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Abstract

Despite the efforts of many traditional lower extremity injury prevention programs (IPP), the 

incidence of anterior cruciate ligament injuries in young athletes continues to rise. Current 

best practices for IPPs include training lower extremity neuromuscular control and movement 

quality during cutting, jumping, and pivoting. Emerging evidence indicates neurocognition 

may contribute to injury incidence and injury risk biomechanics. Therefore, IPP outcomes 

may improve if clinicians also consider neurocognitive contributions to neuromuscular control 

and athletic performance. A substantial barrier to neurocognitive challenge integration during 

injury prevention training in the group setting is the lack of a structured neuromuscular and 

neurocognitive progressions. Therefore, our aim is to provide clinicians with a defined framework 

and recommendations from clinical experience for how to implement neurocognitive challenges 

within group IPPs that requires minimal extra time and resources. This clinical commentary 

proposes a three-phase model adopted from motor learning literature to simultaneously progress 

neuromuscular and neurocognitive through a structures IPP.
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Introduction

The incidence of musculoskeletal injury in high school athletics, such as anterior cruciate 

ligament (ACL) injuries, has continued to rise over the past ~20 years.1 One tool used 

to reduce injury rates are injury prevention programs (IPP), which aim to decrease injury 

risk by training neuromuscular control during dynamic movements (e.g., landing, cutting).2 

While IPPs demonstrate suitable effectiveness,3,4 approximately 33–50% of the variance 

in injury risk remains unexplained with current programs.5 Current standard of care IPPs 

focus on improving isolated movement mechanics, such as landing from a jump, but do 

not demonstrate robust transfer to the variety of dynamic movement demanded in sport 

scenarios.6–9 Thus, it is plausible that incorporating novel elements that contribute to injury 

risk and facilitate neuromuscular adaptation transfer to sport may also improve overall IPP 

effectiveness.

The typical risk factors targeted in standard ACL IPPs include reduced knee flexion 

and increased knee abduction during landing and cutting activities, and hip extensor and 

external rotator strength.2,10–12 However, the common non-contact mechanism of ACL 

injury may not be entirely explained by mechanical factors alone, as neurocognitive 

deficits also contribute to injury risk.13,14 In addition to decreased neurocognition directly 

increasing injury risk, two prospective studies have identified altered sensorimotor brain 

functional connectivity in high school athletes who later went on to suffer an ACL 

injury.15,16 Decreased connectivity between cortical sensory and motor regions may 

contribute to slower processing speeds and reaction to environmental stimuli during sport 

participation, further implicating neurocognitive function as an ACL injury risk factor.15,16 

A separate study identified an association between baseline neurocognitive function on 

computerized assessment (reaction time and visual motor processing speed) and increased 

knee abduction, ground reaction force and anterior tibial shear force during unanticipated 

or reactive landing.17 This growing body of literature warrants consideration of integrating 

neurocognition into IPPs to improve program efficacy and potentially reduce ACL injury 

risk by targeting injury-risk variance not explained by IPPs that primarily target mechanical 

risk factors.

While neurocognitive additions to neuromuscular training have been employed in research 

trials and in individual rehabilitation,18,19 a gap in the literature remains for a framework 

to incorporate neurocognitive elements in the group IPP setting. In the context of this 

framework and application to sport IPPs, we refer to neurocognitive challenge as any task 

(mental, visual, auditory, verbal, kinesthetic, etc.) that substantially occupies the athletes’ 

cognitive attention (whether partially or wholly) simultaneously during the execution of 

a movement task or traditional IPP exercise. To date, there is a substantial gap in the 

literature pertaining to effective and efficient clinical examples detailing the administration 

of group injury prevention training with neurocognitive elements. The proposed program 
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herein details how clinicians can integrate neurocognitive training within group IPPs. 

Since traditional IPPs are administered in a group or team setting rather than one-on

one like in rehabilitation and research, unique challenges (expanded upon in section 

“Overall Neurocognitive IPP Tips from the Field”) arise, indicating a need for clearly 

defined methods to guide clinical practice on how to feasibly augment group IPPs with 

neurocognitive training. The proposed program builds on a prior recommendation to 

incorporate open-skill practice to facilitate neuromuscular adaptation transfer to sport by 

engaging a progressive neurocognitive approach that has been clinically employed in the 

group IPP setting.20,21 This clinical commentary aims to provide a starting framework 

for the clinician to begin incorporation of neurocognitive challenges, frequency, intensity, 

duration, and progression that can be overlaid or implemented in parallel with traditional IPP 

exercises.

