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Abstract
Outcomes following anterior cruciate ligament reconstruction (ACLR) need improving, with poor return-to-sport rates and a 
high risk of secondary re-injury. There is a need to improve rehabilitation strategies post-ACLR, if we can support enhanced 
patient outcomes. This paper discusses how to optimise the early-stage rehabilitation process post-ACLR. Early-stage reha-
bilitation is the vital foundation on which successful rehabilitation post-ACLR can occur. Without high-quality early-stage 
(and pre-operative) rehabilitation, patients often do not overcome major aspects of dysfunction, which limits knee function 
and the ability to transition through subsequent stages of rehabilitation optimally. We highlight six main dimensions during 
the early stage: (1) pain and swelling; (2) knee joint range of motion; (3) arthrogenic muscle inhibition and muscle strength; 
(4) movement quality/neuromuscular control during activities of daily living (5) psycho-social-cultural and environmental 
factors and (6) physical fitness preservation. The six do not share equal importance and the extent of time commitment 
devoted to each will depend on the individual patient. The paper provides recommendations on how to implement these 
into practice, discussing training planning and programming, and suggests specific screening to monitor work and when the 
athlete can progress to the next stage (e.g. mid-stage rehabilitation entry criteria).

1  Introduction

Anterior cruciate ligament (ACL) rupture is a debilitat-
ing injury and subsequent ACL reconstruction (ACLR) 
results in long lay-off times for both recreational-level 
(typically > 12 months) [1] and elite-level (~ 8 months, but 
typically ranges from 6 to 12 months) [2–4] athletes, with 
less-than-optimal outcomes. Although surgery is thought 
to restore the passive stability of the knee [5], leading to 
good patient-reported outcomes in the short to medium term 
[6], only around 80% of recreational ACLR patients return 
to some type of sporting activity, with only 65% returning 
to their pre-injury sporting level [7]. Oveall, the second-
ary ACL injury risk is around 15% [8]. However, a third 
of young athletes will reinjure their ACL within the first 
2 years after return-to-sport (RTS) [9–11], representing a 
30- to 40-fold increased risk of re-injury upon RTS, com-
pared with matched controls [8], which is clearly unaccep-
table. For elite-level athletes, the RTS rates are much higher 

(83–100%) [2–4, 12], but elite athletes often RTS at lower 
performance levels [13–15], have a high re-injury risk [2, 
16] and report substantially reduced career length [2, 4]. For 
example, only 65% of elite male footballers are still play-
ing at the same level 3 years post-ACLR [4], whilst 62% of 
female players quit football 2 years after RTS post-ACLR, 
with the most common reason for quitting being sustaining 
a new knee injury [17]. A particular challenge post-ACLR 
is the increased risk of early onset of knee osteoarthritis 
(OA) [18], which would impact long-term knee health, and 
expected career length. Early RTS at low functional levels 
has been shown to accelerate the onset of knee OA features 
[18, 19]. To optimise functional outcomes (RTS, return to 
performance and re-injury prevention), there is a need to 
optimise rehabilitation processes and practices across all 
levels of sport/activity.

One issue in clinical practice is the large disconnect 
between research and practice, thought to be due to inef-
fective implementation of evidence-based findings [20, 21]. 
Practitioners need to engage with, study, translate and imple-
ment research into practice. However, most practitioners 
working with injured athletes are often generalists (treating Extended author information available on the last page of the article
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Key Points 

Outcomes post-anterior cruciate ligament reconstruction 
are sub-optimal and to improve outcomes we need to 
optimise our rehabilitation processes and practices.

Without high-quality early-stage (and pre-operative) 
rehabilitation, patients often do not overcome major 
aspects of dysfunction, which limits knee function and 
the ability to transition through subsequent stages of 
rehabilitation optimally.

We highlight six main dimensions during the early stage: 
(1) pain and swelling; (2) knee joint range of motion; (3) 
arthrogenic muscle inhibition and muscle strength; (4) 
movement quality/neuromuscular control during activi-
ties of daily living; (5) psycho-social-cultural and envi-
ronmental factors; and (6) physical fitness preservation.

Appropriate planning and programming are required to 
effectively target these dimensions and implement strate-
gies into practice.

a range of musculoskeletal injuries), and so, cannot develop 
sufficient expertise [22]. If we are to truly impact individual 
patients across the globe, a stronger focus on research imple-
mentation, as well as addressing barriers and facilitators to 
research implementation (e.g. a 9- to 12-month rehabilita-
tion and a sufficient number of supervised treatments are not 
always implemented because of insurance coverage) [22], 
is needed from researchers (and research practitioners, who 
treat or have treated a large volume of patients) to translate 
efficacious rehabilitative and preventive methods into prac-
tice on behalf of the practitioners [23–26].

Recent approaches have been made to provide practition-
ers with guidance on rehabilitation processes and practices 
post-ACLR, including papers on optimising the mid- and 
late-stage rehabilitation and RTS processes [27–30]. It is 
felt that these are key areas to address within conventional 
rehabilitation approaches. However, without high-quality 
early-stage (and pre-operative) rehabilitation, patients often 
do not overcome major aspects of dysfunction that limit 
knee function and the ability to transition through mid- and 
subsequent late-stages of rehabilitation optimally [31–34]. 
Thus, optimal early-stage rehabilitation appears essential 
for developing the key qualities required for a successful 
mid- and late-stage rehabilitation. There is a lack of pub-
lished recommendations on ‘how to optimise’ early-stage 
rehabilitation processes and outcomes. Therefore, we wrote 
this paper to accompany previously published reviews in 
this journal around optimising mid- [29] and late-stage 
rehabilitation and RTS [28] training and testing processes. 

This paper provides what we feel is a missing piece to sup-
port the optimisation of the whole pathway post-ACLR. The 
author team is made up individuals across multiple disci-
plines including the physiotherapist, sports medicine physi-
cian, surgeon, rehabilitation specialist, sports scientist and 
strength and conditioning specialist, sport psychologist, and 
sport and exercise physiologist, all with specific experience 
and/or expertise in researching and/or treating ACL patients. 
All authors contributed to the paper but with a topic expert 
assigned to each of the specific areas given the breadth of 
the subject matter. A comprehensive literature search was 
conducted across all topics in writing the specific sections.

2 � The Functional Recovery Process

It is important to have a well-structured functional recov-
ery process in place post-ACLR, and a clear understand-
ing of where the early stage of rehabilitation fits within the 
overall functional recovery framework. Prior to discussing 
early-stage rehabilitation, it is essential to briefly cover 
pre-operative rehabilitation. Knee function prior to surgery 
is important in expected and final outcomes post-ACLR 
[35–37]. Patients with full knee extension, absent or trace 
swelling, and no knee extension lag on straight leg raise 
preoperatively have better post-surgical outcomes [38]. Full 
knee extension is a requirement for normal gait [39] and 
achieving preoperative full knee extension ROM reduces 
the chance for postoperative complications, such as arthrofi-
brosis [40, 41]. McHugh et al. [41] found that patients with 
pre-operative knee extension loss were five times more likely 
to have extension loss issues post-surgery. Patients with bet-
ter pre-operative quadriceps activation demonstrated greater 
post-operative activation, whilst patients with better pre-
operative strength also demonstrated better post-operative 
strength [42]. A deficit in knee extensor strength of 20% 
or more pre-surgery predicts a significant strength deficit 
until 2 years post-ACLR [36]. Alongside our recommenda-
tions for early-stage rehabilitation post-ACLR, we advise a 
period of pre-operative rehabilitation (not time based but 
function based where possible). The research available indi-
cates that pre-operative rehabilitation (a 5- to 6-week pro-
gramme focusing on restoration of muscle strength, quadri-
ceps hypertrophy and hop performance) results in superior 
knee function post-operatively [37, 43–46]. Moreover, this 
pre-operative rehabilitation can be valuable in identifying 
copers (athletes who resume prior levels of activity without 
dynamic instability following ACL rupture) and non-copers 
(athletes who continue to have episodes of dynamic insta-
bility despite progressive rehabilitation) [47]. Interestingly, 
nearly half (45%) of non-copers became copers following 
a ten-session, 5-week neuromuscular and strength training 
programme post-ACL injury [48]. Furthermore, athletes 
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who were potential copers following neuromuscular and 
strength training were more likely to succeed 2 years later 
regardless of whether they had ACLR [48], strongly sup-
porting the addition of strength and neuromuscular training 
post-ACL injury, prior to ACLR.

