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11.1  Introduction

Anterior cruciate ligament (ACL) injury is one of
the most common and devastating knee injuries
in pivoting and contact sports [1]. With an annual
incidence of 68.6 injuries per 100,000 person-
years, more than 200,000 ACL tears occur in the
United States annually (incidence rates of ACL
injuries vary between populations being studied)
[1, 2]. ACL surgery is often performed as a first-
line treatment after the injury. Anterior cruciate
ligament reconstruction (ACLR) is the predomi-
nant method of surgery in current practice and
hundreds of thousands of these surgeries are per-
formed every year [3]. Despite being one of the
most studied and discussed topic in the Sport
Medicine literature, no consensus has been
reached about many aspects of this recovery pro-
cess and it is well established that outcomes after
ACLR are far from being perfect [4].
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Because of the nature of the majority part of
the sports that are practised nowadays (e.g., foot-
ball, basketball, etc.), running is considered a
foundational task for every athlete involved in
those activities (most sports require the player to
be able to run) [5]. Return to running after ACLR
is considered by the athlete and the rehabilitation
team a milestone in the recovery process but,
although the importance of running is well estab-
lished in the rehabilitation community, there is
not a consensus on the pathway that has to be fol-
lowed to allow a patient to return to run success-
fully. A correct and thorough running
implementation can represent a useful training
stimulus for the athlete but on the other hand, if
introduced too early or with the wrong progres-
sion, it can pose a threat for the athlete’s recovery
process. To bridge the gap between research and
practice, and to optimize the outcomes after
ACLR, there is the need to provide clinicians
who work with ACL injured patients a clear
criteria-based progression for running implemen-
tation. To guide the patient in the return to run-
ning process, a deep understanding of the running
demands (biomechanics, forces to be absorbed,
different running types, etc.) and the patient’s
injury and current condition (injured body area,
biological healing time, athlete’s physical profile,
etc.) is paramount.

Therefore, the aim of this chapter is to provide
a clear understanding of the running biomechan-
ics, analysing the features of the ACL injury and
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consequential reconstruction, to present an easily
implementable checklist to utilize before allow-
ing a patient to resume running and to provide a
clear rehabilitation progression to help the clini-
cian achieving those goals with ACL recon-
structed patients.

11.2 The Demands of Running

The decision of introducing a new task during the
rehabilitation process of an athlete should be
based on the analysis of that task demands and the
athlete’s envelope of function as described by Dye
in 1996 [6]. The envelope of function can be
defined as the range of load that can be applied
across an individual joint in a given period with-
out reaching a supraphysiologic overload or struc-
tural failure [6]. In other words, this envelope
indicates the load tolerance of a specific joint
determined by multifactorial elements (anatomi-
cal, kinematic, physiological, etc.). Indicators that
an imposed task demand is superior to the ath-
lete’s joint envelope of function can include pain,
discomfort, functional instability, effusion,
warmth and tenderness [6]. Failure to match the
task demands and the athlete’s load tolerance may
result in exposing the athlete to tasks which they
are not prepared for. In order to prevent this to
happen, it is important to fully understand and
quantify the demands of the task in terms of level
of loading that may be placed on the body, and
estimate the load tolerance of the athlete. Starting
from the analysis of the task, the level of loading
of a specific activity can be considered as:

— Peak loading (e.g., peak ground reaction
forces) [5];

— Volume load (e.g., load times repetition) [5];

— Rate of loading (e.g., time over which it is
delivered/experienced) [5].

Biomechanical studies reported that for every
step taken during running, the weight acceptance
of the athlete is estimated to be around 2-3 times
the athlete’s body mass [7]. It is important to
stress that the ground reaction forces are vari-
ables depending on many modifiable and non-

modifiable factors such as running biomechanics
(modifiable) [8, 9], footwear and orthotics (modi-
fiable) [8, 9], environment and running surface
(modifiable) [8], athlete strength (modifiable),
running speed (modifiable), athlete biological
characteristics like age, height, etc. (non-
modifiable). A variation on the previously men-
tioned parameters could potentially change both
the force-time and centre of pressure patterns,
influencing in this way the task total load.

11.3 Criteria to Return to Running
After ACLR

Once the task demands are clear, it is time to bet-
ter understand the load tolerance of the athlete to
implement the right activity at the right moment.
An accurate assessment of many aspects of the
athlete is paramount to create the “athlete pro-
file” and understand if the patient is ready or not
to resume running. There is not a consensus in
the current literature about which criteria should
be achieved before allowing a patient to return to
running. This lack of support by the current evi-
dence on the topic leaves the clinicians without
safety guidelines to follow in order to implement
a safe and effective return to run process.

