
ABSTRACT
One of the main priorities of rehabilitation after anterior cruciate ligament reconstruction (ACLR) surgery 
is the restoration of knee extensor muscle strength. Residual deficits in knee extensor muscle size and 
strength after injury are linked to poor biomechanics, reduced knee function, increased knee osteoarthritis 
risk, as well as heightened risk of re-injury upon return to sport. Most studies indicate that knee extensor 
muscle strength is typically not resolved prior to return to sport. This clinical commentary discusses strate-
gies to optimize and accelerate the recovery of knee extensor strength post-surgery, with the purpose to 
support the clinician with evidence-based strategies to implement into clinical practice. Principally, two 
strategies exist to normalize quadriceps strength after surgery, 1) limiting strength loss after injury and 
surgery and 2) maximizing and accelerating the recovery of strength after surgery. Optimal preparation for 
surgery and a focused attempt to resolve arthrogenic muscle inhibition are essential in the pre and post-
operative period prior to the inclusion of a periodized strength training program. Often voluntary strength-
ening alone is insufficient to fully restore knee extensor muscle strength and the use of electrical stimulation 
and where necessary the use of blood flow restriction training with low loads can support strength recov-
ery, particularly in patients who are significantly load compromised and experience pain during exercise. 
Resistance training should employ all contraction modes, utilize open and closed kinetic chain exercise of 
both limbs, and progress from isolated to functional strength training, as part of a periodized approach to 
restoring neuromuscular function. Furthermore, thinking beyond the knee musculature and correcting 
core and hip dysfunction is also important to ensure an optimal knee extension strengthening program. 
The purpose of this clinical commentary is to provide a series of evidenced based strategies which can be 
implemented by clinicians responsible for the rehabilitation of patients after ACLR. 

Level of evidence: 5
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INTRODUCTION 
One of the main priorities of rehabilitation after 
anterior cruciate ligament reconstruction (ACLR) 
surgery is the restoration of knee extensor muscle 
strength. After ACL injury and subsequent surgery, 
there is often considerable pain, swelling/inflamma-
tion, reduced function, muscle atrophy and strength 
loss. Residual deficits in knee extensor muscle size 
and strength after injury are linked to poor biome-
chanics,1 reduced knee function and increased knee 
osteoarthritis risk,2 poorer outcomes and heightened 
risk of re-injury upon RTS.3 For example, those who 
reported a limb symmetry index (LSI) less than 90% 
were at nearly three times greater risk of sustain-
ing a subsequent knee injury than who achieved 
more than 90% LSI (33 vs 12%).3 For every 1%-point 
increase in quadriceps symmetry there was a 3% 
reduction in re-injury rate. Early return to sport 
(RTS), without sufficient neuromuscular recovery 
is associated with early knee osteoarthritis changes 
only one year after surgery.4

Most researchers have indicated that knee exten-
sor muscle strength is typically not achieved by 
six-months after surgery or at the time of return to 
play.2,5-8 Furthermore, recent research suggests that 
the conventional LSI may underestimate the defi-
cits in knee extensor muscle strength post-surgery.8 
Only 29% of patients achieved a LSI less than 10% 
when the reconstructed limb was compared to pre-
injury injured limb values at six-months post ACL 
surgery, compared to 57% who achieved this marker 
when using the conventional LSI (when injured limb 
is compared to contralateral limb).8 As such deficits 
in knee extensor strength are possibly even more 
marked than previously thought, with only one in 
three to one in four achieving this marker prior to 
medical discharge and RTS. Importantly, the restora-
tion of knee extensor muscle strength represents a 
mid-stage rehabilitation marker, one which should be 
achieved prior to restoring movement quality, func-
tional strength, power and explosive muscle strength 
as well as subsequent sport-specific re-training and 
RTS.9,10 Therefore, the inability to restore knee exten-
sor muscle strength in a timely fashion is likely 
resulting in incomplete recovery in other impor-
tant rehabilitation factors (e.g., explosive strength 
and motor patterning). In order to achieve complete 

functional recovery and optimise the late-stage reha-
bilitation process, there is a need to first optimize 
and accelerate the recovery of knee extensor muscle 
strength to i) provide an optimal platform on which 
late-stage rehabilitation can commence and ii) actu-
ally allow time in most clinical cases for late-stage 
rehabilitation and an appropriate RTS process. 

