
CollegeTour 2016 

Anne Benjaminse 
Motor learning in ACL injury prevention



Risicofactoren 
bepalen

Implementatie 
programma

Interventie

Monitoren 
programma

Blessure preventie



Injury mechanism (1)

knie - voorste kruisband









Injury mechanism (2)
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Noncontact Blessure Mechanisme

› Richtingsverandering / landing 

› valgus + lichte flexie + rotatie

McNair 1990 
Boden 2000 
Olsen 2004



knie - facts & figures NL
1e frequentie 970.000 per jaar 
21% van jaartotaal 
⅔ ontstaat acuut 
vooral VKB leidt tot langdurige 
sportuitval 
fysieke en psychosociale gevolgen 
kosten per VKB blessure €10.000,- :             
       medische ingreep €2500,- 
       fysiotherapie €1000,- 
       verzuimkosten €6500,- 
↑ 10x kans op artrose 
Na 2 jaar > 60% sport op oude niveau 
kans op re-ruptuur 6%-31%





Impact VKB ruptuur

› Chronische instabiliteit 

› Secundaire schade 

› Quality of life issues  

› Hoge kosten  

› Kans op re-ruptuur 



Elliot 2010

multifactorieel probleem



risicofactoren



Primaire risicofactoren

Extern 

Niveau competitie 

Ondergrond

Intern 

Anatomisch 

Hormonaal 

Neuromusculair 

Biomechanisch
Bahr 2005 

Griffin 2006 
Hewett 2006





Hewett CJSM 2006
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Interne focus Externe focus

external 
focus 

Knowledge of 
results

internal 
focus 

Knowledge of 
performance

Motorisch leren

Stimuleert                         
automatische leerprocessen



Knowledge of 
results

Knowledge of 
performance





Squat

Double legged drop vertical jump

Side step cutting

Balans

Jump shot

Lunge



› Brace 

› Ankle disk training 
• ↓ reactie tijd spieren rondom 

enkel 
• ↓’giving way’ gevoel 
• ↑ coördinatie en balans 
• ↑ spierkracht

Handoll 2001

Balans





“keep your balance by stabilizing your body” 

“keep your balance by stabilizing the platform”

Focus of Attention 

Retention 
Transfer



Verbale Instructie

internal focus external focus
Wulf 2004

“keep your balance by stabilizing your body” 
“keep your balance by stabilizing the stick” 



Squat

Double legged drop vertical jump

Side step cutting

Balans

Jump shot

Lunge



Externe focus
Pictures Ford

Real Time Visuele Feedback

Double legged squat



McCough 2011

Real Time Visuele Feedback



Externe focusInterne focus

Single leg squat

verbaal visueel

expert or self-modeling



Squat

Double legged drop vertical jump

Side step cutting

Balance

Jump shot

Lunge



Externe focusInterne focus

Verbale instructie



Squat

Double legged drop vertical jump

Side step cutting

Balans

Jump shot

Lunge mechanisme 1
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Modeling (expert or self)

Visuele feedback + verbale instructie







Squat

Double legged drop vertical jump

Sidestep cutting

Balans

Jump shot

Lunge

mechanisme 2









Modeling (expert or self)

Visuele Feedback



Squat

Double legged drop vertical jump

Sidestep cutting

Balans

Jump shot

Lunge







Range of Motion over time



expert or self-modeling

Visuele Feedback



Take Home Message 1

performance 

kinematics/kinetics 

electromyography

Superior results EF vs IF:

Retention & 
Transfer 



Take Home Message 1



Mentaal motorisch leren



Mentaal motorisch leren

self-controlled feedback  
(mode/frequency/timing) 

motivation 
active engagement

tailored towards athlete’s individual needs 
psychological needs of autonomy and competence

self-efficacy



Return to 
sports



38% ! 44% ! 23% !

Waarom ?



29% # !!!!

Risk:  ⬆ 3

Risk:  ⬆ 6

< 20 years

contralateral injury

ipsilateral injury



“eccentric training may be most effective to restore quadriceps strength”
but…full recovery may not be achieved 

with current rehabilitation practices 



Involved knee Uninvolved knee 

motor learning

is alleen krachttraining 
voldoende als patiënten hun 
aangedane been ontzien… ?



Kraft ? 