In a recent scoping review, Rambaud et al.
(2018) reported that in deciding when a patient is
ready to return to running, time-based criteria
after ACLR was the most cited criterion [10]. The
median time from which return to run was per-
mitted was 12 postoperative weeks [10]. There
are many consequences of different nature that
can arise from this choice:

1. Risk of harming the athlete: the ability to per-
form specific tasks like running is not only
related to the time that has passed since the
surgery, but more specifically to the patient’s
function [4], strength, mobility, movement
quality, etc. If a patient’s load tolerance is not
trained enough to accept the force generated
by the running, the athlete will be exposed to
overload and risk of injury;

2. Athlete’s psychological failure: when a spe-
cific time frame has been communicated to
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the athlete, that date becomes a fixed point for
the patient. Depending on multifactorial ele-
ments (e.g., surgery characteristics, rehabili-
tation process, level of the athlete, etc.), every
patient has a different rate of progression and
will achieve different training targets at differ-
ent times. If the criteria to allow a patient to
return to run post ACLR is only based on
time, and the patient is not able to run at that
specific moment in time, the athlete will likely
think that they are “failing” since running is
still not possible [5].

Time-based criteria are selected arbitrary and
do not reflect the athlete’s function and readiness
to run. Fewer than 1/5 studies reported clinical,
strength or performance-based criteria for return
to running, even though the best evidence recom-
mends performance-based criteria combined
with time-based criteria to commence running
activities following ACLR [7]. A shift from time-
based to criteria-based rehabilitation approach is
necessary during the ACL rehabilitation process.
Different papers presented multiple objective cri-
teria that should be achieved before allowing a
patient to return to run. The criteria presented in
those articles can be divided into five different
categories (see Table 11.1 for more information
about the Return to Running criteria after ACLR)
that are suggested to be achieved before allowing
a patient to return to run:

11.3.1 Joint Homeostasis

Goals: Absent or minimal pain on a numerical
rating scale (NRS, <3) during walking [11, 12],
zero or trace effusion [4].

The “quiet knee” is a knee that does not show
(or shows in minimal part) typical signs of inflam-
mation (pain, redness, heat, swelling and loss of
function). Pain and swelling can result in arthro-
genic muscle inhibition (AMI), a complex and
multifactorial neurophysiological phenomenon
that hinders optimal recruitment of the knee span-
ning muscles (especially knee extensors), limiting
the ability of the athlete to produce force. Before
starting to run it is suggested to minimize pain and

reach a minimal activity related effusion status
(Z1 cm change at the supra patella circumferen-
tial measurement in response to activity) [18].

11.3.2 Knee Mobility

Goals: Full knee extension (straight knee, equal
to the other side) and >120°/130° of knee flexion
[4,5,11, 12].

Restoring joint range of motion (flexion and
extension) is paramount during the rehabilita-
tion process. Even small knee extension deficits
as little as 3° appear to adversely affect post-
surgical subjective and objective outcomes after
ACL reconstruction [19, 20]. Depending on the
running speed and technique, knee flexion
angles can reach values as high as 120° of knee
flexion. Restoring knee joint mobility is critical
for the recovery of optimal gait and running
biomechanics.

11.3.3 Gait Biomechanics

Goals: Walk on a treadmill for at least 10 min
without pain or swelling [12] and with an optimal
biomechanics.

Abnormal gait patterns have been associated
with muscle weakness, decreased functional per-
formance, low patient satisfaction outcomes after
surgery and with post-operative complications
including osteoarthritis [5]. Abnormal gait pat-
terns often become further exacerbated when the
patient returns to running. Re-establishing nor-
mal gait early and safely after surgery is a key
priority [5].

11.3.4 Strength

Open kinetic chain strength goals: Limb
Symmetry Index (LSI) for Quadriceps and
Hamstrings Strength >70% assessed by isometric
or isokinetic knee extension and flexion [4, 5, 10].

Closed kinetic chain strength goals: Single leg
closed kinetic chain peak strength of at least 1.25
times body mass on leg press [4, 5].
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Table 11.1 Recommended criteria for running implementation after anterior cruciate ligament reconstruction. Each
outcome measure, specific test and published reference are included, as well as the goal to achieve in order to allow the
patient to start to run

Category
Joint
homeostasis

Knee mobility

Gait
biomechanics

Strength

Functional
outcomes

Outcome
measure
Pain

Effusion

Extension

Flexion

Walk
assessment

Thigh
muscles, open
kinetic chain
(OKC)
strength

Closed kinetic
chain (CKC)
muscle
strength

Calf capacity

Gluteal
muscle
capacity

Movement
quality
assessment

Test
Numeric Rating Scale (NRS)

