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Background

Anterior cruciate ligament (ACL) injury and reinjury rates are on the rise, despite
improved surgical techniques and prevention programs. ACL injuries also lead to a
variety of neuroplastic and neuromuscular alterations. Emerging research highlights the
importance of addressing neurocognitive deficits that can persist after injury including
altered proprioception, impaired motor control, muscle recruitment and heightened
reliance on visual feedback. This suggests a shift from subconscious movement, to
movements that require increased volitional control, which may contribute to increased
risk of re-injury and thus impede return to sport.

Clinical Question

Given the neurophysiological changes associated with anterior cruciate ligament (ACL)
injury that persistent into the late stages of rehabilitation, does the integration of
neurocognitive training into mid to late stage rehabilitation protocols improve functional
outcomes and reduce the risk of re-injury following ACL reconstruction (ACLR) in
athletes?

Purpose

The purpose of Part 2 of this clinical commentary is to offer strategies to implement
neurocognitive training elements into the traditional ACLR rehabilitation (in weeks 9+)
and review updated testing metrics that may better discern an athletes readiness to
return to competition. A comprehensive rehabilitation framework incorporating both
physical and neurocognitive components is proposed, aiming to improve both long-term
outcomes and return to sport testing, as well as diminishing re-injury risk.

Conclusion

Updates to the traditional rehabilitation approach post ACLR, that include increased
emphasis on neuroplastic, cognitive, and visual-motor capabilities exist. These help
prepare athletes for the unpredictable and chaotic nature of the sporting environment
and may facilitate a more effective return to sport for athletes, potentially mitigating the
risk of re-injury.
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Level of Evidence
5

INTRODUCTION

After ACLR, athletes often arrive a crossroads where they
have “finished” their rehabilitation, but have not yet been
cleared to return to sport. This commonly occurs due to in-
surance plan limitations, an inability to afford rehabilita-
tion following the exhaustion of benefits, or self-discharge.
Despite the abundance of evidence that suggests the im-
portance of meeting specific return to play criteria, many
athletes continue to exhibit strength deficits and poor re-
sults with functional testing including altered propriocep-
tion, impaired motor control and muscle recruitment, and
heightened reliance on visual feedback.

Persistent efforts and countless time have been spent on
research following ACLR, however the ability of an athlete
to return to sport at their highest level of performance and
reinjury rates continues to be a challenge to sports physi-
cal therapists.!"3 Ardern et al. reported that current return
to sports rates in elite athletes following ACLR is 81% to
any sport, 65% to their preinjury level, and only 55% to
their previous competition level.! Athletes following ACLR
are at increased risk for reinjury with documented rates
as high as 30%, 21% occurring in the contralateral limb
and 9% in the ipsilateral limb.3 Although time is not the
only factor in return to sport decision making, delaying re-
turn until nine months after surgery can significantly re-
duce the reinjury rate by 51%% and athletes that return
prior to nine months post-operatively are at approximately
a seven-fold increased rate of sustaining a second ACL in-
jury.5 Strength continues to be a long-term concern follow-
ing ACLR, with reports indicating that deficits in the hip,
knee, and ankle musculature can persist for two-plus years
following surgery.®” Deficits in deceleration performance
and landing/jumping, both vital to reducing risk of ACL in-
jury, may persiste for years following ACLR. Paterno et al
demonstrated that biomechanical asymmetries exist during
both landing and takeoff from a drop vertical jump two-plus
years following ACLR.8 Asymmetries are also present dur-
ing a 90-degree change of direction task in individuals fol-
lowing ACLR four-plus years following injury, demonstrat-
ing the need to address these biomechanical asymmetries
in the later stages of rehab.? Continued rehabilitation into
the advanced/return to performance phases of ACL recon-
struction is essential, however this begs the question; “Is
there something missing from the traditional approach of ACL
rehabiliation?”

While current training and testing metrics often fail to
replicate the dynamic and unpredictable nature of sports,
neurocognitive training offers a promising solution. Part 1
of this commentary advocates for early and consistent inte-
gration of neurocognitive rehabilitation in patients follow-
ing ACLR. Incorporating these principles throughout ACL
rehabilitation can better simulate the athletic environ-
ment, thus reducing the risk of re-injury, improving ath-
letes’ confidence, and ultimately bridging the gap between
rehabilitation and performance.

The overall goal of rehabilitation following ACLR is to
return athletes back to sport safely. Continued neurocog-
nitive rehabilitation and training into the advanced phases
may be one of the missing links which helps bridge that gap
from return to sport and return to performance at greater
than or equal to an athlete’s prior level of competition. The
purpose of this clinical commentary is to offer strategies to
implement neurocognitive training elements into the tra-
ditional ACLR rehabilitation (in weeks 9+) and review up-
dated testing metrics that may better indicate an athletes
readiness to return to competition.