Implementation

The ecological demands of sport challenge athletes’ neurocognitive processing abilities (e.g., 

unanticipated reactions, working memory, visuospatial processing.). By training athletes’ 

neuromuscular control under various neurocognitive conditions, clinicians may reduce 

injury risk and improve motor control adaptation for sport.22,23 As there is no accepted 

standard for progressive neurocognitive challenges within neuromuscular training, the 

suggested framework is based upon the Fitts and Posner phases of motor learning (cognitive, 

associative, autonomous) to guide clinicians on how to add and progress neurocognitive 

challenges in a group IPP.24,25 This combined neurocognitive and neuromuscular IPP 

framework is grounded in three phases: 1) athletes learn the basic neuromuscular 

skill with limited neurocognitive challenge (cognitive phase); 2) clinicians increase the 

neurocognitive challenge as athletes demonstrate more consistent neuromuscular control 

(associative phase); and 3) as athletes demonstrate automatic neuromuscular control (i.e., 

fluid and consistent movements) with minimal attentional demands, clinicians increase the 

neurocognitive complexity (autonomous phase). Throughout these phases, techniques that 

minimize clinician burden and time to complete the program are emphasized, such as 

dyad (partner) training and group-level challenges to working memory and decision-making 

(Table 1).

The proposed standardized progression of neurocognitive challenges in a group IPP provides 

clinicians a baseline framework to strategically increase neurocognitive challenges and 

integrates consideration for motor learning and neuromuscular control. For example, if 

neuromuscular control (i.e., observable extremity control related to injury risk motions of 

stiffened landings or non-neutral joint alignment) diminishes with the addition/progression 

of a neurocognitive challenge, the challenge may be too great for the athletes at that time 

and should be reduced to recover neuromuscular control. Though some level of movement 

variability should be expected (especially with progressive challenges), a clinician’s 

judgement is vital to determine what qualifies as a sufficient decrement in neuromuscular 

control to warrant reducing the neurocognitive challenge. Therefore, clinicians might delay 

neuromuscular progression (e.g., complexity of movement) of a task until neuromuscular 

control during performance is acceptable under the neurocognitive challenge. As athletes 

progress through the phases of motor learning within the IPP, clinicians should increase 
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neurocognitive difficulty to maintain a sufficient neuromuscular challenge. Of note, 

neurocognitive challenges do not need to be sport-specific as long as they challenge the 

same underlying neurocognitive processes of sport (e.g., working memory, rapid decision 

making, visuospatial processing). The goal of overlaying neurocognitive challenges with 

neuromuscular control exercise is to train cognition and motor function in an interactive 

manner to meet the ecological demands of sport. In other words, cognition in sport is 

used to integrate environmental stimuli (i.e., player position, sports balls, opponents) and 

make strategic decisions.26,27 However, traditional exercises in prevention training are 

prescribed in a manner that trains athletes to overly think about their movement (i.e., 

“do not let your knees go over your toes in a squat”) or use vision to compensate for 

stability (i.e., “attend to the motion or joint directly or in a mirror while jump training”). 

Thus, incorporating neurocognitive challenges (even if not sport-specific) limits athletes 

from utilizing cognitive processing to compensate for inadequate neuromuscular control of 

dynamic movements.28–30

Phase 1 - Cognitive Phase: Neuromuscular Development Without 

Neurocognitive Challenge

The primary goal of training in the first (cognitive) phase is for athletes to acquire the basic 

neuromuscular control necessary to complete the IPP exercises (Table 1). Clinicians should 

use minimal neurocognitive challenges during this phase to allow athletes to first achieve 

competent fundamental neuromuscular control before burdening the neurocognitive system. 

Adding neurocognitive challenges during the cognitive phase may result in excessive 

neuromuscular errors by pulling attention away from neuromuscular control and stunting 

the acquisition of “good” neuromuscular control during the IPP exercises. However, during 

this phase of motor learning, clinicians may opt to use a variety of cuing strategies (e.g., 

external focus of attention, implicit/analogy-based feedback) to improve neuromuscular 

control (Table 2).31–33 When athletes consistently demonstrate appropriate neuromuscular 

control, clinicians may then add a simple neurocognitive challenge (e.g., dual-task) near the 

end of the cognitive phase to assess their athletes’ readiness to progress to the second phase 

of training.