Quad zwakte ? 
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quadriceps muscle strength following anterior cruciate
ligament reconstruction

Adam S. Lepley a,⁎, Hayley M. Ericksen a, David H. Sohn b, Brian G. Pietrosimone c

a Musculoskeletal Health and Movement Science Laboratory, Department of Kinesiology, University of Toledo, Toledo, OH, United States
b Department of Orthopedic Surgery, University of Toledo, Toledo, OH, United States
c Department of Exercise and Sport Science, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States

a b s t r a c ta r t i c l e i n f o

Article history:
Received 4 September 2013
Received in revised form 30 December 2013
Accepted 10 February 2014
Available online xxxx

Keywords:
Knee injury
Spinal-reflexive excitability
Corticospinal excitability
Quadriceps weakness
Neuromuscular function

Background: Persistent quadriceps weakness is common following anterior cruciate ligament reconstruction
(ACLr). Alterations in spinal-reflexive excitability, corticospinal excitability and voluntary activation have been
hypothesized as underlyingmechanisms contributing to quadricepsweakness. The aim of this studywas to eval-
uate the predictive capabilities of spinal-reflexive excitability, corticospinal excitability and voluntary activation
on quadriceps strength in healthy and ACLr participants.
Methods:Quadriceps strength wasmeasured usingmaximal voluntary isometric contractions (MVIC). Voluntary
activation was quantified via the central activation ratio (CAR). Corticospinal and spinal-reflexive excitability
were measured using active motor thresholds (AMT) and Hoffmann reflexes normalized to maximal muscle re-
sponses (H:M), respectively. ACLr individuals were also split into high and low strength subsets based onMVIC.
Results: CARwas the only significant predictor in the healthy group. In the ACLr group, CAR andH:M significantly
predicted 47% of the variance in MVIC. ACLr individuals in the high strength subset demonstrated significantly
higher CAR and H:M than those in the low strength subset.
Conclusion: Increased quadriceps voluntary activation, spinal-reflexive excitability and corticospinal excitability
relates to increased quadriceps strength in participants following ACLr.
Clinical relevance: Rehabilitation strategies used to target neural alterations may be beneficial for the restoration
of muscle strength following ACLr.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Anterior cruciate ligament (ACL) rupture is one of themost common
traumatic knee injuries, with upwards of 250,000 ACL ruptures occur-
ring in the United States each year [1]. Although there have been
advancements in surgical and rehabilitation techniques, quadriceps
muscle strength deficits have been reported to exceed 20% at a time of
return to activity, and can persist many years following ACL reconstruc-
tion (ACLr) [2,3]. Persistent quadriceps weakness has been linked to
decreases in physical performance [4], increased risk of re-injury [5],
and has been hypothesized to contribute to the development of post-
traumatic joint osteoarthritis [6,7]. Deficits in quadriceps strength
have been strongly associated with self-reported disability that is

commonly reported in the years following ACLr [8,9], highlighting the
importance of restoring and maintaining optimal quadriceps function
in these patients with ACLr.

It is well known that bothmorphological and neural adaptations are
responsible for modifying muscle strength in healthy populations [10].
Knowing the underlying neural contributors to quadriceps weakness
following ACLr would be beneficial in developing future therapeutic
interventions. Morphological changes of the quadriceps musculature
following ACL injury have not been able to fully explain the extent of
quadriceps weakness that can persist long after ACLr [11,12]. However,
when morphological and neural contributions are considered together,
as measured by muscle cross sectional area and muscle voluntary acti-
vation, the combined effect has accounted for up to 85% of the variance
in muscle strength following injury [13–15]. In these investigations
[13–15], voluntary activation contributed nearly twice as much as
cross sectional area, suggesting that neural alterations play a large role
inmodifyingmuscle strength. In addition, recentwork has found chang-
es in fundamental, movement generating neural pathways following
both ACL injury and joint effusion models, further emphasizing the

The Knee xxx (2014) xxx–xxx

⁎ Corresponding author at: Joint Injury and Muscle Inhibition Laboratory, Department
of Kinesiology, College of Health Science and Human Services, University of Toledo, Mail
Stop 119 W. Bancroft St., Toledo, OH 43606-3390, United States. Tel.: +1 989 385 0722.

E-mail address: adam.lepley@rockets.utoledo.edu (A.S. Lepley).

THEKNE-01862; No of Pages 7

http://dx.doi.org/10.1016/j.knee.2014.02.008
0968-0160/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

The Knee

Please cite this article as: Lepley AS, et al, Contributions of neural excitability and voluntary activation to quadriceps muscle strength following
anterior cruciate ligament reconstruction, Knee (2014), http://dx.doi.org/10.1016/j.knee.2014.02.008



full extension is prerequisite 

functional strengthening

so how can we tackle the problem 
of persistent quad weakness ?



Rehab how to target ?

do we as PT’s provide the right 
stimuli to target asymmetries ?



return to sports 
Paradigm change 



hip internal rotation motion during this phase of landing.
Specifically, participants with less hip external rotator
moment during early landing were over 8 times (OR 5
8.4; 95% CI 5 2.1, 33.3) more likely to sustain a second
ACL injury than those with greater hip external rotation
moment (Table 2).

Two-dimensional frontal plane knee joint range of
motion during the landing phase of the involved limb, in
addition to hip kinetics, demonstrated significantly greater
angular displacement in the group that suffered a second
ACL injury compared with the ACLR patients who did
not suffer a second injury (P 5.03; Figure 7). The second
injury group demonstrated an average of 16.2! of total
frontal plane (valgus) movement, while the remaining
patients translated 12.1! in the frontal plane. Participants
with an increase in frontal plane motion were over 3 times
as likely (OR 5 3.5; 95% CI 5 1.3, 9.9) to incur a second
ACL injury than those with reduced frontal plane motion.