NEUROCOGNITIVE TECHNIQUES APPLIED TO
ACL REHAB

Neurocognitive deficits continue to persistent in the later
stages of ACLR rehabilitation and have been shown to im-
pact performance on traditional return to sport testing.
Readiness to return to sport involves more than just the
readiness of the musculoskeletal system and should also
include psychological readiness, as well as adequate neu-
romuscular control. This is highlighted through the work
by Swanik et al. found that amongst a cohort of NCAA
athletes, those who sustained a non-contact ACL injury
demonstrated slower reaction time, processing speed, and
performed worse on verbal and visual memory tasks on IM-
PACT testing.10 Silvers-Granelli et al. demonstrated that
in Division I and II men’s collegiate soccer players (1,500+
athletes), a warmup consisting of neuromuscular control
and technique resulted in a reduction of injury rates by
46.1% and decreased time loss to injury by 28.6% in the
competitive male collegiate soccer players.!! This data il-
lustrates the importance of the continuation of neuromus-
cular/neurocognitive training into the advanced stages of
ACLR rehabilitation and even as the athletes have been
cleared for full competition to help minimize the risk of
reinjury.

Simon et al. demonstrated that the addition of a neu-
rocognitive and unanticipatory component to the tradi-
tional hop test series resulted in a significant difference in
performance and may improve functional return to sport
testing.12 This was further described by Smith et al. who
demonstrated that reactive agility tasks that incorporate
aspects of visual search, reactive decision making, working
memory, and pathfinding, as well as the incorporation of
visual perturbation resulted in a performance deficit.!3

The authors propose that the traditional rehabilitation
approach post ACLR, including the advanced stages pro-
gressing towards return to performance, should include in-
creased emphasis on the neuroplastic, cognitive, and vi-
sual-motor capabilities that are impacted following injury
to better prepare athletes for the chaotic nature of the
sporting environment.

ACL Rehabilitation - Advanced Phase (Weeks 9-16)
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Figure 1. Front step down with external cueing from laser (Motion Guidance, Denver, CO) to optimize alignment
+ blood flow restriction training (B Strong, Park City, UT) to help maximize strength gains and muscle

hypertrophy while minimizing muscle atrophy.

Part 1 of this clinical commentary, Optimizing Recovery
in the Acute Post-Operative Phase, set the stage for goals to
be achieved prior to starting this phase of rehabilitation.
The advanced phase of ACLR rehabilitation focuses on tra-
ditional goals by continuing to restore full knee flexion
PROM (heel to glute) and progressing the intensity of a
strength training program (focusing on both double and
single leg exercises). Additonally, the authors suggest im-
plementing neuromuscular control drills which specifically
target deficits that are common following ACLR. During
this phase individuals may transition towards low level
plyos (i.e. variety of double and single leg pogo hops) prior
to a return to running progression. This progression will
better prepare the athlete for the demands of running and
assess their ability to generate and accept load. Lastly it is
essential to begin assessing an athlete’s ability to deceler-
ate because they must be able to “apply the brakes” (de-
celeration) prior to working on “hitting the gas” (accelera-
tion).

In an effort to restore strength, blood flow restriction
training can be an excellent adjunct as it respects the heal-
ing process by minimizing load on the tissue during this
phase. It can be used in combination with heavy resistance
training, to promote increased muscular strength and hy-
pertrophy.14 Blood flow restriction can be coupled with
neuromuscular control drills (such as an anterior step
down) which are crucial prior to progressing towards higher
level activities. The authors suggest utilizing a laser light
system during exercise which provides an externally fo-
cused visual feedback mechanism to ensure proper lower
limb alignment (Figure 1).

Once satisfactory mechanics, neuromuscular control,
and strength (>65% of the contralateral limb via isokinetic
or isometric hand held dynamometer) has been demon-
strated, a gradual return to running progression may begin
using the Alter-G or an underwater treadmill. This typically
occurs at 10-12 weeks post-op, however the authors advise
that objective criteria versus time alone should guide the
decision as individuals who experience reactive symptoms
during a return to running progression can experience sig-
nificant setbacks.

Injury to the ACL often goes beyond injury to a soft tis-
sue structure, resulting in joint damage and possibly con-
tributing to early joint osteoarthritis. Bone bruising has
been reported to occur in 98-100% of ACL tears.!516 Byrd et
al. assessed the prevalence of bone bruises in 208 patients
(mean age: 23.8 years) who underwent ACL reconstruction
with a median time from injury to MRI scan of 12 days.! In
this cohort, 59% of the athletes who suffered a non-contact
injury with 98% (203/208) demonstrated evidence of a bone
bruise, 79% at the medial tibial plateau, 83% in both the
medial and lateral tibial plateau, and 46.6% demonstrating
a bruise in all four locations (medial femoral condyle, lat-
eral femoral condyle, medial tibial plateau, and lateral tib-
ial plateau).!5 This is important to consider in that it should
guide the rehab professional towards a gradual return to
impact progression in the advanced stages of rehab in order
to preserve and maximize long term joint health.

