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ABSTRACT

Purpose/Background: Despite recent advances in anterior cruciate ligament reconstruction (ACL) surgical
techniques, an improved understanding of the ACLs biomechanical role, and expanding research on optimal
rehabilitation practices in ACL-reconstructed (ACLR) patients, the re-tear rate remains alarmingly high and
athletic performance deficits persist after completion of the rehabilitation course in a large percentage of
patients. Significant deficits may persist in strength, muscular activation, power, postural stability, lower
extremity mechanics, and psychological preparedness. Many patients may continue to demonstrate altered
movement mechanics associated with increased injury risk. The purpose of this clinical commentary and
literature review is to provide a summary of current evidence to assist the rehabilitation professional in
recognizing, assessing, and addressing factors which may have been previously underappreciated or unrec-
ognized as having significant influence on ACLR rehabilitation outcomes.

Methods: A literature review was completed using PubMed, Medline, and Cochrane Database with results
limited to peer-reviewed articles published in English. 136 articles were reviewed and included in this
commentary.

Conclusions: Barriers to successful return to previous level of activity following ACLR are multifactorial.
Recent research suggests that changes to the neuromuscular system, movement mechanics, psychological
preparedness, and motor learning deficits may be important considerations during late stage rehabilitation.

Level of evidence: Level 5- Clinical Commentary
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INTRODUCTION

ACL injuries account for up to 50% of all sustained
knee injuries with an estimated frequency of' 6.5 ACL
injuries per 10,000 athletic exposures and an esti-
mated one billion dollars spent annually on ACLR in
the United States.!* Approximately 90% of patients
who seek treatment for an ACL tear undergo surgical
reconstruction.® For many of these patients, the goal
is return to sport or recreational activities at their
pre-injury level. Recent evidence suggests that the
outcome rates for return to sport and continued par-
ticipation after return are lower than desired.*® Ard-
ern et al reported return to sport rates at 12 months
after ACLR ranged from 33% to 92%.* Multiple
authors report rates of re-tear or secondary injury to
the uninvolved lower extremity following return to
high level activity ranging from four to thirty three
percent.”!s Paterno et al reported results indicating
that roughly one-third of female high school athletes
suffer an injury to the contralateral lower extremity
within two years of return to sport following ACLR.*
Myer et al demonstrated that resolution of specific
functional deficits following ACLR was not associ-
ated with time from surgery.”” This suggests that
athletes may require longer time frames to restore
acceptable levels of functional performance than
currently recommended. These results may also
suggest shortcomings in commonly utilized postop-
erative rehabilitation protocols and return to sport
testing criteria. Many of these protocols have focused
on biomechanical and musculoskeletal factors such
as knee range of motion, lower extremity strength,
measures of ability to produce power as compared
to the uninvolved side, and graft laxity to deter-
mine readiness for rehabilitation advancement and
return to previous level of activity. The purpose of
this clinical commentary and literature review is to
provide a summary of current evidence to assist the
rehabilitation professional in recognizing, assessing,
and addressing factors which may have been previ-
ously underappreciated or unrecognized as having
significant influence on ACLR rehabilitation out-
comes. Evidence for the potential influence of pain,
psychological variables, and neurological impact of
ACL injury and ACL reconstruction will be exam-
ined. Optimal strategies to enhance motor learning,
restore movement quality and minimize secondary
injury risk will be discussed. The current criteria

for return to sport decision making and traditional
guidelines will be addressed,” and updated consid-
erations and emerging evidence for newer methods
of assessment and interventions in late stage ACLR
rehabilitation will be reviewed.