Side-to-side differences in sagittal plane knee moment
at initial contact were significantly different between
groups (P 5 .03; Figure 5). The second injury group demon-
strated a 4.1-fold greater asymmetry in internal knee
extensor moment at initial contact when compared with
the cohort of patients who did not suffer additional injury.
Repeated-measure 2 3 2 analysis of variance showed a sig-
nificant side (initial involved vs initial uninvolved) 3 group
(initial ACLR vs second ACL injury) interaction (P 5 .03)
of sagittal plane knee moment at initial contact of landing.
Post hoc analysis demonstrated that the internal knee
extensor moment of the uninvolved limb at the point of ini-
tial contact in the second injury group (22.8 3 1022 Nm/kg)
was significantly lower than the involved limb of the second
injury group (9.5 3 1022 Nm/kg) and both involved (11.4 3
1022 Nm/kg) and uninvolved (8.4 3 1022 Nm/kg) limbs in
the first injury group, which demonstrated a net knee flexor
moment at the point of initial contact (Figure 8). Partici-
pants who demonstrated asymmetry in this variable were

over 3 times as likely (OR 5 3.3; 95% CI 5 1.2, 8.8) to incur
a second ACL injury than those who demonstrated symme-
try in sagittal plane knee moments at the point of initial
contact.

Participants with deficits in single-leg postural stability
of the involved limb, as measured by the Biodex stability
system, were twice as likely (OR 5 2.3; 95% CI 5 1.1, 4.7)
to incur a second injury as compared with those who did
not demonstrate single-leg stability of the involved limb.
The involved limb of the second injury group demonstrated
a mean degree of deflection on the overall stability score of
4.07! 6 2.06!, while the stability score on the involved limb
of the first injury group was 3.63! 6 1.58!. Additional vari-
ables, including graft type and A-P knee laxity, were evalu-
ated in the statistical analysis; however, they were not
predictive of a second ACL injury in this cohort.

DISCUSSION

The findings of the current study support the tested
hypothesis that altered neuromuscular control patterns
during landing and deficits in postural stability predict
subsequent ACL injuries in a sample of athletes at the
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Figure 4. The corresponding receiver operating curve (ROC)
plotted for the overall model. Multivariable logistic regression
identified 4 variables that predicted a second anterior cruci-
ate ligament injury after anterior cruciate ligament recon-
struction and return to sports. The area under the ROC
statistic is shown with an area under the ROC of 0.94.

Figure 5. Example of second anterior cruciate ligament
(ACL) injury predictors in a patient with history of a right
ACL injury and reconstruction. A, participants who sustained
a second ACL injury had a contralateral hip internal rotation
moment during the first 10% of the landing cycle compared
with an external rotation moment in the group of patients who
did not suffer a second injury. B, participants who sustained
a second ACL injury had a side-to-side difference in sagittal
plane knee moment at initial contact with a knee extensor
moment on the contralateral limb and a knee flexor moment
in the involved limb. All moments are described as internal
moments.

6 Paterno et al The American Journal of Sports Medicine
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Activation



Feedback  
Durham Phys Ther Res 2009

95% PT:  

Internal Focus

KNEE POSITION 

correct incorrect





Balans
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Lab situation

Injury mechanism #1

Myer 2012

Game situation







ACLR (n=12) CTRL (n=10)
Gender m/f 6/6 5/5
Age (years) 27.4 ± 9.6 21.0 ± 0.8
Time post surgery (mo) 10.0 ± 2.4
Length (CM) 177.7 ± 7.4 179.1 ± 9.4
Mass (KG) 77.3 ± 12.5 72.6 ± 8.7





Tuck jump



Tuck jump



Tuck jump

ACLR ?



High KAM  
> 21.74 Nm 

  
just knee



External focus
Modeling (expert or self)

posterior 
view

Visuele feedback



Single-legged hop tests conducted 6 months 
after ACL reconstruction can predict the 

likelihood of (un-)successful outcome (IKDC)  
1 year after ACL reconstruction. 

Single leg hop tests



n Gender 
f/m

Age (y) Mass (kg) Length (cm) Time since 
surgery 
(monts)

Internal 
focus

8 4/4 23.75±4.46 73.75±10.32 180.10 ± 7.53 5.0 ± 3.45

External 
focus

8 3/5 22.63±6.02 76.50±12.02 181.25 ± 7.70 6.4 ± 6.44

Materials & Methods



externe focus interne focus

Verbale instructie



Interne focus 

IC 23°



the knee is not normal after ACLR

Take Home Message 3



multivariate approach   
knee and person

Take Home Message 4


