, 116]. Autonomy support can be provided through
numerous means, including control over individual practice
conditions, instructional feedback that bolsters feelings of
self-control, and allowing patients numerous opportuni-
ties for choices, with even just one choice potentially being
beneficial. Like enhanced expectancies, conditions that sup-
port one’s need for autonomy can also target neuromuscular
activity [47, 48] and potentially serve as an adjunctive ther-
apy for restoration of neuromuscular deficits associated with
ACLR [84, 109]. For instance, two studies demonstrated that
participants who were allowed to choose when to receive
feedback following a series of drop landing tasks exhibited
biomechanics associated with reduced ACL injury risk dur-
ing retention and transfer tests [11, 112].

Practitioners can easily provide individuals with opportu-
nities for control during OPTIMAL PREP scenarios without

compromising daily goals and/or prescribed clinical care.
For instance, simply asking individuals the order in which
they want to do exercises (e.g., “Do you want to perform the
double leg squat or leg extension exercise first?”), allowing
them to choose when they receive feedback (e.g., “Please
let me know when you would like to receive feedback on
your squatting technique”), or providing them opportunities
to choose when they rest and/or for how long they rest are
all easily implementable methods of providing autonomy
support. Practitioners can provide motivation-boosting,
autonomy-supportive language rather than negatively per-
ceived controlling statements (e.g., “What exercise would
you like to work on next week?” vs. “Your exercise next
week will be...”). Likewise, when feedback about mechan-
ics is required to ensure safety during particularly high-risk,
dynamic exercises such as unanticipated cutting [69-71, 73],
a practitioner can be empathetic with the individual and pro-
vide clear, supportive, and detailed feedback with solutions
to problems. For instance, “I am continuously impressed by
your progress. I understand how challenging these tasks are
and would like you to consider practicing a few trials at a
slower speed so we can optimize your technique to achieve
faster progression,” in contrast to “Let’s try these tasks
again.” Lastly, the opportunity for choice can be purpose-
fully provided "incidentally" to not alter the designed care
to be provided that day. For instance, a practitioner could
ask an individual to select the background music, ask if they
would like the temperature of the room changed, or even if
there is a color of hand towel they prefer to use while exer-
cising. Such "trivial" or "task-irrelevant” choices may seem
like they would not affect motor function, but have been
supported by recent literatures [45, 53, 118, 121] and may
be particularly beneficial to youth. Trivial and task-irrelevant
choices may also be the preferred manipulation for psycho-
logically immature and relatively younger athletes; spe-
cifically, for those in controlling environments accustomed
and reliant on others for critical decision-making (a 6- vs.
19-year-old athlete) [24]. Perceiving that an athlete made
an "incorrect" task-related decision could be distressing for
those with less psychological maturity, whereas incidental/
trivial choices may be perceived as less important thereby

Table 1 Implementation of enhanced expectancies within existing ACL injury rehabilitation protocols

Existing therapeutic exercise Category of enhanced expectancies Implementation of enhanced expectancies

Russian dead lifts Positive feedback

T-test agility drill Social-comparative feedback

“You displayed excellent form during your previous set”
“You completed your last repetition considerably faster than the average time

for your sport”

Step-ups Self-modeling

Provide edited video of previous repetitions deemed superior, emphasizing

how such improvement has occurred

Single-leg balance Perceived task difficulty

Initially redefine success and allow the opposing foot to touch-down, then

progress to more challenging parameters, keeping pace with the patient’s
physical capability
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alleviating worry during or after the decision-making pro-
cess. Relatively younger athletes may also have limited
experience/expertise in OPTIMAL PREP training modali-
ties, warranting individual consideration when determining
what type of autonomy support is provided for a given task
or exercise. Specifically, autonomy support should only be
provided if it purposefully implemented and appropriately
reflects the youth athlete’s psychological maturity, experi-
ence, technical competency, task-mastery, etc.[24]. Addi-
tional autonomy-supportive examples are detailed in Table 2
using ACL injury rehabilitation as an example.