Immediately post-ACLR, is what we define as the ‘early-
stage’ and the focus of this paper. The main objectives of the 
stage are to overcome the effects of surgery (and the injury) 
and prepare for entry to mid-stage rehabilitation. Mid-stage 
rehabilitation has three key objectives; to restore muscle 
strength, movement quality and fitness to a sufficient level to 
be prepared for entry to the late-stage and RTS framework. 
Late-stage rehabilitation focuses on restoring fitness, neu-
romuscular and movement performance and RTS training, 
defined as a continuum of sport-specific on-field rehabili-
tation, return to training, return to competition and finally 
return to performance (Fig. 1) [49]. For an optimal recovery 
process, it is important to have clear goals and priorities, 
and a clear understanding of when an athlete is ready for 
surgery and able to satisfactorily commence each stage of 
rehabilitation. This paper respects the importance of being 
optimally prepared for surgery, identifying the best surgical 
option for the individual patient and the impact of differing 
surgical techniques on the physical quality requirements for 
optimising early post-ACLR recovery.

3 � Important Early‑Stage Dimensions

The main clinical considerations for early-stage rehabilita-
tion can be grouped into six categories: (1) pain and swell-
ing; (2) joint range of motion (ROM); (3) arthrogenic muscle 
inhibition (AMI) and muscle strength; (4) movement quality/
neuromuscular control during activities of daily living (5) 
psycho-social-cultural and environmental factors and (6) 
physical fitness preservation (Fig. 2). This section addresses 
each of these considerations separately, highlighting the rel-
evant literature.

3.1 � Pain and Swelling

Post-ACLR, there is often considerable pain, swelling and 
potentially other signs of inflammation. This inflammatory 
process creates a catabolic joint environment and should be 

clinically managed by the treating team not only for acute 
outcomes, but also for the late sequelae [50]. Pain and swell-
ing (two common signs of inflammation) affect joint propri-
oception [51, 52] and result in AMI [53, 54] and so, should 
be addressed early post-ACLR. Swelling can mechanically 
prevent full joint ROM, with changes in swelling being fre-
quently associated with irritation of intra-articular structures 
and articular disorders in clinically active knees [55].

It is recommended to utilise a range of treatment modali-
ties to address pain and swelling as part of early-stage 
rehabilitation. Use of cryotherapy (ice), compression and 
elevation are standard practices as part of acute injury man-
agement [56, 57] and are applied early post-ACLR to reduce 
joint inflammation and pain [57–59]. Incorporating active 
ROM exercises (e.g. stationary cycling, in pool ROM tasks 
and active isotonic exercises assisted, against gravity, or 
with band or elastic resistance) may also be initiated early 
to increase the venous blood return and reduce swelling, as 
well as supporting recovery of knee ROM (see Electronic 
Supplementary Material [ESM]).

Beyond these general aspects, frequent medical con-
sultations (in the authors experience at least every 
10–15 days) are suggested to monitor the patient and rec-
ognise and address potential post-ACLR complications 
(see Table 1 for an overview of post-operative complica-
tions). In the case of excessive swelling and pain (along-
side other signs of inflammation such as rubor and calor), 
the medical consultation should be urgently organised. 
Haemarthrosis, excessive swelling and recurrent synovi-
tis are not uncommon complications post-ACLR [60] and 
should be managed by the medical team with the use of 
knee compression, anti-inflammatory drugs and aspiration 
of excessive intra-articular swelling. In the presence of 
worsening symptoms, it is critical to rule out the presence 
of infection, particularly of septic arthritis, which although 
rare, is a devastating condition post-ACLR. The clinician 
should be aware that the prevalence of septic arthritis in a 
general population post-ACLR is around 0.37–0.45% [61, 
62], but higher in professional athletes and following addi-
tional procedures, such as lateral extra-articular tenodesis 
[62]. When assessing/monitoring pain and swelling, it is 
important to consider the surgical procedure. For example, 
hamstring graft harvesting could produce muscle bleed-
ing and ecchymosis in the posterior thigh and posterior 

Fig. 1   Functional recovery process involving progression of five stages including pre-operative, early-middle- and late-stage rehabilitation and 
return to sport (RTS) training
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knee, or swelling on the calf, which could be considered 
a normal post-operative course to some extent. Long 
multi-ligament surgery could produce fluid extravasation 
and whole thigh oedema. Meniscal repair with all-inside 
sutures is generally more painful than standard ACLR and 
could create recurrent swelling.

Clinicians should also be aware of the medications that 
the patient is taking post-ACLR. Use of venous thrombo-
embolism chemical prophylaxis is currently debated and 
commonly used post-ACLR [63], even if there is no com-
plete consensus [64]. Venous thromboembolism is a serious 
complication post-ACLR and can be suspected in the case 
of severe lower limb swelling in patients with well-known 
risk factors. In the case of complications, it is critical to act 
as soon as possible.

Pain and swelling should be monitored to support rehabil-
itation progression. Pain can be monitored using a 11-point 
numeric rating scale (0, absence of pain, 10, worst imagi-
nable pain). A numeric rating scale pain value of 0–2 (knee 
specific) has been recommended as a criterion for transition 
to higher intensity rehabilitation (e.g. mid-stage rehabilita-
tion [29]). Tolerance of higher pain in non-specific areas 
(e.g. due to scar tissue) and harvest site pain may be accept-
able and may need careful differentiation when question-
ing the patient about their pain experience. We suggest a 
maximum numeric rating scale score of 4/10 during reha-
bilitation sessions based on patellofemoral joint (PFJ) pain 
and tendon research [65–68] and anecdotal experience. As 

pain perception is an individual experience, it may be use-
ful in the early-stage of rehabilitation to anchor these pain 
scores to physical tasks that are undertaken regularly (e.g. 
sitting from standing and/or rising from a chair, when walk-
ing a set number of steps, or ascending or descending the 
stairs). These scores for specific tasks can then be compared 
to understand if pain is increasing or decreasing in relation 
to those specific tasks and changes in rehabilitation loading 
can be made accordingly.

