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Anterior Cruciate Ligament (ACL) injuries are common in athletic populations and there
are many factors that contribute to a return to play decision. Human movement is diverse
and variable, and it is important for patients recovering from an ACL injury to develop a
variety of movement strategies for athletic performance. Variability of movement during
sport may help to decrease injury risk by preparing the individual to handle many
different situations and improve problem solving. ACL injuries result in
neurophysiological dysfunction due to a disruption of the afferent information from the
native mechanoreceptors in the ligament. Following injury, the brain enters a
neuroplastic state and can adapt and change positively or negatively based on the
rehabilitation or lack thereof. This commentary presents a novel framework for
rehabilitation called the Neuroplastic Adaptation Trident Model that takes into account
respected methods for attempting to achieve positive neuroplastic changes. This
structured framework provides clinicians with reproducible methods to employ as part of
the rehabilitation process to maximize motor control and motor learning. Suggested
dosage and implementation are proposed to lead to a consistent and gradually
progressive challenge throughout the entire rehabilitation process that takes advantage
of the time from surgery until return to play. The purpose of this clinical commentary is
to describe the Neuroplastic Adaptation Trident model and provide examples for clinical
implementation. This method should be studied further to determine true effectiveness;
currently, it is presented as a theoretical model based on best current evidence regarding
ACL injury and rehabilitation of neurophysiologic dysfunction.

Level of Evidence
5

THE PROBLEM a young, active population.* These data tend to come from
larger studies with heterogeneous populations, making it
difficult for clinicians to apply the information to a specific
patient. Insurance limitations can place a burden on clini-
cians by limiting them to a small number of visits over an
almost year-long recovery process. Even when clinicians do
have regular contact with the patients, the heterogeneity of
physical therapy interventions across clinicians creates fur-
ther confusion within outcome data.

ACL rehabilitation is not a new phenomenon, with the
first published cases coming at the turn of the 20th cen-
tury.> Despite thorough research conducted over the last

The Anterior Cruciate Ligament (ACL) is an important sta-
bilizing structure in the knee for individuals that wish to
perform regular cutting activity. ACL injury rates vary
among different populations, but there are an estimated
200,000 ACL injuries annually with 75% of those undergo-
ing reconstruction within the first year.1:2 Further compli-
cating the assessment of the overall cost of ACL injury is the
high rate of re-injury that occurs after an individual has re-
turned to their desired level of activity, with estimates on
average at 20%3 across all populations and as high as 29% in
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fifty years, several variables remain at play that make it
difficult to determine best practice for both surgical and
rehabilitation techniques. Graft selection, patient compli-
ance, and insurance limitations are just some of the con-
founding variables that relate to the success of a primary
ACL reconstruction (ACLR). As the understanding of biome-
chanics, tissue healing timelines, and neuromuscular con-
trol mechanisms has improved, so too have the rehabilita-
tion protocols. Over the last decade there have been several
attempts to identify the underlying causes behind high re-
injury rates, and each piece of research evidence adds to the
depth of clinical understanding of the problem.

Return to sport testing is one of the efforts made to de-
crease the risk for secondary injuries following an ACL rup-
ture, but there is still considerable debate on what com-
prises the best battery of tests. Clinicians typically utilize a
combination of strength testing, hop testing, and patient-
reported outcome measures to inform a return to sport de-
cision, but Losciale et al. recently published a systematic
review that demonstrated the lack of a significant asso-
ciation between passing these tests and a second injury.’
There is evidence to support the use of several different
components within a return to sport cluster, but there is no
consensus in the evidence on which combination of com-
ponents to utilize.” Several authors have examined quadri-
ceps strength between limbs and found persistent asymme-
tries after ACLR.8~1! The uninjured leg gets weaker in the
post-operative phase, however, and using it as a compara-
tive standard could lead to an overestimation of individuals’
symmetry and knee function. Normative values compared
to bodyweight may therefore be a better measure.812 An-
other promising component of the return to sport cluster
is psychological readiness following injury. Factors such as
not trusting the knee or fear of new injury contribute to
poor outcomes following ACLR,!3:14 and outcomes assess-
ing emotions, confidence, and risk appraisal have shown
predictive ability to determine likelihood of return to
sport.15-17

In addition to modifiable factors like strength and psy-
chological readiness, other factors have also been studied.
Time has been shown to be an especially important consid-
eration. When return to sport is delayed from six to nine
months, the re-injury rate can be reduced by more than 50%
for each month of delay.!! Beischer et al. recently found
that young athletes who return to sport before nine months
have a re-injury rate seven times that of their counterparts
who delay return to after nine months.!8 There are many
possible explanations for why time is an important compo-
nent; however, it likely is a factor of an increased opportu-
nity to build strength and gain confidence.

The problem with looking at any single variable is that it
inherently leads to a linear model for explaining injury risk
by taking that variable and drawing a conclusion directly
from it. Bittencourt et al. suggest that a complex systems
approach is more appropriate for injury prediction because
of its reliance on probability rather than direct causality.1?
The authors discussed the importance of recognizing that
relationships exist among many different determinants,
and that the interplay of those relationships is constantly
changing based on how the variables interact with each
other. Ultimately, a pattern will emerge from the determi-

nants, and that, too, will provide recursive feedback into
the system, which will continue to react and adapt to the
changing environment. When taking the complex systems
model into consideration, the fact that psychological vari-
ables, isolated quadriceps strength, and time from surgery
can all be components in re-injury risk starts to become
clearer.