External Focus and Clinical Applications Using
Instruction-Based Feedback

The attentional factor of OPTIMAL theory emphasizes the
importance of directing an individual’s attention externally
toward an intended movement effect (i.e., an external focus
of attention) compared to body movements (i.e., an inter-
nal focus of attention) [122, 123]. The beneficial effects of
an external focus on motor behavior have been reported for
numerous tasks, skill levels, and populations [117]. Like
the motivational pillars, an external focus can also enhance
neuromuscular efficiency [110, 120, 125], but relative to the
motivational pillars, has far more empirical support for a
range of factors important for OPTIMAL PREP strategies,
including balance control [26, 27, 50, 85, 96, 124], perfor-
mance and movement accuracy [92, 95, 125], jump/hop dis-
tance [89, 91, 93, 115], and injury-resistant biomechanics
[10, 11, 14, 15, 23, 34, 40, 94, 112, 113].

As discussed previously [24], within the context of ACL
injury literature, an external focus has been used inter-
changeably with whether the augmented feedback is pro-
vided verbally or visually [6]. Augmented feedback studies
have generally shown improved performance and/or biome-
chanics associated with ACL injury risk when an external
focus is provided, whether feedback is delivered verbally/
instruction- or visually/technology-based [10, 11, 14, 15,
23, 34, 38, 40, 94, 112, 113, 120]. With respect to verbal
instruction, if a practitioner’s goal is to enhance performance
of a hop or jump (i.e., elicit a further, higher, or quicker
jump), instruction could be modified to direct an individual’s

attention to performance- or mechanic-specific outcomes
[77, 94]. For instance, if the goal is to specifically enhance
drop vertical jump height, a cue could be provided to “...
focus on getting as close to the ceiling as possible [77].”
However, when the goal is to enhance movement mechanics,
a practitioner could adhere a piece of tape on the patella and
direct the individual to "push the tape" in a direction associ-
ated with safer landing mechanics [94]. As another exam-
ple, while performing a supine "quad set" for the purpose
of re-educating the quadriceps and increasing terminal knee
extension, the simple instruction “focus on pressing into the
table” is likely adequate to create an external focus. Whether
practitioners aim to improve performance or injury-resistant
biomechanics, they should be mindful that athletes exhibit
specific responses to cues given [77, 94], with better perfor-
mance not always reducing injury risk and vice versa. Thus,
judiciously targeting the appropriate movement is critical.
To aid practitioners in the implementation of "instruction-
based" external focus strategies into OPTIMAL PREP train-
ing scenarios, examples using common knee exercises for
ACL injury rehabilitation are provided in Table 3.

Furthermore, an external focus can be additively com-
bined with enhanced expectancies and autonomy support for
potentially more robust motor learning. We direct the reader
to recent literature for more detail [24], but we are simply
referring to the utilization of all three pillars during a single
training session. A few instruction-based additive examples
are presented in Table 4 for how this could be implemented
as part of ACL injury rehabilitation.

Technologies of the Future to Integrate OPTIMAL
PREP Strategies

While traditional "instruction-based" techniques are sup-
ported with empirical evidence to enhance motor perfor-
mance and learning, recent advances in consumer-grade
technologies have provided unique opportunities for inte-
grating OPTIMAL PREP strategies for various training
scenarios. Though these technology-based modalities have
demonstrated high effectiveness for promoting injury-
resistant biomechanics and are often theorized to engage
an external focus of attention, they have historically been

Table 2 Implementation of autonomy support within existing ACL injury rehabilitation protocols

Existing therapeutic exercise Category of autonomy

support

Implementation of autonomy support

Hamstring curls Task-relevant

Gait re-training Task-relevant

Allow the patient to choose between the prone curl machine or ankle weights
Allow the patient to choose between a clockwise or counterclockwise walk

around the clinic

Short-arc quadricep sets Task-irrelevant

Heel slides on wall Task-irrelevant

Allow the patient to choose the color of their bolster
Allow the patient to select the wall on which to perform heel slides

@ Springer
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Table 3 Implementation of external focus of attention within existing ACL injury rehabilitation protocols

Existing therapeutic exercise Category of external focus of Implementation of external focus of attention

attention
Forward and lateral lunges Frequency Additively including verbal instructions that ask patients to extend past
a piece of tape placed on the floor
Clamshell Distance Verbally instruct the patient to “Concentrate on reaching for the ceiling”
Gluteal bridging Direction Verbally instruct the patient to “Press the floor away”

Plyometric training Practice variability Varying barriers, depths, directions, and bases of support

