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Abstract: Despite advancements in our understanding of anterior cruciate ligament (ACL) injury prevention and
nonsurgical management, ACL reconstruction continues to occur at an alarming rate. Among athletic patients, individuals
participating in basketball, soccer, and football have the highest incidence of ACL injury, often requiring surgical intervention. To ensure the optimal treatment strategy for return to sport and prevention of secondary graft re-tear, it is
important to tailor to the speciﬁc demands of the injured athlete and apply evidence-based best practices and rehabilitation
principles. The purpose of this review is to provide readers with a brief background regarding ACL injuries, a focused
review of clinical outcome studies after ACL reconstruction, and an updated framework with expert-guided recommendations for postoperative rehabilitation and return to sporting activity. Currently, there is no gold standard for
rehabilitation after ACL reconstruction, highlighting the need for robust studies evaluating the best modalities for athlete
rehabilitation, as well as determining the efﬁcacy of new tools for improving therapy including blood ﬂow restriction
therapy and neuromuscular electrical stimulation. Based on clinical experience, a renewed focus on objective, criteriabased milestones may maximize the ability of return to preinjury levels of athletic function.

A

t all participation levels, the risk of anterior cruciate ligament (ACL) injury is exceedingly high
among athletes involved in jumping, pivoting, and
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rapid change of direction. Previous literature has
demonstrated that soccer, football, basketball, and
lacrosse are among the sports with highest incidence of
ACL tears, with females having higher rates of injury
per exposure.1,2 Additionally, the large majority of ACL
injuries result in surgical intervention, resulting in lost
participation in sport and high risk of inability to return
to baseline performance.2,3 Although a number of
studies in the literature have attempted to evaluate
appropriate screening tests and prevention programs
for ACL injuries in athletes, the frequency of ACL
injury remains high, particularly among athletes after
primary ACL reconstruction (ACLR), with estimates as
high as 29% among those returning to pivoting/cutting
sport.4-6 To add to the complexity of managing ACL
injuries, there are a plethora of studies describing outcomes at short-, mid-, and long-term follow-up for a
number of different reconstruction modalities, with
little consensus on a gold-standard for surgical treatment of ACL injuries in athletes.7 Additionally, guidance on appropriate postoperative rehabilitation in the
athlete population remains inconsistent. As such, the
purpose of this review is to summarize the literature on
clinical and functional outcomes after ACLR, with a
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targeted emphasis on postoperative rehabilitation, and
to provide data-driven guidelines for return to sporting
activity after ACLR.

Review of ACL Anatomy and Biomechanics
Reconstruction of the anterior cruciate ligament
(ACL) aims to reestablish knee function by restoring its
native anatomy. To best achieve this, a foundational
understanding of ACL anatomy and function is
required to optimize the surgical approach, tunnel
preparation, graft selection, and placement of the grafts.
The ACL extends from the lateral femoral condyle to
the anteromedial tibial plateau and is primarily
composed of two bundles: the anteromedial (AM) and
posterolateral (PL) bundles, named for their tibial
insertion sites8 (Fig 1). Previous studies have shown
that ACL length ranges from 31 to 38 mm and its width
ranges from 10 to 12 mm. The widths of the AM and PL
bundles range from 6 to 7 mm and 5 to 6 mm,
respectively.9,10 A third bundle of the ACL, the intermediate (IM) bundle, has also been described.11,12
Whether the IM bundle is an anatomic variant or
simply a universal component that is difﬁcult to visualize arthroscopically is a matter of debate in the current
literature. However, cadaveric studies have demonstrated that the IM bundle functions most similarly to
the AM bundle,13,14 and thus for the purposes of this
review, the 2-bundle system will be discussed.
The precise attachment points on the lateral femoral
condyle can be identiﬁed using the lateral intercondylar
ridge (resident’s ridge) and the lateral bifurcate ridge
(cruciate ridge).15 Within this area, the AM bundle
occupies a position located on the proximal portion of
the medial wall of the lateral femoral condyle, and the
PL bundle occupies a more distal position near the
anterior articular cartilage surface of the lateral femoral
condyle. In general, the tibial attachment is located
anterolaterally to the medial intercondylar tubercle
(Fig 2). Its lateral border is adjacent to the anterior
horn, and its posterior border is in close approximation
to the posterior root of the lateral meniscus, in some
individuals attaching to the meniscus itself.16,17 Interestingly, although the femoral footprint of both bundles
is consistent, there is larger variation in the tibial footprint location.18,19 With respect to ACLR, the optimal
tibial insertion site that best reduces knee laxity is an
area of debate,20-22 but it is likely affected by the patient’s native anatomy23 and relationship with the
femoral insertion.
The primary role of the ACL is to resist anterior tibial
translation.11,16 This increase in anterior translation
laxity is maximal at 20 to 40 of knee ﬂexion, and thus
ACL tears are best diagnosed near knee extension.24
The ACL also serves as a secondary restraint to
external and internal tibial rotation, in conjunction
with the medial collateral ligament and surrounding