MOVEMENT ALTERATIONS AND INJURY
RISK

Actual reported re-injury rates range from 1 in 4 to
11in 17 in ACLR patients,"'* with a higher incidence
reported in the first two years post-injury.'> Multiple
authors have identified altered biomechanics and
movement patterns in male and female ACL-recon-
structed patients when comparing the involved limb
to the uninvolved.'®*® Altered lower extremity bio-
mechanics have also been discovered when compar-
ing patients with ACL injuries to uninjured control
subjects.”® These movement alterations have been
identified during multiple sport-specific maneuvers
including single leg jumping,'®!” sagittal double leg
jumping and landings,'**" lateral hopping,* side-
step cutting,**** and jogging.*® Movement altera-
tions may persist for time frames ranging from six
months to beyond two years post-operatively, even
in some athletes cleared to return to full participa-
tion in sport.'®?! Paterno et al examined factors that
predicted second ACL injury risk in ACLR patients
prospectively.! These authors identified four fac-
tors including increased knee valgus, asymmetry in
internal knee extensor moment at initial contact,
single leg postural stability, and opposite hip rota-
tion moment as significant predictors of re-injury
risk. It has also been demonstrated that specific tar-
geted neuromuscular training can improve one or
more of these identified risk factors.?”*® Recently,
Goerger et al were able to examine dominant limb
biomechanics in a group of subjects both pre-ACL
injury and after subsequent surgical reconstruc-
tion.*® Their findings indicated that ACL injury
resulted in altered movement patterns in both the
involved and uninvolved lower extremities, simi-
lar to those demonstrated to be predictive of lower
extremity injury. These altered movement patterns
did not resolve following ACLR and subsequent
rehabilitation. This suggests that changes to the tra-
ditional ACLR rehabilitation paradigm may be nec-
essary, particularly with return to sport training and
timeframes for sport clearance. It is imperative that
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the rehabilitation professional appreciate the biome-
chanical and musculoskeletal issues that may result
from ACL injury as well as the potential effects on
higher levels of the neuromuscular system. Targeted
interventions to improve movement quality during
high level sport specific tasks may need to be further
explored and refined in order to lower re-tear and
secondary injury rates.

NEUROLOGICAL EFFECTS OF ACL INJURY
The effects of ACL injury on joint stability, lower
extremity biomechanics, and isolated muscle group
performance have been documented in the medi-
cal literature.” Research examining the potentially
detrimental neuroplastic effects of ACL injury and
subsequent surgical reconstruction is much less
plentiful in spite of the potential effect on function
and preparedness for return to sport.

Disruption of the native ACL leads to mechanical
instability of the knee, but also can alter neuromus-
cular control due to disruption of mechanoreceptors
within the ligament.*® Disruption of these mechano-
receptors alters somatosensory signals and decreases
the afferent input to the central nervous system
(CNS). The resultant decrease in joint position sense
and kinesthesia, along with increased nociceptor
activity associated with pain and effusion potentially
impairs motor control.* Kapreli et al concluded that
ACL injury can cause reorganization of the CNS and
result in changes in activation patterns of sensorimo-
tor cortical areas as compared to matched controls
with intact ACL.** These changes in neurophysiologic
function are not corrected with ACLR, as the afferent
pathway from the mechanoreceptors present in the
native ACL cannot be reliably restored.** This con-
cept is further supported by the work of Baumeister
et al® in a study comparing cortical activity during
knee joint angle reproduction tasks in ACLR patients
and matched controls. The authors found signifi-
cantly higher levels of cortical activity during move-
ment tasks in knees status post ACLR as compared to
non-injured knees. Grooms et al** suggested that the
decreased somatosensory input available following
ACL injury requires the patient to rely on visual feed-
back and increased conscious cortical involvement in
order to effectively regulate neuromuscular control.
Grooms et al** further suggested that the visual feed-
back and conscious motor planning mechanisms may

be efficient during simple or predictable tasks but
may become overwhelmed and less efficient in the
complex athletic environment leading to increased
injury risk. This information suggests that the tradi-
tional rehabilitation model focused on restoration of
range of motion, muscle strength and endurance, and
enhanced biomechanical function during varying
levels of dynamic tasks may fall short when attempt-
ing to minimize re-injury risk. Further investigation
of rehabilitation techniques that could be utilized to
impact the changes in neuroplasticity and motor con-
trol may be necessary to improve outcomes following
ACLR.

PAIN

Recent research also appears to support the idea that
pain may alter neuromuscular function and trigger
adaptations that could result in detrimental effects
on long term health and physical performance.*
Hodges and Tucker®*® proposed that pain may trig-
ger neuromuscular changes due to the intent to pro-
tect the injured region of the body and minimize
the experience of pain. They proposed that these
adaptations may include: redistribution of activity
within or between muscles and changes in mechani-
cal behavior including stiffness or modified move-
ment patterns. They suggested that these changes
occur at multiple levels of the nervous system and
may be additive, complementary, or competitive.*®
While these changes may provide the intended ben-
efit of short term relief of pain, they may also result
in decreased movement range, decreased movement
variability, and increased load in specific regions
of the knee joint. This may have long term impli-
cations on knee health, re-injury risk, and athletic
performance. It is not currently clear whether these
adaptations are a result of pain suffered at the time
of'initial ACL injury, post-operative pain, or the sum-
mative effects of both.

