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The rehabilitation of patients undergoing anterior cruciate ligament (ACL) reconstruction requires symmetry in bilateral
quadriceps strength and adequate proprioception capabilities prior to return to preoperative level of activity or sport. This is
the limiting factor and can delay the time that patients can return to play. There is little literature on pre-operative physiotherapy
or prehabilitation of patient with ACL injury. This paper discusses the anatomy, biomechanics, surgical decision making, and the
current knowledge of preoperative training or “prehabilitation” in patients awaiting ACL reconstruction.

1. Introduction
Anterior cruciate ligament injuries are significant when they
involve a complete intrasubstance tearing of the anterior cruciate ligament (ACL) in the knee. The injury is characterized
by joint instability that leads to pain, decreased activity and
function, poor-knee-related quality of life, and an increased
risk of osteoarthritis of the knee. Relatively few studies have
examined the eﬀects of preoperative strengthening of the
ACL injured patient. Most studies on ACL rehabilitation
in the recent past have mainly investigated (i) the coping
mechanisms of the patients treated conservatively, (ii) the
eﬀects of balance training preoperatively, (iii) the outcomes
of accelerated rehabilitation postoperatively, (iv) and the
types of rehabilitation programmes that should be employed.
Prehabilitation has been defined as “the process of enhancing functional capacity of the individual to enable them
to withstand the stressor of inactivity” [1], preparing a
patient before a stressful event. The term “prehabilitation” is
not commonly used in the context of ACL injury rehabilitation. It is, however, used in relation to patients preparing for
other orthopaedic procedures [1] and in prevention of injury
in the healthy population [2]. For example, prehabilitation is
commonly used prior to total knee replacements [3], spine

surgery [4], cardiac procedures [5], and colectomies [6].
Noyes et al. were the first to propose the use of physiotherapy
prior to ACL surgery to increase muscle strength and
improve recovery rates [7]. However, to date, very few studies
examined the eﬀects of preoperative physiotherapy in this
condition.
There has been a paradigm shift from Noyes’s ruleof-one-third in relation to ACL injuries, where a third
improved, another third deteriorated, and the final third
had no significant changes following rehabilitation and
activity modification. The pathway of ACL injuries is
shown in Figure 1. With the advent of MRI technology
and improvement in arthroscopic surgical techniques, ACL
injuries are identified and managed in a more timely manner.
Conservative nonsurgical management has its benefits, but
new evidence shows that the biomechanical properties of the
ACL remnants after an ACL injury does not provide knee
joint stability at 1 year after injury [8]. This may be important
as to suggest that ACLR is a vital decision to undertake
within one year after an ACL injury [9]. The advancement
of improving the standard for ACL surgical intervention,
and their pre- and post-operative management including
rehabilitation is still being pursued. This paper discusses the
anatomy, biomechanics, surgical decision making, and the
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Figure 1: The pathway of the ACL-injured patient and the role of prehabilitation to reduce the eﬀect of preoperative quadriceps weakness,
abnormal gait, and proprioception diﬃculties.
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current knowledge of preoperative training or “prehabilitation” in patients awaiting ACL reconstruction.

2. Anatomy
The anterior cruciate ligament (ACL) is one of the 4 main
ligaments in the knee. Embryologically, the ACL is developed
by the condensation and diﬀerentiation of the blasternal
tissue of the interchondral disc which occur from the sixth
to the eighth weeks of intrauterine life [10, 11]. The ligament
is surrounded by a fold of synovium that originates from the
posterior capsule of the knee joint. Therefore, even though
the ACL is located intra-articularly, it is developmentally an
extrasynovial structure.
Macroscopically, the mature ACL originates from the
medial aspect of the lateral femoral condyle in the
intercondylar notch and inserts into the interspinous area
of the tibia [12]. The ACL is composed of the anteromedial
bundle (AMB), which is tight in flexion and limits the
anterior translation of the tibia in relation to the femur. The
posterolateral bundle (PLB) is tight in extension and limits
anterior translation to the tibia, but also assists in limiting
external rotation [13]. The average ACL length is 38 mm with
an average width of 11 mm [14].