The aim of this clinical commentary/narrative 
review is to discuss strategies to optimize and accel-
erate the recovery of quadriceps strength post ACLR 
surgery. This will provide practitioners working 
with individuals after with important theoretical 
and practical information which can be applied to 
their functional recovery framework to help opti-
mise their patient outcomes.

WHAT ARE THE REASONS FOR 
QUADRICEPS WEAKNESS AFTER ACLR? 
Determining the reasons for quadriceps weakness 
after ACLR are essential to design strategies to opti-
mize patient functional recovery. Typically, there is 
limited consideration of the notion that if one fails 
to overcome muscle inhibition one will be unable to 
optimally restore muscle mass and strength. Arthro-
genic muscle inhibition (AMI) is hypothesized to be 
present after ACLR and contribute to the ever-pres-
ent post-traumatic knee extensor muscle strength 
deficit.2,11-14 Loss of mechanoreceptors from the ACL 
is thought to disrupt the ligamentous–muscular 
reflex between the ACL and the quadriceps, lead-
ing to an inability to actively recruit high-threshold 
motor units during voluntary quadriceps contrac-
tions. Furthermore, pain and swelling both result in 
neuromuscular inhibition via the AMI process and 
resultant muscle atrophy and weakness.6,15 AMI typ-
ically limits the ability to achieve desired intensity 
levels and neuromuscular activation, and is often 
present bilaterally following unilateral ACLR, and in 
some cases, can be equivalent to the injured limb.16

Muscle strength is influenced by both neural and 
morphological factors. The loss of function and sig-
nificant neural inhibition can result in marked mus-
cle atrophy which contribute to loss of strength and 
function. Williams et al.17 reported that quadriceps 
atrophy and activation failure together account for 
approximately 62% of the variance in the quadriceps 
weakness of ACL-deficient non-copers, suggesting 
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atrophy also plays a significant role in reducing 
quadriceps strength. As such, the resolution of mus-
cle mass and neural activation are key aspects of 
ACL rehabilitation and strategies to restore them are 
of considerable importance. 

MAXIMIZING KNEE EXTENSOR STRENGTH 
RECOVERY AFTER ACL SURGERY
Two strategies exist to normalize quadriceps strength 
after surgery. These include:

1. Limit strength loss after injury and surgery and 

2. Maximize and accelerate the recovery of strength 
after surgery. 

STRATEGIES TO LIMIT STRENGTH LOSS 
AFTER ACL RECONSTRUCTION
The greater the degree of muscle atrophy and larger 
strength deficits post-surgery the longer time it 
will take to restore these deficits. In terms of this 
approach there are two strategies to consider a) 
the level of atrophy and strength loss prior to sur-
gery and b) the degree of atrophy and strength loss 
post-surgery.

Optimally prepare for surgery
Optimally preparing for surgery and resolving defi-
cits in muscle mass and strength would be expected 
to enhance post-operative function. The research 
available indicates that prehabilitation (a five to 
six-week program focusing on restoration of mus-
cle strength, quadriceps hypertrophy and hop per-
formance) results in superior knee function post 
operatively.18-20 Recent research shows that patients 
with better pre-operative quadriceps activation dem-
onstrated greater post-operative activation, whilst 
patients with better pre-operative strength also dem-
onstrated better post-operative strength.21 There is 
no consensus on the optimal level of pre-surgery 
function.22 Grindem et al.18 recommended patients 
should have a LSI of 90% for muscle strength and 
hop performance prior to ACL reconstruction, which 
may not be plausible for all patients. 