In support of this theory, Tucker et al*® found that
motor unit discharge of the quadriceps was nega-
tively affected not only by the presence of pain,
but also the anticipation of pain. More importantly,
changes in motor unit discharge continued regard-
less of whether pain was present or not. Hug et al
found inter-muscular changes in response to pain
within the quadriceps muscle group suggesting
adaptive differences that could be attributable to
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changes in role or function of individual muscles
or neurophysiological differences or constraints.?”
These changes may have significant rehabilitation
implications in an ACLR population.

ALTERATIONS IN SPECIFIC MUSCLE
FUNCTION

Pain and other factors may hinder optimal knee and
lower extremity muscular performance in an ACLR
population. Thomas et al found that residual weak-
ness persisted post-operatively in the knee extensors
and knee flexors of ALCR subjects, while hip exten-
sors, hip adductors, and ankle plantar flexors fully
recovered to preoperative levels.*® These authors did
not evaluate the effect of ACLR on strength in hip
abductors and hip external rotators.

Multiple authors have identified weakness in the
hip and core muscle groups as a predictor of lower
extremity injury risk.**** Proximal lower extremity
muscle function has demonstrated a significant effect
on lower extremity mechanics*** and weakness in
these groups have been identified in other common
lower extremity pathologies including patellofemo-
ral pain syndrome,**® iliotibial band syndrome,*’
and ankle sprain.®® The link between proximal hip
weakness and lower extremity pathology supports
the concept of regional interdependence.

Core musculature strength has not been well studied
in regards to an ACLR population, however, deficits in
core proprioception and neuromuscular control have
been found to be predictive of knee injury risk.***
Noehren et al examined female athletes who had
undergone ACLR and did not find differences in hip
abduction or external rotation strength, but did find
significant differences in trunk neuromuscular con-
trol when compared to healthy, uninjured subjects.*
There are few current studies that have examined
changes in hip and core muscle activation patterns
in the presence of ACL injury or resultant surgical
reconstruction. It is possible that selective proximal
hip and core weakness or activation differences may
be present pre and/or post-ACLR and may have an
influence on movement mechanics and function.*

Return of hamstring strength and torque following
ACLR has been largely studied with respect to ham-
string graft harvest and subsequent tendon regenera-
tion and morphology. Multiple studies have identified

hamstring weakness following ACLR, specifically at
higher knee flexion angles.®** However, few stud-
ies have examined potential neuromotor influence
on hamstring weakness and activation following
ACLR. Ristanis et al identified an electromechanical
delay in hamstring activation following ACLR with
hamstring graft harvest.® Briem et al demonstrated
altered inter-limb hamstring activation patterns that
also differed from healthy controls.®® ACLR subjects
who had a hamstring graft demonstrated increased
lateral hamstring activity versus medial hamstring
activity.®® Arnason et al also found significant altera-
tions in lateral and medial hamstring activation
between lower extremities in ACLR subjects with
hamstring autograft during hamstring exercise.®
Increased medial hamstring activation may limit
knee valgus and subsequent ACL loading.® %% Zebis et
al demonstrated that decreased semitendinosus pre-
activation with cutting was a predictor for increased
risk of noncontact ACL injury.®® The alterations in
hamstrings neuromotor activity have been shown to
contribute to modified lower extremity mechanics
in ACLR subjects.®**® Targeted neuromuscular train-
ing is able to modify medial hamstring activity, and
subsequently may impact knee valgus positioning
during sport activity.%”

Extensive research has examined influence of ACLR
on quadriceps function. Multiple studies have iden-
tified persistent knee extensor or quadriceps muscle
weakness and/or activation deficits in early and late
postoperative periods.?®”® In the early postopera-
tive period, increased knee effusion is often present
and has been shown to cause quadriceps inhibition
along with changes in afferent feedback.”*”” Lynch
et al recently determined that knee effusion did
not directly mediate quadriceps inhibition after ini-
tial ACL injury.” They determined that arthrogenic
muscle inhibition was present at the quadriceps
bilaterally after ACL injury and theorized that pain,
inflammation, and or inactivity may contribute to
these deficits. These bilateral activation deficits are
suggestive of more complex central nervous system
involvement versus locally mediated neurologic
responses at the knee.