On a microscopic level, the ACL is composed of multiple
bundles of mainly collagen units arranged in fascicles. The
proximal part of the ligament is the most cellular with
abundance of round and ovoid cells. The mid-substance
has a high percentage of collagen with low cellularity
and elongated spindle-shaped fibroblast. The distal portion
is the most solid part of the structure, which is rich with
chondroblast and ovoid fibroblasts but low in collagen
bundles [15, 16].
The ACL is innervated by the posterior articular branch
of the tibial nerve. The nerve fibres penetrate through
the posterior joint capsule and accompany the adjacent
synovium and vasculature to reach as far as the infrapatellar
fat pad [17]. Most of these fibres have a vasomotor function.
However, several small myelinated and unmyelinated fibres
are present within the ligament in isolation and are independent of the blood supply. These receptors include Ruﬃni,
Vater-Pacini, and Golgi-like tension receptors as well as free
nerve endings [17, 18]. The former three tension receptors
are mechanoreceptors that are important in proprioception
and provide important signalling pathways during knee
postural changes [19].
Structural changes within the ACL have a direct eﬀect
on the output of muscle spindles through the fusimotor
system and its gamma motor neurons. It is these changes that
influence the motor activity around the knee and are termed
the “ACL reflex” [20]. This neurostructural system is an
essential part of normal everyday activities of the knees which
influences the functionality of associated muscle groups.

3. Biomechanics of a Normal ACL
The ACL is integral for joint stability and is the primary restraint to anterior translation of the tibia relative to the femur
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[21]. The four-bar linkage cruciate mechanism constrains
the motion of the femur on the tibia so that there is an
eﬀective combination of rolling and sliding movements [22].
This model is simplistic in its explanation of knee motion
in the sagittal plane but fails to take into account the
rotational components of the femorotibial joint. In native
knees, the ACL limits anterior neutral-position shift. In
contrast, chronic ACL-deficient knees associated with ACL
injuries causes anterior translation of the tibia relative to the
femur which is four times greater than normal knees [23].
The ACL supports a restraint of approximately 85% to the
applied anterior load at 30 degrees of flexion of the knee. This
decreases to 80% at 90 degrees of flexion [23].
The AMB and PLB bundles have diﬀerent mechanisms
of action when an anterior draw force is applied to the
knee. In vitro studies have found that AMB of the ACL
has an in situ tension that increased as the knee flexed
from 20 to 90 degrees. In contrast, the force in the PLB
increased during knee extension [24, 25]. PLB dominance in
the extended knee provides a basis for developing doublebundle reconstructions.
When the knee joint is near full extension, the ACL
functions as an important secondary restraint to internal
rotation. Additionally, the ACL provides a minor secondary
restraint to external rotation and varus-valgus angulation,
especially during weightbearing conditions [26]. This can
be tested clinically with the “pivot shift test” which involves
applying a combined internal tibial and valgus torque
throughout the range of flexion extension [27]. Woo et
al. studied the tensile properties of the femur-ACL-tibia
complex and found that ultimate tensile load to failure and
stiﬀness for young specimens (22–35 years) were 2,160 N and
242 N/mm, respectively [28]. Ultimate tensile load and linear
stiﬀness decrease significantly with age [28].

4. Biomechanics in ACL-Deficient
Knees and ACLR Patients
Biomechanical studies of rehabilitated individuals with ACLdeficient knees and ACLR have shown diﬀerent joint torques
in the lower limbs during walking compared with healthy
controls. ACL injured patients eventually develop a greater
extensor torque at the hip and a reduced extensor torque
at the knee during the stance phases of walking and
running [29–32]. These observations have been supported
by increased electromyographic (EMG) activity in the
hamstrings and reduced EMG activity in the quadriceps
in ACL-deficient patients during the gait cycle [33–39].
These adaptations are advantageous to individuals with both
ACL deficiency and ACLR because they reduce anterior
displacement of the tibia relative to the femur and therefore
reduce stress on the knee joint while also enabling individuals
to perform complex knee movements [29–31, 38, 40].