Resolve Arthrogenic Muscle Inhibition 
(AMI) quickly post-surgery
After injury or surgery, there is often considerable 
pain and swelling/ inflammation. Acute injury 

management should adhere to the principles of 
POLICE, (protection, optimal loading, ice, compres-
sion and elevation)23 to ensure joint protection and 
healing, removal of pain and swelling but mainte-
nance and gradual restoration of function through 
optimal load application. Pain and swelling both 
result in neuromuscular inhibition via the AMI pro-
cess and resultant muscle atrophy and weakness.6,15 
The clinician should utilize a variety of interven-
tions to combat pain, swelling and AMI to be able to 
progress through the remainder of the rehabilitation 
program optimally. 

a) Use Anaesthetics. Local anaesthetics may 
reverse AMI through the reduction of pain and 
may also reduce AMI by blocking other afferents 
contributing to the inhibition. AMI persists once 
pain has subsided and can be induced in the 
absence of pain (e.g., the effusion model does 
not cause pain but results in AMI),24 therefore, 
rehabilitation strategies effective in removing 
AMI, should not be focused solely on removing 
painful stimuli.

b) Use Ice. Use of cryotherapy (ice), compres-
sion and elevation are standard practices as 
part of acute injury management, in line with 
the POLICE23 recommendations. Cooling of the 
knee joint may also may serve to decrease AMI24 
and facilitate increased quadriceps activation. 
The effects are thought to be maintained after 
the removal of cryotherapy and as such, may 
serve as a strategy to temporarily reduce AMI 
and increase quadriceps recruitment prior to 
exercise. 

c) Utilize transcutaneous electrical nerve stimu-
lation. Transcutaneous electrical nerve stimula-
tion (TENS) of the cutaneous nerves has been 
shown to reduce presynaptic inhibition,25 which 
is a contributor to AMI.26 Hopkins et al.24 demon-
strated that 30 mins of TENS treatment reversed 
the inhibitory effects of induced knee effusion. 
However, this was temporary as the inhibition 
returned to baseline levels after the machine 
was turned off. As such, the greatest effect of 
TENS appears as a supplement to active exercise 
with an effect to minimize AMI and promote 
quadriceps recruitment.15,27
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Optimal load to preserve quadriceps strength
Optimal loading may be defined as the load applied 
to structures that maximizes physiological adapta-
tion.28 Additionally, in the context after injury, it 
can also be considered as the load which ‘minimizes 
adaptation’ (e.g., muscle strength loss and atrophy 
due to functional limitations). 

Achieving optimal loading is challenging. It is essen-
tial that in the early periods after surgery, the reha-
bilitation program incorporates progressive optimal 
loading to prevent muscle atrophy and strength loss 
and subsequently facilitate functional recovery. Use 
of electrical stimulation can support strength preser-
vation, through providing a stimulus to activate the 
motor units, which may be inhibited due to AMI. 
The use of electrical stimulation and voluntary iso-
metric contractions can support muscle mass and 
strength preservation in the early phase.29 Monitor-
ing pain and joint effusion particularly during the 
early phases of rehabilitation are important to ensure 
that the applied training stimulus is not excessive 
and causing tissue overload. Measurement of pain 
via the use of the visual analog scale should be taken 
regularly and recorded. Swelling can be measured 
with limb girth daily. Measurement of knee cir-
cumference at the patella has been shown to have 
strong intra-tester reliability and good sensitivity to 
change.30 Within, the knee, change greater than one 
centimeter was shown to be clinically significant. 

STRATEGIES TO MAXIMISE AND 
ACCELERATE THE RECOVERY OF 
STRENGTH AFTER ACLR

Incorporate a periodized strength training 
program 
Following the satisfactory resolution of pain, swelling 
and AMI, it is important to incorporate a periodized 
strength training program to fully restore neuro-
muscular function of the knee extensors, as well as 
other muscles. Restoration of quadriceps function 
requires the application of strength and condition-
ing principles applied to the injured athlete,31 and 
can be considered as optimal re-conditioning. Key 
strategies after ACLR are to restore muscle mass, 
strength (across the force-velocity curve), explo-
sive strength (rate of force development), power 
and coordination (e.g., ability to use this strength 

in sport-specific movements). A significant chal-
lenge for rehabilitation specialists is designing opti-
mal training programmes that facilitate neural and 
musculotendon adaptations whilst been mindful of 
biological healing constraints, and safety.32,33 To fully 
restore neuromuscular performance after ACLR it is 
important to incorporate a periodized neuromuscu-
lar training program, respecting tissue healing times 
and the patients individualised functional recovery. 