Time from injury seems to have the most promise for
reducing injury risk, but by itself time is a confounding
variable in this sense. There needs to be a better expla-
nation for why time from injury matters. One likely ex-
planation for the importance of time from injury is the
concept of variability of movement. Traditional views on
variability of movement have suggested that there was “one
correct movement pattern” and that any alterations from
that should be adjusted. Dynamical systems theory sug-
gests, however, that variability is inherent in human move-
ment, and both necessary and ideal for normal function.20
Expert-level performance in several different athletic
events, for instance, has been shown to have high levels of
variability within the body part, leading to low variability
for output and very consistent outcomes.20 Bartlett et al.
believe that the variety of potential movement patterns is
important because of the flexibility it provides to account
for unanticipated changes in the environment.20 Several
authors have demonstrated that when attending to a ball
during a cutting task, subjects exhibit changes in knee, hip
and trunk biomechanics.21:22 Regardless of the implications
that these findings have on injury risk, it certainly suggests
that there is not one single way that patients will move to
perform a cutting maneuver, and that attentional resources
play a role in movement performance. Training variable
movements in a variety of settings is imperative to safely
prepare a patient for return to a dynamic environment. Har-
bourne et al. advanced the dynamic systems approach by
providing guidelines for physical therapists to use to pro-
mote motor learning utilizing movement variability.23 By
increasing task and environmental complexity, the patient
can practice and ultimately can learn how their efforts cre-
ate an effect on their surroundings. Initial performance will
be erratically variable and poor as they attempt to acquire
control over the novel skill. That performance will tran-
sition to relatively low variability as they focus on their
efforts and demonstrate improvements. Finally, they will
transition to a consistent level of variability as the patient’s
skill can be translated to increasingly complex situations.
Does time as a decision factor merely allow for the higher
likelihood that the patient transitions out of that middle
phase and into the advanced phase? If time is truly just al-
lowing the patient to learn more movement strategies and
increase their variability, is there some way to accelerate
that process? Current ACL rehabilitation methods fail to ef-
ficiently address movement variability, movement pattern
acquisition, and long-term motor pattern retention. The
purpose of this clinical commentary is to describe the Neu-
roplastic Adaptation Trident Model and provide examples
for clinical implementation.

THE SOLUTION

In order to best understand rehabilitation and return to play
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considerations, one must first understand the pathological
process that occurs as a result of the injury. Surgical man-
agement for an ACL tear aims to correct the biomechani-
cal function of the ligament, but it is unable to address the
neurosensory component. The ACL contains afferent nerve
fibers connecting via the articular branch of the posterior
tibial nerve.24 Those nerve fibers are primarily located near
the femoral attachment of the ligament and provide impor-
tant joint position sense through Pacinian, Ruffinian and
Golgi-like mechanoreceptors.24 Without the mechanore-
ceptors a noticeable gap develops in the afferent informa-
tion regarding joint position and movement that the brain
receives. In addition to the lost afferent feedback, the re-
flexive muscular splinting mechanism that comes with ACL
quick stretch is also lost.2> After ACL rupture, when the
connection to the articular branch of the posterior tibial
nerve has been lost, the brain enters a neuroplastic state in
order to compensate for the loss. Neuroplasticity is a state
of cortical adaptability and refers to the broad idea that
the brain can adapt and change based on internal and ex-
ternal stimuli. Some of the potential mechanisms include
synaptogenesis, neurogenesis and neurochemical changes,
although specifics remain the subject of considerable de-
bate.26 It is generally accepted that the brain is a plastic or-
gan and, when input changes occur, the brain will adapt to
those changes.

Functional magnetic resonance imaging (fMRI) studies
conducted on individuals following ACL reconstruction
demonstrate changes in cortical and cerebellar activation
patterns.2%28 Specifically, increased activation in the pri-
mary motor cortex, secondary somatosensory area, and lin-
gual gyrus suggests that ACL injury and subsequent recov-
ery change how the brain functions.2” Additionally,
decreased activation in the cerebellum suggests a loss of
automaticity in movement and an increased need for at-
tentional awareness.2” In addition to those changes in ac-
tivation, Zarzycki et al. measured resting motor thresholds
(RMT) of the motor cortex using transcranial magnetic
stimulation (TMS) and demonstrated decreased corti-
cospinal excitability as soon as two weeks following ACL re-
construction.2%:30 To date there have been no intervention-
specific studies looking at the effect that rehabilitation can
have on this parameter, but multiple studies have shown
that corticospinal excitability changes occur after ACL re-
construction, and that they persist for years.31=3¢ This
breadth of research supports the postulation of Kapreli et
al. that ACL injuries cause dynamic changes to the central
nervous system, and that these injuries should be consid-
ered “neurophysiologic dysfunction, not a simple periph-
eral musculoskeletal injury”.28 The brain clearly enters a
neuroplastic state following ACL injury, but neuroplasticity
is not inherently goal-oriented or directional. Plasticity
changes can be influenced by behavior and rehabilitation
methods, or a lack thereof. Grooms et al. proposed that an
increased reliance on visual feedback and internal locus of
control during rehabilitation could potentially explain neg-
ative changes that occur after injury.3°

In order to best understand rehabilitation goals for sen-
sory interaction, it is important to first examine a normal
state. Extensive research and modeling has been completed
on the process by which the central nervous system

processes and utilizes sensory input to maintain static bal-
ance, known as sensory reweighting.30:37 Peterka describes
a closed feedback loop system, where information from the
proprioceptive, visual, and vestibular systems are dynam-
ically interpreted, weighted, and acted upon, with the re-
sulting system output being fed back in as a new systemic
input.38 The brain adjusts, or reweights, the relative con-
tribution of each of the sensory systems based on the de-
mands of the environment. In a relatively stable environ-
ment, where changes to the visual and proprioceptive
system are occurring slowly, around .5 deg/sec, the brain re-
lies heavily on the proprioceptive (50% relative contribu-
tion) and visual (33%) systems, with relatively minor in-
fluence from the vestibular system (17%).38 However, when
the dynamic changes to the environment increase, as is ex-
pected in athletic participation, to a faster speed, 8 deg/sec,
the brain reweights the relative contributions to rely almost
exclusively on the vestibular system (82% relative contribu-
tion) with the proprioceptive (15%) and visual (3%) systems
developing a diminished role.38 Although there may be lim-
ited validity in extrapolating from this data to a chaotic ath-
letic environment, understanding how the brain reweights
sensory contributions to balance is very important for reha-
bilitation purposes.