The symptoms of knee instability with ACL rupture
occur during weight acceptance of the injured limb in the
early stance phase of the gait cycle. During this phase of the
cycle, the limb accepts full support of the body and attenuates
shock via knee flexion, which is controlled by an eccentric
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contraction of the quadriceps. When symptoms of knee
instability are felt, patients alter their movement patterns
through reduced knee flexion and internal knee extensor
moments [30, 41]. The alteration in movement pattern
results from the hesitancy to fully activate the quadriceps
muscles at a range close to full knee extension. Berchuck
et al. [30] termed this alteration as “quadriceps avoidance”
due to the fact that close to full knee extension, quadriceps
contraction may cause anterior tibial translation [42, 43] that
in turn could result to the symptoms of giving way. The
alteration in movement pattern associated with “quadriceps
avoidance,” may also represent an increase flexor activity of
the hamstrings [44], or the gastrocnemius [45] which have
been supported by EMG studies. However, altered movement
patterns persist following ACLR [46, 47], suggesting that
instability is not the sole cause of the gait adaptation.
There is also evidence that ACL-deficient patients walk
with a significantly lower internal rotation knee joint
moment during the terminal stance phase of the gait cycle
[48–50]. Like the adaptation in the early stance phase of gait,
this phenomenon is also likely adopted to prevent rotational
instability. Termed as the “pivot-shift avoidance,” this gait
is also characterized by a significantly decreased internal
rotation knee joint moment and by a significantly higher
flexion angle during the terminal stance phase of the gait
cycle.
Although a number of studies have applied bioinformatic
modelling and simulation to understand the muscular
adaptations of the gait cycle [47, 51, 52], only one of these
has quantified the eﬀect of muscle compensation on knee
instability in ACL-injured patients. Liu and Maitland found
that 56% of peak isometric hamstrings force was required to
restore anterior tibial translation in the ACL-deficient knee
to the values observed in normal gait [53]. This study was
performed at the single instant of the gait cycle (heel strike)
and only considered the eﬀect of hamstrings muscle action
on anterior tibial translation during normal gait speeds.

5. Causes of Quadriceps Weakness
The quadriceps muscles are the principle extensors of the
lower limb. It becomes active during the end of the swing
phase of the gait cycle and contracts concentrically during
knee extension such as rising from a sitting/squatting position, climbing upstairs, and during running and acceleration.
It contracts eccentrically during walking down a slope.
Decreased levels of physical activity [54–56], weightbearing
status [56–58], and immobilization [59–61] can lead to
progressive atrophy. Several factors including decreased
protein synthesis [62–64], increased levels of plasma cortisol
[65], arthrogenic inhibition [66, 67], and altered aﬀerent
inflow [66] may be responsible for atrophy after trauma or
in periods of prolonged muscular disuse. Though evidence
is lacking, this notion alone supports the possible benefits of
prehabilitation in preoperative ACL-deficient patients.
Research of quadriceps muscle atrophy and muscle
strength has employed various measurements such as crosssectional area (CSA) and muscle volume, muscle torque,
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and morphological measures by fibre-typing to find their
correlation. Most studies failed to show a relation between
quadriceps muscle CSA, morphological measures, and muscle strength in ACL-deficient patients [66, 68, 69]. Muscle
volume appears to be a better indicator for atrophy than
muscle torque because the latter is patient-dependent [70].
Measurable atrophy can be observed within 1 to 2 weeks and
progresses exponentially [56, 59]. The vastus lateralis and
medialis (VL and VM, resp.) each have approximately 50%
type I fibre composition [71]. Both types I and II muscle
fibres atrophy significantly, with greater eﬀect on type I fibers
[60, 62, 63]. A concomitant shift from type I to type II
(slow-to-fast fibres) is also found [58]. Motor units are also
recruited in a consistent fashion from type I to type II.
Disuse muscle atrophy is a known cause of quadriceps
weakness. Extensor torque and quadriceps cross-sectional
area decreased by 25–30% and by 14%, respectively after
6 weeks of bed rest in healthy volunteers [72]. Berg et
al. reported similar results and interestingly found that
these changes were completely reversed after 7 weeks of
recovery [73]. A reduction of strength power likely caused
by altered neural function may precede atrophy in periods of
decreased activity [65]. Failure of voluntary activation from
the central nervous system to the quadriceps muscle as a
result of disruption of the ACL has been implicated [74].