Throughout the proposed framework, it is imperative that clinicians monitor neuromuscular 

control errors when considering whether their athletes are ready for the addition of 

a neurocognitive challenge. In the following two stages, the proposed IPP framework 

suggests that clinicians aim to add a neurocognitive challenge that elicits no more 

than 1 to 2 neuromuscular control errors (moderate level), indicating that the overall 

task complexity is appropriately challenging to the athlete (Table 3). However, multiple 

neuromuscular control errors (3+) or single severe errors may indicate that an athlete 

is not ready for the neurocognitive challenge and may benefit from additional focused 

training on the fundamental movement parameters of the exercise. As prior work validating 

qualitative errors against quantitative laboratory 3D motion analyses metrics during dynamic 

performance have indicated 1–2 errors separating excellent from good to moderate 

performance and 3 errors separating excellent from poor performance, thus we recommend 

a similar threshold for progression.34 Clinicians can use the Landing Error Scoring System 
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(LESS) to quantify acceptable neuromuscular control, since it provides a checklist of errors 

to monitor during training in addition to those provided in (Table 3).29,35 The LESS is 

a reliable tool to identify impaired neuromuscular control during a drop vertical jump in 

individuals at risk for ACL injury.36–38 Reliable objective assessment of single leg squat39 

and single leg hop40 mechanics using the Qualitative Analysis of Single Leg Loading 

(QASLS) scoring form is also available, and appropriate to assess baseline neuromuscular 

control and monitor errors during the program. While a validated and reliable qualitative 

tool is not available for every movement that can be completed during an IPP, the error 

framework of the QASLS and LESS provides a clinical means to “grade” many dynamic 

movements for determination of athlete readiness for cognitive progressions. Therefore, the 

use of a quantitative scoring system in this application is for clinicians to monitor and track 

progress of athletes - not for injury prediction.41

Tips from the Field – Cognitive Phase

• Less is More: Clinicians should provide simple/concise instructions in a group 

IPP setting. Simple commands not only standardize instruction/feedback across 

the groups and instructors, but they also minimize IPP time requirements.

• Monitor the athletes’ movement as much as possible during this initial phase and 

with primary clinical attention toward neuromuscular errors. This is most easily 

accomplished by utilizing a multidisciplinary team of instructors to maintain 

an appropriate athlete-to-instructor ratio. The lead clinician overseeing the IPP 

implementation and progression of group performance can be augmented by 

the use of “sub-instructors” (e.g., sport coaches or strength and conditioning 

experts). Integrating sub-instructors allows consistent monitoring of group 

performance and provides coaches education and awareness of neuromuscular 

movement expectations.

• If possible, stratify athletes with the qualitative LESS or single leg squat or hop 

assessments to identify athletes at highest risk and those who may require more 

attention during training. The athletes with the highest risk should be monitored 

by the instructor with the most experience.

• Consider monitoring whether fatigue is contributing to performance42,43 and 

allow for rest breaks during the early phases of the IPP to help ensure adequate 

attention and morale. Rating of perceived exertion (RPE) can be used to monitor 

fatigue and level of exertion.

• Focus on neuromuscular control before adding neurocognitive challenges.

Phase 2 - Associative Phase: Advanced Neuromuscular Control Exercises, 

Partner Feedback, and Initial Neurocognitive Challenges

The primary goal of training in the second (associative) phase is to build upon 

the fundamental neuromuscular control developed in the first phase by administering 

neurocognitive challenges. Adding a neurocognitive challenge requires athletes to generate 

neuromuscular control solutions that minimize movement errors without focusing cognitive 
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attention to the movement alone. Examining neuromuscular control under neurocognitive 

challenge can give the clinician insight as to whether the athlete is in the associative 

phase of motor learning. If the athlete can handle the additional challenge with minimal 

increase in neuromuscular control errors, progression to this phase of training is warranted. 

However, clinicians should be cautioned to monitor performance in the cognitive dual-task 

(e.g., counting cognitive errors), as athletes may overly prioritize maintaining neuromuscular 

control, neglect the neurocognitive task, and thus experience minimal additional cognitive 

load or progressive adaptation. Should a clinician identify an athlete who is unable 

to maintain adequate neuromuscular control under the neurocognitive progression, then 

the clinician should reduce the neurocognitive difficulty. The three main neurocognitive 

components in the associative phase are congruent cognitive stimuli, dyad training (both 

observation and simulation), and simple working memory (Table 1).

A congruent cognitive stimulus is one that can be readily followed and does not require 

multistep cognitive decision-making. For example, an athlete jumping to the left in response 

to an instructor’s verbal call of “left” is a congruent cognitive stimulus. Dyad training 

can also be helpful at this stage with a peer model (athlete) as a visual example of 

the neuromuscular exercise, who acts to mirror and provide interactive feedback.44,45 

Dyad training improves neuromuscular control and enhances motivation by introducing 

competition between teammates.44,46–52 Clinicians may implement dyad training by pairing 

athletes into groups of two and allowing them to either simultaneously perform the exercises 

(mirroring one another) or alternate who performs the exercise and who delivers the 

cognitive challenge. Attending to their partners’ movements creates a visual distraction 

from their own movements and attending to their partner’s cueing induces a neurocognitive 

challenge mimicking sport. If neuromuscular control remains adequate after implementing 

congruent dyad training, clinicians may consider advancing the neurocognitive challenges to 

more complex working memory tasks in partner format (Table 4).