In an attempt to maximize the neuroplastic state of the
brain and contribute to positive changes, clinicians need to
take into account the principles of motor control and mo-
tor learning. Motor learning is the process of acquiring or
altering motor skills to create a permanent change in per-
formance.3? There are several different models that have
been developed to explain motor learning, but they include
common factors or variables such as feedback, cueing, focus
of attention, rehearsal schedule, contextual interference,
task relevance, and amount of practice. Fitts and Posner de-
veloped a model of motor learning based on a continuum
of cognitive, associative, and autonomous stages.40 In the
cognitive stage the patient must develop an awareness of
the desired task and how to control the movement. They
will transition to the associative phase when they begin to
utilize the trained movement pattern in other tasks or en-
vironments to which they devote attentional resources. Ul-
timately, the patient needs to transition to the autonomous
stage, where they unconsciously select that movement pat-
tern during the appropriate tasks. An individual’s relative
stage of learning dictates what other factors can be utilized
to influence motor learning. For example, if the individual
is in the cognitive stage of learning, a clinician may only be
able to alter one variable at a time, (e.g. practice schedule),
whereas an individual in the autonomous stage may need
to have multiple variables altered at a single time (e.g. con-
textual interference, feedback, and attentional focus). To
best address the various stages of learning, a clinician must
have strong understanding of the various tools or strategies
available to influence motor learning.

An easy starting point for motor learning discussion is
the use of rehearsal schedule, which can be divided into
blocked, serial, or random practice. Blocked practice utilizes
high repetitions of a single task and should be dedicated
to novel movements or movements with high complexity. It
leads to improved performance quicker than other rehearsal
schedules, but it displays limited retention of the specific

International Journal of Sports Physical Therapy



The Neuroplastic Adaptation Trident Model: A Suggested Novel Framework for ACL Rehabilitation

skill. Serial practice incorporates several tasks in a repeated
pattern and should be utilized as the individual progresses
into the associative stage of motor learning. To maximize
retention and transition to the autonomous stage, random
practice, or, multiple movements performed in an undeter-
mined order, is necessary. Random rehearsal will result in
an initial decrease in performance, but an increased abil-
ity for the individual to perform the skill at a later point in
time.#1 Randomized rehearsal is superior to blocked prac-
tice in terms of retention of a specific motor skill due to
contextual interference.4!

Gokeler et al. outlined the principles of motor learning
as they can be utilized for ACL rehabilitation, and identified
four key concepts to consider: external focus of attention,
implicit learning, differential learning, and self-controlled
learning and contextual interference.? Internal focus is
when one’s attention is on the movement of a body part,
whereas external focus directs the individual’s attention to
the effects of the movement on an interaction with the en-
vironment.*3 Providing an external focus of attention ac-
celerates the learning process, and a higher level of skill
is achieved sooner due to the utilization of unconscious
processes.4445 In coordination with external focus of atten-
tion is the use of implicit learning, which emphasizes cue-
ing related to how the movement feels, rather than a spe-
cific set of instructions. Implicit cues like “land softly” or
“explode off the ground” assist in developing anticipatory
skills and decrease the cost of attentional resources needed
to complete a task.42

Differential learning takes the concept of rehearsal
schedule and incorporates variability of movement skills.
Differential learning relates to the dynamical systems ap-
proach discussed by Bartlett et al. by randomizing the per-
formance of several tasks that all address the same general
movement pattern.20 Contextual interference bridges a gap
between cognition and skill acquisition in which interfer-
ence by cognitive or physical means leads to higher levels of
learning and retention of a specific skill, despite an initial
decrease of performance.*46 By shifting attentional re-
sources to a secondary focus, the individual learns to ex-
ecute the primary task automatically, instead of with con-
scious control. Initially the decreased ability to focus
cognitive resources on the task will hinder performance, but
as the brain adapts to the new challenges and inputs, it will
develop new movement strategies and increase the variabil-
ity of available movement patterns. Self-controlled learn-
ing is an important motivation tool to keep the individual
committed to the rehabilitation process. Patients who are in
control of the situation, even in simple ways, are more likely
to become invested in the process.

Wulf et al. dove deeper into the concepts of motivation
and attention in developing the OPTIMAL theory of motor
learning.#* OPTIMAL is an acronym for Optimizing Per-
formance through Intrinsic Motivation and Attention for
Learning, and the authors emphasize self-efficacy and con-
trol. According to the OPTIMAL theory of learning, an in-
dividual with no autonomy and low expectations will in-
herently have a more internal focus and decreased
performance. That decreased performance will feed back
into the system, further decreasing expectancy for perfor-
mance and harming future attempts. However, an individ-

ual who has higher autonomy and enhanced expectations
will focus more externally on the task, leading to improved
motor performance.*4

The theoretical frameworks developed by Gokeler et al.
and Wulf et al. are excellent resources to work from but
fall short of providing a practical structure to rehabilitation.
One consideration that is noticeably absent is dosage vol-
ume. In orthopedic injury, research assessing adequate
dosage for motor learning is sparse, but stroke research sug-
gests that larger amounts of repetitions result in better out-
comes.*” The physical act of a repetition is only part of
the process of motor learning, however, and the cognitive
processes of problem solving and movement selection also
need to be considered.#® When learning new motor pat-
terns, individuals should not simply repeat the result of a
solution over and over (blocked practice), but rather should
practice the act of problem solving.4? Individual variability
for movement pattern acquisition mandates that optimal
dosing will not likely be a single value for each patient, but
needs to be individualized.*”

Another prominent motor learning method for neuro-
physiologic dysfunction is constraint-induced movement
therapy (CIMT), developed by Taub et al.50 CIMT was de-
signed to treat functional loss as a result of stroke, but it is
based on the concept of neuroplasticity. The main princi-
ples of CIMT are repetitive, task-oriented training for sev-
eral hours a day, a transfer package to employ new skills
from the clinic into the real world, and constraining the pa-
tient to utilize the affected body part.5! Major takeaways
from this model are the concept of the transfer package and
the regular utilization of the new skills in real-life situa-
tions.