Once the athlete demonstrates appropriate mechanics
and tolerance through a gradual weight bearing progres-
sion, land-based running may begin typically around 14-16
weeks. The decision to return to running is based on a com-
prehensive evaluation by the rehabilitation specialist and is
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Figure 2. (See Supplemental Video 1) Single leg
balance on rocker board + external focus of demand/
selective attention via stroop test (athlete is instructed
to recite either the color of the slide, the word itself (a
specific color) or the color of the word on the slide.

informed by the athlete’s ability to tolerate the functional
progression without an increase in pain and swelling, while
demonstrating good hip and knee control.

During this phase, athletes should be progressing more
towards the associative phase of motor learning, with in-
creased task complexity and focusing on generating neu-
romuscular solutions that minimize error without focusing
attention on the movement alone. This may include in-
creased emphasis on visual distraction and/or working
memory as well as perturbation training during a dynamic
exercise such as ball toss, colored lights, or counting (Fig-
ure 2). The goal should be training both cognitive and mo-
tor function in an interactive manner to meet the demands
of each individual sport. Examples of exercises that can be
utilized during the phase are further described in Table 1.

ACL Rehabilitation - Functional Sport Training Phase
(Months 5-9)

During the functional sport training phase of ACLR re-
habilitation the emphasis should be placed on continuing
to progress athletes towards sport specific drills and later
beginning to gradually progress towards return to practice
participation. Athletes should be progressing towards the
autonomous phase of motor learning performing multi-
planar dynamic movements while simultaneously complet-
ing a high cognitively demanding challenge. Examples of
exercises that can be utilized during the phase are further
described in Table 2. By this point, athletes should have
completed a return to straight line running progression and
are continuing to progress plyometrics, agility drills, and
sport specific training. Strength should not be forgotten at
this stage, and athletes should be approaching 85-90% limb
symmetry index (LSI) compared to their contralateral side.
Overall, the goal of the functional sport training phase of
ACLR rehabilitation should be to prepare athletes for the
demands of sport by placing increased attention on reactive
agility, multiplanar stability, power development, sprinting
and jumping / landing capabilities.

ACL Rehabilitation - Return to Performance (Months
9+)

Individuals entering this phase of rehabilitation will be-
gin to participate in more advanced drills with the goal of
progressing back into practice and later, competition. This
phased approach to returning was proposed by the senior
author in 2020.17 During the participation phase individu-
als are continuing to refine skills such as jumping, landing,
single leg balance, and reaction time however it is imper-
ative that they continue to be challenged. Figure 10 illus-
trates an individual performing a countermovement jump.
They are given a variety of multi-step memory, counting,
and verbal demands all while ensuring equal weight distri-
bution is maintained. This can also be seen in Figure 11
where the individual has progressed from tradtional lad-
der drills. In this case they are given multiple commands,
first to switch between two drills, occuring in two different
planes of motion, second to change directions, and third to
catch a ball with a specific hand. The goal is that the ath-
lete can multitask without breaking stride and complete the
cognitive challenge with minimal errors.

Once competent with these tasks in a clinic (closed)
environment they can be returned to the practice (open)
setting where sport specific progressions may take place.
Communication among the entire team caring for the ath-
lete are imperative as they may be spending more time
with athletic trainers, strength and conditioning special-
ists, skills trainers, and coaches. The rehab provider must
continue to ensure neurocognitive challenges are being im-
parted to the patient to combat potential long lasting
deficits.

ACL Rehabilitation - Recommendations for Testing

Deciding when to return to sport is a complex, multifac-
torial, and multidisciplinary decision not taken in isolation
at the end of the recovery and rehabilitation process, but
instead should be viewed as a continuum, paralleled with
recovery and rehabilitation.18 Athletes’ struggles to return
to play can be attributed to issues with the current return
to sport testing procedures, or lack thereof. In a 2011 sys-
tematic review of 264 articles, Noyes et al indicated that
40% (105) of studies discussing return to athletics follow-
ing primary ACL reconstruction failed to provide any re-
turn to play criteria before sending ACL athletes back to
sport.19 Of those that did provide criteria 32% (82) used
time alone, while 15% (40) used time and subjective crite-
ria. Only 13% (55) used objective criteria, without any con-
sensus or agreement on the “best” tests. The importance
of specific objective criteria, described by Kyritsis et al. as
not achieving six specific markers (quadriceps deficit < 10%
on isokinetic at 60°/s, LSI Single Hop >90%, LSI Triple Hop
>90%, LSI Triple Crossover Hop >90%, completion of on-
field drills, and a Running T-Test <11s) led to a four-fold in-
crease in risk of re-rupture.20

Performing objective testing prior to returning athletes
to sport is pivotal in ensuring positive outcomes, however,
the authors suggest that there should be updates to our
current practices. The criteria mentioned above is a good
starting point, however flaws exist. The current tests place
emphasis on limb symmetry and fail to respect the bilateral
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deficits that commonly occur following injury, otherwise
known as the “flat tire phenomenon”. This leads clinicians
on a chase to achieve a moving target that is still below that
of the athletes level of function prior to injury. More impor-
tantly these tests as traditionally completed are predictable
in nature, which allows individuals the ability to practice
the skill independently and may reflect a learning effect.
Lastly it has been reported!2 that there is a decrease in per-
formance during functional tasks when a cognitive load is
applied, and thus the authors suggest that modification be
made to traditional hop testing when trying to replicate the
demands of sport.