Stroke test
Knee circumference measurements [13]

Prone hang test [14]

Supine with a long-arm goniometer

Supine/prone with long arm goniometer

Visual or 2D assessment of walking gait

Isokinetic strength assessment of quadriceps and
hamstrings muscles [4]

Isometric strength assessment of quadriceps and
hamstrings muscles [4]

Leg Press Test [4]: 90° knee flexion and seat at
45°, maximal weight achieved for 8 RM test

Single leg heel raises [15]: The athlete stands on
one foot on the edge of a step and performs a
heel raise through full ROM. Heel raises are
performed at 1 repetition every 2 s [4]. The test
is concluded when the subject is unable to move
through the full range or slows below the
cadence [4]

Single leg bridge test (variation [16]): The
athlete is supine with 90° knee flexion angle, one
foot on the floor and arms crossed on the chest.
The subject lifts the hips from the floor to neutral
hip position and then returns down to the ground
[4]. The test is concluded when the subject
cannot reach the height or gives up [4]

Single Leg Squat [4, 17]: Squat to at least 60° of
knee flexion, minimal trunk motion, minimal
pelvic motion and no hip adduction nor internal
rotation [4]

Goal

Absent or minimal pain on a
numerical rating scale (NRS)
(NRS <3) during walking [11,
12]

Zero or trace effusion [4]
Minimal activity related effusion
(<1 cm change patella)

Straight knee (0°). The heel
height difference is measured
(approximately 1 cm = 1°)
Equal to the other side

Straight knee (0°). Bony
landmarks: greater trochanter,
lateral femoral condyle, and
lateral malleolus.

Knee flexion >120°/130° [4, 5,
11, 12]

Walk on a treadmill for at least
10 min without pain or swelling
[12] and with an optimal
biomechanics

Limb Symmetry Index (LSI) for
Hamstrings and Quadriceps
strength 270% [1, 4, 5]

Limb Symmetry Index (LSI) for
Hamstrings and Quadriceps
strength >270% [1, 4, 5]

Single limb closed kinetic chain
peak strength of at least 1.25
times body mass on single limb
leg press [4, 5] or 1.5 x BM
predicted 1 RM [4]

Greater than 20 reps and within
5 repetitions versus the other
side [4]

Greater than 20 reps and within
5 repetitions versus the other
side [4]

Good movement quality (no
zeros and score greater than 6)

[4]
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Accessory muscles strength: Optimal work
capacity of glutes and calf muscles [11, 12] (sin-
gle leg calf raises [15] and glutes bridges [16]
capacity test greater than 20 reps and within 5
repetitions versus the other side [4]).

Lower limb weakness (in particular of the
knee extensor compartment) alters biomechanics,
reduce functional performance, and may be
linked to poorer return to sport outcomes [4].
Extensive research indicates that most patients
are unable to sufficiently restore quadriceps
strength after ACLR at the moment of return to
running and sport.

Restoring isolated or analytic strength of knee
flexors and extensors muscles is only one of the
many components of the strength recovery pro-
cess after ACLR. Running and most of functional
activities are performed in a closed kinetic chain
fashion and for this reason, assessing and recov-
ering closed kinetic chain strength is necessary to
allow a gradual progression to more demanding
activities. The ability to perform functional tasks
involves the neuromuscular system in the pro-
duction, transmission and dissipation of the
ground reaction forces via the neuromuscular
system. Inability to absorb those forces through
the neuromuscular system (e.g. insufficient func-
tional eccentric muscle strength of the lower
limb) would result in movement compensations
and/or overreliance/acceptance of the passive
restraints such as ligament, joint complexes, and
fascial system, potentially resulting in overload
and/or acute injuries. Developing and testing the
athlete’s lower limbs ability to produce and
accept force can provide the necessary founda-
tion and understanding on when the athlete may
be ready to return to run ACLR.

Optimization of the gluteal musculature is
needed to be able to control movement patterns,
especially during single-leg activities [21]. The
tri-planar function of the gluteus maximus and
gluteus medius (abduction, extension, external
rotation) serves to control femoral adduction and
internal rotation and to produce hip extension,
thereby protecting the knee from high-risk posi-
tions that increase ACL strain [21]. Deficits in hip
muscle strength after ACLR have been reported
in the literature [22]. Weakness of the gluteal

muscles can contribute to altered movement pat-
terns which increase knee and ACL loading and
are thought to be important risk factors for ACL
injury [4]. A lack of appropriate neuromuscular
control and strength of the gluteal muscles has
been related to high-risk landing strategies dur-
ing single-leg activities [21]. A strong focus on
addressing dysfunction of the gluteal muscles
during mid-stage rehabilitation, as well as con-
sidering the trunk, pelvic and hip musculature in
general is recommended [4].

