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Several negative adaptations to the musculoskeletal system occur following anterior 
cruciate ligament (ACL) injury and ACL reconstruction (ACLR) such as arthrogenic muscle 
inhibition, decreased lower extremity muscle size, strength, power, as well as alterations 
to bone and cartilage. These changes have been associated with worse functional 
outcomes, altered biomechanics, and increased risk for re-injury and post-traumatic 
osteoarthritis. After ACL injury and subsequent ACLR, examination and evaluation of the 
musculoskeletal system is paramount to guiding clinical decision making during the 
rehabilitation and the return to sport process. The lack of access many clinicians have to 
devices necessary for gold standard assessment of muscle capacities and force profiles is 
often perceived as a significant barrier to best practices. Fortunately, testing for deficits 
can be accomplished with methods available to the clinician without access to costly 
equipment or time-intensive procedures. Interventions to address musculoskeletal 
system deficits can be implemented with a periodized program. This allows for restoration 
of physical capacities by adequately developing and emphasizing physical qualities 
beginning with mobility and movement, and progressing to work capacity and 
neuromuscular re-education, strength, explosive strength, and elastic or reactive 
strength. Additional considerations to aid in addressing strength deficits will be discussed 
such as neuromuscular electrical stimulation, volume and intensity, eccentric training, 
training to failure, cross-education, and biomechanical considerations. The American 
Physical Therapy Association adopted a new vision statement in 2013 which supported 
further development of the profession’s identity by promoting the movement system, yet 
validation of the movement system has remained a challenge. Application of a 
multi-physiologic systems approach may offer a unique understanding of the 
musculoskeletal system and its integration with other body systems after ACLR. The 
purpose of this clinical commentary is to highlight important musculoskeletal system 
considerations within a multi-physiologic system approach to human movement 
following ACLR. 
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INTRODUCTION 

The American Physical Therapy Association adopted a new 
vision statement in 20131 which supported further develop-
ment of the profession’s identity by promoting ‘the move-
ment system as the foundation for optimizing movement 
to improve the health of society.’2 The movement system 
refers to the body’s ability to generate and maintain move-
ment through integration of all body systems and func-
tions.3 Although efforts are currently ongoing, adoption 
and validation of the movement system has been somewhat 
challenging across physical therapist practice, education, 
and research,4,5 let alone in the context of specific clinical 
diagnoses including anterior cruciate ligament (ACL) injury. 
A framework for understanding movement development, 
motor control and skill acquisition may be better realized 
within the context of dynamical systems theory which aims 
to explain variability in human goal-directed movment.6 

Dynamical systems theory is described as a multidiscipli-
nary, systems-based approach to explain systems that 
change over time, and works to build understanding of a 
complex system through its individual component parts.6 

Dynamical systems theory and the APTA movement system 
concept share a commonality, in that the interaction and 
integration of component systems contributes to the suc-
cess of the system as a whole. Each physiologic system of an 
individual can be thought of as representing a component 
system necessary for efficient, goal-directed human move-
ment. Therefore, the purpose of this clinical commentary is 
to highlight important musculoskeletal system considera-
tions within a multi-physiologic system approach to human 
movement following ACL reconstruction (ACLR). Specifi-
cally, topics will be discussed related to 1) musculoskeletal 
adaptations after ACL injury and ACLR, 2) clinical examina-
tion and evaluation of musculoskeletal health after ACLR, 
and 3) musculoskeletal rehabilitation strategies to optimize 
human movement. 

MUSCULOSKELETAL SYSTEM ADAPTATIONS 
AFTER ACL INJURY AND ACL RECONSTRUCTION 

Many changes occur in the musculoskeletal system after 
ACL injury and ACLR. An important alteration occurring 
both after injury and surgery is loss of range of motion 
(ROM), which may impact functional activities that have 
task-dependent ROM needs in order for the task to be exe-
cuted efficiently. In particular, incidence of knee extension 
loss greater than five degrees compared to the uninvolved 
limb has been reported to be as high as 25% at four weeks 
postoperatively in a sample of 229 patients.7 Twelve and 
five percent of patients may not have achieved equal ROM 
compared to the uninvolved side by six and 12 months, 
respectively.8 This is significant as it has been shown to 
be associated with post-operative complications such as 
arthrofibrosis, quadriceps inhibition, gait abnormalities, 
patellofemoral pain, altered patellofemoral and 
tibiofemoral arthrokinematics and articular cartilage con-
tact pressures, and early onset osteoarthritis (OA).9,10 Fur-
ther, extension loss is a common factor leading to revision 
surgeries.11 While flexion ROM loss does occur after injury 

and surgery, it does not tend to affect the knee as much as 
extension loss. However, a loss of 15 degrees of flexion is 
considered unsatisfactory for most patients,12 and any de-
gree of long-term flexion loss may be considered subopti-
mal for those intending to return to activities involving run-
ning, cutting, and/or jumping.13,14 

Two of the most documented changes after ACL injury 
and ACLR are reductions in size and strength of muscle 
groups around the knee. A recent meta-analysis reported 
that quadriceps cross-sectional area (CSA) and volume may 
be decreased in the ACLR limb compared to the contralat-
eral limb.15 These negative quadriceps changes were evi-
dent when examined from 3 to 29 months post-surgery, in-
dicating that they do not spontaneously resolve. Although 
all included studies reported negative effect sizes support-
ing this trend, only 36% of studies contained confidence 
intervals that did not cross zero, indicating other factors 
beyond muscle size likely contribute to the quadriceps 
strength deficits that are common in these patients. Other 
factors that can contribute to muscle strength include 
neural components (motor unit recruitment, recruitment 
thresholds, synchronization, firing frequency, intermuscu-
lar coordination, etc.), fiber type composition and penna-
tion angle, fascicle length, and muscle fat content.16 

Noehren et al. reported not only decreased quadriceps mus-
cle volume, but also changes in type IIA fiber percentage, 
extracellular matrix, satellite cells per fiber, pennation an-
gle, and physiological CSA are evident in the injured limb 
compared to the uninjured limb following ACL injury.17 

Most of these deficits in the injured limb persist despite 
ACLR and subsequent rehabilitation.17 The combination of 
these factors with muscle size results in significant quadri-
ceps strength deficits after ACL injury and ACLR. A review 
of 37 studies reported between-limb quadriceps strength 
deficits ranging from 3-40% and 3-28% at six and 12 months 
post ACLR, respectively.18 More recently, Toole et al.19 re-
ported <45% of a cohort of 115 youth athletes who had un-
dergone ACLR had <10% quadriceps strength deficit at the 
time of return-to-sport. In a large cohort of 450 individu-
als after ACLR, only 26% showed <10% quadriceps strength 
deficit six months post-ACLR.20 