Based on the available knowledge pertaining to neu-
rocognitive changes following ACLR a shift has begun re-
lated to return to sport testing. Schnittjer et al. aimed to
understand how functional tasks were affected by cognitive
challenge.2! They had individuals perform jump landing
tasks under three conditions: no dual-task, “easy” dual-
task, and “hard” dual-task. The authors concluded that
with each increasing demand, movement quality was nega-
tively affected.

Millikan et al. aimed to develop four clinical neurocog-
nitive single-leg (SL) hop tests.22 Similarly Farraye et al.
developed and tested the reliability of a Visual-Cognitive
Reactive Triple Hop Test, and demonstrated excellent relia-
bility for visual-cognitive reaction and moderate reliability
for reaction time however, the maximum hop distance was
significantly lower by 8.17%.23

Differences have also been described when comparing
preplanned versus reactive agility or change of directions

Figure 3. Lateral slide test with numbered tape on the
floor + perturbations.

Each target is 60 inches apart.

drills. Serpell et al. demonstrated a difference in mean reac-
tion time between elite and subelite groups which they con-
tributed to perceptual skills and/or reaction ability.24 When
performing a reactive deceleration change of direction task
in response to either a visual stimulus (i.e. light system)25
or an external object (i.e. soccer ball),26 changes were noted
in a reduction of braking force at the penultimate step with
an increase during the final step2 as well as a greater dis-
play of “high-risk” movement patterns.2¢ Both Grooms et
al. and Wilk et al. have proposed frameworks for combin-
ing neurocognitive and functional tests to help improve re-

Table 1. ACLR Rehab Advanced Phase (9-16 weeks) Neurocognitive Drills

Exercise/Drill

Variables for Progression

Neurocognitive Demand

Verbal/Visual Command
Step downs
Lateral slides (Figure 3)
Agility ladders
Low level plyos

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control

Stroop Test Reaction time
Target Lights (Blaze Pod) Sp eed VISL.JG.I

. Resistance Cognitive

Lateral slides Dual task (i.e ball toss or HecoStix) Decision makin

4 corners (Figure 4) . . 3
. Perturbations Memory
SLB diamond Cognitive task (counting, memory, etc.) Dual task
Single leg RDL el 3, ¥, etc.

Weave dribble (basketball or soccer)

Altered vision
# of distractions/colors

External focus of control
Reaction time

Target Lights (Quickboard)
Stagger step (L&R)
Array reactive foot fire (Figure 5)
Diagonal quick step
Foot fire Go/No Go

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision
# of distractions/colors

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Visual Cognitive (Trazer)
Shuffle - Speed 3
Reaction - Speed 3
Box Dirill - Speed 3
Get Back - Speed 3

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Blaze Pod - (Blaze Pod, San Diego, CA) ; Quickboard - (Quickboard, Memphis, TN) ; Trazer — (Trazer, Westlake, OH)
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Figure 4. Four corner target light test (Blaze Pod, San
Diego, CA).

Each light target is 21 feet apart.

Figure 6. (See Supplemental Video 3) Single Leg
Rocker Board balance with perturbations + dual
tasking with multiple weighted balls + tennis ball
catches.

Athlete is instructed to catch the tennis ball in a specific hand based on verbal com-
mand.

Figure 5. (See Supplemental Video 2) Neurocognitive
Training - Array Reactive Foot Fire to Target Color
(QuickBoard, Memphis, TN)

This is a 20 sec drill in which the athlete is instructed to tap the target color as many
times as possible while continuing rapid feet throughout the drill.

turn to sport decision making following ACLR.27-28 Grooms
et al. also aimed to understand the reliance on neurocog-
nitive demand as it pertains to functional performance in
an effort to improve return to play decisions following ACL
reconstruction.2’ They proposed the performance of four
highly reliable tests both with and without neurocognitive
augmentation in order assess for neurocognitive reliance.

Figure 12. Reactive Single Limb Cross Over Hop for Dis-
tance Test. The participant stands on one foot and hops
outward - as the participant jumps, they are instructed
which foot to land on and they must cross over the center
tape. They will then complete the sequence by completing
two more cross over hops on the same limb.

ACL Rehabilitation - Preventative Programs

Even following return to sport, research has demon-
strated the importance of continuing a risk reduction pro-
gram both in the preseason and throughout the season
to help minimize the risk of reinjury. These preventative
programs (Sportsmetrics Program, FIFA 11, FIFA 11+, and

Figure 7. (See Supplemental Video 4) Reactive mirror
drill with lateral slides.