Calf muscle strength is important for load
acceptance and propulsion. Biomechanical stud-
ies found that the soleus muscle contributes the
most muscle force production during running at
speeds up to 7 m s~' [23] and that the ankle
eccentrically accepts up to 50% of the impact
forces from landing [24]. During single-leg drop
landing task, the muscles that generated the
greatest posterior shear force have been reported
to be the soleus, medial hamstrings, and biceps
femoris [25]. Since ACL injury occurs promptly
after initial contact, the soleus may be particu-
larly important for reducing the likelihood of
ACL injury, as it makes a more substantial contri-
bution to the posterior shear joint reaction force
during the first 25% of the landing phase [25].
Reduced ankle plantarflexion strength is likely to
affect both load absorption and propulsion sig-
nificantly during running gait [ 18] and potentially
lead to compensatory strategies in functional
activities such as running.

11.3.5 Functional Outcomes

Goal: “Good” movement quality on Single Leg
Squat testing [4, 17].

Squatting movement can be defined as the
foundational exercise for the majority part of the
most practised sport nowadays. The Single Leg
Squat (SLS) variation involves a triple extension-
flexion movement performed on one leg. To opti-
mally execute a single leg squat, the athlete must
have sufficient lower limb strength (the move-
ment involves supporting and moving the whole
bodyweight up and down), balance (in order to
stay on one leg), and neuromuscular control to
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execute the movement with a proper technique
(motor strategy and lower limb/pelvis/trunk
alignment). Poor single leg squat performance is
associated with poor biomechanics in more com-
plex tasks as this forms the motor pattern founda-
tion for many tasks involving single leg stance
and triple flexion and extension [4].

11.4 Return to Running
Progression

Return to running after anterior cruciate ligament
reconstruction (ACLR) is a long and intricate
process that has to be carefully pre-planned and
tailored on the patient in order to optimize the
outcomes of ACLR rehabilitation. As previously
stated in the preceding section, the patient must
achieve many different goals to be allowed to
resume running in a safe and effective way. To
achieve those goals with the patient, the medical
team has to identify the rehabilitation priorities
(in accordance with the current rehabilitation
stage) and address them keeping in mind the
upcoming new priorities. In this section, the
authors will present a series of rehabilitation
strategies (Table 11.2) that can be implemented
to achieve the previously mentioned goals and
bring the patient back to running.

11.4.1 Pain (Knee Homeostasis):
Absent or Minimal Pain
on a Numerical Rating Scale
(NRS)

The sources of pain after ACLR can be many and
dealing with pain is one of the priorities of the
early-stage rehabilitation [27, 38]. When a spe-
cific load imposed to a joint is greater than the
joint’s loading ability to handle that load, pain is
one of the body signals that indicate this over-
load. Pain can be used to determine task and exer-
cise progression, as these factors will relate to the
loading stress experienced by the knee [39].
Dealing with pain is necessary during the ACLR

rehabilitation process and, in order to do so, clini-
cians can utilize different strategies (Fig. 11.1):
(a) temporary decrease the load imposed to the
joint; (b) increase the load tolerance of the joint;
(c) temporary decrease the pain by the use of
cryotherapy [40] or transcutaneous electrical
nerve stimulation (TENS) [29, 41]. Progression
to a more demanding task or exercise is allowed
only when increase of pain is not reported by the
patient (numeric rating scale) as response to pre-
vious tasks [5].

11.4.2 Effusion (Knee Homeostasis):
Zero or Trace Effusion [4]
with Minimal Activity Related
Effusion (<1 cm Change
Patella)

Swelling and subsequent changes in knee cir-
cumferences after a task are signs of joint over-
load. Managing swelling is necessary during the
ACLR rehabilitation process and these are some
suggested strategies by the authors that can be
implemented by the clinicians to do so (Fig. 11.2):
(a) use of cryotherapy (there is a debate in the
literature regarding the effects of ice on joint
swelling and more evidence is needed); (b) joint
elevation; (c) stimulate the “muscle pump action”
with movement and exercise therapy; (d) knee
load management and monitoring [5]; (e) lym-
phatic massage; (f) hydrotherapy [26].