Periodization can be defined as the planned manipu-
lation of training variables (load, sets and repetition) 
in order to maximize training adaptations and pre-
vent over-training.33 There is a lack of evidence con-
cerning the best periodization approach after ACLR, 
but it is the authors view and that of others31 that 
the use of periodization in rehabilitation is superior 
to non-periodized approaches and the use of non-
linear approaches, respecting the phases of rehabili-
tation is important. When designing the program, it 
is important to have an understanding of how train-
ing variables can manipulate training outcome. This 
entails understanding how changes in load/ inten-
sity, volume and set configurations can influence 
strength adaptations (and their associated mecha-
nism) after ACLR, placed alongside the functional 
recovery process. 

Important considerations in terms of resistance 
training are i) the mechanical tension on the mus-
cle; ii) the metabolic stress induced through training 
and iii) the extent of muscle damage. Mechanical 
tension refers to the loading of muscle and is pro-
posed to disrupt skeletal muscle structures, compro-
mizing the integrity of individual muscle fibres and 
leading to cellular responses via stimulation of the 
mTOR pathway.34 Local metabolic stress involves 
the accumulation of metabolic by-products such 
as hydrogen ions, and blood lactate from fast gly-
colysis,35,36 which then stimulate catabolism; while 
muscle damage is proposed to lead to hypertrophic 
responses secondary to muscle damage, subsequent 
inflammation and upregulation of muscle synthe-
sis to repair the tissue. The manipulation of various 
resistance training variables can influence muscle 
strength and size and include training volume, load-
ing of exercise intensity, training frequency, train-
ing to failure, exercise variation, contraction type 
and recovery between efforts. Considering these 
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training variables are important when designing an 
optimal resistance training program for ACL patients 
to RTS quickly and optimally. 

In general, it appears that high volume resistance 
training is necessary to bring about increased 
strength and muscle size. Schoenfeld et al.37 con-
cluded that high volume resistance training pro-
duces greater gains in muscle mass than low volume 
training. It is thought that high volume training may 
enhance muscle mass gains due to prolonged meta-
bolic stress.38 There is a balance however, between a 
high training volume and an excessive volume which 
may lead to over-training and potential joint stress 
and tissue overload. Amirthalingam et al.39 found no 
significant difference in muscle hypertrophy when 
training with 5 sets of 10 repetition versus 10 sets of 
10 repetitions over six weeks of training. As such, it 
is thought that volume and muscle adaptation are 
not linearly related but instead follows an inverted 
‘U’ shape40 with an optimal training volume to elicit 
muscle hypertrophy and strength. This exact value 
is not known and may relate to the individual, the 
training history, recruitment, recovery strategies as 
well as lifestyle outside of the clinic (e.g., sufficient 
recovery practices, sleep, nutrition and rest etc.), 
and possible unresolved biological consequences of 
injury (e.g., pain, swelling and AMI). 

It is thought that the mechanical tension or load, 
typically presented as a percentage of maximal load 
that can be lifted (one repetition maximum, 1RM) is 
important for maximising muscle hypertrophy and 
strength. This is because the increased load results in 
increased mechanical tension on the muscle which 
is an important stimulus. The American College 
of Sports Medicine (ACSM) recommends loads of 
60-70% 1RM for the development of muscle strength 
and 70-85% for hypertrophy.41 Traditionally, it was 
thought that very high loads were necessary to bring 
about activation of all type II motor units based on 
the Henneman size principle42 and achieve full and 
complete muscle hypertrophy (targeted at all motor 
units). However, it is suggested that more low-load 
training also recruits fast-twitch muscle fibres, pro-
vided the working set is continued close to volitional 
fatigue.43 There appears to be no difference or at most 
a small trend for higher muscle hypertrophy with 
higher load resistance training compared to low-load 