An example of a working memory neurocognitive challenge is performing simple math. 

For example, clinicians can instruct their athletes to perform a multiplication problem (e.g., 

multiply the number of fingers held up for the group by the number 7) and call out the 

correct answer while performing a skill, such as a lateral bound plyometric jump. Or 

clinicians could delegate their role as “number generators” to the dyad pairs, where athletes 

would take turns holding up their fingers for their partners. It is important to note that 

clinicians can scale the neurocognitive challenge of the math problems according to their 

athletes’ ability, such as starting with very simple addition or simply calling out the number 

of fingers held up by the instructor or dyad partner. Once the athletes can withstand the 

neurocognitive challenges of this phase of training with minimal deterioration in motor 

performance (neuromuscular control errors; Table 3), clinicians may consider transitioning 

to phase 3 of training.

Tips from the Field – Associative Phase

• Directing athletes’ visual attention to the instructor or dyad and not their own 

body movements is imperative for developing implicit neuromuscular control.
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• Dyad training reduces dependence on clinician instruction for implementing 

neurocognitive challenges.

• Begin with congruent neurocognitive challenge (e.g., signaling “left” means 

jump left) and advance to simple working memory and digit manipulation 

challenges (e.g., memorize a string of digits or words during the exercises, add or 

multiply a number cue by a preset integer, etc.).

• A key theme of the neurocognitive challenge is to force visual attention away 

from the movement and include a reactive component (the athletes are unable to 

simply repeat the same movement rep to rep or they must respond to a stimulus 

for each rep)

Phase 3 - Autonomous Phase: Advanced Neurocognitive-Neuromuscular 

Interactive Challenges

The primary goal of training in the third (autonomous) phase is to progress the physical 

exercise challenge and maintain neuromuscular control while athletes are subjected to 

difficult neurocognitive challenges (Table 4). Fitts and Posner describe automaticity as 

“routine” performance with minimal cognitive attention to complete a skill.24,25 As athletes 

achieve physical expertise with complex neuromuscular exercises, clinicians may progress 

neurocognitive challenges from congruent stimuli and/or working memory tasks to more 

complex tasks (e.g., incongruent stimuli, multistep decision-making, anticipation, reactive 

contexts [Table 1]). Further, the complexity of the neurocognitive challenge should begin to 

resemble the chaotic sport environment, to promote autonomous neuromuscular control.53

In contrast to the congruent cognitive stimuli within the associative phase of training, 

incongruent cognitive stimuli require athletes to respond in opposition to the presented 

stimulus. An example of an incongruent cognitive-motor task is athletes jumping to the 

right when the instructor points left. To incorporate multistep decision-making, clinicians 

can utilize simple math problems whose computed answers indicate a specific type of 

exercise for the athletes. For example, if performing simple arithmetic operations during an 

exercise (as mentioned previously in the associative phase), the athletes may be instructed 

to hop RIGHT if the answer is even or hop LEFT if the answer is odd (for alternative 

neurocognitive challenges refer to Table 4). This neurocognitive intervention engages 

athletes in a three-step process: visual search, working memory, and reactive exercise 

execution to mimic cognitive processing in sport.

In addition to working memory and decision-making, a key component of sports 

participation is anticipation and reaction to environmental factors. Reactive tasks can be 

incorporated with hand signals within the autonomous phase. For example, clinicians can 

instruct their athletes to first perform a hop as quickly as possible to the side of the hand 

that is raised. To progress the neurocognitive challenge, the athletes may then be instructed 

to perform a hop as quickly as possible to the opposite direction of the hand that is raised. 

To add sport-specific object manipulation, soccer athletes may perform ball dribbling while 

solving math problems given by large flash cards (difficulty can be scaled down by simply 

stating the number presented). This example requires a motor skill (ball dribbling), visual 
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search (flash cards), and mathematical problem-solving (working memory). Additionally, 

the dyad training principles from the associative phase can be used as an “opponent” and 

force the athlete to make an unpredicted reactive movement as opposed to responding to 

instructor signals. The ultimate goal of the autonomous phase of training is to have athletes 

perform multiplanar dynamic movements under high cognitive challenge (anticipation/

reactive) with adequate neuromuscular control and minimal instructor feedback.

Tips from the Field – Autonomous Phase

• Clinicians should aim to create a neurocognitively taxing environment to mimic 

the demands of sport by incorporating multistep cognitive processing and 

incongruent neurocognitive challenges (e.g., working memory, visual search, 

unanticipated reaction [Table 1]).

• Focus on utilizing visual stimuli to induce challenges to neuromuscular control 

with rapid neurocognitive decision-making during exercise execution.

• Continuously monitor cognitive and neuromuscular errors (Table 3) to tailor 

relative dosing of both neuromuscular and neurocognitive challenges.