11.4.3 Knee Extension and Flexion
(Mobility): Straight Knee (0°)
or Equal to the Other Side
and Knee Flexion =120°/130°

Regaining full knee extension is a priority in the
early-stage of rehabilitation as it can reduce
pain, stimulate joint homeostasis, help to pre-
vent the formation of scar tissue and capsular
retractions that may limit joint mobility [40] and
allow the patient to regain a normal gait pattern.
Even small knee extension deficits as little as 3°
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Table 11.2 Suggested rehabilitation strategies in order to achieve the desired goal and allow the patient to return to
run. Each outcome measure, specific goal, and published reference for supporting the suggested rehabilitation strategies
are listed in the following table

Outcome measure
Pain

Effusion

Knee extension and
flexion

Walking
biomechanics

Quadriceps muscle
strength

Hamstrings muscle
strength

Calf strength and
capacity

Goals

Absent or minimal pain on a numerical
rating scale (NRS) (NRS <3) during
walking [11, 12]

Zero or trace effusion [4]

Minimal activity related effusion (<1 cm
change patella)

Full knee extension (straight knee, equal
to the other side) [5]

Knee flexion >120°/130°

Walk on a treadmill for at least 10 min
without pain or swelling [12] and with
optimal biomechanics

Limb Symmetry Index (LSI) >70% on
Isokinetic/Isometric Test [4, 5]

Limb Symmetry Index (LSI) >70% on
Isokinetic/Isometric Test [4, 5]

Greater than 20 reps and within 5
repetitions versus the other side [4]

Rehabilitation strategies

Temporary decrease the load imposed to the joint
Increase the load tolerance of the joint
Temporary decrease the pain using cryotherapy
Use of cryotherapy (there is a debate in the
literature regarding the effects of ice on joint
swelling and more evidence is needed)

Joint elevation

Stimulate the “muscle pump action” with
movement and exercise therapy

Knee load management and monitoring
Lymphatic massage

Hydrotherapy [26]

Low-load—long-duration mobility exercises
performed multiple times per day [27]

Manual therapy (patella mobility and terminal
knee extension or flexion)

Active exercise at the end of the range of motion
Full knee extension [5, 11, 28]

Good quadriceps muscle activation (no quadriceps
lag on active straight leg raise [5])

Minimal and non-reactive swelling to activities [5,
11, 28]

Good neuromuscular control of the gait movement
[5, 11, 28]

Gradual increase of the knee walking volume
Quadriceps analytic exercises (OKC and safe
implementation) [28, 29]

Use of modalities (neuromuscular electrical
stimulation (NMES [4] and blood flow restriction
training (BFR) [4, 29-31]

Implementation of a periodized approach to
strength training [29]

Cross-education phenomenon [32-35]

Gradual implementation of CKC exercises
targeting the thigh musculature

Low-intensity hamstring exercises initiated in the
early-stage of rehabilitation followed by
progressive overload [36]

Use of modalities (NMES and BFR) [36]

Medial to lateral hamstrings balance [36] training
all hamstrings functions (hip extension, knee
flexion and knee rotations)

Full ROM strengthening exercises (especially deep
knee flexion angles where the strength deficit is
more accentuated)

Progressive eccentric strength training [36]

Calf muscle strengthening (Gastrocnemius and
Soleus)

Anti-pronation muscles strengthening

(continued)
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Table 11.2 (continued)

Outcome measure  Goals Rehabilitation strategies
Glutes strength and ~ Greater than 20 reps and within 5 Restore optimal lumbo-pelvic stability and balance
capacity repetitions versus the other side [4] [37]

Strengthen the gluteus muscles [55] training all the
most important gluteal functions (hip extension,
abduction, and external rotation);

Re-integrate the gluteal muscle into the motor
pattern [37]

Closed kinetic chain Single leg closed kinetic chain peak Closed kinetic chain strength training

muscle strength strength of at least 1.25 times body mass  Strengthening of all the lower limb muscles
on single limb leg press [4, 5] contributing to CKC force production

Movement quality ~ Good Single Leg Squat Movement See Fig. 11.10 for an example of task intensity
Assessment [4, 17] progression suggested to gradually reach the

demands of the single leg squat

Fig. 11.1 Examples of
suggested rehabilitation
strategies to implement
to decrease pain. TENS
Transcutaneous
electrical nerve
stimulation

ISOKINETIC

Calf Pump Hydrotherapy Elevation

Fig. 11.2 Examples of suggested rehabilitation strategies to implement to manage the swelling
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Prone Hang Knee Terminal Ext

Fig. 11.3 Examples of suggested rehabilitation strate-
gies to implement to recover the knee full mobility. The
first couple of exercises can be used to recover the passive

appear to adversely affect post-surgical subjec-
tive and objective outcomes after ACL recon-
struction [19, 20]. Although the initial primary
focus of the early-stage rehabilitation is on
obtaining full knee extension, the recovery of
knee flexion is still key in order to maximize the
outcomes after ACLR, but it is achieved in a
much more gradual manner [27]. To recover full
knee mobility after ACLR the following
strategies can be implemented (Fig. 11.3): (a)
low-load—Ilong-duration mobility exercises
performed multiple times per day [27]; (b) man-
ual therapy (patella mobility and terminal knee
extension or flexion); (c) active exercise at the
end of the range of motion.