training in terms of muscle hypertrophy.37 Training 
set intensity however, can have marked effects on 
other variables such as maximal eccentric strength 
and rate of force development (RFD). For example, 
conventional resistance training using loads of 70% 
maximal has been shown to enhance maximal mus-
cle strength and muscle hypertrophy41,44 but results 
in a reduction in the relative RFD (scaled to maximal 
voluntary force) and as such no change in RFD.44-46 
The importance for RFD in the rehabilitation pro-
gram has recently been discussed,10 and it is appar-
ent that following full and complete restoration of 
muscle strength after ACLR, there are still signifi-
cant 30% deficits in RFD.47 RFD was only restored 
following a subsequent period of power training 
12 months after surgery. Recently, Mangine et al.46 
showed that moderate intensity resistance training 
with loads at 70% 1RM over eight weeks resulted in 
no change in RFD, whereas strength training using 
high loads (90% maximal) elicited large increases 
in RFD (+70%). As such, each training intensity 
may bring about specific underlying adaptations 
and evoke differing alterations in mechanical vari-
ables (strength, power, RFD). Obviously, high load 
strength training (>85-90% 1RM) can only be imple-
mented following satisfactory recovery of range of 
motion, pain and swelling, AMI and sufficient mus-
cle mass to tolerate these high forces.48 

It is recommended to utilize a periodized resistance 
training program throughout the ACL rehabilitation 
program, beginning with optimal post-operative 
recovery, prior to moderate to high volume low to 
moderate loads resistance training until failure to 
promote initial strength gains and hypertrophy of 
all motor units (achieved largely through metabolic 
stimuli), when the joint is more load compromised 
and cannot likely tolerate high forces; followed by a 
period of moderate to high intensity (70-80% 1RM) 
resistance training with moderate to high volume 
(5-8 sets) with the goal to fully restore muscle size 
and maximise strength; finishing with very high 
intensity strength training (90%, / 5RM) and lower 
volumes in the latter phases of rehabilitation to tar-
get maximal voluntary activation, eccentric maximal 
muscle strength and restore power and explosive 
strength (Figure 1).10 Obviously, it is important to 
respect tissue healing, joint response and individual 
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adaptations, and produce a minimum stimulus in 
the post-operative recovery period to preserve mus-
cle mass, but not overload the joint. 

Open chain or closed chain, isolated or 
functional?
There is no consensus among the existing published 
evidence as to whether closed kinetic chain (CKC) 
or open kinetic chain (OKC) exercises should be 
the intervention of choice following ACLR.49 There 
are doubts about safety of OKC exercises, which are 
arguably unsupported by substantial published evi-
dence.49 OKC exercises can be useful as they isolate 
the muscle and limit the involvement of other mus-
cle groups and thus, can ensure higher and more 
complete activation and fatigue of the target mus-
cle. Some studies have shown that OKC exercises or 
OKC plus CKC exercises are more effective than CKC 
exercises alone in improving quadriceps strength 
after ACL reconstruction50,51 and in patients who are 
ACL deficient.52 Others have found no differences in 

patients’ quadriceps strength when comparing the 
two types of exercises.51,53 Available clinical research 
suggests that cautiously incorporating OKC exer-
cises into ACL rehabilitation will improve quadri-
ceps function and the authors advocate the use of 
both OKC and CKC exercise.54 

A particular consideration with knee extensor 
strengthening after ACLR, is minimizing patello-
femoral joint (PFJ) stress, given the high prevalence 
of patients who go on to develop patellofemoral pain 
syndrome (PFPS) after ACLR surgery.55-57 In OKC 
exercises such as knee extensions, quadriceps mus-
cle force and PFJ stress are greatest near full exten-
sion.58,59 Conversely, in CKC exercises such as lunges 
and the leg press, quadriceps muscle force and PFJ 
stress are highest near full flexion.55,56 As such, it 
is recommended to initially restrict high load OKC 
strengthening between 40-90 degrees of knee flex-
ion, and CKC between 0-80 degrees, which collec-
tively can enable complete strengthening through 
the arc of motion, at reduced PFJ stress. Each can 
be implemented at a similar time (typically 4 weeks 
after surgery, but with an initial focus on control as 
opposed to load), respecting the principles of opti-
mal load progressions. 