Table 4 Implementation of additive effects within existing ACL injury rehabilitation protocols

Rehabilitation Exercise Enhanced expectancies component

Autonomy support component

External focus of attention component

Standing hip abduction “Your control and balance are much
better than when you first performed
this exercise”

Allow the patient to choose between
performing this exercise at the
beginning or the end of the rehabili-

Verbally instruct the patient to “Focus
on extending towards the wall”

tation session

Single-leg squat Emphasizing to the patient their
improved endurance and ability to

perform more repetitions recently

Allow the patient to choose between
performing 3 sets of 10 repetitions
or 2 sets of 15 repetitions

Verbally instruct the patient to “Focus
on pressing into the floor”

constrained to expensive biomechanics laboratories and
necessitate the user to have expertise of several different
tools and systems (e.g., motion capture systems, augmented
reality, computer programming, etc.) [13-15, 31, 32, 35].
However, and of high relevance for OPTIMAL PREP train-
ing applications, rapidly evolving improvements in motion
capture and display equipment have drastically reduced
costs, increased availability, and enhanced user experiences
in terms of quality (e.g., higher screen resolution, faster
frame rates, immersive renderings and do not necessitate
high levels of expertise. Thus, integrating OPTIMAL PREP
strategies with such technology may be particularly useful
to practitioners who may feel overwhelmed trying to adhere
to the proposed modifications to instructional feedback such
that they can let the technology assist with feedback deliv-
ery. As clinicians and researchers may be unfamiliar with
some of the technology-related terms we use below, a brief
reference guide with descriptions is provided in Table 5.

Augmented and Virtual Reality

With the increased availability of augmented and virtual
reality technology to consumers, a wide range of software
and hardware tools have become available to researchers
and clinicians. Many of these tools often have freeware or
open-source versions available for researchers and non-
profits. For example, the Unity game engine (Unity Tech-
nologies; CA, USA) is a popular and easy-to-use software
environment for creating augmented and virtual reality
content. Additionally, for inexperienced users, there are
many free tutorials available online for Unity and other

game development platforms (e.g., Unreal Engine; Epic
Games, Inc.; NC, USA). Unity Free, available at no cost
during the time of this article’s publication, can be used
to create interactive 3D environments with complete
experimental control that is not often possible in tradi-
tional laboratory and ‘real-world’ settings. In terms of
research, augmented and virtual realities offer advantages
over traditional sports medicine experiments conducted in
pristine laboratory settings. For example, stimuli—such as
a non-player character that a participant must avoid con-
tact with—can be presented with precise timing to ensure
exactly the same experience across participants; alterna-
tively, achieving this without enhanced realities would be
momentously difficult due to the ever present variability
in human motor behavior/learning [21, 97].

For rehabilitation and research applications, audio-vis-
ual stimuli—developed in programs like Unity—can be
presented using a range of different head mounted displays
to produce controlled experiences, which both mimic and
extend real sports scenarios. For example, youth athletes’
lower extremity biomechanics were evaluated using a virtual
soccer environment that provided a realistic, but controlled,
jump-landing task that evoked context-specific movement
patterns that were specific to soccer, while allowing for
comprehensive motion analysis that would not have been
possible on the field [22, 40]. For this type of application,
when a fully immersive environment is desirable, virtual
reality head-mounted displays such as the HTC Vive Pro Eye
(HTC Corporation; TW, China), which also offers a built in
and affordable eye tracking capabilities, may be appropriate.
The Vive and similar head-mounted displays will remove the
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Table 5 Reference table of technology-related terminology

Term Description

Motion capture system

Usually, a system comprised of reflective markers that are attached to participants’ bodies and an array of

cameras that track the location of the markers that is used to digitize the movement of people

Head mounted display
to show a virtual environment

Software development kit

Typically, a small wearable device that one places over the face. Within the device is display and optics, used

A package of software development tools (e.g., libraries, documentation, compilers, and debuggers) that aid

and allow developers to create software applications for a specific hardware platform

Avatar and non-player character An avatar is a virtual representation of an individual’s body that is controllable through an input device (e.g.,
a handheld controller or motion capture system). An NPC is a character that is controlled through software

only, with no player input

Virtual reality
training or entertainment

Augmented reality
ment

Markerless motion capture

Game engine
applications

Eye tracking

Simulated experience or environment, usually including 3D visuals, that is often constructed for the purpose of
Simulated immersive experience that combines computer generated 3d objects with the real-world environ-