One athlete leads the drill while the other must react and mirror the cutting/change of
direction of their partner.

the Prevent Injury and Enhance Performance [PEP]) have
shown that a session consisting of neuromuscular training
including stretching, strengthening, plyometrics, and
agility may have a direct benefit in minimizing the number
of ACL injuries in male and female athletes.29-32 The re-
sults of a recent systematic review indicate that a com-
prehensive program which includes plyometrics, strength-
ening, and neuromuscular training exercises led to a 50%
reduction in the risk for all ACL injuries and 67% reduction
for non-contact ACL injuries in female athletes.33 However
these reviews also indicate an improvement in performance
amongst organizations which were compliant to preven-
tative programs due to the ability to keep more players
healthy. The authors suggest that when educating individ-
uals that they not only promote the risk of injury reduc-
tion, but additionally the improvement in performance to
improve compliance with these programs.
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Table 2. ACLR Rehab Functional Sport Training Phase (5-9 months) Neurocognitive Drills

Exercise/Drill

Variables for Progression

Neurocognitive Demand

Verbal/Visual Command
Reactive combo runs
Reactive acceleration/deceleration drills
Mirror Drill (Figure 7)

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Target Lights (Blaze Pod)
Lateral slides
4 corners
Soccer retreat dribbles
Soccer kicks
QB reactive home base drops
Reactive 45 degree cutting (home base)

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Target Lights (Quickboard)
Reactive vertical hops
Reactive lateral hops

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Visual Cognitive (Trazer)
Box Dirill - Speed 3
Get Back - Speed 3

Speed
Resistance
Dual task (i.e ball toss or HecoStix)
Perturbations
Cognitive task (counting, memory, etc.)
Altered vision

Visual
Cognitive
Decision making
Memory
Dual task
External focus of control
Reaction time

Speed Visual
Functional Tests Resistance Cognitive
React{ve Terun (Elgur_e_&. Dual task (i.e ball toss or HecoStix) Decision making
Reactive L-run (Eigure 9) : Memory
: " Perturbations
Reactive 3-cone drill . . Dual task
. Cognitive task (counting, memory, etc.)
Reactive hop tests LS External focus of control
Altered vision S
Reaction time
Visual
Cognitive
Virtual reality . Decision making
Virtual reality glasses Movement reproduction Dual task

External focus of control
Reaction time

Blaze Pod - (Blaze Pod, San Diego, CA) ; Quickboard - (Quickboard, Memphis, TN) ; Trazer - (Trazer, Westlake, OH)

Figure 9. Reactive 10-yard L Run Test with Verbal
Verbal Command. Command.

Figure 8. Reactive 10-yard T Shuttle Run Test with

This test involves a 10-yard run then a side shuffle to one direction for 5 yards and then This test is performed with a 10 yard straight run then a turn to instructed direction for

in opposite direction for 5 yards and then turn and run back to start line. five yards then a turn back to start position.
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Figure 10. Countermovement jump assessment with Force Plates (Vald Performance, Australia).

Analyzing symmetry bilaterally as well as concentric and eccentric forces compared to the uninvolved side.

Figure 11. (See Supplemental Video 5) Reactive agility
ladders + dual tasking and external focus of demand/
selective attention via verbal commands and tennis
ball toss.

Athlete is instructed to switch between drills and change direction as well as catch the
tennis ball with a specific hand based on verbal command.

FUTURE DIRECTIONS AND IMPLICATIONS

Further research must continue to test and implement re-
active return to sport testing. As new tests develop clini-
cians must continue to ensure reliability and validity stan-
dards remain sufficient. Long term data collection and
randomized control trials (RCTs) on athletes who have
completed a reactive and neurocognitively challenged re-
turn to sport testing battery compared to traditional testing
is needed to determine the effectiveness of such testing
strategies regarding return to performance decisions and
reinjury rates. Continued work is also needed to determine
the impact on the uninvolved limb and whether or not
neuromuscular training can help minimize the risk of con-
tralateral injury as well. The authors’ recommendation for
all sports physical therapists, athletic trainers, and/or
strength and conditioning specialists is to think of an ACL
injury as more than just a musculoskeletal injury and to un-
derstand/appreciate the importance of “training the brain”
in order to best prepare our athletes for the chaotic and un-

predictable nature of the sporting environment they are re-
turning to and testing accordingly.

SUMMARY

Traditional ACLR rehabilitation has been well researched
and progressed over the years, however the rates of return
to prior level of performance and risk of reinjury continue
to be less than optimal. It is important to understand that
recovery following an ACL injury is not an isolated muscu-
loskeletal issue, but also are accompanied by neuroplastic
changes at the CNS. Recovery of the musculoskeletal im-
pairments is only the minimum prerequisite for RTS, which
does not fully ensure readiness to return. As rehab profes-
sionals, we gradually progress “chaos” from low to highly
distractive environments to better prepare athletes for the
demands of sport. Integrating neurocognitive challenges
throughout the rehabilitation process, beginning during
the acute post-operative phases and concluding with RTS
testing, may allow clinicians to more confidently make de-
cisions regarding returning individuals following ACLR to
sports, not only at their same level of performance but at
one that exceeds the level they were at prior to their injury.
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Table 3. Return to Play Criteria Following ACLR

Force Plates (Jump testing, isometric
testing, etc.)