The combination of these models and systems led to
the development of a novel framework for structuring the
prescription of exercises to maximize positive neuroplastic
adaptations following ACL reconstruction. The primary
goals for the model are to accelerate the motor learning
process in order to maximize movement variability and pre-
pare athletes for safe return to a chaotic athletic environ-
ment. This framework (outlined below) demonstrates uti-
lization of a staged approach to ACL rehabilitation. The
Neuroplastic Adaptation Trident Model is a treatment
framework developed to practically implement motor learn-
ing principles into orthopedic rehabilitation. It is based on
a “trident” of neuroplastic exercise in which the base of the
trident represents sensory stimulus, and each prong repre-
sents decision-, reaction-, and distraction-based tasks, re-
spectively. Complexity of tasks can be increased by incorpo-
ration of one or multiple prongs of the trident (Figure 1).

Sensory stimulus is the base-level component that clini-
cians need to consider in all interventions to maximize sen-
sory re-weighting during exercise. Rapidly changing envi-
ronments require more vestibular and proprioceptive input,
and so rehabilitation methods should minimize reliance on
the visual system. There are two methods to challenge sen-
sory stimulus, through isolation (targeting a single system)
or combination (targeting two systems simultaneously). In
order to train the sensory systems, a clinician can control
information in three ways: decreased input, absent input,
and incorrect input. Clinicians can choose to challenge each
of the sensory systems in a variety of ways, in order to de-
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Table 1: Sensory Stimuli

Definition: manipulate the visual, vestibular, and/or somatosensory systems to promote differential learning and contextual
interference while decreasing reliance on the visual system through sensory re-weighting.

Involved Systems: Methods of Control: Manipulation Options:
Somatosensory Decreased input Isolation
Visual Absent Input Combination
Vestibular Incorrect Input

Table 2: Single Leg Balance: Sensory Manipulation Methods

Somatosensory Visual Vestibular
Change in footwear or Stroboscopic glasses, pinhole Head turns, head circles, head
Decreased
surface glasses alphabet
Absent Unable Eyes closed or covered Unable
Incorrect Airex, BOSU, etc. VR goggles Unable

This example provides several options that a clinician can utilize first in isolation and then in combination as the patient performance improves.

Table 3: Decision Possibilities

Definition: a primary task execution based on an external cue in order to introduce randomization.

Types of Decision:

Methods of Cueing:

Cueing Options:

Either/Or Visual

Responsive

Multiple Options Auditory

Arbitrary

crease reliance on that particular system during the tasks
(Table 1).

The somatosensory system is challenged with decreased
or incorrect input through changing the surface-to-limb in-
terface, or by changing body position for the task. The vi-
sual system is the easiest to manipulate and can be chal-
lenged in any of the three methods mentioned. Clinicians
can decrease visual input through the use of stroboscopic
glasses or pinhole glasses, forcing the brain to de-prioritize
the visual input it is receiving. Additionally, visual input
can be removed by closing or blocking the eyes. And finally,
the clinician can provide incorrect visual information
through the use of virtual reality (VR) goggles. This tech-
nique forces the patient to continue utilizing their visual
system, but only for cognitive tasks and not for relevant
balance information. The vestibular system is challenged
by dynamically changing the head and eye position and
movements. By isolating and combining the sensory sys-
tems clinicians can address differential learning and con-
textual interference to maximize motor learning, as well as
induce constraints on the systems being utilized to isolate
deficits. The therapist may choose not to manipulate sen-

sory stimuli during an intervention, but it should always be
the first consideration due to the known importance of de-
creasing reliance on visual information. See Table 2 for ex-
amples.

The first prong of the trident builds upon the foundation
of sensory stimulus considerations and adds complexity.
Any rehabilitation exercise can be considered a primary
task, and decision-based tasks are defined as altering a pri-
mary task based on an external cue. Decision-based tasks
introduce randomization into task performance and em-
phasize the process of problem solving as an exercise itself
(Table 3).

The first component is the number of options available.
A simple task involves an either/or option that includes an
option of left vs right or even “go” vs “stop”. More complex
tasks will include multiple options and a variety of tasks.
Additionally, clinicians can increase complexity by chang-
ing the mode of stimulus for the cue. Simple cues can be
auditory or visual with a direct connection between the cue
and the tasks, so that the patient can respond without addi-
tional cognitive processing. Complex cues can also be audi-
tory or visual, but they are arbitrary and not related directly
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Table 4: Decision-Based Task: Lunge Example

Visual

Auditory

Either/Or Responsive

Point to Left or Right

Say “Left” or “Right”

Multiple Options Responsive

Mirror Left, Right, Forward, Backward

Say “Left”, “Right”, “Squat”

Either/Or Arbitrary Green light = Right

Red light = Left

Odd numbers = Left
Even numbers = Right

Multiple Options Arbitrary Green light = Right
Red light = Left

Blue light = Squat

Odd numbers = Left
Even numbers = Right
Clap = Squat

Example of how to incorporate decision-based principles into a simple lunge exercise. Rather than blocked dosing with a set number of repetitions, these options introduce random

practice and contextual interference.

Table 5: Reaction Possibilities

environment.

Definition: Introduce contextual interference to the primary task by including a secondary task that involves interacting with the

Types of Reaction: Methods of Perturbation: Methods of Motor Skills:
Perturbation Push Known Outcome
Motor Skills Pull Random Outcome
Unknown

Table 6: Jump: Perturbation Reaction Methods

inair inair

Push Pull Unknown
Simple Push to left in the air Pull to left in the air Might be a push to left or might not be during
jump
Complex Push either to left or forward Pull either left or forward Might have a push in any direction or no push

to the tasks. Colors or random words/numbers are utilized,
and the patient must add a cognitive processing compo-
nent to determine what particular task the cue correlates to.
The clinician will need to decide whether to cue before the
movement in order to simply randomize the task, or cue af-
ter the task has been initiated to challenge real-time prob-
lem-solving ability. Decision-based tasks emphasize exter-
nal focus and implicit learning as the patient interacts with
their environment. The randomization of practice facili-
tates improved problem solving, and picking appropriate
tasks will force the patient to utilize the affected body part.
Table 4 provides examples.