Recently several authors have suggested that neuro-
motor deficits occur at higher central nervous system
levels in ACLR patients.”*®" Changes in quadriceps
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muscle mechanics and subsequent weakness were
observed after ACLR versus the uninvolved lower
extremity suggesting changes at a local quadriceps
muscular level, but possibly also at a neuromotor
level.” These changes included decreased strength
at more lengthened positions in higher knee flex-
ion angles and at slower speeds with isokinetic and
isometric testing.”” Kuenze et al found that ACLR
patients demonstrated significant deficits in corti-
cal excitability, quadriceps strength, and quadriceps
activation in the surgical limb when compared to
both the uninvolved limb and matched healthy con-
trols.® These cortical excitability deficits persisted
beyond six months post-operatively and extended
into the return to recreational activity. In a similar
study, Lepley et al determined that decreased spi-
nal-reflexive and corticospinal excitability was pres-
ent preoperatively, two weeks post-operatively, and
six months post-operatively.”? These studies docu-
mented bilateral quadriceps weakness and activa-
tion deficits, including decreased central activation
ratio.® Bilateral deficits in central activation ratio in
ACLR subjects has also been linked to poor return
of quadriceps activation and strength.® It appears
that current published ACLR rehabilitation model
paradigms are not adequately addressing these neu-
romotor deficits based on current research. Tracking
values such as central activation ratio may pro-
vide a more valuable future estimation of return of
strength and activation to assist in return to sports
decision-making and rehabilitation progressions for
ACLR athletes. Recently, Kuenze et al studied these
values and determined that quadriceps central acti-
vation ratio above 89.3% was the strongest unilateral
indicator at the involved leg of healthy-knee related
outcomes determined by pain, knee-related func-
tion, and physical activity level.? Schmitt et al dem-
onstrated quadriceps index (QI) of less than 85%
in comparison to the uninvolved lower extremity
in ACLR subjects was predictive of poor functional
hop test performance while scores greater than 90%
were comparable to uninjured subjects.® Similarly
Schmitt et al found that quadriceps weakness (QI <
85%) was related to altered lower extremity landing
mechanics and forces, while ACLR subjects with QI
> 90% demonstrated mechanics similar to unin-
jured subjects.? The group with QI < 85% demon-
strated increased peak vertical ground reaction force

and peak loading rate at the uninvolved limb.?* The
profound effect on landing mechanics is significant
given the evidence linking alterations in movement
mechanics in ACLR patients to re-injury risk, per-
formance deficits, and increases in joint reactive
forces.?

Rate of force development has been characterized
as a measure of explosive muscle action and neu-
ral drive.®® Reduced rate of force development of
specific muscles following ACLR may have similar
effects on athletic performance as muscle weakness.
Angelozzi et al found that at six months after ACLR
maximum voluntary isometric contraction levels in
the involved leg had returned to 97% of preinjury
values.?> However, decreased rate of force develop-
ment persisted at the affected lower extremity and
did not near preinjury levels until twelve months
post-operatively. Knezevic et al also found deficits in
rate of force development and maximal strength at
the quadriceps and hamstrings between the involved
and the uninvolved lower extremity in ACLR sub-
jects at six months post-operatively.

The rate of force development is an important factor
in athletics due to the need to accelerate, decelerate,
and change direction. For this reason, the results of
these studies have potentially significant implica-
tions in return to sport time frames and overall ath-
letic performance. The authors of these studies did
not offer a hypothesis for the continued deficits in
rate of force development, but their results suggest
that neuromuscular function of the involved lower
extremity may remain impaired well into the late
post-operative rehabilitation course.