Technique that does not rely on tracking markers in order to digitize the movement of people
A software-development tool designed to enable the production of video games and augmented/virtual reality

Technique used to measure what or where a person is looking. A camera is often placed externally (e.g., on a

pair of glasses) that can track pupil movement

Immersion

Light detection and ranging

Graphics processing unit

The sense of being deeply engaged with a virtual reality environment or virtual task

Technique that utilizes light to measure the distance of surfaces from the sensor. It can be used to create virtual
representations of real-world objects

Specialized piece of computer equipment that is utilized to accelerate the creation of digital images. A GPU

can also be used to efficiently train and deploy machine learning algorithms

Hologram
of the original object

Inverse kinematic solvers

Specially generated 3d light field that creates an image which retains the depth, parallax, and other properties

Defined as the problem of determining a set of appropriate joint configurations based on a known (or desired)

position of the feet. Inverse kinematic solvers calculate the positions of arms or legs of avatars and NPCs

external visual field and thereby allow the subject to focus
fully on the virtual task at hand.

Alternatively, a specific application may require seamless
integration of the task with real-world objects or individuals.
In this case, the use of a head-mounted augmented reality
device, such as the Microsoft HoloLens (Microsoft Corpo-
ration; WA, USA), may be desirable. The HoloLens allows
for 3D objects to be displayed in holographic form while
also providing built in tracking of the user’s hands and eyes.
Due to the holographic presentation, the HoloLens allows
for a participant to maintain awareness of their surround-
ings, which can be essential if the task at hand cannot be
performed in isolation from other individuals or real-world
obstacles. While augmented reality has not been used exten-
sively in sports medicine, one recent study demonstrates that
its potential use in clinical settings is promising. A Holo-
Lens was used to create an augmented reality-based task
that simulated the movement patterns of game-specific spike
jump in volleyball, which effectively elicited similar bio-
mechanics to that of a competitive environment [2]. Impor-
tantly, using a wireless augmented reality device in this case
allowed training to be performed in a crowded gym envi-
ronment as participants are able to maintain awareness of
their surrounding while receiving feedback relative to virtual

@ Springer

reality. In fact a HoloLens is also being utilized as part of an
ongoing clinical trial (clinicaltrials.gov; NCT# 02933008)
to institute a program of neuromuscular training, driven by
augmented reality feedback to modify youth athletes’ biome-
chanics associated with ACL injury risk [13—15]. In general,
both augmented and virtual reality technologies can be used
to great effect when combined with other emerging tech-
nologies. For example, the addition of markerless motion
capture technologies and other tracking devices, described
below, can easily allow for virtual representations of subjects
(i.e. avatars) to be displayed and manipulated. Avatars add
immersion to virtual scenarios and provide visual grounding
for subjects to produce natural movement [102].

Despite the limitless potential for augmented and virtual
realities, we carefully point out that, for the foreseeable
future, these technologies may be limited to one-on-one uti-
lization in the clinic, with limitations for the simultaneous
application to groups of players during team-based practices
or competitions. Current augmented realities designed to
reduce ACL injury risk require kinematic and kinetic data
to stream in near "real-time" to support an interactive visual
stimulus (i.e., a geometric rectangle) that distorts as a func-
tion of an athlete’s injury-risk and injury-resistant biome-
chanics elicited during exercises [13—135, 23, 40]. However,
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current marker-based motion capture systems limit the real
time joint biomechanical analysis to a single subject, pre-
cluding the accommodation of multiple athletes in a training
session simultaneously.