Konishi et al. have found abnormal gamma loop function in
the involved and uninvolved quadriceps muscle of patients
with ACL rupture [75]. There is loss of feedback from
ACL mechanoreceptors which results in a suppressed state
of recruitment of high-threshold motor units, presumably
through the elimination of feedback to gamma motor
neurons [76]. This mechanism is also called reflex inhibition
or athrogenous muscle inhibition (AMI). This is a protective
mechanism prevent future reinjury. Stevens et al. found
the incidence of activation failure in young healthy subjects
is approximately 10% [77]. In ACL-deficient subjects the
incidence of complete inactivation is approximately 30% and
can be bilateral [78]. Adjusting contralateral knee strength
for activation and considering the activation of the involved
quadriceps may allow for a more accurate assessment of
the relative contribution of atrophy and activation failure
to the quadriceps weakness that occurs after ACL rupture.
Quadriceps muscle strength is a significant determinant of
functional ability of the ACLR knee joint [79]. Considering
emerging evidence linking bilateral quadriceps weakness
with unilateral ACL injury, there is a need to further
investigate the role of bilateral quadriceps strengthening
prior to ACLR.
A biomechanical explanation such as a reduction in
quadriceps moments may also be related to quadriceps
weakness despite ACLR [80]. Quadriceps moment refers to
the force generated from the local structures of muscles and
tendon across the knee joint. Lewek et al. tested individuals
with complete ACL rupture who had >90% or <80% of
quadriceps strength using walking and jogging motions [79].
A percentage of these patients underwent ACLR. None of the
ACLR patients had a disruption in the extensor mechanism
during reconstruction during an allograft or hamstring
reconstruction. Compared to the uninjured group, there was

ISRN Rehabilitation
a significant reduction in knee moment at peak knee flexion
in both the weak ACLR (quadriceps strength <80%) and
ACL-deficient group during the early stance phase of walking
and jogging. However, whether this is due to quadriceps
weakness or an increased activity of the hamstrings could
have been further clarified with EMG studies.
While quadriceps strength is often used as a marker for
rehabilitation progress “return to play,” guidelines following
ACLR are not clearly defined and vary considerably [81, 82].
A quadriceps index of 65% and >80% is often used as
a criteria for a return to sport-specific training and full
competition, respectively [81, 82]. A full range of motion
(ROM) of the knee, with no evidence of an eﬀusion, and
self-report of normal activities without symptoms have also
been used as criteria allowing patients to return to full
activities [83]. However, another study showed that patients
with a quadriceps index of <80% had walking and jogging
pattern similar to patients with ACL deficiency, indicating
that premature activities may in fact be detrimental to joint
integrity.

6. Decision Making Prior to Surgery
The ultimate goal of ACLR is the restoration of stability [84],
improvement in knee function, and the prolongation to the
development of osteoarthritis [85]. Many patients require
an ACLR in order to participate in their preferred athletic
activities. It is important that patients are provided with an
overview of the evidence base so that they can make informed
decision regarding ACLR. With the plethora of research
articles being published on the topic and accessibility of the
internet, patients are more inclined to be given the choice of
graft types, timing of surgery, and rehabilitation required to
return to normal function.
There is accumulating evidence to support the use of
conservative management strategies for the ACL-injured
patient [86]. Follow-up studies at 15 years after injury
reported good functional and quadriceps/hamstring strength
with ACL injuries treated with rehabilitation. However,
many patients were required to modify their activity levels
and avoidance of contact sport [87, 88]. The KANON
study (the Knee, Anterior cruciate ligament, NON-surgical
versus surgical treatment) [89] found no diﬀerence in
muscle power and functional tests between strength training
with surgical intervention when compared to conservative
management strategies at 2–5 years of followup. However,
the development of osteoarthritis in the knee was reported
to be increased in non-operative ACL-injured patient [90]
compared a delayed progression in patients with ACLR after
15–20 years of followup [91].