posteromedial structures.15,25,26 The bundles serve
unique roles throughout the entirety of the knee range
of motion (ROM)dthe AM bundle is tight in ﬂexion
and is primarily responsible for restraining anterior
tibial translation, whereas the PL bundle is tight in
extension and more responsible for rotational stability.27,28 The bundles change alignment as the knee
moves from extension to ﬂexion. In full extension (0 ),
the 2 bundles are oriented vertically/in parallel (Fig 4a).
As the knee ﬂexes to 90 , the femoral AM bundle
insertion site rotates posteroinferiorly while the PL
bundle site rotates anterosuperiorly.28 Consequently,
the 2 bundles cross around each other into a horizontal
orientation.
Evidence in the literature has indicated that the tensile strength of the ACL is affected by age, stress, and
overall strain.15 In a cadaveric study, Woo et al.29 reported that the tensile strength of the ACL in patients
ages 22 to 35 was approximately 2160 N, with tensile
strength reducing by a factor of 2.5 as age increases.
Several studies have shown that the AM bundle has a
higher maximum stress and strain (change in length
under a certain load) compared to the PL bundle.30,31
Biomechanical and kinematic studies have also evaluated the effect of surrounding muscle activity on knee
mechanics and the impact on the ACL. Quadriceps
activation can result in up to 4% ACL strain in nearextension, with reduced strain with increasing
ﬂexion.32,33 Bach and Hull34 found that ACL strain was
signiﬁcantly decreased with simultaneous hamstring
and quadricep activation compared to quadricep activation alone, suggesting that hamstring activation

Fig. 1. Arthroscopic view of a right knee demonstrates both
the anteromedial (AM) and posterolateral (PL) bundles of the
ACL in proximity to the lateral femoral condyle (LFC).
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Fig. 2. Illustration of a right knee demonstrating the AM and PL bundles attachment sites anterolaterally to the medial
intercondylar tubercle.

provides a protective effect on the ACL.35,36 Thus clinicians should be mindful of not overloading the graft
and its ﬁxation. Closed-chain exercises with hamstring
activation are commonly used to avoid overload, but
there is emerging evidence that open kinetic chain
exercises, when done appropriately and within a
limited range, can maximize quadriceps gains while
maintaining graft safety.37,38

Lower Extremity Biomechanics and
Neuromuscular Function After ACLR
The literature has demonstrated that patients who
underwent ACLR may demonstrate aberrations in
biomechanics associated with decrease in muscle
strength and altered knee kinematics.39,40 Slater and
colleagues40 performed a meta-analysis evaluating
lower extremity kinematics and kinetics of walking
among ACL-deﬁcient patients, those who underwent
ACLR, and healthy controls. The authors observed
reductions in peak knee-ﬂexion angle, external kneeﬂexion moment, and external knee-adduction
moment among ACL-deﬁcient and ACLR patients,
which have been linked to knee-cartilage degeneration.40,41 Studies investigating asymmetry in lower
extremity kinetics and kinematics reported signiﬁcant
intralimb compensation in ACLR patients.42,43 Multiple studies have identiﬁed that individuals after
ACLR develop a hip strategy (increase in hip extensor
torque and activation), potentially to compensate for
poor quadriceps function.44 Although limb asymmetry may improve by 24 months,45 understanding the
biomechanics and neuromuscular function of the
lower extremities after ACLR will help clinicians
better design efﬁcient postoperative rehabilitation
protocols that address asymmetry. This is especially
critical as most rehabilitation protocols are limited

(i.e., 6 months) and athletes usually aim to return
to sport at 1 year.45,46 Concurrent assessments of
functional ability and symmetry are warranted for
patients with goals to return both quickly and safely
to sport.