Markerless Motion Capture

Current clinical and research applications often leverage
multi-camera optical motion capture systems that provide
high precision in biomechanical assessment, but these sys-
tems may cost a considerable amount, can be difficult to
re-configure, and require visible markers to be placed on the
subject. Consequently, these systems may not fit within the
budget or the available space and expertise of some smaller
organizations. They may also be less than ideal for applica-
tions that require motion capture to be performed in a mobile
setting, for example, at the home of a patient or participant.
Recently, markerless motion capture solutions have emerged
that capitalize on the significant advancements in machine
learning and computing hardware [44, 106]. Two promis-
ing examples are the Microsoft Azure Kinect (Microsoft
Corporation; WA, USA) and the Apple iPad Pro (Apple
Inc.; CA, USA). The Azure Kinect is the newest in a line of
small, camera-based devices that can enable motion capture
when paired with a high-end desktop computer or laptop.
Microsoft also provides multiple software development kits
that enable developers to leverage their graphics processing
unit-based machine learning tool for 3D joint center estima-
tion. Joint center data derived in this way can then easily be
analyzed or used to drive a real-time training or rehabili-
tation program, such as one of the augmented and virtual
reality applications described above. The iPad Pro offers an
interesting mix of motion capture and display technology.
Recently, a light detection and ranging sensor was added to
the newest iPad model, which enables high-precision 3D
motion capture and environment mapping. Although it has
not been tested for clinical applications, this could offer a
very streamlined method of both collecting and displaying
motion capture data.

Lastly, the Vive tracker (HTC Corporation; TW, China)
is another piece of motion capture equipment that has
shown promise in measuring joint rotations and positions
with research-grade accuracy and low latency (near real
time; ~5 ms) [18, 103]. The Vive tracker is part of a larger
Vive system that includes up to four infrared-emitting
base stations, two handheld controllers, a head-mounted
display, and a small tracker “puck.” With concurrent use
of the system’s tracking and display equipment, realistic
feedback about a user’s movements can be reflected in
real time in the virtual environment. While precise full
body kinematic motion capture—as provided by systems
like the Kinect—is not possible without using one Vive
tracker for each tracked body segment, a small number

of Vive trackers can be used in conjunction with machine
learning to approximate full-body tracking. One example
of such implementation would be using the Vive trackers
in concert with the Vive Pro head-mounted display and
two Vive controllers to approximate full-body tracking.
In this scenario, Vive trackers would be placed on the feet
and waist, the controllers would track hand positions, and
the head-mounted display would provide head tracking.
Additionally, software based inverse kinematic solvers can
be utilized to transform the tracking data from such a setup
into a realistic full-body avatar. Again, this may not be
appropriate when highly detailed motion capture record-
ings are required, but will provide the most frictionless
path to full-body motion tracking and avatar presentation.

Eye Tracking

In addition to the potential uses of the Vive head-mounted
display and trackers, eye tracking is also possible with the
use of a Vive Pro Eye (HTC Corporation; TW, China).
Specifically, eye tracking via the Vive Pro Eye can be used
as a supplementary tool to investigate how participants
visually explore virtual environments. From a research
perspective, this tool could even help elucidate the poten-
tial role of vision with respect to the attentional focus pil-
lar — where there is an ongoing debate whether an external
focus necessitates a person "looking" at the appropriate
stimuli [1, 67, 90]. Eye tracking may also be particularly
useful to investigate the visual-spatial processing deficits
associated with musculoskeletal injury [5, 28, 37, 39, 41,
42,75, 105, 114]. Based on fMRI data of knee flexion and
extension movements [41, 42], researchers have theorized
a framework whereby patients rely more heavily on vis-
ual-spatial information for knee motor control following
ACLR [39] and prospective data indicate reduced visual
memory and processing ability also increased primary
ACL injury risk [105]. As such, eye tracking could be used
to quantify the visual-spatial search strategies patients uti-
lize during ACL injury rehabilitation or for youth with a
wide range of musculoskeletal-disorders potentially influ-
enced by altered sensorimotor control strategies. Further,
even in the absence of augmented or virtual reality tech-
nologies, eye tracking could be used to supplement novel,
neurocognitive-based return-to-play paradigms that have
been designed to supplement traditional testing in light of
neuroplasticity, such as neurocognitive challenges added
to traditional hop testing [101]. Eye tracking could simply
be used to quantify adherence to manipulations that direct
vision, or as an exploratory variable that may be mediat-
ing/modulating the effects of a manipulation or interven-
tion across the spectrum of youth populations.
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Opportunities to Integrate Instruction-Based
Feedback with Emergent Technologies

for Optimized Motor Learning: The Future

of Exercise Performance

While the technology and research applications just
described are not directly related to the OPTIMAL theory
of motor learning, a salubrious opportunity exists to com-
bine with enhanced expectancies, autonomy support, and
an external focus of attention. Recently developed techno-
logical innovations have the potential to create highly effec-
tive PREP methods for near limitless training applications.
One opportunity for creating new training programs exist by
specifically directing a patient’s attention externally towards
augmented or virtual reality stimuli. However, in place of
verbal instruction that must be continuously provided by a
practitioner and thus increases staffing resources, a computer
program could instruct an individual to keep a horizontal
virtual line—displayed within a head mounted-display using