When there are residual deficits in knee extensor 
strength (typical after ACLR surgery), it is essen-
tial to implement isolated strength techniques as 
opposed to functional exercises such as squat with 
load. This is because, significant strength deficits 
result in biomechanical compensatory strategies i.e., 
cheating where the hip extensors are utilised instead 
of the knee extensors.60 Therefore, functional exer-
cises alone are an inadequate means for resolving 
quadriceps weakness and restoring normal quad-
riceps strength.61 As isolated quadriceps strength 
increases, a gradual increase in the use of functional 
strength training techniques such as squat, deadlift, 
lunge and their derivatives can be implemented. 

Functional strength refers to the ability to pro-
duce force in movements in which the muscles are 
typically used62 and is essential for athletic perfor-
mance.63,64 Functional strength is also important for 
optimal movement quality and force dissipation. 
For example, landing from a jump results in 1.5-2 
times body mass transferred through each limb.65-,67 

Figure 1. A graphical representation of a general outline of 
a periodised resistance training program after anterior cruci-
ate ligament reconstructive surgery (the time lines are for a 
patient returning to sport at around 6 months). The program 
begins with low intensity and volume, to preserve muscle 
mass and strength as much as possible in the post-operative 
period. It has a gradual increase in intensity and volume to 
promote muscle hypertrophy, muscle endurance and strength 
recovery at low to moderate loads, when the athlete is still 
load compromised. It progresses to moderate to high intensity 
strength training with moderate to high volume in the third 
stage prior to very high intensity and lower volumes in the 
fi nal stage prior to return to sport.
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An inability of the neuromuscular system to tolerate 
these forces, i.e. low functional eccentric strength 
of the kinetic chain would result in these forces 
been either off-loaded from the sagittal plane to the 
frontal plane and/or absorbed via the ligaments, 
tendon and joints, thus potentially lead to joint or 
tendon overload.68-69 As such, it is essential to have 
both a sufficient knee extension strength and global 
functional strength capacity to ensure that the neu-
romuscular system can adequately generate and 
‘accept’ high ground reaction forces during sporting 
type movements.

The authors suggest that isolated machine based 
strengthening techniques be the main strategy to 
restore knee extensor strength in the early to middle 
phases of rehabilitation (e.g., week 4 to week 12 after 
surgery as an example) and once the patient has 
resolved at least 80% of the knee extensors strength 
of their contralateral limb70 (assessed through iso-
kinetic testing of the knee extensors, typically at 
90-120 days post-surgery in our patients). In general, 
it is advised to initially implement isolated OKC and 
CKC early in the rehabilitation period, using ini-
tially isometric contractions (with additional modal-
ities, see subsequent text), with specific joint angle 
restrictions to limit PFJ stress. Motor patterning 
and muscle imbalance correctives at adjacent joints 
should accompany this work to prepare for func-
tional strengthening. Once the patient has restored 
knee extensors strength to within 20% of the contra-
lateral side, moderate to high load strength training 
using both isolated (high load, 5RM) and functional 
(moderate load, 8RM) techniques can be used. 

Target the VMO?
PFP is common following ACLR with 30-50% still 
experiencing PFP at 1 year after surgery,55-57 and is 
problematic for the recovery of quadriceps strength 
after ACLR as it will result in PF inhibition, and 
limit quadriceps activation. Often practitioners 
work around patients PFP and lower the loads to a 
point of no pain (as pain is a potent inhibitor and 
contributor to AMI), but this often results in a load 
which is insufficient to elicit sufficient stimulus for 
muscle hypertrophy and strength adaptation. The 
resolution of PFP is essential to full and complete 
knee extensor strength recovery. There is a lack of 