11.4.4 Walking Biomechanics:
Walking on a Treadmill for At
Least 10 min Without Pain or
Swelling [12] and With Optimal
Biomechanics

Untreated abnormal gait patterns can hinder the
return to run process and the global outcomes of
ACLR rehabilitation. Walking is a functional
activity that can be optimally restored only if full
knee extension is achieved [5, 11, 28], good
quadriceps muscle activation is reached (no
quadriceps lag on active straight leg raise [5]),
swelling is minimal and non-reactive to activities
[5, 11, 28] and good neuromuscular control of the

|* -

Assisted Flexion

Kneeling Flexion

and active knee extension. The second couple of exercises
can be used to improve the passive knee flexion. Ext
Extension

gait movement is showed [5, 11, 28]. To restore
walking, the previously stated criteria should be
met. Allowing a patient to start to walk with sub-
optimal biomechanics can lead to increase in run-
ning compensatory strategies at the time of return
to running. Once these goals have been achieved,
walking tolerance can be developed gradually
increasing the walking volume (Fig. 11.4).

11.4.5 Quadriceps Muscle Strength:
Limb Symmetry Index (LSI)
>70% on Isokinetic/lsometric
Test for Quadriceps Strength
[4, 5]

After ACLR, strength recovery is one of the main
obstacles that patients encounter during the reha-
bilitation process. The traumatic effects of injury
and subsequent surgery result in large deficits in
the thigh muscle (especially knee extensors mus-
cles) volume, neural activation and strength.
Failure to achieve less than a 20% difference ver-
sus the contralateral limb is common at 6-month
post-ACLR [42]. Only 29% of patients achieved
a limb symmetry index (LSI) greater than 90%,
when the reconstructed limb was compared to
pre-surgery strength values at 6-month post-
ACLR (note, pre-surgery, not pre-injury), whilst
57% were able to restore the injured limb’s
strength to within 10% of the uninjured limb
(conventional LSI) [43].
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Standing Extension

Cone March

Treadmill walk

Fig. 11.4 Examples of suggested rehabilitation strategies to implement to improve walking mechanics and tolerance

To improve the outcomes of ACLR rehabilita-
tion process, full strength recovery has to be
achieved. Limiting the strength loss between
injury and surgery with the implementation of
pre-operative treatment is showing promising
results in the literature [28, 29, 44]. Following a
structured rehabilitation plan after ACLR is
necessary to completely restore the strength-
velocity curve after the surgery. Strategies that
can be implemented after ACLR in order to
recover the strength are the following (Fig. 11.5):
(a) quadriceps analytic exercises (OKC and safe
implementation) [28, 29]; (b) use of modalities
(neuromuscular electrical stimulation (NMES)
[4, 28, 29, 45] and blood flow restriction training
(BFR) [4, 29-31]; (c) implementation of a peri-
odized approach to strength training [29]; (d)
cross-education phenomenon [32-35]; (e) grad-
ual implementation of CKC exercises targeting
the thigh musculature.

11.4.6 Hamstrings Muscle Strength:
Limb Symmetry Index (LSI)
>70% on Isokinetic/lsometric
Test for Hamstrings Strength
(4, 5]

The hamstrings muscle complex is vitally impor-
tant for the knee since this muscle group can be

defined as ACL agonists (their contraction
decreases ACL strain). The hamstrings muscles
have many functions but of particular interest
after ACLR (especially with hamstrings graft) is
the function of the medial hamstrings in prevent-
ing medial condyle lift-off and dynamic knee val-
gus, a known ACL injury risk factor [36, 46].
Strategy to restore hamstrings strength before
allowing a patient to return to run include
(Fig. 11.6): (a) low-intensity hamstring exercises
initiated in the early-stage of rehabilitation fol-
lowed by progressive overload [36]; (b) use of
modalities (NMES and BFR) [36]; (¢) medial to
lateral hamstrings balance [36] without neglect-
ing any of the hamstrings functions (hip exten-
sion, knee flexion and knee rotations); (d) full
ROM strengthening exercises (especially deep
knee flexion angles where the strength deficit is
more accentuated); (e) progressive eccentric
strength training [36].