Reactive Agility Tests (T run, L run, Hop
tests)

Measurements Methods of Assessments Obijective Criteria - Goals
Physician Clearance
Pain (VAS/NPRS) < 3 during & after exercise
Range of motion (PROM & AROM) Symmetrical & pain-free
Satisfactory Clinical Palpation No complaints of pain
Exam Special tests Negative & no complaints of pain
Joint effusion (anthropometric <1em LS|
measurements/Sweep Test)
Quadriceps bilateral comparison: 90% or greater
Hamstrings bilateral comparison: 90% or greater
HHD Q Peak Torque/BW: > 3Nm/kg
Hamstring/Quad ratio: M 66-75%, F >75%
Strength Quadriceps bilateral comparison: 90% or greater
Hamstrings bilateral comparison: 90% or greater
Isokinetics Q Peak Torque/BW: M 60-65%, F 50-55%
Hamstring/Quad ratio: M 66-70%, F >75%
Accleration rate at 0.2 secs: >90%
g‘l’ft"f:r;’::f’;ggs ACLRSI >55 points
Balance/Proprioception Di/tiatrirfic WNL - LSI
Movement Qualitative Analysi Controlled dynamic knce vagus
Analysis
Hop Tests
LE Y-Balance
T-runtest < 10% LS| and/or Norms
Functional Tests Lerun test T Run <11s

< 10% Neurocognitive reliance (based on formula
mentioned above)
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Figure 12. Reactive Single Limb Cross Over Hop for Distance Test.

The participant stands on one foot and hops outward - as the participant jumps, they are instructed which foot to land on and they must cross over the center tape. They will then
complete the sequence by completing two more cross over hops on the same limb.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-NC-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc/4.0 and legal code at https://cre-
ativecommons.org/licenses/by-nc/4.0/legalcode for more information.

International Journal of Sports Physical Therapy


https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254827.png

Neurocognitive and Neuromuscular Rehabilitation Techniques after ACL injury - Part 2: Maximizing Perfor...

REFERENCES

1. Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty-
five per cent return to competitive sport following
anterior cruciate ligament reconstruction surgery: an
updated systematic review and meta-analysis
including aspects of physical functioning and
contextual factors. Br J Sports Med.
2014;48(21):1543-1552. doi:10.1136/
bjsports-2013-093398

2. Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett
TE. Incidence of contralateral and ipsilateral anterior
cruciate ligament (ACL) injury after primary ACL
reconstruction and return to sport. Clin J Sport Med.
2012;22(2):116-121. doi:10.1097/
JSM.0b013e318246ef%

3. Paterno MV, Rauh MJ, Schmitt LC, Ford KR, Hewett
TE. Incidence of second ACL injuries 2 years after
primary ACL reconstruction and return to sport. Am J
Sports Med. 2014;42(7):1567-1573. do0i:10.1177/
0363546514530088

4. Grindem H, Snyder-Mackler L, Moksnes H,
Engebretsen L, Risberg MA. Simple decision rules can
reduce reinjury risk by 84% after ACL reconstruction:
the Delaware-Oslo ACL cohort study. Br J Sports Med.
2016;50(13):804-808. doi:10.1136/
bjsports-2016-096031

5. Beischer S, Gustavsson L, Senorski EH, et al. Young
athletes who return to sport before 9 months after
Anterior Cruciate Ligament Reconstruction have a
rate of new injury 7 times that of those who delay
return. J Orthop Sports Phys Ther. 2020;50(2):83-90.
doi:10.2519/jospt.2020.9071

6. Petersen W, Taheri P, Forkel P, Zantop T. Return to
play following ACL reconstruction: a systematic
review about strength deficits. Arch Orthop Trauma
Surg. 2014;134(10):1417-1428. doi:10.1007/
s00402-014-1992-x

7. Buckthorpe M, La Rosa G, Villa FD. Restoring knee
extensor strength after Anterior Cruciate Ligament
Reconstruction: A clinical commentary. Int ] Sports
Phys Ther. 2019;14(1):159-172. doi:10.26603/

ijspt20190159

8. Paterno MV, Ford KR, Myer GD, Heyl R, Hewett TE.
Limb asymmetries in landing and jumping 2 years
following anterior cruciate ligament reconstruction.
Clin ] Sport Med. 2007;17(4):258-262. doi:10.1097/
[SM.0b013e31804c77ea

9. Mausehund L, Krosshaug T. Knee Biomechanics
during cutting maneuvers and secondary ACL injury
risk: A prospective cohort study of knee
biomechanics in 756 female elite handball and soccer
players. Am J Sports Med. 2024;52(5):1209-1219.
doi:10.1177/03635465241234255

10. Swanik CB, Covassin T, Stearne DJ, Schatz P. The
relationship between neurocognitive function and
noncontact anterior cruciate ligament injuries. Am J
Sports Med. 2007;35(6):943-948. doi:10.1177/
0363546507299532

11. Silvers-Granelli H, Mandelbaum B, Adeniji O, et
al. Efficacy of the FIFA 11+ injury prevention program
in the collegiate male soccer player. Am J Sports Med.
2015;43(11):2628-2637. doi:10.1177/
0363546515602009