• Clinicians should aim for IPP exercises to be implemented with game speed 

movements and neurocognitive processing.

• Monitoring the athletes’ rating of perceived challenge to gauge difficulty 

level can provide a means to further tailor the neurocognitive challenge as 

neuromuscular errors may no longer occur at this stage.54

Overall Neurocognitive IPP Tips from the Field

As IPPs are based on extensive biomechanical and clinical research,55 this clinical 

commentary is not meant to replace current practice, but to augment it with neurocognitive 

challenges. Tables 5 through 7 outline an example neurocognitive IPP that has successfully 

been incorporated by clinicians in high school community outreach roles. In the following 

paragraphs we discuss several clinical recommendations for successful group IPP integration 

with neurocognitive challenges that we have learned from our own implementation 

experiences through community outreach.

Primary barriers to IPP implementation at the high school level include: coach and player 

perception that little is gained from participation, perception that lower extremity injuries are 

not a substantial problem, and IPPs are difficult to incorporate at the high school level.56,57 

This literature supports the notion that “buy-in” to IPP effectiveness is a hinderance to 

implementation at the high school level. Additionally, IPPs currently fail to simulate the 

neurocognitive aspects of sports, specifically simultaneous cognitive and motor processing 

(e.g., object tracking, visual working memory and athletic movement with neuromuscular 

control). An increased emphasis on sport-like neurocognitive demands, in congruence 

with IPP exercises, may increase stakeholder buy-in from coaches, athletes, and parents. 

Therefore, novel IPP frameworks that expand upon previously established neuromuscular 

training programs may provide a means to improve coach and player perception of 

importance and better prepare athletes for dynamic sporting environments.58,59
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A key initial step for efficacious program performance is to establish stakeholder support 

and setting program expectations.60–63 Padua et al.60 established a seven step framework 

for the successful implementation of IPPs, and establishing administrative support is a 

key first step.60,62 Obtaining key stakeholder buy-in is crucial to the success of injury 

prevention efforts and can be achieved by briefing coaches, parents and leadership on the 

current evidence supporting IPPs and the potential benefits of program implementation. One 

strategy to provide this type of information includes coaches workshops. Frank et al.61 found 

coaches workshops are an effective means to increase coach buy-in and intent to implement 

IPPs. A pre-program educational overview of “low injury risk” versus “high injury risk” 

neuromuscular control will limit ambiguity once the program has begun and will help 

stakeholders better understand optimal movement strategies and their injury risk-reduction 

importance. Including an overview of neurocognitive progression and why additional 

neurocognitive challenges will benefit the athlete on the field will also help stakeholders 

to better understand and support the implementation of this novel training method. Coach 

workshops can also establish expectations of IPP compliance and outline how to provide 

performance feedback to athletes. Providing education and establishing expectations prior to 

program implementation can improve coach, athlete, and family participation.

To ensure success of any IPP, but especially when incorporating the additional 

neurocognitive challenges, an appropriate athlete-to-instructor ratio is critical to support 

group training efficiency, monitor neuromuscular control errors, and provide appropriate 

feedback. We suggest a ratio of 4–6 athletes per 1 instructor; however, this is not always 

feasible in a community outreach setting. Incorporating a multidisciplinary group of 

instructors, including team athletic trainers, sports performance specialists, sport coaches 

and health sciences students (e.g., athletic training, exercise science, physical therapy, etc.), 

and pairing an experienced instructor with a more novice one is also helpful.60 Providing 

adequate support and training to those on the multidisciplinary implementation team is 

key to successful IPP delivery. A “train the trainer” session should also be performed to 

ensure efficacy, quality and consistency in program delivery and implementation.60,61 The 

individuals involved in employing the IPP should attend the pre-program overview with 

athletes, families, and coaches so the entire team understands both the performance and 

compliance expectations. Additionally, we have found it critical to assign a “lead instructor” 

for each training session. Supplementary instructors support the lead instructor by analyzing 

neuromuscular control, providing feedback, and assisting with the implementation of 

neurocognitive challenges. It is then the lead instructor’s responsibility to progress the 

IPP session (both neuromuscular and neurocognitive challenges) to meet the general 

group performance level. Ideally the lead instructor is a clinician with experience in 

evaluating movement quality and engaging in exercise progression, as the addition of 

neurocognitive elements is certainly an advanced clinical practice. Of note, this framework 

is not meant to replace the critical thinking and knowledge of the clinician and every 

exercise (neurocognitive and neuromuscular) will not be suitable for every athletic level 

(pediatric to elite) and the clinician should consider these recommendations as a starting 

point and not a rulebook. However, even if the program can be clinician-lead, the presence 

of the sport coach during training can improve team accountability, program participation, 

and transfer of neuromuscular and neurocognitive training strategies to in-season warm-ups 
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and practices. We have often found that once sport coaches understand you are trying 

to stimulate the neurocognitive challenges of sport that can not only support injury-risk 

reduction but also performance enhancement, they can be creative allies and help develop 

novel and sport-specific neurocognitive additions to the IPP.