Strength losses following ACLR are not limited solely to 
the quadriceps. Hamstring, hip, and ankle muscle strength 
deficits have been reported as well.21 Further, deficits in 
knee extension and knee flexion rate of force development 
(RFD),22–24 reactive strength,25,26 and power27–29 have 
also been shown after ACLR. These qualities are fundamen-
tal for many athletic endeavors, and ongoing deficits may 
limit successful return to sport. Not only is the injured limb 
subjected to these deficits, the contralateral limb also has 
been shown to experience muscle strength and RFD deficits 
following ACLR.30,31 

Musculoskeletal deficits after ACL injury and ACLR may 
also be due to a cascade of events after initial injury in 
the neurological system, which highlights one example of 
the interrelated nature of the system components that con-
tribute to goal-directed human movement. Arthrogenic 
muscle inhibition (AMI) is the inability to fully contract a 
muscle despite the muscle not having sustained tissue dam-
age.32 It has been theorized that inhibition occurs due to 
decreased spinal reflex excitability that travels to the cen-
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tral nervous system which in turn inhibits muscle contrac-
tion.32 Prolonged AMI may lead to a delay in optimal load-
ing of the quadriceps due to the inability of the entire motor 
unit pool to volitionally activate and produce force. Rice 
et al.32 reported that in those with an ACL-deficient knee, 
57.1% failed to fully activate (less than 95% activation) their 
quadriceps on their injured side, and 34.2% failed to do so 
on their uninjured side. Further, after ACLR, up to 73% of 
individuals demonstrate quadriceps activation failure in the 
injured limb compared to 8% in the uninjured limb. This 
indicates that decreased quadriceps activation occurs im-
mediately after injury and persists after surgery. Hart et 
al.33 reported that 21% of patients after ACLR had quadri-
ceps activation failure of both limbs for up to four years 
after ACLR. However, Harkey et al.34 found no between-
limb differences in quadriceps activation or spinal reflex ex-
citability at six months and up to 12 years postoperatively, 
and that spinal reflex excitability did not predict six-month 
quadriceps activation. Although conflicting evidence exists 
regarding the mechanisms of AMI after ACL injury, AMI is 
important to address as soon as possible after both ACL in-
jury and subsequent surgery as it may prolong quadriceps 
weakness and subsequently influence outcomes such as re-
injury rates, patient-reported outcome measures, and early 
onset OA.35–37 

Effusion, or increased intraarticular fluid, can stimulate 
pressure-sensitive mechanoreceptors and may also con-
tribute to AMI. These mechanoreceptors influence group-
II joint afferent nerves reported to contribute to inhibition 
of quadriceps activation.38 Further, Rice and colleagues re-
ported that an increased knee effusion reaching an intraar-
ticular pressure of 50 mmHg is associated with increased 
motor-evoked potentials (MEPs).38 Theoretically, increased 
MEPs should result in increased volitional quadriceps con-
traction. However, previous studies showed decreased 
quadriceps volitional contraction after acute knee injury 
and pain, and Rice et al. speculated that the increased ex-
citability they recorded was an attempted compensatory 
mechanism to maintain neural drive to the muscular sys-
tem.38 This is supported by Grooms et al.39 who found al-
tered activity in corticomotor pathways during a knee ex-
tension task between healthy controls and ACLR subjects. 
This theory may also explain why Lynch and colleagues 
found no relationship between quadriceps activation and 
different grades of effusion measured by the stroke test 
(described later in this commentary).40 Thus, it is unclear 
whether effusion is a direct contributor to AMI, and through 
what mechanism effusion may cause AMI. 

The donor site of the ACL graft may have implications for 
musculoskeletal health. Several of the more common graft 
types include the hamstring, patellar, or quadriceps tendon. 
A systematic review reported mixed evidence for graft-re-
lated strength deficits according to graft site, graft prepa-
ration, postoperative timeframe, and method of strength 
assessment.21 Regardless, it is important to evaluate 
quadriceps and hamstring strength at appropriate postop-
erative timeframes to guide rehabilitation progression. 
Patellar tendinopathy is a concern in those with bone-
patellar tendon-bone autograft, which may also have impli-
cations for graft failure if pre-existing patellar tendinopa-
thy is present.41 In addition and although uncommon, up 

to a 0.2% complication rate of patella fracture or patellar 
tendon rupture has been reported with the use of a bone-
tendon-bone graft.42 Recognizing the implications of ACL 
graft donor site should be considered when planning mus-
culoskeletal assessments and interpreting outcomes. 

The skeletal system may also demonstrate significant 
changes in addition to the muscular system after ACL in-
jury. Many changes in bone, cartilage and meniscus have 
been reported after ACL injury and reconstruction. These 
include decreased bone mineral density of the hip,43 prox-
imal and distal femur, proximal tibia, and calcaneus,44,45 

altered articular cartilage thickness46–48 and composi-
tion,49–52 and changes in meniscal tissue structure includ-
ing alteration of the collagen-proteoglycan matrix even in 
the absence of observed concomitant meniscus tear.53 Fur-
ther, bone bruises occur in 80%-90% of individuals who 
sustain acute ACL injury, most often in the anterolateral 
femoral condyle and posterolateral tibial plateau.54,55 

These bone bruises have been associated with degeneration 
of chondrocytes and decreased proteoglycans in overlying 
cartilage.56 Bone bruises and associated cartilage degener-
ation may persist years after injury and may play an impor-
tant role in the elevated risk for OA development after ACL 
injury and ACLR.54 Although concomitant meniscus and 
chondral damage at the time of ACL injury increases the 
odds for knee OA development,57 it does not explain all of 
the risk. Alterations in factors such as muscle strength, bio-
mechanical movement patterns, and participation in cut-
ting and pivoting activities may inadequately load or over-
load the connective tissue structures of the knee joint 
including bone and articular cartilage and increase risk for 
OA development. 