FATIGUE

In addition to changes in neuromuscular activation,
multiple studies have identified the detrimental
effects of fatigue on the involved and/or uninvolved
lower extremity.®”* Fatigue has been reported to
have a negative effect on postural stability, neuro-
muscular control, and lower extremity mechanics
during sport activity or components of sport perfor-
mance in ACLR subjects.”?* Deficits in postural sta-
bility, increased knee valgus, and increased opposite
hip internal rotation moment of the lower extrem-
ity are correlated to increased ACL re-injury risk."
McLean and Samorezov noted a crossover effect on
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lower extremity mechanics from the involved lower
extremity to uninvolved contralateral lower extrem-
ity after a fatigue protocol.’” Decreased knee flex-
ion angle at intial contact was observed, as well as
increased knee abduction and hip internal rotation
at peak stance during single leg jumps.*” The cross-
over effect on the uninvolved lower extremity may
have added significance given the results of a recent
study which found a twenty percent injury rate in
females who had undergone ACLR the contralateral
lower extremity.® This crossover effect also rein-
forces the concept of higher level central nervous
system control and processing of lower extremity
mechanics, which as noted previously appear to
be impacted by ACL injury and/or reconstruction.
The effects of fatigue may be more pronounced in
ACLR subjects. Fatigue should be considered in late
stage rehabilitation program design to ensure that
ACLR subjects are able to maintain consistent move-
ment mechanics under fatigued conditions. Exercise
dosage and training intensity must be sufficient to
reach fatigue thresholds encountered under sport
conditions. Augustsson et al performed a study on
functional hop testing in ACLR subjects and found
that two thirds of subjects who had initially passed
with greater than 90% limb symmetry index scores
were unable to pass following a fatigue protocol for
each lower extremity.”” Additionally, in this study
lower extremity mechanics during testing were sig-
nificantly negatively impacted by the fatigue proto-
col. This suggests that return to sport testing in a
fatigued state may be beneficial to ensure that ath-
letes are not cleared for return to play prematurely.
The ability to maintain consistent movement qual-
ity and mechanics to avoid at-risk postures for ACL
re-injury in the presence of fatigue is critical in reha-
bilitation planning and limiting injury risk in ACLR
patients.

PSYCHOLOGY AND INFLUENCE ON

RETURN TO SPORT FOLLOWING ACLR

Recent research has highlighted an enhanced under-
standing of psychological influence on the ability of
ACLR patients to fully return to sport and restore
performance to preinjury levels. Ardern et al showed
that preoperative psychological responses were asso-
ciated with likelihood of returning to preinjury levels
12 months after reconstruction.* This may suggest

that the role of psychology in the rehabilitation pro-
cess has been underappreciated and further research
may be warranted in this area.* The most common
reason cited in failure to return to sport is fear of
reinjury.® This fear of reinjury may manifest in the
form of negative behaviors impacting sport perfor-
mance including hesitation, giving less than maximal
effort, and excessive protection of the affected body
part during competition.”® Fear of reinjury or pain
may also alter optimal motor function in the form of
alterations in muscle tone, firing patterns, or sequen-
tial activation.”® There is evidence that motor con-
trol alterations in response to pain or musculoskeletal
injury may persist despite the resolution of pain and
symptoms.” Acclimating the ACLR patient to the
anticipated sport or recreational demands under con-
trolled conditions may improve comfort level and
confidence with these tasks in order to reduce or
limit the negative impact of fear behaviors. Ardern
et al reported that the prospective judgment ACLR
patients made about their ability to return to sport
included their own experience and attitudes as well as
advice of health care professionals.? This suggests the
ability of rehabilitation providers to have a profound
effect on the psychological attitudes of these patients
through education, patient interactions, and custom-
ized neuromuscular training interventions that incor-
porate functional specificity during rehabilitation.
Authors report significant efficacy and improvements
in pain and fear of reinjury using education and in
vivo exposure therapy for musculoskeletal condi-
tions.** While these studies are not specific to ACLR
patients, they may be useful in developing rehabili-
tation strategies to address fear beliefs and kine-
siophobia. Abbott et al also demonstrated superior
effectiveness of post-operative rehabilitation incorpo-
rating psychomotor therapy consisting of cognition,
behavior, and motor relearning versus exercise alone
in patients recovering from lumbar fusion.'®® De Jong
et al hypothesized that graded in vivo exposure may
also activate cortical networks and reconcile motor
output and sensory feedback that may be altered due
to pain and fear of reinjury in patients with Complex
Regional Pain Syndrome (CRPS).'” Providers working
with ACLR patients may provide exposure to a vari-
ety of advanced sport-specific movements during late
stage rehabilitation to potentially improve psycho-
logical and neuromotor benefits. Early recognition of
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ACLR patients demonstrating evidence of the psycho-
logical variables linked to less than optimal outcomes
appears critical to improving overall rehabilitation
success. Patients exhibiting these behaviors may ben-
efit from consultation with a sports psychologist to
remediate limiting factors and minimize re-injury
risk. Many rehabilitation professionals lack the nec-
essary training and psychology background to accu-
rately identify patients demonstrating behaviors that
are potentially detrimental to outcomes. Additionally,
few peer-reviewed and researched post-operative
ACLR protocols include screening tools to assist reha-
bilitation professionals in identifying these behaviors.
Ardern et al recently utilized the ACL-Return to Sport
after Injury (ACL-RSI) as a screening tool to deter-
mine psychological readiness to return to sport and
recreational activity.'”” The authors correlated higher
ACL-RSI scores with return to sports participation
at pre-injury level. Chmielewski et al also demon-
strated an association between scores on the Tampa
Scale of Kinesiophobia (TSK) and function in the late
stage rehabilitation period following ACLR from 6-12
months postoperatively.'® Higher TSK scores indicate
greater pain-related fear of movement or reinjury.
Pain-avoidance and fear-avoidance psychological fac-
tors have been demonstrated in an ACLR postopera-
tive population as well. Lentz et al found that those
who did not return to preinjury level of sports partici-
pation following ACLR because of fear of reinjury or
lack of confidence demonstrated higher pain-related
fear of movement.'” This supports the possibility
that pain may alter neuromuscular function and pain
avoidance behavior may have psychological implica-
tions that negatively impact rehabilitation. Rehabili-
tation professionals may find the above mentioned
questionnaires or similar assessment tools useful to
gauge psychological preparedness and aid in return
to sport decision making, as well as to identify ACLR
patients that may require additional interventions to
enhance outcomes.