Impact of Rehabilitation on Functional
Outcomes After ACLR
Postoperative rehabilitation programs after ACL
reconstruction aim to address knee neuromuscular
function, sport-speciﬁc training, and eventual returnto-activity/sport.46,47 Emphasis is placed on early
weight-bearing, pain management, restoring normal
ROM, decreasing joint effusion, and improving quadriceps and hamstring muscle and strength. Some postoperative programs are based on the time since surgery.
In athletic populations, many have tried to accelerate
the rehabilitation process by reducing protocols from 12
to 6 months to return to sport. Randomized clinical
trials have demonstrated that accelerated programs
show similar or even superior results in patient satisfaction, functional performance, knee laxity, and biomarkers of articular cartilage metabolism.48-50 Despite
the success in improvement of functional outcomes
associated with accelerated rehabilitation protocols,
some athletes still report persistent neuromuscular
deﬁcits at 9 to 12 months.51,52 Other studies have reported even longer-lasting deﬁcits and suggest not
returning to sport until 24 months after ACLR.53,54
Although the cause of poor outcomes after ACLR is
multifactorial, high variability of rehabilitation protocols may contribute to inconsistent rates of returning
to baseline sports function. In a survey of more than
1000 physical therapists, Greenberg et al.46 reported
that 58% of therapists aimed to achieve jogging at 3 to 4
months, 50% aimed for modiﬁed sports activity at 4 to
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5 months, and 40% worked on unrestricted sports
participation at 12 months. This study showed a wide
variety in performance criteria with fewer than half of
therapists using patient-reported outcome measures to
gauge patient progress.
There may be more beneﬁt to criterion-based rehabilitation protocols that can individualize progressions
based on time and an athlete’s progress and current
function. These protocols can address the sequencing
of activity and allow clinicians to make decisions based
on movement quality and other data, including
patient-reported outcome measures. In a recent case
series, Joreitz and colleagues55 evaluated the effect of
return to sport after ACL reconstruction with subsequent postoperative rehabilitation that focused on a
criterion-based rehabilitation protocol. This protocol,
according to authors, emphasized criterion-based
progression rather than a rigid timeline after surgery,
which is often reported. At 2-year follow-up, the
authors observed that 84% of patients were able to
return to preinjury level of sports competition.55
While extremely limited to size and loss of followup, this study indicated that most participants
included in the study were able to return to baseline
performance with an average return to sport of 10.6
months after surgery. Although this is a signiﬁcant
time away from sport for most athletes, particularly
professional and semiprofessional athletes, the rates of
returning to the preinjury level is promising. However, more robust studies are warranted to determine
whether similar ﬁndings are reproducible and
whether a longer rehabilitation process may lead to
lower reinjury rates or the slower progression of
degenerative changes in the knee.
The progression of ACL rehabilitation should not be
limited to physical factors. Cognitive and psychological
factors, including kinesiophobia or pain catastrophizing,
have been evaluated in the literature as milestone
limitations during postoperative rehabilitation.56,57
Lack of psychological readiness, speciﬁcally fear of
reinjury or contralateral injury, has been cited as a
major obstacle hindering the athlete’s return to
sport.58-60 This is a valid challenge, particularly in athletes who participate in pivoting sports, such as
basketball, football, and soccer. However, most research
in this area identiﬁes psychosocial factors associated
with positive outcomes, rather than studying their
tangible impact when addressed in the rehabilitation
setting.61,62 Furthermore, of the limited evidence on
addressing psychosocial factors, there is inconsistency of
techniques used (guided imagery, coping modeling,
positive self-talk, goal setting), making comparison
difﬁcult. Future research that overcomes these limitations may aid in educating patients on postoperative
expectations assist in safely returning to their optimal
sports performance.