Swelling should be recorded regularly, preferably daily 
through the early-stage. The Stroke test [69] and knee cir-
cumference measurements [70] can be used (see ESM), 
together with soreness rules proposed by Adams et al. [71]. 
Measurement of knee circumference at the patella has been 
shown to have strong intra-tester reliability and good sensi-
tivity to change [70] and the Stroke test has been shown to 
be a reliable indicator [69]. The knee circumference meas-
urement is a simple easy-to-use and interpret test and can be 
performed by the patients themselves (see ESM). Changes 
of greater than 1 cm in knee circumference at the patella 
are thought clinically significant [70], indicating the lev-
els of load applied were causes of joint stress. This may 
be especially useful if considered over the course of a day, 
with one measure being taken on first rising in the morning 
and the other at cessation of activity at the end of the day 
[72]. When an increase in swelling and soreness occurs, it 
is essential to adjust the programme and educate the patient 
on load management. Anecdotally, it is the patient’s activity 

Fig. 2   Proposed six important dimensions in early-stage rehabilitation following anterior cruciate ligament reconstruction. From left to right 
there is an increased focus on the patient, and reduced focus on the knee. ROM range of motion
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outside the clinic, as opposed to rehabilitation activity in the 
clinic, that results in an overload, and tracking activity status 
is important (e.g. step count, activity log).

3.2 � Knee Joint Range of Motion

Recovery of knee joint extension and flexion ROM are 
important aspects of early-stage rehabilitation and if not 
satisfactorily attained can adversely affect subjective and 
objective outcome markers in late-stage rehabilitation [71], 
with early knee extension loss being strongly related to 
medium-term loss [33]. Normal or optimal gait biomechan-
ics cannot occur without appropriate joint ROM [39], with 
full knee extension an essential criterion to meet to safely 
progress the patient off their crutches post-ACLR [29]. 
Extension loss results in abnormal joint arthrokinematics 
at both the tibiofemoral and PFJ, and results in abnormal 
articular cartilage contact pressures and quadriceps inhibi-
tion [73, 74]. Patients who experienced an extension deficit 
post-ACLR have been reported to have a five-fold higher risk 
of developing anterior knee pain [75]. Failure to regain full 
extension by 3 weeks post-ACLR is an important predictive 
factor for subsequent cyclops lesions or arthrofibrosis [76]. 
In this context, it is key to act immediately and seek medical 
attention (again, we suggest frequent medical consultations 
in the early stage). It is also important to educate the patient 
regarding the non-harmful role on the ACL graft of pas-
sive extension stretching. In the case of a real biological and 
mechanical joint condition, it is suggested to also evaluate 
a surgical solution, especially if the deficit persists beyond 
3 months (Table 2).

Sufficient knee flexion ROM (110–120°) should also be 
achieved by the end of the early stage (4–6 weeks) [71], with 
this ROM required for the patient to commence stationary 
cycling [72] and treadmill running [29]. Knee flexion ROM 
recovery should be progressive and not aggressive and may 
be guided by the presence of associated surgical procedures 
that may suggest more caution (e.g. meniscal repair). ROM 
exercises to facilitate knee flexion and extension should gen-
erally begin immediately post-ACLR. Early joint motion is 
beneficial for avoiding capsular contractions and reducing 
swelling and pain, and an early full passive and active exten-
sion would appear to have no adverse effect on joint lax-
ity [57, 77]. Additionally, anterior knee pain incidence and 
the risk for a cyclops lesion can be reduced through early 
movement and stimulation of knee hyperextension [76, 78]. 
Use of techniques such as active and passive ROM exercises 
are essential (see ESM). Hydrotherapy could support the 
improvement in both joint swelling and passive and active 
joint ROM [79].

3.3 � Muscle Activation and Strength

3.3.1 � Knee Extensors/Quadriceps

One of the main priorities of rehabilitation post-ACLR is 
the restoration of knee extensor muscle strength [29, 80]. 
Residual deficits in knee extensor muscle size and strength 
post-ACLR are associated with reduced knee function [81, 
82] and are a key barrier to functional progression [83]. 
Knee extensor weakness is also associated with a range of 
important complications such as altered biomechanics dur-
ing gait [84] and higher load functional tasks [85], decreased 
dynamic stability [86], persistent knee pain [87], increased 
risk of knee OA [18] and poorer RTS outcomes [9]. It is 
imperative to minimise the extent of knee extensor weak-
ness during the early-stage post-ACLR. For this reason, 
post-operative rehabilitation should start as soon as possi-
ble. Commonly reported deficits of ~ 40–60% in maximal 
isometric voluntary force versus the uninjured limb have 
been reported 4–6 weeks post-ACLR [88, 89]. Knee exten-
sor maximal and explosive strength 6-weeks post-ACLR has 
been shown to predict hop and jump performance 6-months 
post-ACLR [90]. The greater the deficits in strength at 
the end of the early stage, the harder it will be to recover 
strength during the mid- and subsequent late stages, which 
will influence RTS and long-term outcomes [9, 83, 85, 
91]. The degree of quadriceps strength deficit at the end of 
early-stage rehabilitation will be associated with pre-surgery 
strength deficits [35, 42, 46], graft choice [larger deficits in 
those with bone-patella-tendon-bone or quadriceps tendon 
vs other graft types (e.g. hamstring tendon autograft)] [92, 
93], and the extent of pain and swelling/inflammation [86, 
94] neuromuscular inhibition/AMI [86, 95] and muscle atro-
phy [95] post-ACLR.

Rehabilitation activity is an important and controllable 
factor in early-stage outcomes [96] and incorporating strate-
gies to overcome AMI and quadriceps lag as well as mini-
mising strength loss, and associated determinants of strength 
loss (e.g. neural inhibition and morphological alterations 
such as muscle atrophy of specific muscle fibres) is essen-
tial. Understanding exercise selection and programme design 
principles is also essential to achieve optimal loading. How-
ever, following injury and subsequent ACLR, disruption to 
joint homeostasis (e.g. pain, swelling, laxity) causes altera-
tions in neural control. Loss of mechanoreceptors from the 
ACL is thought to disrupt the ligamentous-muscular reflex 
between the ACL and the quadriceps, leading to an inability 
to actively recruit high-threshold motor units during volun-
tary quadriceps contractions. This phenomenon by which 
uninjured muscle becomes reflexively inhibited because of 
the injury to the joint it surrounds is termed AMI [97]. AMI 
is hypothesised to be present post-ACLR and contribute to 
the ever-present post-traumatic knee extensor strength deficit 
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[98–101]. Often, there is limited consideration of the notion 
that if a patient fails to overcome AMI, they will be unable to 
optimally restore muscle mass and strength. AMI can limit 
the extent of neuromuscular activation required to bring 
about improvements in quadriceps function from voluntary 
resistance training, thereby limiting the value of any conven-
tional strength and conditioning programme.

A further significant challenge for rehabilitation special-
ists is designing resistance training programmes that facili-
tate positive training adaptations, whilst being mindful of 
biological healing constraints and tissue capacity [102, 103]. 
It is important to understand the potential loading of various 
tasks on the new ACL graft, both to protect it from exces-
sive loads that could lead to graft attenuation or even failure 

Table 2   Recommended supplementary strategies to support a reduc-
tion in arthrogenic muscle inhibition and/or enhanced stimuli for 
muscle strength (and associated underlying mechanisms) enhance-

ments at lower relative joint loading during the early stage of rehabili-
tation after anterior cruciate ligament reconstruction

ACLR anterior cruciate ligament reconstruction, AMI arthrogenic muscle inhibition, BFR blood flow restriction training, CET cross-education 
training, NMES neuromuscular electrical stimulation, RT resistance training, TENS transcutaneous nerve electrical stimulation

Strategy/adjunct Description and evidential support

Focal joint cooling (BEFORE the session!) Application of ice on the knee joint may serve to temporarily decrease AMI [54, 94] and facilitate 
increased quadriceps activation [217, 218], by altering sensory input from nociceptors and thermorecep-
tors. Hart et al. [219] showed how 20–30 min of ice prior to quadriceps strengthening exercises resulted 
in superior strength gains vs strength or ice alone, in patients post-ACLR. This is an important finding as 
clinicians typically use ice after, not before exercise