INTERVENTIONS

It has been well documented that deficits in range of
motion'*"? and strength 7% can negatively affect
lower extremity performance and functional out-
come following ACLR. For this reason, restoration
of acceptable levels of ROM, strength, and biome-
chanics are essential components of a well designed

rehabilitation program. Unfortunately, inclusion of
these key components does not always correlate
with successful return to previous level of activity.
Traditional rehabilitation programs have produced
variable results with respect to restoring symmet-
rical lower extremity muscle strength and activa-
tion, postural stability, and symmetrical movement
mechanics. The traditional rehabilitation model has
produced less than optimal success rates for return
to athletic performance at preinjury levels. This sug-
gests changes may be needed to the traditional ACLR
rehabilitation paradigm to ensure improved patient
outcomes. The resultant neuromotor effects of ACL
injury and reconstruction are increasingly recog-
nized but may not be properly resolved with tradi-
tional ACLR rehabilitation protocols, necessitating a
change and willingness to adapt current rehabilita-
tion practices. Emerging evidence-based rehabilita-
tion strategies and concepts should be considered to
remediate neuromotor changes.

Plyometric training is a mainstay in the mid and
late rehabilitation phases of traditional ACLR reha-
bilitation protocols. Implementation of plyometrics
is critical because early rehabilitation may not ade-
quately simulate the forces required by full athletic
participation and competition.'®* ACLR patients who
are not adequately prepared to accept and tolerate
these forces and avoid at-risk postures and mechan-
ics are more susceptible to re-injury.!! Plyometric
training is often incorporated in conjunction with
neuromuscular retraining with feedback to allow
integration of improved lower extremity mechanics
and simulate components of sports specific maneu-
vers."* Plyometrics are an area where type of cuing
and adequate supervision of movement mechanics
may take on added importance due to the increased
neuromuscular demand and higher loads and forces
placed on the lower extremities."

A growing body of evidence has emerged regarding
the types of cues and feedback employed during ply-
ometric exercise and sport specific movement train-
ing. Recent studies">"” have suggested that specific
feedback methods may enhance motor learning and
may be more efficacious in restoration of safe move-
ment patterns than the methods employed during
traditional rehabilitation activities. Feedback applica-
tion of varying types and volume may significantly
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influence motor control and neuromuscular re-edu-
cation."® The use of oral and video feedback has been
shown to improve frontal plane lower extremity bio-
mechanics during jumping tasks, improve strength,
and decrease vertical ground reaction force."'” The
use of combined verbal, visual, and tactile feed-
back has also allowed functional carryover of lower
extremity biomechanics across multiple functional
weight bearing tasks."*