3

BOSUBALL
Bl SQUAT

Fig. 1 Image demonstrates an approach to integrate all three pillars of
OPTIMAL theory during a training session. Specifically, this individ-
ual is being provided feedback through a virtual reality headset while
performing squats on a BOSU® ball. Importantly, the participant is
provided with four choices of exercises to promote autonomy support
(BOSU® ball exercise colored yellow; other three exercises shaded
blue indicating they were not chosen). A blue colored bar provides

@ Springer

two Vive trackers—to elicit an external focus of attention
(see Fig. 1). This provides several advantages as individu-
als can easily focus their attention towards the display (and
concurrently their own performance) without looking down
at their feet (BOSU® ball in this example), which detracts
from proper form and execution on the task [68]. Addi-
tionally, performance can be easily quantified through the
recorded positional data of the Vive trackers. This data may
be used to quantify individual training session performance
or potentially progression throughout rehabilitation. While
this is only one specific example of how external focus and
technology can be combined, there are numerous opportuni-
ties—from rehabilitation after a spinal cord injury [81] to
baseball pitch training [108]—for integrating technological
advancements with OPTIMAL PREP strategies.

The ability to quantify performance across individual
training sessions provides excellent opportunities for further
integrating enhanced expectancies and autonomy support
into any technology-based training program. For instance, a

biofeedback via a level indicator streamed in near real-time by the
black sensors attached to the BOSU ball that an individual can attend
to for promoting an external focus. The blue feedback bar can also
be positively biased with largely green and yellow colors indicating
good performance to enhance purposeful expectancies (the program
could restrict the bar moving into the "red" as a function of individual
physical capability while maintaining their safety)
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practitioner could easily modify the stimulus to only provide
purposeful feedback to enhance expectancies of individu-
als, safely (colored green in Fig. 1). For instance, positive
feedback could be provided that challenges the individual
without extending past their physical capability. As such, the
practitioner is not required to provide the purposeful feed-
back, rather the technology would do this automatically and
could be systematically programmed to not exceed an indi-
vidual’s constraints. Furthermore, autonomy support—spe-
cifically allowing participants choice in training programs—
can easily be achieved by providing a "gamification" of the
individual session via technology. Gamification is the pro-
cess of incorporating game features like social interaction,
rules and goals, and control into traditionally nongame set-
tings, such as classrooms, in order to increase the outcomes
and effectiveness of training programs [33, 51, 126]. While
practically all sports related activities inherently possess at
least one gaming element, current rehabilitation and injury
prevention/risk reduction strategies are specific areas that
could benefit from increased gamification integrated into
current practice. Gamification may be particularly beneficial
in youth injury rehabilitation programs following the ces-
sation of sport participation as motivation, autonomy, and
numerous other psychological factors are impaired during
recovery [107]. Moreover, there is a substantial body of liter-
ature that indicates gamification can increase motivation lev-
els and engagement with learning programs while improving
learning outcomes [33, 126]. However, gamification may
be more appealing to relatively younger or psychologically
immature athletes who require additional stimuli to main-
tain cognitive engagement. In contrast, some relatively older
youth may have more exposure to video/computer games,
cell phone games, etc., thus gamification may be particu-
larly beneficial for these athletes. Though future research is
needed, age and psychological maturity should be carefully
considered before gamification is employed. Likewise, age
and psychological-related factors should always be consid-
ered before any of the other aforementioned technologies or
strategies are implemented with OPTIMAL PREP.