CLINICAL ASSESSMENT OF MUSCULOSKELETAL 
HEALTH AFTER ACL RECONSTRUCTION 

The authors encourage rehabilitation professionals to un-
derstand sport-specific physical demands and utilize any 
available strength and performance normative data to guide 
the clinical reasoning process (Appendices A and B). The 
physical demands inherent to sport performance require 
the integration of multiple physiologic systems into move-
ment solutions that satisfy task demands.1 Identification of 
impairments across multiple systems is recommended, but 
this section will focus on several clinically available meth-
ods that can be used after ACL injury and reconstruction 
to measure modifiable aspects of the musculoskeletal sys-
tem. Limb symmetry indices (LSI) are often used to inter-
pret muscle strength and functional test results although 
recent evidence suggests LSI may overestimate injured limb 
strength and function due to decreased performance of the 
uninjured limb.30,31,58 

JOINT EFFUSION 

Circumferential measurement of the knee with a tape mea-
sure is a simple clinical assessment of knee effusion and 
swelling. It should be noted that clinical measurement of 
knee effusion is indirect in nature, as knee effusion is an 
intraarticular phenomenon and may be influenced by ex-
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traarticular swelling. Measurement should be taken with 
the tape measure positioned one centimeter superior to the 
patella,59 and care should be taken to avoid an ellipsoid 
path with the tape measure while maintaining consistent 
tension. Measuring tapes with a spring-loaded Gulick at-
tachment offer the benefit of standardized tension applica-
tion during measurement. Alternatively, the stroke test is 
a reliable and more direct assessment of knee effusion af-
ter ACL injury.60 This may be important to assess as even 
small amounts of effusion may be associated with AMI.38 

This test uses a five-point ordinal scale (0, trace, 1+, 2+, 3+) 
to measure effusion that produces no fluid wave upon at the 
medial side of the knee upon the downstroke (effusion = 0) 
to effusion that cannot be moved out of the medial aspect of 
the knee during the upstroke (effusion = 3+). Knee effusion 
should be serially assessed to appropriately progress exer-
cise and activity levels during rehabilitation.61 

RANGE OF MOTION 

The most common clinical assessment of knee range of mo-
tion (ROM) is goniometry. ROM goals after ACL injury and 
ACLR include achieving full terminal knee (hyper)extension 
and flexion comparable to the contralateral limb. A loss of 
only three to five degrees of knee extension has been as-
sociated with OA development and a worse long-term out-
come.62 Terminal extension should also be exhibited ac-
tively as a patient should be able to lift their heel in supine 
while keeping their knee in contact with the table. Inabil-
ity to achieve this may be due to ongoing AMI, quadriceps 
weakness, or ROM deficits. A loss of maximal knee joint 
flexion may influence gait during high speed running as 
maximal knee flexion is reached during the swing phase13 

as well as sport-specific tasks that require deep squatting 
(e.g. baseball catcher). 

MUSCLE GIRTH 

Quadriceps size can be indirectly assessed via muscle girth 
with circumferential measurements using a tape measure. 
Positioning the tape 20 cm above the anteromedial joint 
line is supported as the most relevant level to detect be-
tween-limb differences.63 It should be noted that the par-
ticipants from Laupattarakasem et al63 had a mean height 
of 169 cm, and the position of the tape relative to the joint 
line may vary based on the height and limb length of the 
individual. Although circumferential girth may underesti-
mate losses in actual muscle CSA, it has been correlated 
with muscle CSA and therefore remains a clinically relevant 
metric.64 

MUSCLE STRENGTH 

Muscle strength can be defined as a muscle’s ability to exert 
force on an external object.65 This must be measured with 
isolated single joint testing of the targeted muscle group in 
order to eliminate compensations from other muscle groups 
(e.g. hip extensors during a leg press). When assessing sin-
gle joint movements, torque may be calculated which takes 
into account limb segment length. Normalizing torque to 
body mass allows for comparisons across populations. The 

authors recommend a target for normalized isometric knee 
extension torque at 60 degrees of knee flexion to be 3 Nm/
kg.66,67 Isokinetic dynamometers are the current gold stan-
dard for single joint testing of muscular torque, although 
more clinically available dynamometers such as in-line or 
hand-held (HHD) options have been shown to give valid and 
reliable measurements when set up in a rigid and repeatable 
manner.68 This may be implemented using belt fixation68 

as previously reported. Options for dynamometers are cur-
rently available at a price point that is much more cost-ef-
fective than seen previously, which could increase utiliza-
tion of clinically meaningful measurements. 

A one-repetition maximum (1RM) test aims to measure 
the muscle force exerted in one maximal effort with good 
form, and is also quantified as the maximum load that can 
be lifted one time.69 Specific to the quadriceps muscle, us-
ing a leg extension machine to test 1RM from 90-45 degrees 
is also supported as a strength assessment, although this 
method may be more useful for ruling in asymmetry than 
ruling it out.70 A reliable and repeatable testing set-up for 
between-limb comparisons or serial testing of the injured 
limb is necessary for valid muscle strength assessments. 

Other muscles to consider for examination include the 
hip abductors, hip extensors, and ankle plantarflexors. Al-
ternative assessment of these muscle groups may include 
performing a task for repetitions to failure or repetitions 
completed in a given time frame such as 30 seconds. Ankle 
plantarflexor assessment can be completed with single-leg 
heel raises. Hip extensors and hamstring assessment can be 
completed with single-leg elevated bridges in varying de-
grees of hip and knee flexion. Although utilizing repetitions 
to failure or repetitions in a time frame for the above as-
sessments can be done clinically, the clinician should ac-
knowledge that proxy measures may not accurately assess 
maximum strength and could be more a reflection of muscle 
endurance or some other confounder. 

In addition to single joint assessment, multi-joint test-
ing can be completed to assess the lower extremity kinetic 
chain. Multi-joint testing can include qualitative evaluation 
assessment tools when used in a valid and reliable manner, 
such as the qualitative assessment scheme proposed by 
Herrington and colleagues which utilizes dichotomous cri-
teria to rate the movement strategy of the arms, trunk, 
pelvis, thigh, knee, and foot during the specified tasks.71,72 

Quantitative measures should also be obtained, and various 
multi-joint assessments have been utilized such as lateral 
or anterior step-downs, a single-leg squat test, and single-
leg leg press test.73–75 Herrington et al recommend that the 
task requires a minimum of 90 degrees of knee flexion to 
increase the overall muscular demand compared to more 
shallow angles of knee joint flexion. The leg press may be 
used to assess for a 1RM or for reps to failure at a given in-
tensity such as 100% bodyweight. For step-downs or single-
leg squats, repetitions to failure or repetitions completed in 
a given timeframe such as 30 seconds may be utilized as dis-
cussed above, again acknowledging that this is not a maxi-
mum strength assessment. 