TENS The greatest effect of TENS appears as a supplement to active exercise with an effect to minimise AMI 
and promote quadriceps recruitment [220, 221]. High-frequency sensory TENS applied to the anterior 
aspect of the knee before and during exercise has been shown to improve quadriceps central activation 
and strength over a 45-min period and following 2 weeks of use [222]

Hamstring fatigue prior to quadriceps exercises While cortical drive to the quadriceps is lower post-ACLR [223] the hamstrings maybe facilitated [224]. 
Higher co-activation of the hamstrings will not only reduce the net force output of the knee extensors, 
but through the process of reciprocal muscle inhibition will reduce the volitional drive to the quadri-
ceps muscle [225]. A single bout of hamstring fatiguing exercise (vibration) has been used to decrease 
antagonist-agonist coactivation, while increasing quadriceps central activation [226] and maybe a useful 
strategy prior to quadriceps exercises

NMES There is level 1 evidence that use of NMES in addition to standard physical therapy appears to signifi-
cantly improve quadriceps strength and physical function in the early post-ACLR period vs standard 
physical therapy alone [227]. The use of NMES has been shown to add no or minimal additional value 
beyond that of an eccentrically based rehabilitation protocol post-ACLR [228] but would appear to 
be an effective tool during the early to mid-stages post-ACLR, when patients cannot tolerate heavy 
eccentric loading. NMES allows for the direct activation of the motor axon and could allow for the direct 
recruitment of the inhibited motoneurons. NMES has been shown to lead to higher recruitment of type 
II muscle fibres when compared with voluntary contractions of a similar intensity [229–231], in part due 
to a reversal [232] of the logical motor unit recruitment process (e.g. smallest to largest) [233]

BFR training Although a novel concept, studies combining low-intensity NMES with BFR have found increases in mus-
cle size and strength [234, 235] and preservation of muscle size during periods of unloading [236]. The 
use of NMES and BFR in the first few weeks’ post-ACLR does not involve transmission of large forces 
through the tibiofemoral joint, thus posing a low risk of damaging the graft or exacerbating any carti-
lage, meniscal or bone injuries. Thus, the current evidence suggests that BFR and NMES may evoke 
greater strength and muscle mass adaptations in human muscles than NMES alone and could be used 
in the initial weeks post-ACLR (days 3–21). BFR with RT can elicit muscle hypertrophy and strength 
adaptations in load-compromised populations using light external loads of 20–30% 1RM [237, 238], 
which may be comparable in magnitude to heavy-load RT [239, 240]. Level 1 evidence suggests that 
BFR RT can elicit greater hypertrophy and strength adaptations in ACLR patients than matched load 
training without BFR [241]. Furthermore, BFR RT provides a greater reduction in pain and swelling 
and improves patient physical function to a greater extent than high-load RT, without detrimental effects 
on muscle hypertrophy and strength improvements [242]. Importantly, knee pain during training was 
significantly lower with BFR RT and 24 h post-training [243]. It is recommended to start the addition of 
BFR RT 2–3 weeks post-surgery following a criterion-driven approach [242]

Cross-education training Cross-education, which is the increase in muscle force on the untrained side after RT of the contralateral 
homologous limb muscle [213, 214], has been shown to accelerate the recovery of the injured limb’s 
strength post-ACLR [215]. High-intensity eccentric training of the contralateral limb may be more 
effective than concentric training, in terms of this cross-education benefit [216]. The mechanism behind 
cross-education training is thought to be due to enhanced neural activation/decreased pre-synaptic 
inhibition, which can facilitate an increased activation of the injured limb [244, 245]. Deficits in knee 
extensor strength, prevalent in the injured limb are also present in the contralateral uninjured limb 
[246–248]. Strength training of the contralateral limb is an effective strategy to support the maintenance 
of strength on the contralateral limb to serve as an appropriate reference value for the injured limb as 
part of the limb symmetry index [28]. Our advice is to include high-intensity, low-volume eccentric (or 
concentric/isometric, where eccentric is not feasible) strengthening of the contralateral limb to preserve 
muscle strength and support neural adaptations to in part overcome AMI in the injured limb
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throughout the functional recovery process [104, 105] and 
to provide sufficient load to encourage graft strengthening. 
The tensile capacity of the ACL ligament is considered to 
be about 2000 N for male individuals [106] and 1300 N 
for female individuals [107], although the ACL graft and 
the graft fixation sites are likely to be significantly weaker 
than their eventual ultimate strength [108–110]. The inserted 
tendon graft undergoes healing and metaplasia referred to as 
the ‘ligamentisation’ process [104, 111] in the months post-
ACLR. The new ACL graft will eventually display similar 
tensile capacities to the native ACL, but this can take 2 years 
[108–110]. Immediately post-ACLR, the graft fixation sites 
require time for incorporation into the surrounding bone and 
during the first 6–12 weeks post-ACLR, the graft is vulner-
able to fixation loosening and overstretching from excessive 
tensile loading due to early necrosis and graft-bone interface 
healing [104, 112, 113]. An additional key consideration 
with knee extensor strengthening post-ACLR is minimising 
PFJ stress, given the high prevalence of patients who go on 
to develop patellofemoral pain syndrome post-ACLR [114]. 
Being too aggressive (maximum loading/effort or high force 
exercise, e.g. heavy-load [3–5 RM] full range knee exten-
sions) in the early stage can be deleterious to the integrity 
of the ACL graft/fixations sites post-operatively and lead to 
patellofemoral pain syndrome [115].

Any quadriceps strengthening approach must be aligned 
with the other dimensions of activity. Given the deleteri-
ous effects of pain, swelling and AMI on muscle activation 
and force generation, addressing pain, swelling and AMI 
(considering quadriceps lag as an indicator) is key prior to 
structured strengthening. Furthermore, considering the load 
limitations on the knee, specifically the new ACL graft, the 
incorporation sites and the PFJ, any voluntary resistance 
training during the early stage should be performed with 
supplementary strategies as adjuncts. These supplementary 
strategies should support a reduction in AMI, and/or allow 
for enhanced stimuli (muscle force/mechanical loading, neu-
romuscular activation, metabolic by-products) for adapta-
tions at lower loading of the aforementioned knee structures 
(e.g. ACL graft, incorporation sites and PFJ). An in-depth 
focus on these strategies goes beyond this text but a brief 
description and evidential support can be found in Table 2 
and advice on implementation in the ESM.

Utilisation of resistance training as part of a planned pro-
gramme is essential to optimal loading and functional recov-
ery post-ACLR. Exercise selection and programming can 
be challenging during the early-stage, and a fear of utilising 
quadriceps strengthening approaches often leads to defi-
cits in quadriceps function, which make the rehabilitation 
journey as a whole more challenging. As stated previously, 
incorporating safe and optimal loading in the early stage is 
imperative to minimise the extent of knee extensor weak-
ness during the early-stage post-ACLR. In the subsequent 

paragraphs in this section, we make recommendations as to 
appropriate exercise selection and programming principles 
during the early stage for preservation and early recovery 
of quadriceps muscle function and knee extensor strength.

In terms of exercise selection during the earlystage, 
we recommend using isolated and/or non-weight-bearing 
tasks (e.g. leg press/knee extension) as opposed to func-
tional exercises (e.g. squatting/deadlifts), at least for the 
purposes of strengthening (and the associated neural and 
morphological adaptations). Patients will likely still have 
considerable neural inhibition of the quadriceps (AMI), 
altering technique and intra- and inter-muscular coordina-
tion [116, 117]. That is not to say basic functional tasks 
(e.g. bilateral squatting) cannot be taught during this stage 
as part of early movement restoration.