Despite the lack of empirical support for gamification of
rehabilitation and injury prevention programs within sports
medicine, there are opportunities to incorporate features of
games to similarly increase motor learning and training out-
comes. For instance, and as seen in Fig. 1, the individual
chose the BOSU® Ball exercise (highlighted yellow), with
other exercises that were not selected still displayed, but
shaded blue/gray (indicating the individual did not choose
those). Likewise, the "gamification" of feedback provided
to users—provided either before, during, and/or after an
exercise—can be systematically programmed in light of
scientific findings (or manipulated/tailored to individual
progression). The timing of feedback is a key component
of OPTIMAL theory and successful motor learning in

general [64]. Thus, the technological opportunities to not
only program what feedback is provided, but when feed-
back is delivered via PREP strategies can further mitigate
practitioner burden. While the timing (prior to, real-time
or after exercise) of feedback is important, strategic imple-
mentation of OPTIMAL PREP should consider a number
of factors such as the desired outcome, the task itself, and
individual/environmental constraints, warranting future
research. A general consensus is that a trainee should not
become "dependent” on feedback—whether that feedback
is provided prior to, during, or after a movement and how
much is actually delivered—the specific nuances of when
to provide feedback and exactly how much is outside the
scope of this commentary. However we direct the reader to
existing literature on this topic that can provide guidance
on this topic [4, 43, 80, 98, 100, 119], and is a promising
avenue for future OPTIMAL PREP research. Lastly, the
advantages of integrating technology with OPTIMAL PREP
strategies extend beyond the benefits provided to the user.
With the lower cost of these potential systems and continued
expansion of telehealth [29], it is reasonable to expect that
a portion of training scenarios will take place away from a
clinic or specialized training facility. Integrating technol-
ogy—specifically the ability to remotely access objective
data acquired by the devices—will allow practitioners to
monitor progression throughout training and appropriately
adjust it based on objective, quantified data.

Summary and Future Directions

In addition to the limitations noted in previous OPTIMAL
PREP literature [24, 25], limitations of the practical appli-
cations proposed warrant discussion. Firstly, some of our
instruction-based examples use tasks that have not been
empirically studied for every youth population, age range,
and/or training scenario, precluding conclusive insight into
the potential widespread effectiveness of OPTIMAL PREP
strategies. However, the extant motor learning literature in
numerous related populations, ages, and tasks [123] supports
the opportunity for all three pillars to be effective for youth
injury resistance and exercise performance. Secondly, while
relatively uncommon, some individuals may experience
cyber sickness with aspects of technology-based approaches,
such as while interacting with virtual reality environments;
hypothesized to arise from sensory conflicts involving affer-
ent signals from the visual, vestibular, and somatic systems
[12, 16, 79]. However, the likelihood of cyber sickness can
be reduced by having the visual field correspond in a one-to-
one fashion to individual movements [74]. Lastly, our pro-
posed technologies of the future, while more accessible than
those prior, are not completely free of resources or technical
expertise. Indeed, current and emergent technologies will
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continue to require an appropriate level of technical compe-
tency and familiarity with a given technology, particularly
if practitioners aim to synchronize multiple devices, utilize
‘real-time’ data streaming, and/or implement research-grade
protocols utilizing in-house programming. Fortunately,
there are many free online tutorials that practitioners could
complete to achieve higher technical competency and more
technological familiarity. Furthermore, extensive program-
ming knowledge may not be needed, or only to a very basic
extent, as numerous openly accessible platforms for code-
share (e.g., Github, Gitlab) and data-share (e,g, Figshare,
Dryad, Zenodo) have emerged.

Despite currently known limitations, we have proposed
a conceptual framework for the application of OPTIMAL
PREP training strategies in youth [24, 25]. Importantly, we
do not suggest traditional training methods such as strength
training principles be superseded, rather highlight their
potential for enhancement through the additive inclusion of
the pillars supporting OPTIMAL PREP. Traditional, con-
temporary, and emergent injury management and exercise
performance programs, with any level of current effective-
ness, could potentially benefit from incorporating "instruc-
tion-based" recommendations and/or future technologies
without a significant disruption to their current approaches.
Despite minimal widespread clinical implementation, we
anticipate future research to further deconstruct the man-
ner in which OPTIMAL PREP strategies may interact with
other important training-related variables for injury resist-
ance, such as loading/periodization, psychological factors,
and/or age-related factors associated with general physical,
emotional, and psychological maturity. In summary, we
are excited for the future applications of OPTIMAL PREP
training strategies whereby clinicians and researchers work
together to support an active, healthy, and injury-resistant
lifestyle across the spectrum of youth populations, in both
males and females.
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