Patient expectation to return to sports and normal activities is often the deciding factor to undergo ACLR [92].
Another indication for ACLR is the symptom of knee instability [93]. Current surgical management strategies include
reconstruction with various grafts including the bonepatellar tendon-bone (BPTB) and hamstring tendon (HT)
[94]. Further development in stem cell research pursuing
biological repair of the ligament are underway. There is
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evidence that ACLR with BPTB and HT graft in singlebundle technique does not restore the normal kinematics of
the knee [84, 95–98]. This has led to interest in examining the
use of double-bundle ACLR to restore anatomical function
in the knee [99, 100]. To date, no study has investigated
the eﬀects of prehabilitation in combination with surgical
reconstruction and aggressive postoperative rehabilitation
on ACL-injured patients.

7. Exercise before ACLR and
the Role of Prehabilitation
Prehabilitation is defined as “a proactive, preventive approach to exercise, diet and lifestyle changes, designed to
maximise health and wellness.” The concept was initially
coined in the 1980s for professional athletes as a process to
prevent unnecessary atrophy of muscle in order to prevent
future injuries [101]. Preoperative quadriceps strength is
an important predictor of the functional outcome of the
knee joint after ACLR [102]. This paper focuses on exerciserelated prehabilitation in preoperative ACL patients.
Two studies have assessed quadriceps function pre- and
post-operatively in patients undergoing ACLR. Elmqvist et
al. found a 50% reduction in quadriceps strength in the
injured leg in the first 14 weeks after injury or reconstruction
[103]. After one year, functional performance was still
unequal, but the injured leg had almost returned to the
preoperative noninjured value. Shelbourne and Johnson
measured quadriceps strength and intraoperative patellar
tendon width in 540 patients before and after BPTB
reconstruction [104]. Smaller patellar tendon width was
related to reduction quadriceps strength in pre-operative
patients. Patients with small patellar tendon width (range
20–26 mm) had significantly reduced quadriceps strength at
1 and 3 months after ACLR, compared to the medium and
large patellar tendon widths at the same time periods. In
addition, patients with good preoperative strength (>90%
of normal leg) had a higher postoperative strength of 57.5%
and 71.6% of uninjured leg at 1 and 3 months, respectively,
as compared to the group with poor pre-operative strength
(<75% of normal leg). At 2-year followup, the post-operative
quadriceps strength was the same in all groups. Patients
in this study were not subjected to pre-operative exercise
regime.
7.1. Strength Training. A 5-week pre-rehabilitation strategy
that included progressive muscle strengthening has been
shown to significantly improve knee function, quadriceps
peak torque, torque at 30 degrees of flexion, and total work
in patients with ACL injury [105]. There was no change in
hamstring function.
Studies that have assessed strength deficits in the quadriceps and hamstring muscles before and after reconstructive
surgery harvesting the ACL graft suggest a role for ACL
prehabilitation before ACLR. Keays et al. enrolled patients
with chronic ACL injuries in a 4–6-week pre-rehabilitation
programme followed by a minimum of 4-month rehabilitation programme after surgery [106]. Patients had BPTB ACL

6
reconstruction. There was a quadriceps deficit preoperatively
at diﬀerent isokinetic speeds. At 6 months postoperatively,
there was 22–28% deficit between the injured and uninjured
limb. There was no hamstring deficit before and after
surgery. Performance in the shuttle run, side step, and carioca
improved significantly. Patients wore a knee immobiliser
brace locked at zero-degree extension for 2 weeks postoperatively. A major drawback of the study was the failure
to include a control group. In addition, no details of
the preoperative physiotherapy programme were provided
regarding to the pre-operative physiotherapy programme.
7.2. Proprioception and Neuromuscular Training. ACL rupture has been shown to impair proprioception and increase
the latency of reflex hamstring contraction [107]. Impaired
proprioception is a contributing factor predisposing to
degenerative joint disease and ongoing instability in the ACLdeficient knee. Angoules et al. prospectively studied knee
proprioception following ACL reconstruction and concluded
that knee proprioception returned to normal within 6
months post-operatively [108]. Rehabilitation programmes
following reconstruction have also been shown to improve
proprioception [109].