The final overarching clinical pearl pertains to the necessity of clear and concise 
delivery of instruction and feedback in a group setting. In our experience, simple and 

specific commands foster more cohesive group learning and progression. Standardized 

external feedback promotes efficient movement retraining and carries into dyad training 

by allowing the athlete to provide feedback to their partner in a uniform manner (Table 

2).44 Furthermore, pre-planning locations and physical orientations of athletes relative 

to instructors allows for synchronous performance of the task prompted by the lead 

instructor’s command. Organized groups allow instructors to collectively assess performance 

for appropriate timing of neuromuscular and neurocognitive progression. If a sufficient 

number of instructors are available, stratification of groups based on “low” and “high” 

performers may improve synchronous group performance, ensure appropriate progression, 

and accommodate the level of feedback each athlete may need within a training session.64

Future Implications

While incorporating neurocognitive challenges into a group IPP may improve injury 

prevention, its efficacy has yet to be tested in a randomized controlled trial or 

longitudinal study. However, there are minimal to no additional risks associated with adding 

neurocognitive challenges within an IPP when supervised and progressed by clinicians 

who monitor neuromuscular control and ensure injury risk movements are minimized. Of 

note, athletes may slow down or reduce exercise intensity when initially challenged with 

a dual-task. At first this is acceptable as the athletes accommodate to the new challenge, 

but IPP administrators should encourage full effort and monitor for drops in exercise 

intensity. The proposed program (Tables 5–7) continues to use traditional IPP neuromuscular 

exercises to maintain the fundamental injury reduction effect,4,59 but adds neurocognitive 

challenges to simultaneously train the athletes’ control of movement dissociated from 

cognitive processing to mimic sport participation.

Conclusion

Baseline neurocognitive function is associated with ACL injury risk13 and poor 

neuromuscular control of drop jump and cutting biomechanics.17,65 Therefore, 

implementing neurocognitive training may serve to enhance group IPP efficacy. Integrating 

neurocognitive challenges in group IPPs creates minimal burden for clinicians and offers 

a unique avenue for creativity in neuromuscular training. By using a motor learning 

framework, clinicians can set goals for exercise progression and objectively monitor their 

athletes’ performance. In traditional IPPs, adherence is perhaps the greatest limiting factor 

to program effectiveness.3 In our experience, the addition of neurocognitive challenges in 

group IPPs has the potential to improve IPP adherence, as both athletes and coaches are 

amicable to the competitive nature and novelty of this type of training. The three-phase 

framework proposed in this clinical commentary is meant to serve as foundation for 
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future clinician innovation in the field to discover new and simple avenues to engage 

neurocognition in neuromuscular training.
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1. Neurocognition can readily augment traditional injury prevention training to 

enhance transferability of neuromuscular adaptations to sport.

2. A three-phase model is proposed paralleling the phases of motor 

learning with neurocognitive loading: cognitive (minimal to no additional 

neurocognitive challenge), associative (single-step and congruent reactive or 

working memory stimuli added to neuromuscular exercises) and autonomous 

(multi-step and incongruent reactive or working memory stimuli).

3. The framework provides a starting point for integration of neurocognition 

into classic injury prevention exercise, though clinical trials are required to 

validate efficacy, there is minimal additional time or risk to the athlete to add 

neurocognitive challenges.

4. Anecdotally the inclusion of neurocognitive challenges increases compliance 

and program creativity while facilitating neuromuscular control progression.
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Table 1:

Outlined neurocognitive challenges associated with each phase of Fitts and Posner’s Phases of Motor 

Learning.

Training Phase of IPP Key Training Phase Elements of Neurocognitive Challenge

Cognitive Phase No neurocognitive challenge
Focus on neuromuscular control

Associative Phase Congruent neurocognitive challenges
Dyad Training- mirror movements
Dyad Training- partner provides neurocognitive challenge\cue
Simple working memory

Autonomous Phase Incongruent neurocognitive challenges
Multistep decision-making
Fast anticipation/reactive challenges
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Table 2:

Comparison of Verbal Instructions with Internal Body Focus and External Visual Focus (Additional examples 

can be found in references.31,44,66).