Recent research has focused on the effects of exter-
nally and internally directed cues and their respec-
tive impact on movement mechanics and motor
learning. The type and method of cuing and feed-
back offered to ACLR subjects may have a significant
effect on landing mechanics, lower extremity sym-
metry, and postural stability. Physical therapists pro-
vide feedback inducing internally directed focus up
to 95% of the time."® Examples of internally directed
cues may include instructing patients to land with
flexed knees or to land with feet shoulder width
apart.'® Recent evidence indicates that while use
of internally directed cues may be more prevalent,
it may actually limit potential for motor learning
and full recovery following ACLR because it causes
the patient to rely on more conscious versus auto-
matic control at a central nervous system level.!'
It has been suggested that cues involving externally
directed focus may promote use of more uncon-
scious or automatic mechanisms that may improve
motor learning efficacy.!'® Using external cues and
targets such as cones, bars, or foot markers may allow
patients to direct focus externally to improve qual-
ity of squatting, jumping, and sport-specific move-
ments (Figures 1A and 1B)."° Feedback wording and
supplied images with external cues describing tech-
nique such as land “light as a feather”, “like a spring”
and “shock absorber” were also found to improve
landing mechanics in both healthy and ACLR sub-
jects.'® Improvements in jump distance and jump
height during plyometric activities and training
were observed using external attentional focus com-
pared to internal attentional focus (Figures 2A and
2B)."#120 Multiple authors support improvements
in force and athletic performance using externally
directed attentional focus versus internally directed
focus. "% Augmented verbal feedback coupled with
plyometric training has also been demonstrated to
increase power output in trained athletes during

Figures 1A and 1B. Cones or similar objects may be utilized
to facilitate improved lower extremity mechanics with jumping
(Figure 1A) and landing/squatting (Figure 1B). Use of these
external cues in conjunction with visual and verbal feedback
will facilitate increased hip and knee flexion to encourage
improved force absorption at the lower extremities and increased
hamstring activation.

jumping tasks."®!% Although it has not been studied
specifically in an ACLR population, the enhanced
benefits of external attentional focus during plyo-
metric training may allow improved athletic per-
formance and improved overall outcomes in ACLR
subjects based on existing information from healthy
subjects. Gokeler et al also found improvements in
movement mechanics during single leg hopping in
ACLR subjects using external attentional focus ver-
sus internal focus.'* Real time feedback is another
means of incorporating external attentional focus.
Real time visual feedback training utilizing mirrors
and virtual reality images have recently been stud-
ied as a means of effectively altering neuromotor
function and processing during both training and
testing.!'”1?*12* Investigators used real time feedback
training and found improvements in knee abduction
load, knee flexion angle, and trunk postures found to
correlate with ACL injury risk.!'7!#122124 However, a
recent study comparing real time feedback training
with traditional post-session visual or verbal feed-
back showed no added benefit to real time biofeed-
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Figures 2A and 2B. Clmprovements in jump height and
jump distance may be observed during plyometric training
using external attentional focus on objects such as cones, tar-
gets, etc. placed at increased distance.

back versus traditional means in improving sagittal
or frontal plane kinematics.'* The lack of consensus
on the effectiveness of real time feedback training
coupled with the cost and limited availability of the
equipment needed to implement it are areas of con-
cern for practical use in the clinical setting.

One recently developed theoretical construct was
proposed by Grooms et al** in order to incorporate
specific visual motor rehabilitation approaches in
conjunction with neuromuscular training to affect
some of the documented neuromotor changes that
occur following ACL injury and ACLR as discussed
in this clinical commentary. This theoretical con-
struct proposed that the detrimental neuroplastic
changes that occur following ACL injury and ACLR
to efferent and afferent input, lead to a compensa-
tory overreliance on the visual motor systems to
provide adequate neuromuscular control and func-
tion at the involved knee.* They proposed that this
over reliance on visual motor input may actually
lead to reinforcement of the detrimental top-down

cortical pathways discussed previously, focused on
internal cuing and more conscious nervous system
regulation versus externally focused pathways that
utilize more optimal autonomic regulation of neu-
romotor feedback and control.** This is an inter-
esting contrast to the theory employed during real
time feedback training, where visual input was used
as a means to enhance neuromuscular function.
Grooms et al** proposed that limiting visual input
through the use of stroboscopic eyewear, computer
or web-based applications to address visual process-
ing, adding competing environmental stimuli (i.e.
targets, reaction balls, etc.) (Figures 3A and 3B), or
simply closing eyes during functional tasks and neu-
romuscular training in rehabilitation may help de-
emphasize this over reliance on visual motor input.
The authors of this approach emphasized that this
is a hypothetical construct which currently lacks

Figures 3A and 3B. The addition of competing environmen-
tal stimuli such as targets, balls, etc. during functional neuro-
muscular training may limit the overreliance on visual motor
input for dynamic knee stability during sport-specific tasks.
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substantial supporting evidence. However, there is
some evidence to support this premise. Swanik et
al found that athletes that suffered non-contact ACL
injuries had slower visual processing scores on neu-
rocognitive testing versus healthy controls.!*

CONCLUSIONS

Successful return to sport following ACLR is likely
affected by multiple factors. The biomechanical risk
factors for ACL injury have well been studied and
documented.'® Strategies to avoid ACL injury'® and
re-injury® have been developed and examined. The
disturbing rate of re-injury and unsatisfactory out-
comes reported by a significant number of patients
indicates that there may be barriers to optimal per-
formance that need to be better recognized and
addressed.