As the patient becomes more proficient in the primary
skill, the clinician needs methods to challenge the perfor-
mance of that movement with secondary tasks. The second
prong of the trident is reaction-based tasks, which are sec-
ondary tasks that a patient must complete while still per-
forming the primary movement (Table 5).

The addition of a new challenge will decrease the atten-
tional resources available for the primary task and force the
patient to interact with a stimulus in their environment.
Reaction tasks are either perturbation based, where the

clinician provides a stimulus to body position, or motor skill
based, where the patient must complete a hand/eye skill.
Simple perturbation reaction tasks are typically uniplanar
with a single known push or pull stimulus. Complex pertur-
bation reaction tasks can become multiplanar and incorpo-
rate the addition of unknown stimuli (Table 6).

Simple motor skill reaction tasks include a secondary
task with a known outcome, such as catching a ball. Com-
plex motor skill reaction tasks incorporate a decision-based
component into the secondary task, requiring the patient
to process information and change performance of the sec-
ondary task based on the environment (Table 7).

Reaction-based tasks continue to build on an external fo-
cus of control and add contextual interference through ran-
domizing practice. Like decision-based tasks, reaction tasks
force the patient to practice problem solving and lead to an
acquisition of more motor patterns, contributing to greater
movement variability.

The final prong of the Trident builds on complexity by
utilizing cognitive resources to complete an additional
challenge and/or tertiary task. Distraction-based tasks in-
crease the cognitive load for something that is unrelated to
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the primary tasks and can be accomplished by utilizing the
principles of decision and reaction-based tasks (Table 8).

Simple distraction tasks utilize a primary motor task that
the patient is working to develop and incorporate a sec-
ondary task that changes the attentional focus. This can in-
clude questions based on semantic knowledge and progress
to questions based on problem solving. Complex distraction
tasks will include a reaction and/or distraction secondary
task and incorporate a tertiary level component to the ex-
ercise. Distraction-based tasks have a strong emphasis in
contextual interference and external focus of control. They
challenge the problem-solving process, and utilize atten-
tional resources, increasing the automaticity and autonomy
for the primary task. Table 9 provides examples.

There are several considerations regarding dosing that
need to be addressed. The first consideration is deciding
when to implement neuroplastic interventions and how of-
ten they should be utilized. Based on the CIMT research,
our model recommends implementing sensory stimuli and
decision-based tasks immediately as part of the rehabilita-
tion process. These methods should be utilized repetitively
throughout the day as part of the home exercise program,
and it is imperative that clinicians target the transfer pack-
age through patient education on incorporating these daily
movement skills. There are simple phone applications that
can create a random yes/no stimulus that patients can use
for either/or decision-based tasks. Not only can the patient
change sensory input through foot placement on a pillow/
blanket/towel, eyes open vs closed states, and head turns
horizontal or vertical, but they can at least introduce a serial
practice schedule by cycling through different combinations
of those states during exercises like weight shifts, squats,
lunges, etc. Stroke research on neurophysiological dysfunc-
tion tends to recommend high dosage for motor learning,
but there is no clear consensus on exactly what that volume
should be; additionally, there are recommendations to indi-
vidualize dosing.52 Hauptmann et al. found that for healthy
individuals, improvement between sessions for a motor task
was based on their proximity to saturation, defined as a
plateau in performance that is individually—determined.s3
With these findings in mind, the authors recommend that
the majority of a rehabilitation session be conducted using
this framework, but that each exercise be assessed individ-
ually for qualitative saturation. The important thing for the
clinician to watch for is a plateau in performance, which
will not necessarily come at ideal performance within the
session. If the patient completes 5-10 repetitions consecu-
tively without any improvement in performance, the clini-
cian should move on to a new task. Based on the authors’
experience, patients tend to demonstrate improvement
with at least one in-person session per week, as long as the
patient is motivated and committed to continuing to prac-
tice these principles as part of a home exercise program.
Additionally, autonomy of the patient must be considered
in order to enhance motivation. The patient should be an
active participant in selecting exercises and given options
to choose from throughout the session.

STAGE 1

The primary goals during the acute phase of rehab are man-

Figure 1: Neuroplastic Adaptation Trident Model

Visual representation of the Neuroplastic Adaptation Trident Model with the
base representing sensory stimulus that should be considered with all interven-
tions. The three prongs correspond to Decision-, Reaction-, and Distraction-
based tasks that can be implemented to increase complexity.

Table 7: Single Leg Balance: Motor Skills Methods

Known Outcome: Random Outcome:

Catch a football Catch colored ball:
Red= Right hand

Green= Left hand

Catch asstick thatis 3
colors, instruction on
which color to grab in air

Kick a soccer ball

This example shows both known and random outcome tasks that the patient will have to
complete while working on single leg balance.

Table 8: Distraction Possibilities

Definition: a secondary or tertiary task that incorporates a
cognitive challenge to increase demand for attentional
resources on something unrelated to the primary task.

Task Options: Difficulty Options:
Secondary Simple
Tertiary Complex

aging joint effusion, restoring full knee joint range of mo-
tion (ROM), and facilitating active quadriceps contraction.
It is important for the clinician to find ways to transfer
these principles to the home exercise program for repeated
practice. While the patient performs quadriceps setting ex-
ercises with neuro-muscular electrical stimulation (NMES),
they can wear virtual reality (VR) goggles to provide incor-
rect visual stimuli to decrease or eliminate internal focus on
the quadriceps contraction. External cueing should be uti-
lized during this intervention by having the patient “push
into the table” or “think about kicking a ball.” Sensory stim-
ulus can also be manipulated during weight bearing and
balance interventions by changing footwear, surface, orien-
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Table 9: Single Leg Balance Primary

Distraction Secondary

Catch Secondary and Distraction
Tertiary

divided by 3?”