Type of Exercise Instruction with Internal Body Focus Instruction with External Visual Focus

Single-leg stance 
on unstable 
platform

Keep your balance by stabilizing your body Keep the bar horizontal

Single-leg squat Stand on 1 leg and bend your knee while keeping your knee 
over your foot

Stand on 1 leg and reach your knee toward the cone

Single-leg hop for 
distance

Jump as far as you can. While jumping, focus on extending 
your knees as rapidly as possible

Jump as far as you can. While jumping, focus on 
jumping as close to the cone as possible

Walking lunges Lunge at an even pace. Bend your hips and knees until your 
leading knee is flexed to 90. Keep your front knee on top of 
your foot and prevent buckling inward with knee

Lunge at an even pace. While pretending you have a 
plank on your back, keep your knee alignment with an 
imaginary line or if available real straight line on the 
floor.

Double-leg squat Bend your knees while keeping your knees over your feet While bending your knees, reach toward the cones with 
your hands and point your knees toward the cones.

Double-leg drop 
jump

Jump down from the box, land with your feet at shoulder 
width, and bend your knees while keeping knees over toes

Jump down from the box and land with your feet and 
knee just outside of the markers on the floor.

Vertical jump Jump as high as you can while concentrating on the tips of 
your fingers, reaching as high as possible during the jumps

Jump and reach as high as you can while concentrating 
on the ball.
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Table 3:

Neuromuscular control errors for neurocognitive challenge progression.

Level of Neuromuscular Difficulty Neuromuscular Control Error Range

Low 0 or 1

Moderate 1 to 2

High 3 or more

Neuromuscular Control Errors Cognitive Errors

Stiff landing strategy (decreased knee flexion at landing) Responding incorrectly to auditory or visual cue

Exaggerated valgus collapse (knee abduction) Incorrect math problem answer

Contralateral hip drop during landing and/or cutting Unable to shadow dyad partner

Loss of balance or contralateral foot tap for single leg stability tasks Delayed reaction time/processing speed (overly slow)
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Table 5:

Session Considerations/Framework.

A) 3–4 plyometric tasks should be performed each training session. Address various planes of movement within each session
B) Start with athletes standing in 2–4 lines, facing the lead instructor
C) Sessions should include individual performance, dyad/partner training and a cognitive challenge (based on phases of learning)

Individual Performance Initially, the skill is taught/demonstrated and the athlete performs the task individually on the instructors command 
(ex: the instructor calls out “hop” and the athlete responds by performing the task).
Movement correctives provided by instructor, starting with intrinsic feedback and then quickly transitioning to 
extrinsic feedback modeling

Dyad/Partner Training The athlete partners with the person in line behind them.
Start by alternating roles between lead and follower. The lead initiates movements and the follower mirrors 
(congruent dyad training).
Progress dyad to have the lead athlete provide the neurocognitive stimuli to their follower and rotate throughout the 
session.

Cognitive Challenge As skill acquisition of the motor task is accomplished, introduce a progressive cognitive challenge. Starting with 
simple single step (1 cognitive process) and congruent processing (move as commanded), advancing to multi step 
(2 processed, or addition of memory) and finally incongruent (move opposite as commanded) or opposing cognitive 
stimuli relative to neuromuscular execution.
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Table 6:

Example Physical Warm-up Interventions (No Neurocognitive Challenge).67–73

Category Specific Exercises

Posterior Chain Static Glute Bridges
Nordic Hamstring Curls
Single Leg Romanian Deadlift

Core Stability Static Bird Dog
Plank (Front and/or Side)
Bear Plank

Primitive Dynamic Movements Bear Crawl Forward/Backward
Crab Walks
Elephant Walks
Inchworm
Spiderman
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Table 7:

Example Associative Phase Group Injury Prevention Program with Progressive Neurocognitive Challenges.55

Session Plane of 
Movement

Task Repetitions/Challenge

1 Sagittal Step-Hold
Starting in a single leg athletic stance, the athlete takes a step forward 
and descends quickly into a deep hold position on the contralateral limb. 
The athlete sustains balance in the landing position for a minimum of 3 
seconds.

2×6 with instructor cueing
2×5 dyad with partner

Frontal Double Leg Lateral Jump-Hold
Starting in a double leg athletic stance, the athlete jumps laterally while 
landing with their knees slightly flexed using a toe to mid-foot landing. 
The athlete should be instructed to maintain this landing position for a 
minimum of 3 seconds.

2×6 with instructor cueing
2×5 dyad with partner

Transverse Double Leg 90° Jumps
Starting in a double leg athletic stance, the athlete jumps into the air 
while rotating 90° during flight, landing in a slightly flexed position 
using a toe to mid-foot landing. The athlete should be instructed to 
maintain this double leg landing position for a minimum of 3 seconds.