RATE OF FORCE DEVELOPMENT (RFD) 

Explosive strength is the ability to produce force rapidly and 
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is typically assessed via RFD during isometric tasks by eval-
uating rate of change in force over some time epoch which 
is represented by the slope of the force-time curve (e.g. 
slope of force-time curve between 0-250 milliseconds).76 

Rate of torque (RTD) or RFD is commonly measured using 
an isokinetic dynamometer for single joint tasks or force 
plates for multi-joint tasks such as an isometric mid-thigh 
pull. Access to these devices is necessary but insufficient for 
accurate RTD/RFD measurement since assessment is chal-
lenging and current methods of both testing and interpre-
tation of results vary widely in the literature. For example, 
it is suggested that isokinetic dynamometers are modified 
during RTD/RFD assessment to account for factors such as 
system compliance, sampling rate, and software processing 
to obtain a reliable measure.77 Additionally, previous liter-
ature reports RTD/RFD over various epochs (e.g. 0-100 mil-
liseconds, 50-150 milliseconds, 20%-80% of peak, etc.), as 
an average, or as a peak.77,78 Thus, one must be cognizant 
of these factors when interpreting results.77 Regarding as-
sessment without access to modified isokinetic dynamome-
ters or expensive force plates, valid and reliable methods 
have yet to become widely available to clinicians. However, 
affordable force plates and software are becoming increas-
ingly available and may present a future direction for clin-
ically assessing explosive strength via RTD/RFD. Recently, 
HHD measurements of quadriceps peak torque and late RFD 
(250 ms) derived from raw data demonstrated acceptable 
validity when compared to isokinetic dynamometry; how-
ever, this feature is not yet clinically available in most HHD 
testing devices.79 

REACTIVE STRENGTH 

Reactive strength can be measured to determine a patient’s 
ability to utilize the stretch-shortening cycle and quickly 
change from eccentric to concentric muscle action as per-
formed during plyometric activities. Examples of clinical 
assessments include modified reactive strength index (RSI-
mod) during a single or double leg vertical countermove-
ment jump80 and reactive strength index (RSI) during a 
drop vertical jump (DVJ).81 RSI can be calculated by dividing 
flight time by ground contact time, although other calcula-
tions also exist. Jump height and RSI can be assessed with 
force plates, but also can be reliably measured clinically 
with the My Jump 2 application (available for download us-
ing Apple App Store for iOS, Google Play for Android).82 If 
assessing a DVJ, it should be noted that RSI will differ based 
on the height from which the drop is performed. Thus, a 
consistent height should be used between limbs and for re-
assessments. Repeated hopping such as the side hop test83 

may also be used as a surrogate clinical measure of reactive 
strength. Reactive strength tests should also be evaluated 
qualitatively as discussed above with multi-joint strength. 

HOP TESTS 

Single leg hop tests have long been used as a functional 
assessment after ACLR,84 as they have demonstrated ac-
ceptable reliability to measure progress during rehabilita-
tion.85 However, it should be noted that hop tests are a valid 
measure of a patient’s ability to perform a hopping task 

rather than assessing any specific physical quality. Because 
of this, a critical examination of single leg hop tests showed 
that clinicians tend to overestimate lower extremity func-
tion when using hop distance alone.86 Given these inherent 
limitations, it may be necessary to rethink the interpreta-
tion of hop testing or add qualifications to the test such as 
evaluating two-dimensional movement quality during sin-
gle leg hop tests which can be done using commercially 
available video cameras and video analyzing software (Ki-
novea 0.8.15 available at Kinovea.org),87 as patients post-
ACLR often demonstrate deficiencies during landing com-
pared to the uninjured limb and uninjured individuals.88 

Finally, LSIs for muscle and lower limb performance (e.g. 
muscle strength, rate of force development, reactive 
strength, single-legged hop tests) that reach 90% are often 
considered functional targets during rehabilitation.89 How-
ever, LSI has been reported to overestimate injured limb 
function due to deterioration of the uninjured limb.30,31,58 

Other criteria such as pre-injury baseline measures or nor-
mative values can provide valuable alternatives to LSIs. 
However, in the absence of these data, LSI provides a useful 
metric during rehabilitation when taken in context of 
known shortcomings. 

MULTI-PHYSIOLOGIC SYSTEM INTERVENTIONS 
FOR THE MUSCULOSKELETAL SYSTEM AFTER 
ACLR 

Addressing changes in the musculoskeletal system after 
ACL injury and ACLR should be a priority given their associ-
ations with altered biomechanical movement patterns, poor 
long-term function, re-injury risk, and risk of OA develop-
ment.36,90–92 By appropriately addressing musculoskeletal 
impairments, it allows for further integration of interven-
tions to allow for recovery of other components (cardiopul-
monary, nervous, integumentary) with the aim to ulti-
mately resolve movement dysfunction. Foundational 
concepts and progression principles in strength and con-
ditioning should be implemented through a multi-physi-
ologic system lens, recognizing that strength training im-
pacts multiple body systems important for human 
movement. Primary principles to be discussed include pro-
gressive overload, specificity, and variation.93 These princi-
ples can be used to target any fitness parameter (endurance, 
strength, power, speed, etc.). 

INTERVENTIONS FOR RANGE OF MOTION 

Addressing extension loss in the early post-operative period 
should be a high priority. Ideally restoring full knee exten-
sion should also be accomplished pre-operatively as risk of 
prolonged extension loss after surgery has been reported to 
be five times more likely if full extension was not achieved 
prior to surgery.94 Risk of developing arthrofibrosis is two 
and eight times more likely if extension loss remains at 
three and six weeks post-operatively, respectively.95 After 
surgery, the tensile strength of the skin gradually improves 
over time, so one must also be mindful of integumentary 
system health and the healing surgical site when applying 
ROM interventions.96 
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When addressing ROM deficits, the clinician must first 
consider factors that may be limiting the ROM. This may 
be pain, effusion, muscle guarding, or arthrofibrosis. If pain 
and guarding are limiting factors, techniques and modali-
ties such as electrical stimulation, cryotherapy, joint mo-
bilizations, or soft tissue massage may be helpful.97,98 For 
effusion one may consider pneumatic compression devices, 
active range of motion, and adherence to loading princi-
ples.99 Patients should also be instructed in self stretches 
for knee extension at least three times per day which may 
include supine heel props, self-applied overpressure, and 
active quad contractions in terminal extension.10 Patellar 
mobility may limit ROM and can effect patellofemoral 
arthrokinematics.100 Therefore the clinician and patient 
may implement patella mobilizations to ensure appropriate 
mobility. If loss of knee extension persists, implementing 
the concept of total end range time (TERT) is recommended. 
This may include low load long duration stretching in 
supine with the heel propped and 5-15 pounds placed on 
the distal thigh for 10-15 minutes at a time for 60+ minutes 
per day.101 The intensity of the stretch should allow for 
the patient to tolerate the stretch without pain or muscle 
spasm. Although less frequently implemented, persistent 
extension loss may also be treated with splinting or addi-
tional surgical procedures.10,102 Knee flexion ROM should 
also be progressed during the early post-operative period. 
General guidelines include targets of 90-100 degrees by one 
week post-operatively and increases of ~10 degrees per 
week after that. This may be delayed if there are concomi-
tant injuries or procedures (e.g. meniscus repair), or exces-
sive effusion. Knee flexion ROM can be achieved with exer-
cises such as heel slides, wall slides, or stationary biking.10 

To achieve full terminal flexion that is requisite of high 
speed running and other sport-specific tasks later in re-
habilitation, patients may utilize a short kneeling position 
to attempt to sit on their heels and active heel to gluteal 
drills in standing. Achieving normal ROM is an integral ini-
tial step for recovery of the musculoskeletal system and 
its components, but also contributes to carrying out move-
ment-related interventions that impact other physiologic 
systems after ACLR. 