Isolated strength tasks should include both closed 
kinetic chain (CKC) [e.g. leg press] and open kinetic chain 
(OKC) [e.g. knee extension isoinertial/isokinetic machine] 
exercises. OKC exercises in particular isolate the mus-
cle in question and limit the involvement of other muscle 
groups, thereby ensuring higher and more complete activa-
tion and fatigue of the target muscle. Knee extensions are 
thought critical for restoring quadriceps strength, as well 
as being key for assessing readiness to RTS post-ACLR 
[118]. A relatively recent systematic review analysed ten 
randomised trials and found no evidence of a difference in 
anterior tibial laxity between those who performed OKC 
versus CKC exercises post-ACLR [119]. However, there 
remains a common fear with the use of OKC that they 
result in loosening the healing graft due to a high strain 
on the graft. Importantly, with every step during walk-
ing, strain on the ACL is two to three times higher than 
that during full ROM knee extensions with a + 3-kg load 
[104, 120]. As such, relatively low load OKC knee exten-
sions are safe for the ACL/knee. Importantly, although we 
encourage the use of OKC exercises, even during the early 
stage, we also encourage some caution. During isoinertial 
knee extensions, there is no or minimal hamstring muscle 
co-activation [121], which can leave the ACL more vul-
nerable to unopposed anterior shear forces on the graft, if 
high loads are used. For structured strengthening of the 
knee extensors during the early (and mid-) stage and par-
ticularly when the patient can begin use to use heavier 
loads (e.g. 10–15 kg), we suggest restricting the ROM to 
limit ACL and PFJ loading. The quadriceps muscle forces 
required to extend the knee is three to four times higher 
near a full knee extension (than at deeper knee flexion 
angles) [121]. Furthermore, the resultant ACL strain and 
PFJ reaction and compressive forces will be higher with 
a lower patellofemoral contact surface area nearer a full 
extension (from 50° of knee flexion to 0° degrees of knee 
flexion/full extension) [104, 122], all at lower relative 
loads that can be lifted through full ROM. ACL strain is 
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minimal (0.0% peak strain) and PFJ reaction forces are 
dramatically reduced when OKC quadriceps contractions 
are performed at 60–90° of knee flexion [104, 115, 123]. 
Thus, restricted ROM (e.g. 45–90°) knee extensions, will 
allow for higher loads to be lifted at lower relative ACL 
and PFJ loading [104, 114, 122–125] and thus, makes 
sense. To reiterate, we still recommend using full ROM 
loaded knee extensions to support enhanced strength and 
activation (particularly at extended knee angles), but anec-
dotally believe heavier loaded restricted ROM knee exten-
sions are superior.

A key consideration with early-stage strengthening is 
the level of loading/intensities during strength tasks. There 
is little discussion on programming variables for strength 
recovery for injured athletes, with most of the literature 
on exercise selection (OKC vs CKC). Whilst there is a 
dose–response relationship between intensity and strength 
gains, with higher loads/intensities associated with greater 
improvement in maximal strength [126–128], high loads 
are contraindicated early post-ACLR, as the knee is load 
compromised, likely in pain, with swelling and accompany-
ing AMI. Thus, lower loads/intensities are recommended 
and can still promote improvements in quadriceps function. 
Lower loads performed to fatigue (e.g. 4–6 sets of 20 RM 
with minimal recovery [e.g. 30–60 s] between sets) will 
predominantly target adaptations related to muscle endur-
ance and work capacity and lead to muscle hypertrophy via 
metabolic stimuli/adaptations [129]. Taking the working 
set close to volitional fatigue can facilitate more complete 
activation of the motor unit pool, thereby facilitating acti-
vation of higher threshold type II motor units [129]. As an 
athlete becomes stronger and overcomes pain, swelling and 
AMI, higher intensities can and should be used, in a pro-
gressive manner, as part of a periodised resistance training 
programme [80].

In general, we suggest the adoption of a multi-modal 
approach to early-stage quadriceps muscle preservation and 
recovery is necessary. Initially, addressing pain, swelling 
and consequential AMI is essential. Focused quadriceps 
strengthening should only occur when patients have minimal 
pain (0–2) and swelling and sufficient quadriceps activation 
(no lag on straight leg raise). Use of neuromuscular elec-
trical stimulation and/or passive blood flow restriction in 
the initial weeks performed alongside transcutaneous nerve 
electrical stimulation and early introduction of isometrics is 
recommended [80]. These isometrics should be performed 
at restricted ROM (60° and/between 90° knee flexion), with 
repetitive sustained holds (e.g. 5 × 45 s [2 min rest between 
each repetition]) 1–2 times per day (based on anecdo-
tal experience and lower limb tendon pain research) [66, 
130–132]. Full ROM (0–90°) OKC knee extensions against 
gravity/low loads (e.g. 1–3 kg) can be performed once able 
to comfortably achieve a 90° knee flexion angle. We suggest 

the use of restricted ROM loaded knee extensions from 
4 weeks post-ACLR (providing the clinical milestone have 
been attained) [through to 12 weeks post-operatively) using 
slow knee extensions (3 s up [concentrically], 3 s down 
[eccentrically]) with 15–25 RM loads (increasing intensity 
in an incremental manner from 4 through to 12 weeks) [96] 
in conjunction with a comprehensive CKC plan (see ESM).

We also recommend assessing knee extensor muscle 
strength (and where possible morphological and neural 
aspects of neuromuscular function) as part of the transition 
to mid-stage rehabilitation. This should involve assessing 
isometric knee extensor strength, using a dynamometer 
(ideally an isokinetic or isometric bespoke build dynamom-
eter/portable dynamometer) [132] at/or between 60–90° 
knee flexion [104, 115, 123, 133] (see ESM), with strength 
reported as absolute force/torque, normalised to body mass, 
and as a limb symmetry/quadriceps index. Furthermore, 
monitoring knee extensor workloads (e.g. sessional, and 
weekly reporting of repetition load and intensity, volume, 
rating of perceived exertion) and the knee’s response to such 
loading (pain, swelling via knee circumference) is recom-
mended throughout the stage (and subsequent stages).

3.3.2 � Knee Flexors/Hamstrings

Large deficits in knee flexor strength are apparent early post-
ACLR (40–50% at 4 weeks, [89]) with deficits of 0–20% 
still common at the time of RTS, and even years post-ACLR 
[134–138]. Although deficits in knee flexor strength are typi-
cally less than those for the knee extensors [139, 140], even 
small deficits in knee flexor strength can be detrimental to 
injury risk upon RTS [91]. Hamstring strength recovery 
is harder and more complicated in those with a hamstring 
graft (HG) [92] because of selective muscle inhibition and 
atrophy (10–28%) of the grafted semitendinosus muscle 
[141–144], which may compromise strength recovery [141]. 
In essence, ACLR with an HG should be treated as ACLR 
plus a severe hamstring strain, with a periodised resistance 
training programme similar to that utilised for the knee 
extensors adopted [80, 145] for the hamstring muscles. It 
is typically recommended that specific strengthening of the 
knee flexors be delayed for 6–8 weeks post-ACLR with an 
HG to allow healing [104, 146, 147]. But an acute hamstring 
injury however severe would not be left this long unloaded. 
Therefore, Buckthorpe et al. [145] advise using isomet-
ric/concentric exercises of low intensity at short-medium 
muscle lengths during the early stage, which we advocate 
here, and which would be expected to support more opti-
mal recovery. It is important during the early stage though, 
to avoid strenuous activities that may potentially result in 
damage to the hamstring donor site (e.g. removing shoes 
with the contralateral foot/leg, fast deep water running in the 
swimming pool). Thus, controlled isolated exercises at a low 
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intensity to promote muscle reactivation and muscle volume 
preservation are recommended (see ESM).