Return to Preinjury Level of Sport
One of the main goals among athletes undergoing
ACLR is to return to preinjury level of sports performance. Despite substantial improvements in functional
scores with rehabilitation, their return-to-sport outcomes are poor. In a cohort of more than 600 patients,
Webster et al.63 reported that despite 84% of patients
expecting to return to preinjury sport level, fewer than
a quarter had achieved that goal at 1-year follow-up.
Muller et al.64 report similar ﬁndings in a multiinstitutional study that showed that fewer than half of
patients returned to preinjury sport level at 3.4-year
follow-up. Importantly, they found that younger age,
higher competition level, reduced time until surgery,
and absence of cartilage injury were associated with
return to preinjury sports participation. The inﬂuence
of sport type and competition level is well documented
in the literature.4,5,23,65-67 From a rehabilitation
perspective, it is important to provide evidence-based
interventions that reduce the barriers that are preventing athletes from returning to competitive sportspeciﬁc performance levels and causing high rates of
reinjury.

Rehabilitation Recommendations
The Role of Prehabilitation
The role of muscle strengthening and rehabilitation
before surgery, known as “prehabilitation” or “prehab,”
is a growing topic in the literature. Patients with ACL
injuries that display severe deﬁcits in quadriceps
strength and gait symmetry have worse outcomes after
ACLR.68 Prehab aims to buffer against this loss. However, the evidence supporting the utility of prehab is
conﬂicting.69 A preoperative focus on quadriceps
strength or neuromuscular perturbation response does
not appear to signiﬁcantly improve gait biomechanics
after ACLR when compared to protocols without prehab.70,71 Meanwhile, Giesche et al.72 and Failla et al.73
reported improved functional scores and return-tosport rates in prehab patients at 2-year follow-up.
These results suggest that although prehab may not
signiﬁcantly alter postoperative biomechanics, it may
provide improvements in outcomes that are more
clinically relevant for the patients.
Sequencing and Progression of Rehabilitation
In the athletic population, early and progressive
rehabilitation is imperative. We advocate that clinicians
initiate rehabilitation on athletes within the ﬁrst week
after their procedure. Initial goals of rehab revolve
around reducing joint effusion, restoring volitional
quadriceps contraction, progressing ROM, and restoring
basic lower extremity function required for transfers,
ambulation, and light activities of daily living performance, all while protecting the surgical repair. Care is
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taken early on to restore knee extension ROM as
quickly as possible, both passively and actively, because
altered joint loading and common functional limitations
can occur because of even mild ﬂexion contractures
that develop in the surgical limb.
Unless speciﬁc restrictions are applied, ROM and basic
weightbearing function should be progressed to patient
tolerance. The goal of the ﬁrst phase of ACLR rehabilitation in the athletic population is to restore the
strength and function required to complete activities of
daily living, restore neuromuscular control of the lower
extremity through basic lower body movement patterns, and tolerate weight room exercise prescription
for a gradual return to team activities.
Important milestones during the rehabilitation process after ACLR include the introduction and progression of running, plyometric training, and sport-speciﬁc
change-of-direction activities. It has been advised that
the return to sport process be separated into 3 phases;
return to participation, return to sport, and return to
performance.74 The progression of these activities is not
exclusive, and muscular performance variables should
be progressed along a continuum, oftentimes returning
to previous activities that may inherently include less
complexity and less neuromotor demand based on dayto-day presentation. Functional progression will also
greatly depend on the individual case characteristics
and the haste at which return-to-sport is being sought,
although generally 9 to 12 months of rehabilitation is
recommended before full unrestricted participation. For
truly effective return to sport rehabilitation, the entire