11.4.7 Calf Strength and Capacity:
Greater than 20 Reps
and Within 5 Repetitions
Versus the Other Side [4]

Plantarflexion strength and work capacity impor-
tance has been extensively discussed in the previ-
ous section and enhancing the strength of the calf
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Iso Leg Ext with NMES

Isokinetic (OKC)

Leg Press (CKC)

Fig. 11.5 Examples of suggested rehabilitation strategies to implement to improve quadriceps strength. Iso isometric,
Ext extension, NMES neuromuscular electrical stimulation, OKC open kinetic chain, CKC closed kinetic chain

Hs Sliders

B-Stance RDL

_

Hs Medial Rotation

Fig. 11.6 Examples of suggested rehabilitation strategies to implement to improve hamstrings strength. Hs hamstrings,

RDL Romanian Deadlift

muscles has positive effects on the return to run-
ning process. The authors suggest not to limit the
assessment and treatment intervention to calf
muscle (gastrocnemius and soleus) only, but to
extend it to the whole ankle complex, especially
to the muscles that control the pronation of the
foot (intrinsic foot muscles, tibialis posterior and
flexor hallucis longus). Here there are some
examples of suggested intervention to maximize
the function of the ankle complex before allow-
ing a patient to return to run (Fig. 11.7).

11.4.8 Glutes Strength and Capacity:
Greater than 20 Reps
and Within 5 Repetitions
Versus the Other Side [4]

The glutes complex is of vital importance for the
lower limb health, and especially for the knee. In
a healthy individual, the gluteus maximus is con-
sidered the biggest (volume) and strongest mus-
cle of the body. The gluteus maximus is prone to
inhibition after injury and weakness of the glu-
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Heel Raises (Soleus) Heel Raises (Gastro)

Fig. 11.7 Examples of suggested rehabilitation strate-
gies to implement to improve the ankle complex strength
and stability. The first couple of exercises can be used to
improve calf strength while the second couple are sug-

-*

2

Lumbo-pelvic control

Fig. 11.8 Examples of suggested rehabilitation strate-
gies to implement to improve gluteal strength. The sug-
gested exercises follow a specific progression to maximize

teal muscles can contribute to altered movement
patterns which increase knee and ACL loading
and are thought to be important risk factors for
ACL injury [4]. Restoring the strength of the glu-
teal complex is of fundamental importance to
optimize the return to run process after ACLR. In
order to do so, the authors suggest the following
indications (Fig. 11.8): (a) restore optimal lumbo-
pelvic stability and balance [37]; (b) strengthen
the gluteus muscles [37] training all the most
important gluteal functions (hip extension,

5 !;, ik
roKlﬁlﬁlc

Tibialis Posterior Iso Arch and FHL push

gested with the goal of increasing the foot stability and
prevent excessive pronation during functional exercises.
Gastro Gastrocnemius, Iso Isometric, FHL Flexor
Hallucis Longus

Hip Thrust

the gluteal strength: (1) restore optimal lumbo-pelvic sta-
bility and balance; (2) analytic gluteus strengthening; (3)
re-integrate the gluteal muscles into the motor pattern

abduction and external rotation); (c) re-integrate
the gluteal muscle into the motor pattern [37].

11.4.9 Movement Quality: Good
Single Leg Squat Movement
Assessment

Functional exercises and performance can be
considered as the expression of one’s ability of
utilizing their neuromuscular system to complete
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Split Squat

Fig. 11.9 Suggested exercise progression to safely
achieve an optimal movement quality on Single Leg
Squat. This exercise progression gradually increases the
task demand exercise after exercise, allowing the patient

a specific task. Reasons for sub-optimal move-
ment quality that differs from the “good quality”
execution have to be found assessing the neuro-
muscular system and all its sub-components
(intramuscular coordination, intermuscular coor-
dination, balance, mobility, etc.). Once the reason
for the dysfunctional movement has been found,
it can be addressed through neuromuscular train-
ing strategies by the clinician. From the task
demand intensity stand of view, a possible exer-
cise progression for a correct Single Leg Squat
implementation is illustrated in Fig. 11.9.

11.4.10 Lumbo-Pelvic, Trunk
and Core Stability

Even if core stability is not included in the crite-
ria checklist for the return to run process, it does
not mean that it is not important. Core stability
and lumbo-pelvic control are important in the
rehabilitation process after ACLR especially dur-
ing functional movements. An ipsilateral trunk
lean may increase ACL loading as a result of a
lateral shift in centre mass, achieving a resultant
vector line lateral to the knee joint and causing a
knee abduction moment [47]. During the reha-
bilitation of an ACL reconstructed patient, the
approach to core training will evolve from “sim-
ple” to “complex”. The focus will shift from
“local stabilizers” (analytic core work) to “global
stabilizers” (functional core work), to conclude
with “load transfer” tasks (higher power func-
tional exercises with trunk control) (Fig. 11.10).
All the core functions should be trained during

—

Bulgarian Squat Step Down Single Leg Squat

to gradually adapt to the increased load of the new task.
Do not proceed with this exercise sequence if the patient
reports an adverse reaction (pain, increase of swelling,
instability, etc.) to the previous task implementation

the recovery process (e.g. anti-extension, anti-
lateral flexion, rotational exercises, etc.).