12. Simon JE, Millikan N, Yom J, Grooms DR.
Neurocognitive challenged hops reduced functional
performance relative to traditional hop testing. Phys
Ther Sport. 2020;41:97-102. doi:10.1016/
j.ptsp.2019.12.002

13. Smith EM, Sherman DA, Duncan S, et al. Test-
retest reliability and visual perturbation performance
costs during 2 reactive agility tasks. J Sport Rehabil.
2024;19:1-8. d0i:10.1123/jsr.2023-0433

14. Patterson SD, Hughes L, Warmington S, et al.
Blood flow restriction exercise: considerations of
methodology, application, and safety. Front Physiol.
2019;15(10):533. doi:10.3389/fphys.2019.00533

15. Byrd JM, Colak C, Yalcin S, et al. Posteromedial
tibial bone bruise after Anterior Cruciate Ligament
injury: An MRI study of bone bruise patterns in 208
patients. Orthop | Sports Med.
2022;10(10):23259671221120636. doi:10.1177/
23259671221120636

16. Filardo G, Andriolo L, di Laura Frattura G, Napoli
F, Zaffagnini S, Candrian C. Bone bruise in anterior
cruciate ligament rupture entails a more severe joint
damage affecting joint degenerative progression.
Knee Surg Sports Traumatol Arthrosc.
2019;27(1):44-59. doi:10.1007/s00167-018-4993-4

17. Wilk KE, Bagwell MS, Davies GJ, Arrigo CA.
Return to sport participation criteria following
shoulder injury: A clincal commentary. Int J Sports
Phys Ther. 2020;15(4):624-642. doi:10.26603/

ijspt20200624

International Journal of Sports Physical Therapy


https://doi.org/10.1136/bjsports-2013-093398
https://doi.org/10.1136/bjsports-2013-093398
https://doi.org/10.1097/JSM.0b013e318246ef9e
https://doi.org/10.1097/JSM.0b013e318246ef9e
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1177/0363546514530088
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.1136/bjsports-2016-096031
https://doi.org/10.2519/jospt.2020.9071
https://doi.org/10.1007/s00402-014-1992-x
https://doi.org/10.1007/s00402-014-1992-x
https://doi.org/10.26603/ijspt20190159
https://doi.org/10.26603/ijspt20190159
https://doi.org/10.1097/JSM.0b013e31804c77ea
https://doi.org/10.1097/JSM.0b013e31804c77ea
https://doi.org/10.1177/03635465241234255
https://doi.org/10.1177/0363546507299532
https://doi.org/10.1177/0363546507299532
https://doi.org/10.1177/0363546515602009
https://doi.org/10.1177/0363546515602009
https://doi.org/10.1016/j.ptsp.2019.12.002
https://doi.org/10.1016/j.ptsp.2019.12.002
https://doi.org/10.1123/jsr.2023-0433
https://doi.org/10.3389/fphys.2019.00533
https://doi.org/10.1177/23259671221120636
https://doi.org/10.1177/23259671221120636
https://doi.org/10.1007/s00167-018-4993-4
https://doi.org/10.26603/ijspt20200624
https://doi.org/10.26603/ijspt20200624

Neurocognitive and Neuromuscular Rehabilitation Techniques after ACL injury - Part 2: Maximizing Perfor...

18. Ardern CL, Glasgow P, Schneiders A, et al. 2016
Consensus statement on return to sport from the
First World Congress in Sports Physical Therapy,
Bern. Br ] Sports Med. 2016;50(14):853-864.
doi:10.1136/bjsports-2016-096278

19. Barber-Westin SD, Noyes FR. Factors used to
determine return to unrestricted sports activities
after anterior cruciate ligament reconstruction.
Arthroscopy. 2011;27(12):1697-1705. doi:10.1016/
j.arthro.2011.09.009

20. Kyritsis P, Bahr R, Landreau P, Miladi R, Witvrouw
E. Likelihood of ACL graft rupture: not meeting six
clinical discharge criteria before return to sport is
associated with a four times greater risk of rupture.
Br ] Sports Med. 2016;50(15):946-951. doi:10.1136/
bjsports-2015-095908

21. Schnittjer A, Simon JE, Yom ], Grooms DR. The
effects of a cognitive dual task on jump-landing

movement quality. Int J Sports Med. 2021;42(1):90-95.

doi:10.1055/a-1195-2700

22. Millikan N, Grooms DR, Hoffman B, Simon JE.
The development and reliability of 4 clinical
neurocognitive single-leg hop tests: Implications for
return to activity decision-making. J Sport Rehabil.
2019;28(5):536-544. doi:10.1123/jsr.2018-0037

23. Farraye BT, Simon JE, Chaput M, Kim H, Monfort
SM, Grooms DR. Development and reliability of a
visual-cognitive reactive triple hop test. J Sport
Rehabil. 2023;32(7):802-809. doi:10.1123/

js1.2022-0398

24. Serpell BG, Ford M, Young WB, et al. The
development of a new test of agility for rugby league.
J Strength Cond Res. 2010;24(12):3270-3277.
doi:10.1519/]SC.0b013e3181b60430

25. Mulligan CMS, Johnson ST, Pollard CD, Hannigan
KS, Athanasiadis D, Norcross MF. Deceleration
profiles between the penultimate and final steps of
planned and reactive side-step cutting. J Athl Train.
2024;59(2):173-181.