Simple: Say number of fingers being held up Simple Arithmetic (addition and
subtraction)
Complex: VR Goggles with people wearing colored jerseys, “What color is 12 Count backwards from 100 by 7’s

This example demonstrates the varying levels of difficulty that cognitive tasks can have, as well as the ability to utilize distraction-based tasks as secondary or tertiary levels.

tation (i.e. double leg vs. tandem stance), or visual input
(decreased, absent, incorrect) in isolation.

Decision-based tasks should be initiated to promote ran-
dom practice early in the rehabilitation process. Simple de-
cision-based tasks can utilize “either/or” options such as
weight shifts with visual pointing of left or right, or body-
weight squats with verbal cues of “stop” and “go.” Decision-
based tasks are advanced by adding more than two options
(i.e. weight shifts to the right, left, or forward with auditory
or visual cueing) and by introducing complex cueing. Color
cues add complexity by correlating different colors with dif-
ferent directions, forcing the patient to problem solve be-
fore executing a task. A simple tool for randomization of
color stimuli is the Vector Ball (Eye on Ball Inc., Oviedo,
FL), which randomly lights up red, green or blue on impact.
To incorporate differential learning into the complex cues,
some colors can correlate with a different task altogether,
or a change in cueing rules. Other complex cueing methods
can include verbal numbers, initially as “either/or,” in which
even numbers correspond with weight shifts to the right
and odd numbers correspond with weight shifts to the left.

Once the patient displays competence with a variety of
cueing options, decision-based tasks should be further pro-
gressed with increased complexity of sensory stimulation.
Introduction of stroboscopic glasses to decrease visual in-
put and initiation of head turns or eye movements to chal-
lenge the vestibular system in isolation are good initial
steps. Further advancement includes a combination of in-
terventions to challenge multiple sensory systems while the
patient performs decision-based exercises.

Simple reaction-based tasks should also be initiated in
this phase, with an easy version of a secondary motor con-
trol task, such as catching a ball. These tasks can be per-
formed while performing exercises such as squats, wall sits,
or bridges in order to emphasize an external focus of atten-
tion on the secondary task. As with decision-based tasks,
sensory stimulus can be manipulated during this task to in-
crease complexity once competence is demonstrated.

In addition to decision and reaction tasks, distraction-
based tasks should also be incorporated during this phase in
order to further challenge attentional resources. Simple, se-
mantic based questions or math problems added during ex-
ercises distract the patient from primary and/or secondary
task performance. An example of a challenging task would
be utilizing the VR goggles and 360-degree interactive pic-
tures taken with an iPhone application. The pictures in-
clude nine people wearing various colored jerseys with the
numbers 1-9 and standing in various positions. For this in-

tervention, the rehab specialist asks questions of varying
difficulty that the patient needs to answer. Simple versions
of VR questions include “where is number 5?” or “what
color is number 2 wearing?” requiring the patient to scan
the visual environment by dynamically moving the head.
More complex questions such as “what color is 15 divided
by 5?” or “what numbers are not standing?” force more cog-
nitive processing and problem solving. Appendix A provides
examples of interventions during this phase.

STAGE 2

Primary emphasis for the post-acute stage of rehabilitation
should include motor patterning, light loading, resistance
training, and improving the ability to load dynamically.
With an emphasis on promoting proper motor patterning
and low-intensity resistance training, decision-based tasks
can be incorporated to promote randomization. An example
of a decision-based intervention is lateral band walks using
the Vector Ball for complex cueing to determine which di-
rection the patient should step. Once the patient demon-
strates competence, sensory stimulus can be further limited
by use of stroboscopic glasses.

Reaction-based tasks are progressed in this stage of re-
habilitation to include simple perturbation tasks with a
known stimulus to initiate the movement. Lateral lunges
with a therapist delivered push or pull perturbation, alters
task initiation, promotes differential learning, and in-
creases movement variability. These reaction-based pertur-
bation lunges can be advanced by progressing the pertur-
bations to include both forward and lateral lunges, or by
altering the sensory input of the patient. Complex reaction-
based tasks are also utilized in this stage. Progressing from
the simple reaction-based task used in Stage 1 for single leg
balance, the patient can be instructed to catch a ball with
the right, left or both hands based on verbal instruction
from the therapist. The cueing could be advanced to arbi-
trary cues by utilizing the number system mentioned above
in Stage 1 (i.e. even number for left hand and odd number
for right hand) or by bouncing the Vector Ball to the patient
with the completion of the secondary task dictated by the
color on impact (e.g. red catch right hand, green catch left
hand, blue catch with both hands).

A major component of rehabilitation during this phase is
the emphasis placed on muscle strength and hypertrophy.
The scope of this paper is to focus on neuroplasticity inter-
ventions, but for additional resources regarding strength-
ening parameters the work of Reiman et al. and Welling
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et al. should be consulted for programming considera-
tions.5455 It cannot be emphasized strongly enough that
strength training is of the utmost importance during reha-
bilitation and should not be sacrificed.