To date, only one study has examined the eﬀects of preoperative management on proprioception. Beard et al. [110]
compared the eﬀects of proprioceptive versus traditional
exercise regime in ACL deficient patients. The 12-week
programme consisted of 2 gym session interspersed with
daily self-supervised home physiotherapy. This intervention
protocol was well documented, and all patients had ACL
injury confirmed by knee arthroscopy prior to recruitment.
Patients subjected to proprioception regime had significantly
better functionality.
A neuromuscular training programme termed the perturbation technique was introduced in 2000, which involved
the use of roller and tilt board for the balancing programme.
The original study by Fitzgerald et al. [111] had 26 ACLdeficient patients, with 12 in the perturbation group over
a period of 10 sessions. 92% (11 out of 12) of patients
had a successful rehabilitation compared to 50% (7 out
of 14) in the standard group (P < 0.05). Successful
rehabilitation is defined as having no episodes of “giving
way” at 6-month followup. Subsequent proposed guidelines
were then suggested for the nonoperative management of
ACL-deficient patients [86].
An American group adopted the perturbation technique
prior to ACL reconstruction with the use of rocker board
and roller board in 3 diﬀerent conditions. Subjects who
received perturbation training were trained to focus on the
somatosensory input from the weight distribution of the foot
contact on the board and the aﬀerent information coming
from the lower extremity to enhance joint proprioception
and muscle response. Hartigan et al. [112] investigated
patients who have poor dynamic knee stability (defined as
ACL noncopers) [113] who had 10 sessions of perturbation
training versus strength training over a period of 3-4 weeks.
The perturbation group had showed better symmetrical
quadriceps strength (97% of the injured leg) and gait
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(P = 0.14). Training with the perturbation technique may
improve neuromuscular feedback and decrease antagonistic
muscle activity, therefore enhancing the quadriceps’ ability
to stabilize the knee dynamically during gait.
The Lund group from Sweden also looked at neuromuscular training including balance, plyometric, agility drills,
and sport-specific exercises. Zätterström et al. enrolled 100
patients into 5–8-month period of supervised (SV) homebased training with inclusion of postural closed kinetic
chain (CKC) versus traditional self-monitored (SM) exercises [114]. The supervised rehabilitation was better in the
Lysholm scoring at 3 months (P = 0.03), single-leg hop test,
and isometric/isokinetic muscle strength in extension at 3
and 12 months. All patients had stability test and arthroscopy
within 10 days of injury. This study had several weaknesses;
firstly, half of the patients from the self monitored group
were transferred to the supervised group at 6 weeks due to
reduced ROM, and therefore an intention-to-treat analysis
was required. Secondly, 4 patients in the SV group requested
to have an ACL reconstruction. Lastly, there was mixture of
patient cohorts with ACL injury as well as grades 2-3 medial
collateral ligament tears.
Ageberg et al. looked at a subset of the same group of
patients as Zätterström (n = 63 out of the original 100)
and compared them to healthy volunteers (n = 60) [115].
Patients were assessed at 6 weeks, 3, 12, and 36 months after
injury with a stabilometry device, and single-leg hop tests at
the same time frames (except at 6 weeks). The neuromuscular group had shorter hop distance in both the injured
and uninjured limb than in the control group at 3 months
(P < 0.001 and P = 0.04, resp.), but not at 12 or 36 months.
When compared to the self monitored group, the single-leg
hop was significantly less than the controls at all time frames.
Stabilometry showed diﬀerences in both groups compared
to the controls at all time frames. This study also had an
intention-to-treat analysis as 14 patients were transferred
from the self-monitoring to the neuromuscular group at
6-week followup. However, these two Swedish studies only
examined the benefits of neuromuscular training in ACLdeficient patients undergoing conservative management.
Unlike post-operative rehabilitation programmes, very
few studies have explored pre- and non-operative training
to enhance joint position sense, gait stability, and muscle
strength. Other clinical parameters that include electromyography, MRI, and gene expression of muscular atrophy and
hypertrophy are warranted to physiologically enhance our
understanding of pre-operative neuromuscular training and
its eﬀects on long-term functionality.