consensus on the source of pain in relation to PFP.71 
However, patellar maltracking including increased 
lateral patellar translation,72-74 tilt72 and spin,74 as 
well as increased lateral PFJ stress75,76 may associ-
ate with PFPS. As the vastus medialis oblique (VMO) 
has the ability to control lateral patellar tracking, 
delay or weakness of VMO is considered a key bio-
mechanical risk factor for patellar maltracking.77 
As such, rehabilitation specialists and researchers 
often advocate selective strengthening on the VMO, 
to help restore normal patellofemoral biomechan-
ics and reduce pain, thus supporting more optimal 
quadriceps recovery. There is however, debate, as to 
whether it is possible to selectively strengthen the 
VMO, with current evidence suggesting that volun-
tary strengthening techniques will not specifically 
recruit the VMO.78-81 In those with patella maltrack-
ing, the use of electromyography (EMG) biofeed-
back measures during neuromuscular contractions 
can provide auditory or visual feedback signals, 
designed to increase awareness and voluntary con-
trol of muscle activation. When utilized in conjunc-
tion with strength training, EMG biofeedback aimed 
at increasing VMO activation while maintaining con-
stant vastus lateralis (VL) activity has been shown to 
improve VMO/VL activation ratios.82 Additionally, 
taping of the patella may be an effective strategy to 
transiently optimise patella tracking. Using taping 
techniques to control patella tracking during resis-
tance exercise have found increased patient toler-
ance to knee joint loading, increased VMO activity, 
and improved onset of the VMO in relation to the VL 
muscles.83-86 

Think beyond the knee
Typically, early and mid-phase programs focus exclu-
sively on resolving knee mechanics. It is becoming 
accepted that weakness of core and hip muscles 
are risk factors in lower extremity injury risk87-90 

and in particular ACL injuries.91,92 A systematic 
review by Petersen et al.93 revealed deficits in hip 
muscle strength after ACLR. Beyond injury preven-
tion, proximal dysfunction is associated with high 
risk movement biomechanics and linked to PFP.87,90 
Strong evidence currently exists that patients with 
anterior knee pain have deficits in hip abduction, 
hip extension and external rotation strength.94 Hip 
muscle strengthening is effective in reducing the 
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intensity of pain and improving functional capabili-
ties in patients with PFP95 and should form part of 
the ACLR rehabilitative program focused on resolv-
ing knee extensor strength deficits. 

Utilize the powers of electrical stimulation
Neuromuscular electrical stimulation (NMES) 
appears to be a promising intervention for use after 
ACLR. NMES allows for the direct activation of the 
motor axon, and could allow for the direct recruit-
ment of the inhibited motoneurons. Muscle activa-
tion by means of NMES allows for the recruitment 
of a greater proportion of type II muscle fibers when 
compared with voluntary contractions of a similar 
intensity.96-98 Furthermore, although, during volun-
tary contractions there is a logical order of recruit-
ment beginning with the smallest motor units and 
progressing to the largest motor units,42 NMES results 
in a reversal of the order of motor unit recruitment.99 
The activation of type II motor units are essential to 
achieve a higher level of quadriceps force produc-
tion, as well as sufficient power and RFD. As such, 
their recruitment by means of NMES undoubtedly 
should aid in the quest to achieve complete recov-
ery of quadriceps strength. A recent meta-analysis 
reported that use of NMES in addition to standard 
physical therapy appears to significantly improve 
quadriceps strength and physical function in the 
early post-operative period compared to standard 
physical therapy alone.29

Incorporate blood fl ow restriction training 
in selective patients
In the load compromised patient (early after sur-
gery) or in those patients who experience PFP and 
subsequent quadriceps inhibition and as such, can-
not achieve the required load and activation to bring 
about the necessary stimulus for adaptation, blood 
flow restriction (BFR) training may be an effective 
therapy. Low-intensity resistance training with BFR 
can result in in greater strength and muscle hyper-
trophy when compared to resistance training with 
the same intensity under normal flow100-103 and com-
parable to gains with moderate to high intensity 
resistance training.104 Under ischemic condition-
ing, fast twitch fibres are recruited even under low 
intensity activity, as type I motor units fatigue rap-
idly which allows for the recruitment of type II units 