We recommend assessing knee flexor strength as part of 
criterion-based rehabilitation. Whilst hamstring strength 
would not be a significant barrier to progression, as with 
the knee extensors, failure to overcome hamstring mus-
cle inhibition post-ACLR with HG can be problematic. 
Patients should be able to initially flex the knee to 90° 
while standing (prior to adding load to this task as toler-
ated) and undertake a bilateral straight leg bridge (heels 
on a 30-cm-high box) for 10 repetitions to a neutral hip 
extension [72] (see ESM). We also recommend assess-
ing isometric knee flexor strength at either 60° or 90° 
(matching whatever is chosen for the knee extensors) 
using a dynamometer, aiming to achieve a limb symmetry 
index > 60% (see ESM).

3.3.3 � Other Muscle Groups

Typically, early-stage post-ACLR programmes focus 
exclusively on resolving knee mechanics. However, it is 
important also that rehabilitation be focused both distally 
and proximally to the knee joint. Deficits in ankle plan-
tar flexor strength and muscle strength about the lumbo-
pelvic-hip region can occur and impact neuromuscular 
performance and movement quality [29].

The triceps surae muscles are important contributors 
to muscle force generation and load acceptance during 
activities such as walking, jogging/running and jump-
landing [148, 149]. The resolution of plantar f lexor 
strength appears to be much easier than with other mus-
cle groups (e.g. quadriceps/hamstrings, hip musculature). 
Whilst some work suggests small deficits in plantar flexor 
strength [150] and muscle size [151], others have indi-
cated relatively early restoration of plantar flexion strength 
post-ACLR [152, 153]. Early targeted work on the plantar 
flexors is important to ensure minimal deficits in maximal 
strength as patients commence a return to running and 
landing activity, which typically begins towards the end 
of the mid-stage/start of the late stage (single limb load 
acceptance) of rehabilitation [28, 29, 72] (see ESM).

Hip muscle strength weakness is also common post-
ACLR [154]. Reduced activation of the hip abductors and 
external rotators (e.g. gluteus medius and maximus) may 
be a risk factor for ACL injury [155] and patellofemo-
ral pain [156, 157] and be present in those with ACLR. 
The gluteus maximus is thought to become ‘inhibited’ 
(defined as reduced activation or delayed onset) after 
lower limb injury because of pain [158, 159] and is an 
important muscle alongside other gluteal muscles (glu-
teus medius and gluteus minimus) in preventing dynamic 

knee valgus during high-load closed chain tasks [160, 
161]. We recommend including non-weight bearing hip 
(see ESM) and lumbo-pelvic (‘core’, see ESM) muscle 
strengthening alongside knee extensor strengthening. 
There is strong evidence that patients with patellofemoral 
pain have deficits in hip abduction, extension, and external 
rotation strength [162] and that hip muscle strengthening 
is effective in reducing the intensity of pain and improv-
ing functional capabilities in patients with patellofemoral 
pain [163–166].

3.4 � Movement Quality/Neuromuscular Control 
During Activities of Daily Living

Alterations in movement quality (e.g. the ability to control 
the limb, maintaining balance and optimal kinematics dur-
ing movement) [28] are apparent during various functional 
tasks including walking, jogging/running, jump-landing and 
sport-specific movements post-ACLR [34, 117, 167–171] 
and are associated with an elevated risk of re-injury [170], 
and early-onset development of knee OA [172, 173]. It is 
now becoming accepted that a key theme of rehabilitation 
post-ACLR is the assessment and treatment of aberrant 
movement patterns during functional tasks [28–30, 174]. 
However, movement retraining is still typically seen as a 
late-stage rehabilitation factor.

Failure to sufficiently resolve movement quality during 
basic functional tasks (when compared to highly complex 
sporting actions such as cutting mechanics) early post-
ACLR can have a marked impact on movement quality dur-
ing late-stage rehabilitation and at the time of and after RTS. 
For example, Sigward et al. [34] found that aberrant knee 
moments during gait at 4 weeks were significantly related 
to knee moments during running at 4 months. Similarly, 
limb loading asymmetries have been reported in patients 
1–12 months post-ACLR during bilateral squats [32, 34, 
175] with asymmetries at 1 month found to be an independ-
ent predictor of limb asymmetries during a vertical jump 
landing at the time of RTS [32].

When assessing and training movement quality, it is 
important to understand what movement quality is and 
which factors may affect performance [174]. Altered move-
ment quality is thought to be due to multiple factors. The 
classic contention has been that these alterations are thought 
to be due to biomechanical and basic neuromuscular defi-
cits such as muscle imbalances/weakness (e.g. knee exten-
sor weakness [85]). We contend that the current standard 
of care needs to consider the underlying neural processes 
that generate movement (i.e. neuromechanics) in addition 
to focusing on the final output of the nervous system in the 
form of biomechanics (kinetics and kinematics). This is 
especially relevant as recent data indicate an ACL injury 
is not an isolated joint injury that only affects stability and 
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elicits biomechanical impairments, but it is also an injury 
that induces neurophysiological effects on sensorimotor 
control [176–178]. Disruption to the native ACL leads to 
laxity of the knee and can alter somatosensory activity. The 
resultant decrease in joint position sense and kinaesthesia, 
along with nociceptor activity associated with pain and 
swelling, may potentially impair movement quality [179]. 
As such, it appears essential to incorporate holistic move-
ment re-training programmes, which address not only the 
biomechanical and neuromuscular factors, but also the sen-
sorimotor and neurocognitive factors, and to initiate these 
early post-ACLR.

We recommend including both land- and water-based 
gait, balance and foundation movement (e.g. bilateral squat, 
step-ups in the pool) re-training during the early stage, 
which should include specific technique coaching and move-
ment practice, ideally with some biofeedback on limb load-
ing strategies (asymmetries in ground reaction forces) and 
kinematics employing an external focus of attention [180]. 
The walking gait re-education programme should include 
optimal use of crutches, teaching good control in knee exten-
sion–flexion ROM and hip adduction during the stance 
phase, and dynamic stability as well as selective movement 
retraining exercises to support the motor re-training process 
(e.g. standing marches in place, with optimal lumbar pelvic 
control and hip, knee and ankle flexion) [ESM]. Specific 
functional tasks can be included earlier in the pool [79], as 
the buoyancy properties of water support effective reduc-
tions in body weight and thus lower relative joint loading, 
overcoming to some degree the strength deficits post-ACLR 
(see ESM).

A key decision post-ACLR is when patients are ready to 
‘leave the crutches’. Patients under assessment should have 
sufficiently normalised gait (ideally, video analysis of walk-
ing gait on treadmill), be able to achieve full active knee 
extension, have control of swelling and no ‘joint overload’ 
(e.g. clinical increase of swelling [> 1 cm, at the patella], or 
pain [+ 1 point]) and no quadriceps lag on an active straight 
leg raise [29, 72]. We recommend assessing the bilateral 
squat technique and limb loading as part of early-stage crite-
rion-based rehabilitation. The goal should be achieving good 
technique and limb loading (< 20% deficit) with a bilateral 
squat to 90°.