Research has shown that strength training in isola-
tion does not guarantee improvements in hip and
knee kinematics and that improved lower extremity
strength does not guarantee improved landing tech-
nique.'® This suggests that while deficits in strength
and activation ratios are serious factors that contrib-
ute to re-injury risk and sub-optimal performance,
there are likely other contributing factors that may
not be remediated with strength training alone.
Additional neuromuscular retraining to simulate
the specific movement patterns and environmental
stimuli the athlete will encounter during sport may
be required in conjunction with traditional strength
training in order to achieve optimal movement
quality and biomechanics. The evolution of tar-
geted neuromuscular training programs to address
biomechanical deficits in at risk athletes has been
a significant development in functional rehabilita-
tion over the last several years.”® In spite of this, the
likelihood that up to one-third of athletes will re-tear
the surgically reconstructed ACL or tear the ACL on
the contralateral side implies that the improvements
in biomechanics demonstrated in the rehabilitation
setting do not reliably carry over to the playing
field.”'*!> For this reason, it is imperative that the
rehabilitation professional continue to explore other
factors that may negatively affect motor control and
develop strategies to enhance outcomes.

Recent research examining the correlation between
psychological preparedness and successful return
to sport*'71% indicate that this is an area that may

need to be addressed to improve outcomes. Based on
the current evidence, it may be of significant ben-
efit to the patient to utilize questionnaires or other
measures to gauge psychological preparedness for
discharge in the same manner that knee-specific
patient reported outcome tools (like the Interna-
tional Knee Documentation Committee, Lysholm,
Tegner, and Lower Extremity Functional Scale) are
utilized to assess knee function and outcomes. Ath-
letes who present with concerns in the psychologi-
cal realm must be referred to a qualified provider to
address these issues.

Testing to assess movement quality in both basic and
sport specific patterns is an essential component of
the return to sport decision making process. Assess-
ment tools like the Functional Movement Screen™
and Y Balance Test™ have recently been validated
in the literature as effective methods to assess injury
risk.!?133 Metrics like these that assess competency
in gross movement patterns may be valuable in
determining readiness to return to the field. The
FMS™ and lower quarter version of the Y Balance
Test™ were recently studied in an adolescent popu-
lation after an ACLR, and have been implemented
to determine prospective injury risk and movement
quality for safe return to sport.'* Tt is also essential
that movement quality is assessed during dynamic
activities that closely resemble sport requirement
with regards to speed and force development. Signifi-
cant work has been done to identify and target move-
ment patterns and biomechanical flaws that increase
injury risk during sport specific tasks like jumping,
hopping, landing, and changing direction.!?®135136
Neuromuscular training philosophy has evolved
and improved based on the work of these authors.
These techniques will likely be further enhanced
with greater understanding of optimal strategies to
improve motor learning. This, coupled with a bet-
ter understanding of the neuroplastic effect of ACL
injury and the impact both the injury and subsequent
surgery have on higher cortical areas will hopefully
provide clinicians with valuable insight and more
effective means to improve motor control and mini-
mize injury risk. Finally, existing research regard-
ing muscle activation and the effects of fatigue on
function and performance suggest that it is essential
that movement training and movement testing in a
fatigued state be included in the rehabilitation pro-
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gram.®” 71859192 Tt ig important that the rehabilitation
professional assess the athlete’s ability to perform
in situations that most closely simulate the compe-
tition environment. This includes varying levels of
stress, fatigue, and external stimuli. Rehabilitation
programs have continuously improved over the past
several years as evidence has emerged regarding bio-
mechanical and neuromuscular risk factors for injury
or reinjury. These programs will likely continue to
evolve and become more efficient at minimizing
injury risk as rehabilitation professionals continue to
examine the intricate relationships between the vari-
ous systems of the human body. Further research is
necessary to optimally target deficits in neuromus-
cular control, neuromotor status, and psychological
readiness to best prepare athletes for a return to the
playing field following ACL injury.
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