While the patient is working on developing strength,
they must also learn shock absorption and load dissipation
to prepare for the demands of linear running. This training
must begin at an intensity less than bodyweight until
strength capacity is able to meet the demands of jumping
and landing. An aquatic environment and a sled-based
training system like the MVP Shuttle (Shuttle Systems,
Bellingham, WA) are both excellent ways to train impact
mechanics with a decreased load. Initially, the patient
would perform blocked practice for double-leg jumps, con-
tinuous single-leg jumps, and alternating single-leg jumps
to develop competence for the desired triple flexion to triple
extension movement. The therapist should use external
cues such as “soft” or “land on egg shells” to teach the pa-
tient to feel how their movement causes an interaction with
the environment. Implicit learning can be accomplished by
having the patient look straight ahead to discourage visual
input of the landing, forcing them to utilize other senses to
increase awareness of body position and anticipate landing.
In order to transition from blocked or serial practice to ran-
dom practice, the therapist should incorporate simple de-
cision-based tasks by utilizing verbal cueing of “stop” and
“go” as well as “right” or “left” to determine which leg the
patient would land on and initiate the next jump. To ad-
vance the complexity of decision-based tasks, the thera-
pist can increase the number of options (e.g. “right,” “left,”
“both”), utilizing arbitrary cueing (e.g. numbers or colors
that correlate which leg to land), and sensory manipulation
(e.g. stroboscopic or pinhole glasses, closed eyes, or landing
on an Airex pad (Airex, Sins, Switzerland) for a known and
unknown landing surface).

Distraction-based tasks will increase contextual interfer-
ence when completing the primary task. While the patient
performs a squat exercise with an emphasis on avoiding a
lateral shift, the therapist asks simple questions or poses
cognitive tasks (e.g. What is your phone number? What is
your jersey number? Spell a certain word, count up from
three starting from zero, list as many colors as possible,
etc.). To incorporate a tertiary task the patient performs a
primary decision-based task of lunging or squatting based
on the visual color cue; the patient also completes a sec-
ondary task of catching a ball; and the patient is given a
tertiary task to answer simple math problems. These com-
plex versions of interventions in which the therapist incor-
porates elements from all aspects of the Trident should only
be utilized when the patient demonstrates competency with
the primary and secondary tasks. In the later stages of re-
hab, further combination of the different prongs of the Tri-
dent are introduced. See Appendix A for examples of inter-
ventions during this phase.

STAGE 3

The advanced stage of rehabilitation emphasizes the pro-
gression of plyometrics and power activities, running and
cutting mechanics, and sport/position-specific activities.
Athletes should only begin interventions in this stage when

they have restored an adequate amount of quadriceps
strength to complete bodyweight impact exercises. The
progression of plyometric activities proceeds with incorpo-
ration of each prong in isolation, followed by a combination
of all three prongs to increase complexity of the primary
task. It should be acknowledged that the interventions de-
scribed should be done in addition to traditional high inten-
sity plyometric training. These interventions are designed
to challenge movement variability, but traditional plyomet-
ric prescription will do a better job of increasing power and
explosive muscle qualities.

Body-weight plyometrics are a foundational component
during this stage of rehabilitation. By this stage, the patient
should be well prepared to handle higher-level manipula-
tion of sensory input with stroboscopic glasses, jumping
and landing on an unstable surface (e.g. Airex pad or BOSU
ball (Bosu, Ashland, OH)), and altering head movements
(e.g. nodding or shaking head while executing plyometric
task). To incorporate decision-based tasks, the patient,
while jumping, is provided a verbal or visual cue to deter-
mine which leg to land on and initiate the next jump. To
incorporate reaction-based tasks, perturbations can be in-
cluded initially as a known stimulus then progressed to un-
known stimuli. Additionally, motor tasks such as catching a
Vector Ball based on the color emitted while landing from
the jump can be utilized. Lastly, in order to incorporate dis-
traction-based tasks, inclusion of cognitive tasks (same list
in Stage 2) should be utilized while the patient performs
plyometric activities.

When prescribing exercise, the therapist should continu-
ously be considering the base of the trident, sensory stimuli
and how to integrate a single prong of the trident with sen-
sory manipulation. First, the therapist should incorporate a
decision-, reaction-, or distraction-based emphasis with a
single form of sensory manipulation. This could include a
decision-based plyometric to land on a certain leg based on
a cue combined with sensory manipulation of landing on an
Airex pad. The therapist could also utilize a reaction-based
plyometric such as landing from a jump after a perturbation
in the air, with the sensory manipulation of closed eyes.

After utilizing a single prong with sensory manipulation,
a combination of two or more prongs should be performed
(i.e. decision with reaction, decision with distraction, re-
action with distraction or all three). These exercises with
increasing complexity are designed to mimic the dynamic
demands of an athletic environment and to improve move-
ment variability. Decision with reaction tasks can include
landing on a specific leg in response to a verbal cue while
receiving a known in-air perturbation. A decision with dis-
traction could be the patient performing a 90-degree rota-
tional jumps in response to a visual cue while the patient
lists as many prime numbers as possible. A reaction and dis-
traction task could involve the patient performing continu-
ous lateral line hops while catching a Vector Ball with the
appropriate hand based on the color emitted and spelling
specific words listed by the therapist. As always, the ther-
apist should consider the underlying base of the trident,
sensory stimulation, with all tasks. Once the therapist be-
comes comfortable with the different prongs of the trident
and how to manipulate them, exercise selection becomes
limitless. Refer to Figure 2 for a progression flow chart of in-
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Low Complexity & Contextual Interference. Consider Sensory Manipulation with:

Decision

creasing complexity.

Another method to increase difficulty is to utilize the
prongs in sequence, either the same prong repeated (e.g.
decision-based task followed by another decision-based
task) or using different prongs (e.g. decision-based task fol-
lowed by a reaction-based task). Due to the dynamic nature
of sport, with a constantly evolving environment, incor-
porating sequenced tasks is a necessity. Sequenced deci-
sion-based tasks could be as simple as a verbal right or left
45-degree angle change of direction, followed shortly by a
second verbal cue. Sequencing a decision-based task into a
reaction-based task could involve the patient performing a
depth jump followed by a cut in a given direction based on a
verbal cue, and then followed by catching a football. See Ap-
pendix A for examples of interventions during this phase.

STAGE 4

In order to progress to the final stage before returning to
sport, the patient must have developed an adequate amount
of strength, power and explosiveness in controlled environ-
ments. Emphasis for the return to sport stage of rehabilita-
tion must include high-intensity running and cutting with
the addition of open-decision sport and position-specific
activities. The key during this stage of rehabilitation, and
the main difference between Stage 3 and Stage 4, is the at-
tempt to emulate the demands of the sport as closely as
possible. This should include a continuation of the compo-
nents of the trident with increasing difficulty for prepara-
tion for the chaotic environment of competition. See Ap-
pendix A for examples of interventions during this phase.