MUSCULOSKELETAL INTERVENTION PRINCIPLES 

PROGRESSIVE OVERLOAD 

Progressive overload is the gradual increase in demand 
placed upon a system in response to the adaptation to pre-
viously imposed demands. Exercise prescription should aim 
to apply an appropriate stress or dosage to elicit a desired 
adaptation within a system at that time point. This dosage 
is affected by the manipulation of variables including: in-
tensity, volume load (reps x sets x resistance), frequency, 
repetition speed and tempo, exercise selection and order, 
and rest periods. These variables are manipulated so that 
the dose is sufficient to elicit adaptation but within an in-
dividual’s recovery capacity. The individual response can be 
affected by several factors including comorbidities, training 
history, time, nutrition, stress, and sleep. Tolerance to exer-
cise loads can be monitored via pain and effusion (see ear-
lier sections regarding assessment). Musculoskeletal adap-

tations to resistance training are typically better 
understood, but adaptations in other physiologic systems 
should be considered when developing treatment plans to 
address movement limitations. Some of the nervous system 
adaptations to resistance training include changes to higher 
brain centers, motor unit recruitment, and the neuromus-
cular junction.69 Acute responses to resistance training 
have been described for the cardiopulmonary system and 
include increased cardiac output, greater blood flow to 
working muscles, among several others. In essence, resis-
tance training adaptations are not isolated to the muscu-
loskeletal system but rather impact multiple physiologic 
systems that are important for goal-directed human move-
ment. 

SPECIFICITY 

The SAID principle, which is an acronym for “specific adap-
tation to imposed demands”, states that any given adapta-
tion will be specific to the applied stimulus.69 While there 
can be complimentary adaptations to the stimulus across 
multiple fitness and musculoskeletal adaptations, specific 
training goals are most effectively addressed by applying a 
training stimulus that specifically targets the desired adap-
tation. This idea compliments the principle of progressive 
overload discussed previously as both work together to en-
sure progress towards the desired goal. 

VARIATION 

Variation is the process of changing program variables so 
training stimuli are challenging for a system. This is nec-
essary because as individuals adapt to training, desensiti-
zation to the training stimulus can occur and the magni-
tude of adaptations can decrease. Variation is commonly 
achieved through periodization, for which several models 
have been developed and demonstrated effectiveness.103 It 
should be noted that nearly all available literature on peri-
odization is conducted in healthy individuals rather than an 
injured or post-surgical population. Nevertheless, the prin-
ciples can be applied effectively to individuals after ACL in-
jury and ACLR when combined with clinical reasoning and 
monitoring. 

Linear or classic periodization involves structuring a pro-
gram with progressive decrease of volume and increase in 
load across several mesocycles. A mesocycle has been de-
scribed as a medium-sized training cycle with two to six 
weeks being the most typical duration.69 Each cycle priori-
tizes one fitness parameter and progresses to the next para-
meter in a predictable, structured manner. In rehabilitation, 
this typically begins with relatively low intensities and high 
volumes, and gradually progresses to higher intensities and 
lower volumes. 

Nonlinear or undulating periodization utilizes either 
systematic or random alteration of intensity and volume 
within a training cycle. This can occur daily or weekly. This 
allows for multiple fitness parameters to be developed si-
multaneously. No differences between linear and nonlinear 
periodization have been established in the healthy popula-
tion.104 

Block periodization involves attempting to maximize 
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Table 1. Training Variables for Fitness Parameters 

Training 
Goal 

Volume Intensity Frequency Exercise 
selection 

Rest 
Periods 

Other 

Local muscle 
endurance 

Option 1: 10-25 reps 
of multiple sets per 
exercise 

Option 1: 
Light 
(<10-15RM) 

Novice: 
2-3x/wk 

Advanced: 
4-6x/wk 
for muscle 
group 
split 
routines 

Option 1: 
Unilateral 
and 
bilateral; 
single 
and 
multi-
joint 

1-2 min 
for high 
reps 
(15+) 

<1 min 
for low 
reps 
(<15) 

Slow velocities 
for <15 rep 
schemes; 

Moderate to 
fast velocities 
for 15+ rep 
schemes 

Option 2 (EMOM): 
5-10 sets of 3-10 reps 

Option 2 
(EMOM): 
60-80% 
1RM 

Option 2 
(EMOM): 
Mostly 
multi-
joint 

Hypertrophy Novice: 1-3 sets of 
8-12 reps per exercise 

Advanced: 3-6 sets of 
1-12 reps per 
exercise; 10+ total 
sets per muscle group 
per week 

Novice: 
70-85% 
1RM 

Advanced: 
70-100% 
1RM 

2-3x/wk 
per 
muscle 
group 

Single 
and 
multi-
joint; 
OKC and 
CKC 

1-2 min 
that can 
be 
extended 
to 2-3 
min with 
heavy 
loading 

Muscle actions 
should include 
con, ecc, iso at 
long muscle 
lengths; 

Controlled 
velocities 

Strength 1-3 work sets per 
exercise; 3-10 reps 
(progressing to lower 
rep range as training 
age/status and 
intensity increases) 

Novice: 
70-85% 
1RM 

Advanced: 
80-100% 
1RM 

2-3x/wk Unilateral 
and 
bilateral; 
single 
and 
multi-
joint; 

OKC and 
CKC 

2-3 
minutes 
for multi 
joint/
large 
muscle 
groups 

1-2min 
for single 
joint/
small 
muscle 
groups 

Muscle actions 
should include 
con, ecc, iso; 
intent for max 
velocity during 
concentric 