Once the patient has achieved all the previ-
ously stated criteria for return to running, a grad-
ual running implementation is suggested.
Depending on the patient readiness, many
parameters can be modified to increase or
decrease the task demands for the athlete (run-
ning surface, speed, volume, frequency, shoes,
etc.).

Inefficient running biomechanics play an
important role in the development and incidence
of running injuries [48]. After anterior cruciate
ligament (ACL) reconstruction (ACLR), athletes
demonstrate significant alterations in surgical
limb running biomechanics as compared with the
non-surgical limb and healthy controls [49].
These running alterations include decreased peak
knee flexion angles [49], decreased knee flexion
excursion [49], decreased peak knee extensor
moment [49] and increased initial impact forces
[50]. If a runner has poor kinematics patterns and
running form, it will affect the body’s ability to
absorb external forces and put them at risk of
developing overuse injuries [48].

Patients should be exposed to gradual load to
allow the clinician to assess the running biome-
chanics and improve it based on his or her needs.
Assessment of running biomechanics with 2D or
3D video on a treadmill has shown to be an accu-
rate way of analysing running style [51].
Assessing the athlete’s running gait from the first
run gives the opportunity to the clinician to pro-
vide feedbacks to the patients to optimize the
running technique and decrease joint overload.
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Local Stabilizers

Global Stabilizers

—

L

Load Transfer

Fig. 11.10 Suggested categories of exercise progression to optimize the core function. Progress from working on the
local stabilizers to the global stabilizers, and finally introduce load transfer exercises

Table 11.3 Example of application of the progressive
overload principle to running. Especially when a new task
is introduced, it is suggested to gradually increase the
global task demands to allow the body to adapt to the new
stimulus

Total run

Level Session Frequency (min)

L 55307 un-30" 2 5
walk)

2 5% (1’ run30" 2 10
walk)

3 5% (1 run30" 3 15
walk)

4 4% run-l’ walk) 3 24

5 3x@run-l’walk) 3 36

6 2% (8 run2 walk) ° 48

T 2% (10 run=2’ walk) > 60

8 3 60

1 x 20" run

Patients should resume running from a low load
condition (changes of running surface, water run-
ning, AlterG treadmill, etc.) (Fig. 11.10) and they
should follow the progressive overload principle
applied to running (Table 11.3), starting from a
foundational level (e.g. walk-run interval train-
ing) (Fig. 11.11).

When the patient starts to run for the first time
after ACLR it is important to keep in mind that it

will not be perfect. The patient might report that
he or she feels the injured side different from the
other side, that the run is not fluid or that running
is “odd”, but this has to be considered normal,
and part of the rehabilitation process. The first
run will set a baseline for the athlete and for the
clinician that will assess the running gait of the
patient and consequentially adjust the rehabilita-
tion plan (in terms of running feedbacks, treat-
ment goals, exercise selection, etc.) to assist the
athlete in re-establishing an optimal running
technique.

11.5 Conclusions

Return to running after anterior cruciate ligament
reconstruction (ACLR) is not an easy task and
lack of guidelines leaves clinicians and patients
without a clear route to follow. This chapter
guides you through the authors’ clinical reason-
ing utilized before implementing a new task with
an athlete after ACLR. From an accurate analysis
of the task demands, it is possible to understand
the needs that an athlete has to satisfy before
resuming that specific task. Assessing the
patient’s envelope of function gives the clinician
information about the patient’s readiness in terms
of the ability of the athlete to cope with a return
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Trampoline Running

Water Running

Fig. 11.11 Example of different running surfaces that
can be used to modulate the load of the running task. Start
from low impact running task demand and depending on

to the running programme. Based on the return to
running criteria, the authors suggest practical
rehabilitation strategies that can be implemented
to expand the patients’ envelope of function and
assists them on achieving those criteria. Once the
athlete achieves all the criteria and is considered
ready to resume running by the medical team, the
clinicians should implement a gradual return to
the running programme. This program should
start from low impact running (managing vol-
ume, intensity, running surface, etc.) and, apply-
ing the principle of overload to running, it should
gradually increase the task demands with the
goal of achieving the patient’s running goals.
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