DISCUSSION

ACL injuries are a common phenomenon and continue to
remain prevalent, and clinicians and researchers are contin-
uously searching for the best way to decide when a patient
is appropriate to return to activity. Quadriceps strength has
shown promise as a valuable return to play criterion, and
the logical explanation that asymmetrical strength can lead
to compensations makes sense. Human movement is a com-
plex and dynamic system, and variability of movement pro-
vides an individual with redundant strategies to execute
desired tasks. Strength is important, but isolated strength-
ening fails to account for the motor learning that must take
place after a neurophysiologic injury.

Psychological parameters and specifically the concepts
of emotion about the injury, fear of re-injury, and risk as-
sessment are also important considerations for a return to
sport activity. Patients who are apprehensive about activity
are likely to shift attentional resources to task execution
and away from interacting with the environment, which can
increase injury risk in a crowded athletic field that is con-
stantly changing. Like human movement, the human psy-
che is exceedingly complex, and many factors contribute to
the confidence that goes into effective athletic competition.
In the absence of the physical parameters required to exe-
cute desired tasks, excessive confidence can be just as prob-
lematic as insufficient confidence. As with strength, psy-
chological readiness is an important factor in return to play,
but it needs to be included in a cluster of several factors that

Reaction Distraction

Moderate Complexity & Contextual Interference. Consider Sensory Manipulation with:

Decision + Reaction Decision + Distraction ~ Reaction + Distraction

High Complexity & Contextual Interference. Consider Sensory Manipulation with:

Decision + Reaction + Distraction

Figure 2: Progression Flow Chart

Visual representation of the progressive increase in complexity when utilizing
the Neuroplastic Adaptation Trident Model.

comprise a complex system view of injury risk. As strength
increases and movement patterns become more complex
and variable, it follows that psychological readiness should
improve, but in the cases where it does not, further inter-
vention may be necessary.

Delaying return to sports timelines has repeatedly
demonstrated a decrease in the risk for re-injury. The par-
simonious explanation for this suggests that time allows for
a better return of strength and an improved psychological
readiness. Functional return to sport tests successfully as-
sess the movement variability that occurs during this de-
lay, but testing specific tasks (e.g. single leg hop, triple hop,
etc.) does not measure the patient’s ability to respond to
a changing environment using different motor strategies.
Further time from injury provides the opportunity to add
more motor strategies and more experiences into the com-
plex system of injury risk. A key component of time from
injury is the acquisition of motor strategies to increase the
amount of movement variability, and rehab should focus on
accelerating that process.

Neuroplasticity, or the ability for the brain to adapt and
change, is a burgeoning field with several known parame-
ters on how to affect motor control and motor learning.
The loss of mechanoreceptor input from the native ACL and
traditional rehabilitation methods have combined to show
changes in motor cortex activation and sensory processing
within the brain. It is the author’s preference to manipulate
visual input initially due to the high reliance on vision fol-
lowing injury, but any sensory manipulation provides neu-
roplastic stimulation. If rehabilitation specialists acknowl-
edge neurophysiological dysfunction, and implement the
known parameters to affect positive neuroplastic changes,
the logic follows that outcomes will improve. Regardless of
improvement, this procedure will further the understand-
ing of best rehabilitation practices for a common yet com-
plicated injury.

There are limitations in what the current evidence sup-
port. First, the majority of motor learning research, par-
ticularly in regard to dosage has been conducted on in-
dividuals after a stroke. While it is accepted that an ACL
tear results in neurophysiological dysfunction, there may
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be something about the magnitude of changes in the brain
after a stroke that impacts rate of learning. Further studies
should be conducted on ACL-injured patients specifically to
identify adequate dosage for retention of movement pattern
changes. The second limitation is that while fMRI and TMS
studies have shown neural changes after ACLR, some or all
of those changes may be necessary compensatory adapta-
tions to the injury, such as the increased activity of the
secondary somatosensory area to accommodate for the de-
creased volume of afferent information following the loss
of mechanoreceptors. Further research should first evalu-
ate the effect that those findings have on injury rates and
whether there truly is something that needs an interven-
tion. Researchers should then study the Trident Model, or
at least components of it, and elucidate how these interven-
tions impact fMRI and TMS measures. The most important
future for rehabilitation is for surrogate clinic-based tests
that therapists can utilize practically, rather than depend
on fMRI and TMS. VR technology has a lot of promise as
a method to challenge cognitive processing and vestibular
function. The addition of force plates to assess loading and
response to perturbation should also be explored.

The Trident Model serves as a framework compiling cur-
rent best evidence into a practical system for rehabilitation

specialists and researchers to address a missing component
in ACL rehabilitation. One of the strengths of the Trident
Model is the deep-rooted basis in well-established and un-
derstood concepts. Built upon the basic science of neu-
roanatomy and instituted through the incorporation of
strength and conditioning principles along with the inclu-
sion of OPTIMAL theory and other methods of motor learn-
ing, this model includes a current best understanding of
how to address these impairments. Equally as important,
the model takes complex concepts and creates a practical
framework that clinicians can adapt in practice. Further, by
outlining the concepts and general dosage recommenda-
tions, this model provides researchers with something that
can be objectively studied in randomized controlled trials.
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SUPPLEMENTARY MATERIALS

Appendix A: Example interventions by stages

Download: https://ijspt.scholasticahg.com/article/23679-the-neuroplastic-adaptation-trident-model-a-suggested-
novel-framework-for-acl-rehabilitation/attachment/60285.docx

Appendix B: Glossary of terms

Download: https://ijspt.scholasticahg.com/article/23679-the-neuroplastic-adaptation-trident-model-a-suggested-
novel-framework-for-acl-rehabilitation/attachment/60865.docx
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