Power 1-3 sets of 3-6 reps 0-60% 1RM Novice: 
2-3x/wk 

Advanced: 
4-5x/wk 

Mostly 
multi-
joint 

2-3 
minutes 
for 
complete 
recovery 

Maximal 
intent with 
each rep and 
minimal drop 
off in velocity 

EMOM= every minute on the minute, RM= repetition maximum, OKC= open kinetic chain, CKC= closed kinetic chain, wk= week, con= concentric, ecc= eccentric; iso= isometric 

adaption for one specific parameter in a given time period, 
typically within two to four weeks. This allows for the main-
tenance of the most important physical qualities for an ath-
lete’s sport. Each block includes three phases: accumulation 
which includes a high volume of general exercise at 50-70% 
1RM to build work capacity; transmutation, which includes 
more specific exercises at 75-95% 1RM; and realization, 
which includes even more specific movements when com-
pared to the transmutation phase with the goal of >90% 
1RM.105 

Linear periodization may be most appropriate for ini-
tially structuring a program for an individual after ACL in-
jury or ACLR. This presents a logical starting place and a 
safe, effective progression when aiming to address the mus-
culoskeletal deficits previously described. This program-
ming can be accomplished utilizing Vermeil’s Hierarchy, a 
widely utilized model of athletic development that is de-
signed to adequately load the musculoskeletal system in a 

systematic and logical manner.106 Implementation of this 
model first requires the development of a patient’s work ca-
pacity, which is the ability to sustain work and accumulate 
workload to prepare the body to tolerate increases in load. 
This progresses in a stepwise manner to strength, explo-
sive strength, reactive strength, and speed. While qualities 
within the hierarchy can be trained concurrently, optimal 
development of any one quality in the hierarchy requires 
the preceding quality to be adequately developed. By defi-
nition, training multiple qualities concurrently means that 
the program shifts more to non-linear periodization, al-
though one quality may be emphasized. Table 1 depicts 
training variables based on the goal.93 The reader is referred 
to Table 2 for an example of programming schemes utilizing 
an adaptation of the hierarchy. 
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Table 2. Example of Programming Progression Utilizing Vermeil’s Hierarchy 

Parameter Duration Volume Intensity Frequency Exercise Examples Other 
Considerations 

Work 
Capacity/ 
Endurance 

2-4 
weeks 

1-2 
exercises 
per 
muscle 
group; 
2-4 sets 
x 12-20 
reps 

Low - 
moderate 
(<70% 
1RM) 

3x/wk leg press, leg ext, leg 
curl, bridges, sidelying 
hip abduction, heel 
raises 

BFR, NMES, 
cross-
education 

Hypertrophy/ 
strength 

4-8 
weeks 

6-10 
sets x 
8-12 
reps per 
muscle 
group 

Moderate 
(~70-80% 
1RM) 

2-3x/wk Leg press, leg ext, leg 
curl, squat and lunge 
variations, deadlift 
variations, banded 
lateral walks, heel raises 

NMES, cross-
education, 
supramaximal 
eccentrics 

Strength 4-8 
weeks 

3-5 sets 
x 5-8 
reps 

Moderate-
high 
(>80% 
1RM) 

2-3x/wk Leg press, leg ext, leg 
curl, squat and lunge 
variations, deadlift 
variations, heel raises 

NMES, Cross-
education, 
supramaximal 
eccentrics 

Explosive 
Strength/
RFD 

2-4 
weeks 

3-6 sets 
x 3-6 
reps 

Low (BW 
or 30-45% 
1RM) 

2-3x/wk Squat jumps, drop lands, 
ballistic isometrics 
(IMTP or leg press), 
accels, decels, Olympic 
derivatives (i.e. jump 
shrug) 

Perform 
exercises with 
intent of max 
velocity 

Elastic/
Reactive 
Strength 

2-4 
weeks 

3-6 sets 
x 3-6 
reps 

Low (BW 
or <30% 
1RM) 

1-3x/wk Ankling, CMJ, DVJ, 
sprints (>7m/s) 

Minimize 
ground contact 
time 

Accels= accelerations, decels= decelerations, RM= repetition maximum, RFD= rate of force development, BW= body weight, ext= extension, BFR= blood flow restriction, NMES= neuro-
muscular electrical stimulation, IMTP= isometric mid-thigh pull, CMJ= countermovement jump, DVJ= drop vertical jump, m/=, meters/second, wk= week 

INTERVENTIONS FOR ARTHROGENIC MUSCLE 
INHIBITION 

A multi-physiologic systems approach to target AMI re-
quires integrative knowledge of the nervous system to ap-
propriately incorporate interventions within a comprehen-
sive treatment plan. The most common intervention for 
AMI after ACL injury is neuromuscular electrical stimula-
tion (NMES). Fitzgerald et al107 showed that a modified 
NMES program (twice per week, 2500 Hz alternating cur-
rent, two second ramp up and down, ten second stimulation 
period with visible contraction, and 50 second rest period 
for 11-12 minutes) as an adjunct to standard rehabilitation 
was more effective in restoring quadriceps activation at 12 
and 16 weeks postoperatively compared to standard reha-
bilitation alone. More recent studies also support these 
findings.108,109 Lepley et al.109 compared an NMES-only 
group to NMES with eccentric strength training, eccentric 
strength training only, and standard care. Their findings 
demonstrated that both eccentric strength training alone 
and NMES with eccentric strength training showed less 
quadriceps strength and activation loss at time of return-
to-sport testing compared to preoperative testing. Al-
though NMES is commonly used in early stages of ACLR re-
hab, these findings suggest that NMES may be implemented 
throughout the rehabilitation stages to influence quadri-
ceps strength. 

In addition to active interventions, passive modalities 

may also help with increased quadriceps activation such 
as specific applications of transcutaneous electrical nerve 
stimulation (TENS)110 or focal joint cooling.111 Although 
the two aforementioned investigations on TENS and focal 
joint cooling prior to rehabilitation seem to be effective in-
terventions for AMI, the generalizability of applying these 
interventions to ACLR populations is limited due to the 
populations studied and clinical feasibility of the treatment 
protocols. It is important to be mindful that sensory deficits 
around the knee can persist for months or years after ACLR 
as a result of the surgical procedure,112 which may place pa-
tients at elevated risk for other sensory impairments includ-
ing burns and poor thermoregulation.113 