7.3. Home Physiotherapy. Keays et al. also looked into the
eﬀectiveness of pre-operative home-based physiotherapy
[116]. This study was designed to have two matched
groups of 12 chronically ACL-deficient patients awaiting
reconstruction which were either assigned to receive a homebased exercise and educational programme or no prior
pre-operative physiotherapy. Another group of 12 matched
uninjured control subjects was also subjected to treatment.
After 6 weeks, compared to the nontreated group, the treated
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ACL-deficient group showed a significant improvement in
quadriceps strength from 85% and 86% to 102% and 103%
at 60◦ /s and 120◦ /s. There was no diﬀerence in outcome
between the nontreated ACL-deficient group versus the
treated control group. These patients did not have long-term
followup, and the number of patients that underwent surgery
after this period of rehabilitation remained unknown.
7.4. Surgical versus Nonsurgical. The KANON study in
Sweden [117] is a randomized, controlled trial to compare
a strategy of structured rehabilitation with early ACL reconstruction within 10 weeks versus structured rehabilitation
with delayed ACL reconstruction oﬀered to subjects who
continue to have symptoms of knee instability. This study
showed no significant diﬀerence between the two groups
for primary outcome which was the Knee Injury and
Osteoarthritis Outcome Score (KOOS). Interestingly, the
initial strategy of structured rehabilitation alone instead
of structured rehabilitation plus early ACL reconstruction
resulted in surgical reconstruction being avoided in 61%
of the subjects without compromising the results. This
landmark study suggests that the use of rehabilitation plus
optional delayed ACL reconstruction with symptoms of
instability is favoured to avoid possible reconstructions
without adversely aﬀecting outcomes. However, this study’s
limitations include self-reporting primary outcome and a
nonequivalent control group such as sham surgery.
A side project of the KANON study [86] reported
no significant diﬀerences between muscle strength and
functional performance in patients with ACL injury treated
with training and surgical reconstruction or training only.
This study adopted the Limb Symmetrical Index (LSI)
of >90% which was considered normal [118, 119] and
compared between the two group. Due to these recent
trials on the eﬀects of rehabilitation with and without ACL
reconstruction, patients with symptomatic unstable knees
should be individually assessed regarding symptoms such
as knee instability and type and frequency of current and
future activities. However, these studies did not investigate
the independent and synergistic eﬀects of pre-operative
prehabilitation in patients who planned and ultimately
underwent an ACLR.
7.5. Introducing Open Kinetic Chain (OKC) Exercises. OKC
is characterized by the distal segment of an extremity being
free to move such as in knee flexion or extension activity
[120]. Conversely, a closed chain exercise is described as the
distal segment of a limb being fixed, such as in a squat or
leg press. Tagesson et al. in 2008 stressed the importance of
OKC as a conservative nonoperative approach to improve
quadriceps strength in ACL-deficient patients [121]. At 4month followup, the OKC group had greater isokinetic
quadriceps strength with a LSI of 0.96 compared to 0.84 in
the CKC group. The muscle activation in both was similar
pre- and post-rehabilitation. The decision to allow patients
to return to sports was designated when the strength LSI
and single-leg hop LSI were <15% [122]. In addition, CKC
produced the same ACL strain forces as OKC [123]. In view
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of previous studies confirming the correlation between preand post-operative quadriceps muscle strength, examining
the benefits of OKC as a prehabilitation strategy before ACLR
is an interesting prospect for future research.

8. Conclusion
There has been a significant improvement in the management of ACL injuries since Noyes et al. proposed the usage of
strength training in chronic ACL-injured patients. Rehabilitation after surgery has always been an integral component
to the success of patients’ recovery to normal activities.
In conclusion, there are evidences suggesting the role of
rehabilitation in ACL-deficient patients opted as nonoperative and post-operative training for muscle strengthening
and proprioception purposes. The role of prehabilitation
as a pre-operative intervention complementary to current
practices is currently emerging; however, further research
into preoperative resistance training in combination with
proprioceptive training is required to significantly improve
this arsenal of management strategies available to patients.
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