3.5 � Psycho‑Social‑Cultural and Environmental 
Considerations

Numerous psychological, social, cultural and environmental 
factors have been identified to influence patients’ experi-
ences of and engagement in rehabilitation, which can impact 
cognitive, affective, functional and physical sport injury 
rehabilitation outcomes post-ACLR [181]. Synthesis of 
the evidence base at this early stage of recovery [182–184] 

shows that the main challenges that athletes experience and 
strive to overcome are: (a) comprehending and understand-
ing the meaning of their ACL injury, (b) being incapacitated 
and (c) building a working alliance with their therapist.

During early-stage rehabilitation, athletes endeavour to 
make sense of their experience (e.g. Why me? Why now?), 
seeking information to understand the nature of the injury 
(e.g. Why did it happen to me?), as well as comprehend and 
understand the meaning of their injury [185, 186] in the con-
text of their lives (e.g. identity) and current playing situation 
(e.g. timing of the injury during the season and its impact 
on their season and team). The early stage is emotionally 
challenging, in which patients often experience shock, anger, 
anxiety, depression, fear, sense of loss, helplessness, frus-
tration, and psychological and existential pain [187, 188]. 
Athletes are often left to navigate these emotions themselves 
because they are isolated at home because of the injury, the 
cultural norms of sport encourage athletes to suppress nega-
tive injury-related emotions rather than disclose and talk 
about them, or their sporting clubs/rehabilitation clinics do 
not have the space, resources or processes in place to enable 
athletes to mentally rehabilitate from injury [189, 190]. 
As a result, a common strategy used by athletes is to try 
to avoid thinking about their injury and to suppress injury-
related emotions. Although this strategy has been identified 
to work for some in the short term [191], it has been identi-
fied to be an unsustainable strategy in the longer term and 
can often lead to emotional outbursts that can negatively 
impact rehabilitation [190, 192]. To overcome this to some 
degree, sporting organisations/rehabilitation clinics should 
provide pathways for injured athletes to receive emotional 
support to help them regulate their emotions [193], such as 
counselling [194]. Support providers can listen to athletes’ 
concerns, offer emotional comfort by expressing empathy 
and encouragement, and, if appropriate, challenge emotions 
to help athletes rationalise or distance themselves from them 
[195, 196]. An important consideration here for support pro-
viders is to understand the person and not just the injury 
[183]. By attending to the person, this can often create a 
climate where athletes are more likely to disclose their emo-
tions as well as enable the support provider to contextualise 
athletes’ responses (e.g. why they are experiencing certain 
emotions). In the absence of this support, ‘self-help’ strat-
egies such as written emotional disclosure [197] learning 
from former injured athletes’ stories using narrative videos 
[198] have been shown to enable athletes to make sense of 
their injury experience. It is important though to recognise 
that some athletes might need a clinical referral if they are 
experiencing a mental illness, which is common post-injury 
[199, 200].

A second challenge for patients is being physically inca-
pacitated, limiting their ability to perform activities of daily 
living and restricting their mobility [195, 201]. Tangible 
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support has been shown to be effective in helping athletes to 
address the everyday demands injured athletes find challeng-
ing [202], including transportation to medical appointments, 
shopping, cooking and housework, which can directly and/
or indirectly support rehabilitation [183]. The main provid-
ers of tangible support appear to be teammates, family and 
friends; in particular, people with whom the injured athlete 
lives or has regular contact, and who are willing and able to 
provide the necessary assistance [195]. However, there are 
two challenges here. First, athletes are sometimes unaware 
of the support network available to them (e.g. their thoughts 
might be clouded with emotions) and second, they do not 
want to ask for help (e.g. they see asking for help as a sign 
of weakness). To help athletes recognise their social support 
network (i.e. who is available and what support they can 
offer), one strategy is to use relational mapping, where ath-
letes draw their network of support providers, which can not 
only help to raise their awareness, but also challenge the mis-
perception that they have limited practical support available 
to them. In addition, sporting clubs/rehabilitation clinics and 
support providers also need to challenge the stigma around 
asking for help, reframing it as a strength and not a weakness 
[183]. It is important though to also acknowledge that not 
all athletes will require or welcome tangible social support 
(e.g. those who are trying to preserve their independence). 
For these athletes, too much support or support from those 
from whom it is not welcome can be considered unhelpful, 
particularly if it poses a threat to their self-esteem [195].

Effective communication and a strong patient–therapist 
(therapeutic) alliance have been shown to be associated 
with improved rehabilitation outcomes following a mus-
culoskeletal injury [182]. An “alliance” is often used to 
describe relationships in which a therapist and an injured 
athlete mutually collaborate to help manage the injury by 
creating a climate of trust, forging an emotional bond, and 
agreeing upon goals and treatment options [203]. For exam-
ple, several researchers have examined how therapists can 
strengthen their relationship with injured athletes, including 
establishing and building rapport [204], educating athletes 
about their injury and the rehabilitation process [205], and 
being a primary source of social support [195]. If a trusting 
relationship does develop, this has been identified as promot-
ing rehabilitation adherence [206], which can lead to desir-
able rehabilitation outcomes [207]. Training programmes to 
enhance communication are available for physiotherapists 
and for athletes [182].

3.6 � Physical Fitness Preservation

Successful RTS requires not only resolving physical impair-
ments at the knee, but also restoring neuromuscular function, 

sports-specific movement quality and sport-specific readi-
ness (fitness, technical training, load readiness and psycho-
logical readiness) [49, 208, 209]. To achieve this, we need 
to think about ‘return to performance’ throughout the func-
tional recovery process [49, 210], even early post-ACLR. 
The long rehabilitation and RTS process can offer an oppor-
tunity to develop an athlete’s physical fitness to higher levels 
than pre-injury, providing it is appropriately planned. From 
the limited evidence, patients including professional foot-
ball players demonstrate reduced cardiovascular (CV) fitness 
6-months post-ACLR [211], suggesting a need to focus on 
fitness preservation/recovery. Loss of CV fitness post-ACLR 
will result in lower baseline fitness levels as an athlete enters 
mid- and late-stage rehabilitation. Appropriately planned 
safe fitness preservation/re-conditioning in the early stage 
can be a benefit to the professional player with sufficient 
time, also offering psychological benefits (e.g. ability to 
focus on other factors than the injury).

A key aspect of early-stage fitness preservation/recondi-
tioning is acknowledging that this is not the main priority 
and it should not compromise early joint/functional recovery. 
Key elements of early-stage re-conditioning entail minimis-
ing CV fitness deficits, preventing loss of adjacent joint and 
contralateral limb muscle mass/strength using contralateral 
strength training, which may also support resolution of the 
respective injured limb’s muscle group through the cross-
education effect [212–215], and preventing increases in 
body fat. There are a wide variety of methods, including 
nutritional control, non-weight-bearing CV conditioning and 
adjacent joint, contralateral limb and upper body strengthen-
ing, which should be appropriately programmed (see ESM). 
A key consideration is selecting appropriate training modal-
ities and exercise stimuli for the energy system (aerobic, 
glycolytic, alactic) maintenance/development, both locally 
at the muscle level (e.g. muscle-specific adaptations) and 
centrally (e.g. cardiopulmonary adaptations).

4 � Recommendations for Activity Planning

We recommend incorporating a holistic bio-psycho-social 
approach, targeting six main areas during the early stage 
including: (i) pain and swelling; (ii) joint ROM; (iii) AMI 
and muscle strength; (iv) movement quality/neuromuscular 
control during activities of daily living; (v) psycho-social-
cultural and environmental factors and (vi) fitness preserva-
tion during the early stage of rehabilitation post-ACLR. In 
addition, certain factors should be considered when rehabili-
tating patients with different graft types [68], as well as con-
comitant injuries such as meniscal injury, chondral defects/
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injury (e.g. bone bruise) or multi-ligament injuries [68]. The 
individual focus according to graft types becomes critical in 
the early stage. Additional details may be found in Table 3.