INTERVENTIONS FOR MUSCLE STRENGTH 

Adequate muscle strength provides the foundation for RFD 
and reactive strength required by most sporting movements 
and activities. It has been suggested that until a healthy 
individual can squat 1.6 times their body mass, continued 
benefits from strength training will occur.114 Haff and Nim-
phius115 suggest that for healthy individuals the associa-
tions among strength, power, and RFD are maximized when 
a 2x body mass squat can be achieved. Although RFD and 
power training modalities may be implemented prior to 
reaching the 2x body mass squat threshold for most individ-
uals, achieving this squat threshold is indicative of strength 
no longer being the main limitation for the ability to pro-
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duce force. Muscle hypertrophy is stimulated via muscle 
mechanical tension which leads to stimulation of pathways 
contributing to anabolism and muscle growth.116 These 
pathways can also be stimulated via metabolic stress and 
accumulation of metabolites causing hypoxia within a mus-
cle. Although debated, muscular strength can be influenced 
by muscle CSA, so any increases in hypertrophy may also 
contribute to potential for strength.117 Strength is influ-
enced by many other factors as well including muscle archi-
tecture, biomechanics, and several neural factors including 
motor unit recruitment and synchronization, firing fre-
quency, and inter-muscular coordination.117 Further, it is 
important to be aware that atrophy after traumatic joint in-
jury may occur through different mechanisms than disuse 
atrophy.118 Emerging evidence suggests neurophysiological 
changes occur after ACL injury which affect the corti-
cospinal and spinal reflexive pathways to the quadriceps 
muscle.119,120 If these pathways are not restored by sug-
gested interventions for AMI, then hypertrophy may not oc-
cur despite attempts of mechanical loading. Therefore, the 
importance of addressing AMI in conjunction to traditional 
methods of muscle strengthening must be stressed. Train-
ing for hypertrophy and strength should utilize the vari-
ables in Table 1 to provide these stimuli. In addition, the 
rehabilitation professional may consider the following con-
cepts: 

VOLUME AND INTENSITY 

Higher volumes tend to be more effective than lower vol-
umes for muscle growth to a certain extent, possibly due 
to inducing more metabolic stress and acute local hypoxia 
within a muscle.121 Schoenfeld et al.122 reported that per-
forming 10 or more sets per muscle group per week trended 
toward greater hypertrophy than performing less than 10 
sets. However, too much volume can begin to exceed the 
ability of the muscle to recover and diminish the hyper-
trophic response. The optimal volume of strength training 
varies among individuals, so monitoring and feedback 
should be utilized to ensure appropriate recovery. When 
examining the interactions between musculoskeletal inter-
ventions and the cardiopulmonary system, heavy resistance 
training does little to enhance long-term resting cardiac 
function, but some cardiovascular benefits may be observed 
with a high volume program that includes shorter rest peri-
ods such as circuit training.69 

Patients’ tolerance to exercise can be monitored through 
assessment of knee soreness via visual analog scale or using 
soreness rules (knee soreness experienced during warm-
up, within session, or the following day) to appropriately 
progress or regress exercise.123 Additionally, daily joint ef-
fusion can be assessed via limb circumference at the patella 
or with the stroke test as previously described.60,124 An 
acute change after exercise of one cm of effusion or a one-
step increase on the stroke test has been suggested to in-
dicate excessive tissue overload.75 The American College of 
Sports Medicine guidelines recommend exercising at >70% 
1RM for muscle hypertrophy and >60-80% 1RM for strength 
depending on training status. For an individual’s knee to 
tolerate these intensities after ACLR, a periodized program 
should be implemented. 

Training to failure is commonly utilized in healthy indi-
viduals and is defined here as performing consecutive rep-
etitions of an exercise until the concentric portion can no 
longer be completed for another repetition or completion 
would require a significant change in form. While training 
to failure is generally not necessary to elicit adaptations in 
hypertrophy and strength, it does ensure that the dosage is 
sufficient for these adaptations. Motor unit activation is in-
creased as a muscle becomes fatigued and new motor units 
are recruited to complete the repetitions. Utilizing greater 
loads will also elicit increased motor unit activation, but 
lower loads may be required in the earlier phases of reha-
bilitation when higher loads are not tolerated or safe. Blood 
flow restriction (BFR) is an intervention to augment tak-
ing low loads to failure and has been shown to be an effec-
tive hypertrophic stimulus.125 The reader is referred to re-
cent publications126,127 for considerations and application 
of BFR. To maximize effects from training to failure, ade-
quate rest cycles are required to avoid overtraining and mit-
igating positive hypertrophic adaptations. 

CONTRACTION TYPE CONSIDERATIONS 

Concentric, eccentric, and isometric muscle contractions 
should all be included in a comprehensive rehabilitation 
program following ACLR. Isometric exercises allow for 
greater force production than concentric contractions and 
can be implemented with multi-joint exercises such as leg 
press or an isometric mid-thigh pull, or with single joint 
exercises such as leg extensions or leg curls. Strength im-
provements with isometric exercise tend to be largest at 
the joint angles in which the exercise is completed, so an-
gle-specific weaknesses can be targeted with this contrac-
tion type. Further, lengthened state isometrics may be more 
effective for hypertrophy and carryover of strength gains 
throughout the range.128 

Previous evidence has shown that supramaximal eccen-
tric exercises may lead to enhanced adaptations of hyper-
trophy, strength, RFD, and reactive strength compared to 
isometric contractions and traditional isotonic exercises in-
volving a concentric and submaximal eccentric 
phase.129–131 To elicit the increased muscle forces that ec-
centric exercise affords, the load usually must be supra-
maximal relative to the concentric force producing capacity. 
This can be implemented in rehabilitation by performing 
the concentric portion of an exercise bilaterally and subse-
quently performing the eccentric portion unilaterally. It is 
important that the load selected for this is supramaximal 
for one limb to complete concentrically. An example that 
is widely available includes a patient attempting a single 
limb leg extension and increasing the weight until they are 
no longer able to complete the concentric portion. Then 
they are instructed to complete the exercise by pushing the 
weight up with both legs, removing the uninjured leg from 
the plate, and using the injured leg to lower the weight 
through the full range to the starting position (Figure 1). 
Other examples include training on a flywheel device or iso-
kinetic dynamometer. 
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BIOMECHANICAL PRINCIPLES DURING STRENGTH 
TRAINING 

Exercise selection and coaching should be based on biome-
chanical principles to ensure that specific muscle deficits 
are addressed. Using both open kinetic chain (OKC) and 
closed kinetic chain (CKC) exercises in clinical rehabilita-
tion will maximize the likelihood that this is accomplished. 
The primary advantage of OKC exercises is the constraint it 
imposes on the training task which ensures that the target 
tissue is addressed. This compliments the higher systemic 
and coordinative demands seen in CKC exercises. Therefore, 
both should be utilized in a comprehensive program. Be-
cause compensatory patterns to decrease quadriceps mus-
cle utilization are common during CKC strengthening ex-
ercises, clinicians should also implement single-joint OKC 
exercises to facilitate quadriceps strengthening. OKC in ad-
dition to CKC exercises has been shown to be more effective 
at increasing quadriceps strength compared to CKC alone 
following ACLR.132 Additionally, OKC and CKC movements 
have been reported to have different patellofemoral joint 
reaction forces at different ranges of motion. OKC results 
in greater patellofemoral force in lower knee flexion angles 
while CKC movements will have greater force in higher flex-
ion angles.133 Therefore, these may be used concurrently in 
a program in order to load the knee and quadriceps mus-
cle throughout the range of motion while respecting the 
patellofemoral joint as it adapts to increased loading. OKC 
knee extension has been the topic of considerable debate 
due to potential safety concerns and graft implications, al-
though these concerns may not be warranted and have been 
challenged.134 OKC knee extension to target quadriceps 
strength should be included in ACLR rehabilitation with 
consideration of individual patient factors such as anterior 
knee pain with appropriate periodization and progression. 