2×6 with instructor cueing
2×5 dyad with partner

2 Sagittal Step-Hold
(see session 1 description)

1×6 with instructor cueing
2×5 dyad with partner
2×5 neurocognitive task

Frontal Double Leg Lateral Jump-Hold
(see session 1 description)

1×6 with instructor cueing
2×5 dyad with partner
2×5 neurocognitive task

Transverse Double Leg 90° Jumps
(see session 1 description)

1×6 with instructor cueing
2×5 dyad with partner
2×5 neurocognitive task

3 Sagittal Hop-Hold
Starting in a single leg athletic stance, the athlete hops forward, landing 
and maintaining balance on the same single leg in a deep hold position. 
The landing should be maintained for a minimum of 3 seconds. The 
athlete should hop and land on the same leg.

2×4 with instructor cueing, in line
2×4 dyad with partner
1×5 neurocognitive task

Frontal Single Leg Lateral Hop-Hold (Isolated)
Starting on a single leg athletic stance, the athlete hops laterally while 
landing with their knee slightly flexed using a toe to mid-foot landing. 
The athlete should be instructed to maintain this landing position for a 
minimum of 3 seconds.

2×4 with instructor cueing, in line
2×4 dyad with partner
1×5 neurocognitive task

Transverse Double Leg 180° Jumps
Starting in a double leg athletic stance, the athlete jumps into the air 
while rotating 180° during flight, landing in a double leg stance with 
slightly flexed position using a toe to mid-foot landing. The athlete 
should be instructed to maintain this landing position for a minimum 
of 3 seconds.

2×4 with instructor cueing, in line
2×4 dyad with partner
1×5 neurocognitive task

4 Sagittal Hop-Hold
(see session 3 description)

1×4 with instructor cueing, in line
1×8 dyad with partner
2×5 neurocognitive task

Frontal Single Leg Lateral Hop-Hold (Isolated)
(see session 3 description)

1×4 with instructor cueing, in line
1×8 dyad with partner
2×5 neurocognitive task

Transverse Double Leg 180° Jumps
(see session 3 description)

1×4 with instructor cueing, in line
1×8 dyad with partner 2×5 
neurocognitive task

5 Sagittal Hop-Hop-Hold
Starting in a single leg athletic stance, the athlete hops forward twice 
quickly, landing and maintaining balance on one leg in a deep hold 
position. The landing should be maintained for a minimum of 3 seconds. 
The athlete should hop and landing on the same leg.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

Phys Ther Sport. Author manuscript; available in PMC 2022 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Walker et al. Page 24

Session Plane of 
Movement

Task Repetitions/Challenge

Frontal Single Leg Lateral Hop-Hold (Repetitive)
Starting in a single leg athletic stance, the athlete jumps laterally while 
landing with their knee slightly flexed using a toe to mid-foot landing. 
Upon landing, the athlete jumps medially back to the starting position 
with the same leg. The athlete repeats for a designated amount of time or 
repetitions.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

Transverse Single Leg 90° Hops (Turning Laterally)
Starting in a single leg athletic stance, the athlete hops into the air while 
rotating 90° laterally during flight, landing in a slightly flexed position 
using a toe to mid-foot landing. The athlete should be instructed to 
maintain this landing position for a minimum of 3 seconds. If starting on 
right leg, turn to the right. If starting on the left leg, turn to the left.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

6 Sagittal Hop-Hop-Hold
(see session 5 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task

Frontal Single Leg Lateral Hop-Hold (Repetitive)
(see session 5 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task

Transverse Single Leg 90° Hops (Turning Laterally)
(see session 5 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task

7 Sagittal Crossover Hop
Starting in a single leg athletic stance, the athlete hops forward 3 times 
while crossing over a line each time (if the athlete is performing on the 
Right leg, they should start on the left side of the line. Hop include: cross 
over, cross back, cross over). The final landing should be maintained in a 
deep hold for a minimum of 3 seconds. The athlete should hop and land 
on the same leg.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

Frontal Single Leg Lateral Hop-Hop-Hold
Starting in a single leg athletic stance, the athlete hops laterally twice 
quickly while landing with their knee slightly flexed using a toe to 
mid-foot landing. Upon landing, the athlete hops back (medially) to the 
starting position. The athlete repeats for a designated amount of time or 
repetitions.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

Transverse Single Leg 90° Hops (Turning Medially)
Starting in a single leg athletic stance, the athlete hops into the air while 
rotating 90° medial during flight, landing in a slightly flexed position 
using a toe to mid-foot landing. The athlete should be instructed to 
maintain this landing position for a minimum of 3 seconds. If starting on 
right leg, turn to the left. If starting on the left leg, turn to the right.

2×4 with instructor cueing, in line
1×4 dyad with partner
1×4 neurocognitive task

8 Sagittal Crossover Hop
(see session 7 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task

Frontal Single Leg Lateral Hop-Hop-Hold
(see session 7 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task

Transverse Single Leg 90° Hops (Turning Medially)
(see session 7 description)

1×4 with instructor cueing, in line
2×6 dyad with partner
2×6 neurocognitive task
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