26. Needham C, Herrington L. Cutting movement
assessment scores during anticipated and
unanticipated 90-degree sidestep cutting manoeuvres
within female professional footballers. Sports.
2022;10(9):128. doi:10.3390/sports10090128

27. Grooms DR, Chaput M, Simon JE, Criss CR, Myer
GD, Diekfuss JA. Combining neurocognitive and
functional tests to improve return-to-sport decisions
following ACL reconstruction. J Orthop Sports Phys
Ther. 2023;0(8):1-5. doi:10.2519/jospt.2023.11489

28. Wilk KE, Thomas ZM, Arrigo CA, Davies GJ. The
need to change return to play testing in athletes
following ACL injury: A theoretical model. Int J Sports
Phys Ther. Published online 2023:272-281.
doi:10.26603/001¢.67988

29. Hewett TE, Di Stasi SL, Myer GD. Current
concepts for injury prevention in athletes after
anterior cruciate ligament reconstruction. Am J Sports
Med. 2013;41(1):216-224. doi:10.1177/
0363546512459638

30. Mandelbaum BR, Silvers HJ, Watanabe DS, et al.
Effectiveness of a neuromuscular and proprioceptive
training program in preventing anterior cruciate
ligament injuries in female athletes: 2-year follow-
up. Am J Sports Med. 2005;33(7):1003-1010.
doi:10.1177/0363546504272261

31. Silvers-Granelli HJ, Bizzini M, Arundale A,
Mandelbaum BR, Snyder-Mackler L. Does the FIFA
11+ injury prevention program reduce the incidence
of ACL injury in male soccer players? Clin Orthop
Relat Res. 2017;475(10):2447-2455. doi:10.1007/
§11999-017-5342-5

32. Noyes FR, Barber-Westin SD, Tutalo Smith ST,
Campbell T. A training program to improve
neuromuscular and performance indices in female
high school soccer players. J Strength Cond Res.
2013;27(2):340-351. doi:10.1519/
JSC.0b013e31825423d9

33. Webster KE, Hewett TE. Meta-analysis of meta-
analyses of anterior cruciate ligament injury
reduction training programs. J Orthop Res.
2018;36(10):2696-2708. doi:10.1002/jor.24043

International Journal of Sports Physical Therapy


https://doi.org/10.1136/bjsports-2016-096278
https://doi.org/10.1016/j.arthro.2011.09.009
https://doi.org/10.1016/j.arthro.2011.09.009
https://doi.org/10.1136/bjsports-2015-095908
https://doi.org/10.1136/bjsports-2015-095908
https://doi.org/10.1055/a-1195-2700
https://doi.org/10.1123/jsr.2018-0037
https://doi.org/10.1123/jsr.2022-0398
https://doi.org/10.1123/jsr.2022-0398
https://doi.org/10.1519/JSC.0b013e3181b60430
https://doi.org/10.3390/sports10090128
https://doi.org/10.2519/jospt.2023.11489
https://doi.org/10.26603/001c.67988
https://doi.org/10.1177/0363546512459638
https://doi.org/10.1177/0363546512459638
https://doi.org/10.1177/0363546504272261
https://doi.org/10.1007/s11999-017-5342-5
https://doi.org/10.1007/s11999-017-5342-5
https://doi.org/10.1519/JSC.0b013e31825423d9
https://doi.org/10.1519/JSC.0b013e31825423d9
https://doi.org/10.1002/jor.24043

Neurocognitive and Neuromuscular Rehabilitation Techniques after ACL injury - Part 2: Maximizing Perfor...

SUPPLEMENTARY MATERIALS

Supplemental Video 1

254806.mov

Supplemental Video 2

254807.mov

Supplemental Video 3

254808.mov

Supplemental Video 4

254809.mov

Supplemental Video 5

254810.mov

International Journal of Sports Physical Therapy


https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254806.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254806.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254806.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254807.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254807.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254807.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254808.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254808.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254808.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254809.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254809.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254809.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254810.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254810.mov
https://ijspt.scholasticahq.com/article/126270-neurocognitive-and-neuromuscular-rehabilitation-techniques-after-acl-injury-part-2-maximizing-performance-in-the-advanced-return-to-sport-phase/attachment/254810.mov

	Neurocognitive and Neuromuscular Rehabilitation Techniques after ACL injury - Part 2: Maximizing Performance in the Advanced Return to Sport Phase
	Background
	Clinical Question
	Purpose
	Conclusion
	Level of Evidence
	Introduction
	Neurocognitive Techniques Applied to ACL Rehab
	Future Directions and Implications
	Summary
	Conflict of interest

	References
	Supplementary Materials