It should be noted that when addressing quadriceps at-
rophy and strength deficits, the selected exercise must cre-
ate an external knee flexion moment (eKFM) sufficient to 
require force production demands of the quadriceps at a 
level that stimulates adaptation. An example of using bio-
mechanical principles to increase quadriceps demand can 
be illustrated during multi-joint CKC exercises. If individ-
uals squat with their knees moving forward past their toes 
the external knee flexion moment and required quadriceps 
force requirements will increase. However, patient toler-
ance to this increased eKFM must be closely monitored. For 
example, anterior knee symptoms may be less tolerant to 
increases in eKFM if a quadriceps tendon or patellar tendon 
graft was used during ACLR and a slower progression may 
be necessary. 

CROSS-EDUCATION 

Cross-education refers to the ability to improve strength in 
the contralateral limb by performing unilateral exercises. 
This has been achieved through various training protocols, 
and a recent meta-analysis suggested eccentric muscle con-
tractions and moderate volumes of exercise to best imple-
ment cross-education.135 Following ACLR, eight weeks of 
cross-education in addition to standard care improved 
quadriceps strength 28-31% more than control participants 

Figure 1. Example of supramaximal eccentric 
exercise for the quadriceps. 

Complete extension concentrically with two legs (1 → 2), lower uninvolved leg 
keeping working limb extended (3) and then lower eccentrically with working 
limb (4). 

receiving standard care.136 The benefits of cross-education 
can be used throughout the continuum of rehabilitation, 
but perhaps most effectively in the early phases when the 
injured limb is not able to tolerate higher intensity strength 
training or when comorbidities such as patellofemoral 
chondrosis or anterior knee pain are limiting loading of the 
involved knee. 

INTERVENTIONS FOR RATE OF FORCE DEVELOPMENT 

RFD refers to the ability of the neuromuscular system to 
produce force quickly following the initiation of a muscle 
contraction. Force application during most sporting activi-
ties such as jumping and changes of direction occurs within 
very short time frames, with some activities such as ground 
contact times while sprinting occurring in under 200 ms.137 

The momentum change in these activities is directly related 
to the impulse generated. In this context, impulse can be 
defined as force multiplied by time. Because there is a time 
constraint to these tasks, a higher RFD will allow more im-
pulse to be generated in the same time frame and lead to 
better performance.138 Optimal development of RFD is de-
pendent upon adequate development of muscle strength as 
maximal strength may account for 52-81% RFD variance.139 

Improving RFD and impulse is typically targeted via train-
ing at high velocities, or with intent to perform exercises 
and movements explosively.16,140 It should be made clear 
that the intention to complete a movement with a high 
velocity is more important than the actual movement ve-
locity.141 This has practical implications as one may train 
across a loading spectrum including both high and low 
loads as long as the intention to move explosively is pre-
sent. Common training modalities include high intensity 
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strength training, Olympic weightlifting derivatives, plyo-
metrics, accelerations, decelerations, and ballistic isomet-
rics. The patient should be cued to “explode” or complete 
a repetition as fast and hard as possible to maximize the 
benefits of these exercises. While most interventions to im-
prove RFD typically occur later in rehabilitation, one may 
begin targeting this earlier by manipulating tempos or in-
tending to complete the concentric or eccentric portion of 
an exercise as quickly as possible, provided that the patient 
has already demonstrated proficiency in the same task in a 
slow and controlled manner. Even an intervention such as 
a quadriceps setting exercise may be utilized with an RFD 
emphasis by intending to complete the quad set “fast and 
hard.” The intensity of interventions for RFD should be in-
creased in a gradual progressive manner to ensure the pa-
tient has adequate tissue loading capacity to tolerate in-
creased forces. 

Additionally, eccentric, concentric, and isometric muscle 
actions may be trained separately with examples of phase-
specific exercises including drop lands, squat jumps, and 
isometric mid-thigh pulls, respectively. Once RFD and ex-
plosive strength are adequately developed, training may 
shift to place more emphasis on reactive strength. Reactive 
strength involves tasks utilizing the stretch-shortening cy-
cle and uses the ability of muscles to store and utilize elastic 
energy to perform a concentric action in rapid succession 
from an eccentric action. Reactive strength is typically 
trained with plyometrics of progressive training intensities. 
During these exercises, the patient should attempt to min-
imize their ground contact time to promote reactive 
strength adaptations. It should be noted that literature has 
shown decreased knee flexion angles during landings fol-
lowing ACLR,88 so the clinicians should ensure that the pa-
tient is not adopting this strategy to offload the knee. The 
minimum detectable change for knee motion during land-
ing during 2D video analysis has been reported to be 6-13 
degrees, but this has not been established for visual inspec-
tion.142 When detected, it is suggested to implement task 

regressions to ensure proficiency prior to reimplementing 
the task with the observed movement impairments. Addi-
tionally, one may promote increased knee flexion during 
landing by incorporating strategies previously reported to 
facilitate motor learning such as implicit instructions and 
external focus of attention,143 which further emphasizes 
the interdependency of several physiologic systems. Reac-
tive strength training modalities may also aid in mitigating 
deleterious skeletal changes discussed earlier such as re-
duced bone mineral density.44,144 

CONCLUSION 

This commentary has highlighted musculoskeletal consid-
erations for rehabilitation following ACL injury and ACLR 
from a multi-physiologic systems approach. Several muscu-
loskeletal alterations that occur after ACL injury and ACLR 
have been identified and serve as a foundation for guiding 
the rehabilitation process. Various clinically available test-
ing methods for identifying and monitoring these deficits 
have been discussed, as well as interventions that integrate 
with other body systems to ultimately resolve movement 
limitations. 
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