earlier. BFR training may also serve as an effective 
stimulus during an unloading phase for patients 
because it results in a positive training adaptation, 
although causing little to no muscle damage102 and 
thus, can be used sparingly throughout the rehabili-
tation cycle. Low-load BFR was shown to be superior 
at improving functional capacity and pain in patients 
with PFP compared to moderate intensity resistance 
training with BFR.104 Sub-group analysis revealed 
that in those with pain on resisted knee extension 
there was considerable benefits in enhancing func-
tion, but is similar to resistance training at moderate 
to high loads (70% 1RM) in those without pain on 
resisted knee extension.104 As such, BFR therapy at 
low loads can may be a useful tool to develop mus-
cle strength in patients who are unable to perform 
high-resistance exercise or patients who have per-
sistent extremity weakness despite traditional ther-
apy, or maybe used sparingly as part of a periodized 
strength training program. 

Don’t forget the other leg
An ACL injury has recently been suggested as a sin-
gle leg injury, but a double leg problem.105 Deficits in 
knee extensor strength, neuromuscular control and 
proprioception, which are prevalent in the injured 
limb are also present in the contralateral uninjured 
limb.106-108 As discussed, this lower than optimal 
level of strength in the contralateral limb can result 
in an overestimation of knee extensor strength of 
the injured when examining the limb symmetry 
index in the conventional manner (injured versus 
uninjured).8 As such, it is advised to ensure that 
rehabilitation target both limbs. Additionally, cross-
education training, which is the increase in muscle 
force on the untrained side after resistance train-
ing of the contralateral homologous limb muscle,109 
has been suggested to accelerate the recovery of the 
injured limbs strength after ACLR and augment the 
LSI, 110 although this is not a consistent finding.111

SUMMARY AND IMPLEMENTATION
The restoration of knee extensor muscle size, acti-
vation and strength forms essential components of 
rehabilitation after ACLR. AMI can limit the desired 
activation values during resistance training and 
limit strength recovery after surgery. It is recom-
mended that optimal preparation for surgery, the 
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Table 1. A schematic layout of an example periodized resistance training approach for the athlete 
after anterior cruciate ligament reconstruction. The program involves one pre-operative and fi ve 
post-operative stages aligned with the functional recovery status of the athlete after surgery. The 
particular goal, strategy and approach are outlined discussing the factor relevant within the text. The 
program is a typical approach (and allocated time) to a professional athlete, who was able to return to 
team training at six months after reconstructive surgery. Time lines are dependent upon the injury 
(e.g., concomitant injury, such as cartilage, medial collateral ligament), and individual healing and 
progression time lines. Criteria and not time should be used to transition between stages.
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adoption of POLICE and focused attempt to resolve 
AMI are essential in the pre and post-operative 
period prior to the inclusion of a periodised strength 
training program. Appreciation of strength and con-
ditioning principles including load, volume, rest and 
recovery (between sets and sessions) are important. 
Often voluntary strengthening alone is insufficient 
to fully restore knee extensor muscle strength and 
the use of electrical stimulation and where nec-
essary the use of BFR training with low loads can 
support strength recovery, particularly in patients 
who are significantly load compromised and expe-
rience pain during exercise. Resistance training 
should employ all contraction modes, utilise OKC 
and CKC exercise, begin with isolated strength tasks 
and finish and progress to functional strength train-
ing and agility type exercises to prepare for sporting 
practice. Restoring balance between the quadricep 
muscles and resolving possible patellar tracking 
issues, through manual therapy, biofeedback train-
ing and stretching are important additional con-
siderations. Finally, thinking beyond the knee and 
correcting core and hip dysfunction may be impor-
tant to ensure an optimal knee extension strength-
ening program. Optimizing the use of disinhibitory 
techniques (e.g., ICE, massage) and activation tech-
niques (pre-activation exercises, electrical stimula-
tion, TENS) may support more optimised training 
outcomes. It is hoped that these recommendations 
may support practitioners who have the responsibil-
ity to rehabilitate patients after ACLR, and support 
the quest to enhance patient outcomes (RTS rates, 
long term knee joint health and re-injury risk) after 
ACLR surgery. 
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