force-velocity curve must be addressed with a shift from
more general to more speciﬁc variables based on the
sport demands. For instance, athletes need to
be exposed to and possess the ability to produce high
amounts of force in environments that include
low-velocity joint movements with high load to highvelocity, low-load movement patterns.
As stated previously, functional progression should
depend on clinical assessment and the achievement of
milestones. Current suggestions include pain <2 on a
visual analogue scale, 95% of knee ﬂexion ROM, full
knee extension ROM, and no effusion/trace effusion on
examination.75 The most frequent recommendations
when it comes to electronic dynamometry suggest
>80% limb symmetry index (LSI) for quadriceps force
production with isometric assessment and >70% with
isokinetic assessment.75 In addition, the commenting
therapist suggests using a Y-balance assessment for
assessment of balance and neuromuscular coordination, achievement of step and holds with good control,
good control with single-leg squatting to 45 of knee
ﬂexion, tolerance to 15 heel-elevated bridges with the
knee ﬂexed to 30 , and the ability to achieve 75 small
ROM hops on 2 and 1 limb before initiation of an interval running protocol (Fig 3). Additional assessment is
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left to the discretion of the treating physical therapist,
and the Delaware Interval Running protocol76 is one
example of a graded progression of straight-line
running.
In a typical scenario, the athlete progresses through at
least 4 weeks of straight-line running. For track, ﬁeld,
and team sport athletes who demonstrate good tolerance to this progression, a return to sprinting program is
warranted. Additional progression criteria to begin
sprinting has been recommended, including demonstration of 70% LSI on hop testing.77 For multidirectional athletes speciﬁcally, plyometric and change-ofdirection training should be commenced. Suggested
criteria would include maintenance of full ROM with
no effusion, the completion of a straight-line running
program, >85% LSI on isokinetic dynamometry, and a
100% composite score on Lower Extremity Y-Balance
Assessment to begin plyometric training. Including a
requirement of achieving 75% LSI on hop testing is
suggested before multidirectional change-of-direction
work. Additional testing at the discretion of the treating physical therapist is recommended. Multidirectional
training selection will depend on several factors,
including the sports biomechanical demands, the
athlete position with their sport, the surface of the ﬁeld
of play, as well as the prior and current ﬁtness level of
the athlete. It is recommended that the athlete demonstrates w85% LSI via strength assessment before the
initiation of more advanced plyometric activities.
Careful monitoring of the athlete’s response is critical
during late-stage rehabilitation to ensure proper progression toward full unrestricted participation.
Localized Interventions to Improve Quadriceps
Function
Quadriceps function can be a major limiting factor
during rehabilitation after ACLR. Evidence-based interventions such as blood ﬂow restriction training
(BFRT) and neuromuscular electrical stimulation
(NMES) can augment traditional rehabilitation practices to enhance quadriceps function.
Volitional force production is limited by many factors
during acute rehabilitation. This results in exercise intensities that may be appropriate for the current functional abilities but are relatively low compared to the
amount of structural muscle mass in the athletic patient. As a result, muscle atrophy occurs in the early
stages, and interventions such as BFRT may be appropriate to attenuate muscle atrophy and force production
loss. BFRT can be useful in situations that involve
limited weightbearing and limited ROM. It has been
shown that there are beneﬁts to low-load exercise plus
BFRT when compared to low-load exercise alone,
serving as an important variable to consider when
progressing an athlete back to higher load resistance
exercise.78-81 Through a number of different
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Fig. 3. Images demonstrating tests for returning to sport including Y-balance assessment
(top left), single-leg squatting to 45 of knee
ﬂexion (top right), and heel-elevated bridges
with the knee ﬂexed to 30 (bottom).