Programme planning is essential in rehabilitation and 
RTS post-ACLR. When designing the early-stage pro-
gramme, it is important to focus on the goals/priorities and 
allocate training time according to these different training 
goals. The six key dimensions do not hold equal importance 
in the early stage (e.g. fitness reconditioning should never 
be prioritised over joint ROM recovery and pain resolution). 
Each dimension is also not exclusive of one another and 
ensuring a balanced but specific programme is important. 
For example, addressing pain and swelling is important to 
facilitate appropriate active joint ROM whilst satisfactory 
gait cannot occur without sufficient knee extension [39]. 
The exact work and allocated time on each training goal 
and in each environment (e.g. home, rehabilitation gym or 
hydrotherapy pool) depend on the individual, their goals 
and actual time/financial commitment. It is important to 

create a priority list for all patients and ensure that the most 
important objectives are achieved (e.g. pain resolution, ROM 
recovery, quadriceps activation and strength preservation, 
and sufficient walking gait to leave the crutches and resume 
activities of daily living). We typically suggest focussing 
more on addressing pain, swelling and passive joint ROM 
restrictions, whilst addressing quadriceps AMI and preserv-
ing quadriceps muscle volume (with supplementary modali-
ties such as blood flow restriction, neuromuscular electrical 
stimulation, cross-education) in the initial weeks, followed 
by a stronger focus on active ROM, gait/motor pattern recov-
ery and quadriceps strengthening (as well as physical fit-
ness preservation for professionals) in the subsequent weeks. 
Hydrotherapy typically commences when the patient is safe 
to enter the water, around 2–3 weeks post-ACLR. The main 
contraindications to its use in this stage are wound healing 
and the risk of infection; thus stitches must be removed, 
and surgery scars should be free from the signs of inflam-
mation [79]. Hydrotherapy can be a valuable rehabilitation 

Table 3   Typical concomitant procedures associated with ACL reconstruction and specific considerations

ACI autologous chondrocyte implantation, ACL anterior cruciate ligament, MACI matrix-induced chondrocyte implantation, ROM range of 
motion

Concomitant procedure Considerations

Lateral meniscus repair Usually, repairable lateral meniscal tears involve the posterior root or are radial tears 
of the meniscal body. As such, weight bearing can be deleterious as it increases the 
hoop stress on the repair site. Delayed weight bearing should be considered, alongside 
specific recommendations on ROM recovery and caution with movements involving 
tibial rotation

Medial meniscus repair Medial meniscus repair, despite entailing a higher failure rate, is less critical than lateral 
meniscus repair. Longitudinal tears, ramp repairs and even bucket handle repairs toler-
ate weight-bearing activities well in full extension, as they create compression at the 
repair site. Specific recommendations on ROM recovery should be implemented in the 
case of complex bucket handle repair to avoid meniscal displacement (although less 
critical than in lateral meniscus repair)

Antero-lateral procedure (e.g. lateral tenodesis; modi-
fied Lemaire; antero-lateral ligament reconstruction)

It is important to study the procedure well and consider the additional morbidity due to 
the extra-articular procedure. Some procedures could produce graft tension and pain 
with the knee in extension and prevent full knee extension ROM recovery

Medial collateral ligament surgery Medial collateral ligament procedures, especially with wide approaches can be painful 
and create adhesions. Usually, the procedures are stable during ROM, meaning early 
mobilisation should be encouraged to avoid stiffness. Early weight bearing is not 
recommended as it could produce valgus overload on the repair/reconstruction (the 
medial collateral ligament is the main restraint in the knee to valgus loading)

Posterior lateral corner surgery Specific recommendations regarding ROM recovery should be prescribed. Early 
weight bearing is not recommended as it could produce varus overload on the repair\
reconstruction. Avoid posterior tibial translation and external rotation during passive 
manoeuvres

Chondral or osteochondral procedure It is important to prescribe specific recommendations in regard to ROM recovery, espe-
cially for regenerative techniques (e.g. ACI and MACI). The regenerative procedures 
dictate the recovery plan, with amendments to the typical ACL rehabilitation journey. 
It is important to consider the position of the lesion (e.g. tibio-femoral or patello-
femoral, medial or lateral) and think biomechanically considering the specific loading 
of the site during rehabilitation tasks. It is critical to manage the joint loading well 
in these patients, with more caution and planned progressive loading. However, the 
most performed cartilage procedures in the setting of ACL reconstructions involve 
microfractures on the medial or lateral femoral condyle and in these cases only delayed 
weight bearing is required as a treatment consideration
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tool for rehabilitation post-ACLR but should be seen as a 
supplementary service to in-clinic/gym (and home) based 
rehabilitation.

There is likely no perfect micro-cycle planning system 
for early-stage ACL rehabilitation. The specific week’s 
activity (between-session) and within-session design (e.g. 
planning the ordering of treatment and rehabilitation activ-
ity) will depend on the patient; whether they can attend 
the clinic regularly, how far from the clinic they live and 
how much supervised rehabilitation they can have (based 
on finances and/or insurance and life factors). Across the 
author team, different approaches to micro-cycle planning 
are evident. A key theme across the group’s philosophy is 
the need for daily work, early commencement of rehabilita-
tion post-ACLR, and regular communication between the 
patient and clinical team (surgeon, sports medicine physician 
and/or sports physiotherapist). Professionals will typically 
embark on more demanding, often full-time programmes 
(e.g. double, or multiple short sessions throughout each day) 
addressing all key dimensions of early-stage rehabilitation. 
Without the same financial support and resources as profes-
sional athletes, recreational athletes will generally under-
take less frequent and simpler programmes (e.g. focused on 
the one or two key priorities for that specific week). Rec-
reational athletes typically present to a rehabilitation clinic 
1–2 weeks post-ACLR and usually attend regularly (gener-
ally 1–3 × per week) during this early-stage to monitor and 
progress their early rehabilitation exercises, as well perform 
home-based exercises to support. Education is essential for 
both recreational and professional athletes. Providing educa-
tion and autonomy can aid in better self-management in the 
face of less supervised rehabilitation sessions, particularly 
for recreational athletes/the general population.

As well as on-going daily and weekly monitoring, it is 
important to have specific criteria or ‘targets’ to achieve by 
the end of the early-stage. As with our suggestions for other 
stages [28, 29] when establishing criterion-based rehabilita-
tion, it is important to understand the ‘must haves’ versus the 
‘nice to haves’. Table 4 presents our recommended criteria, 
based on both evidence from the literature, as well as sub-
stantial clinical experience of the author team.

5 � Conclusions

Early-stage rehabilitation is the vital foundation on which 
successful rehabilitation post-ACLR can be based. We high-
light six main dimensions during the early stage: (1) pain 
and swelling; (2) knee joint ROM; (3) AMI and muscle 
strength; (4) movement quality/neuromuscular control dur-
ing activities of daily living; (5) psycho-social-cultural and 
environmental factors; and (6) physical fitness preservation. 
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The six do not share equal importance and the extent of time 
commitment devoted to each will depend on the individual 
patient. We recommend planning the rehabilitation activity, 
considering the bio-psycho-social model, and incorporating 
regular monitoring and specific screening for a criterion-
based assessment.
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