physiological processes, applying a pneumatic cuff to
the lower extremity to reduce blood ﬂow to the limb
during low-intensity resistance training has been
shown to increase thigh muscle cross-sectional area and
blood vessel compliance in healthy volunteers.37,38 As
such, it is possible that BFRT may limit muscle atrophy
and resulting altered biomechanics during the postsurgical rehabilitation period. Only a few studies have
evaluated the effect of BFRT as a tool during post-ACLR
rehabilitation, showing early promising results. In a
randomized control trial, Hughes and colleagues82
observed superior self-reported function, y-balance
performance, range of motion, as well as reduction in
knee joint pain and effusion among patients undergoing rehabilitation with BFRT versus those undergoing
rehabilitation with heavy-load resistance training.
However, other studies have demonstrated that similar
results are subjective to duration of rehabilitation.83

Authors have pointed out that the speciﬁc beneﬁts of
BFRT are difﬁcult to elucidate without consistent protocols, standardized outcomes, longer-term follow-up,
and increased sample sizes.84 Only by overcoming these
limitations can more deﬁnitive conclusions be made.
NMES is commonly used alongside postoperative
rehabilitation programs to promote neural activation
after ACL injury and reconstruction.85 Several studies
have shown that NMES prevents muscle atrophy in
orthopaedic populations, but the overall strength of
patients who receive increased NMES therapy has not
been reported to be superior.86-88 This is clinically
important because residual muscle weakness after
ACLR is associated with patient dissatisfaction, pathologically alters knee biomechanics, and contributes to
the development of osteoarthritis.89 Toth et al.86
showed that muscle biopsies of patients undergoing
an NMES protocol 5 times/week in the immediate 3
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weeks after surgery reduces atrophy of myosin heavy
chain II ﬁbers while maintaining myosin heavy chain I
ﬁbers. While this study showed cellular advantages of
NMES, 6-month measures of muscle strength did not
differ between NMES and non-NMES groups. Like
BFR, investigation of NMES treatment duration/frequency, standardization of outcome measures, and
relevance to return-to-sport is warranted to make better evidence-based conclusions regarding its use.
NMES is typically used within the ﬁrst 2 weeks as
early as the patient can tolerate its application.
Frequent use of NMES has been shown to be beneﬁcial.
Critical parameters include intensity level, frequency of
stimulation, waveform, and duty cycle. High volt,
Russian stimulation to maximum tolerable intensity is
recommended in addition to progressive intensity
escalation throughout the treatment as intensity level
and quadriceps strength appear to share a linear relationship. Higher frequencies (50 and 100 Hz) and
electrodes with a large surface area can be helpful in
improving patient tolerance. Waveform shape seems to
be dependent on patient preference, so modiﬁcation of
the waveform may be indicated when the clinician feels
that the maximum tolerable intensity can be improved
upon. A 10 seconds on/20 seconds off duty cycle for a
15-minute intervention period to begin treatment sessions has been reported as an effective paradigm.90
Position of application is another factor to consider.
Recommendations are to begin NMES application in
an extended position adding a prop for the heel to
facilitate hyperextension ROM as tolerated. Once
slight hyperextension (0 -5 ) has been achieved and
maintained actively, applying NMES in a position of
60 to 90 of knee ﬂexion is advised because 60 has
been shown to produce the largest voluntary knee
extension torque during exercise.91 Progression toward isotonic contractions may be used in conjunction
with NMES application as the patient improves in
function. Principles of progressive overload may be
followed while using NMES through the arc of motion
that the patient can tolerate, improving motor
unit recruitment and muscle ﬁber activation at every
joint angle.
The patient should be educated on the importance of
producing an active contraction during electrical stimulation, because it appears that there are beneﬁts when
following neuroplastic principles. There is little
consensus when it comes to the remaining treatment
parameters, with studies describing treatment sessions
that range between 15 and 40 minutes per session, 1 to
3 times per day for 2 to 12 weeks. It should be noted
that this frequency of application may not be feasible in
the outpatient setting.90 We suggest using a goal of
achieving an LSI of 80% on isometric or 70% on isokinetic dynamometry as a stopping point for the use
of NMES.
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Other considerations
It is worth noting that often in the case of ACL rupture,
other structures in the knee are injured during the
mechanism of injury. This may include the meniscus,
cartilage, bone, or other ligamentous structures which
require modiﬁcation of the rehab program.92 Although
protocols differ, some surgeons prefer a period of non- or
limited weightbearing after meniscal repair, particularly
in the case of compromised tissue quality or a bucket
handle, radial, or root tears. A 4-week restriction to 90 of
knee ﬂexion may also be recommended, as well as
caution with hamstring contractions in the case of medial
meniscal repair.93 Alternatively, others argue that
allowing weightbearing in full extension in the case of a
bucket-handle or longitudinal repair may help to reduce
the meniscus and stabilize the tear.94,95 In the setting of
multiligamentous knee injuries, the rehabilitation protocol will be unique to each individual case. For athletes
with ACL and concomitant medial or lateral collateral
ligament injuries, a restriction to valgus or varus forces
may be advised. Associated posterior collateral ligament
and posterolateral corner of the knee injuries may beneﬁt
from a delay in active hamstring contractions and caution
when pushing hyperextension range-of-motion, being
careful to avoid tibial sag.

Conclusions
Currently, there is no gold standard for rehabilitation
after ACL reconstruction, highlighting the need for
robust studies evaluating the best modalities for athlete
rehabilitation, as well as determining the efﬁcacy of
new tools for improving therapy including blood ﬂow
restriction therapy and neuromuscular electrical stimulation. Based on clinical experience, a renewed focus
on objective, criteria-based milestones may maximize
the ability of return to preinjury levels of athletic
function.
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