EVALUATION OF NEUROMUSCULAR
CONTROL AFTER ANTERIOR CRUCIATE

LIGAMENT RUPTURE

Development of objective criteria to
assess sensorimotor competence

Thesis submitted for the degree of Doctor
of Medical Sciences at the University of Antwerp to be defended by

Angela BLASIMANN SCHWARZ




Evaluation of neuromuscular control
after anterior cruciate ligament rupture:
Development of objective criteria to
assess sensorimotor competence

Evaluatie van neuromusculaire controle na
voorste kruisbandruptuur: Ontwikkeling van
objectieve criteria ter beoordeling van
sensorimotorische competentie

Thesis submitted for the degree of Doctor
of Medical Sciences at the University of Antwerp to be defended by

Angela BLASIMANN SCHWARZ

Supervisors:
Prof. Dr. Dirk Vissers, University of Antwerp
PD Dr. Heiner Baur, Bern University of Applied Sciences

Counsellors:
Dr. Isabel Baert, PD Dr. med. Philipp Henle

Faculty of Medicine and Health Sciences U anGrSlty B
Department of Rehabilitation Sciences and Physiotherapy of Antwerp QR D:ine Fachiaiisciile
aute école spécialisée bernoise

Antwerp, 2023 Bern University of Applied Sciences



Evaluation of neuromuscular control after anterior cruciate ligament rupture:
Development of objective criteria to assess sensorimotor competence
©Angela Blasimann Schwarz, 2023 Antwerp

Layout & Cover design: Babuche Gruber, TanzArt Bern (Switzetland) www.tanzart-bern.ch /

art of motion training in movement GmbH (Switzerland) wwwart-of-motion.com

Proofteading: Sarah Mosert, Bern (Switzetland), www.sarahmoser.com /

art of motion training in movement GmbH (Switzerland) www.art-of-motion.com
Photo for cover (with permission): Tobias Meyet, Werthenstein (Switzerland), www.imeyet-stoeckli.ch/fotos.html

Printing: WIRmachenDRUCK Schweiz AG, Neuhausen am Rheinfall (Switzerland)

The author allows to consult and copy parts of this work for personal use. Further reproduction or
transmission in any form or by any means, without the prior permission of the author is strictly forbidden.
The copyright of the manuscripts that have accepted for publication or those published, has been transferred

to the respective journals or remains with the co-authors, depending on type of publication and journal.

The cover shows a wrestling fight of the Swiss wrestler and physiotherapist Pirmin Reichmuth
(upper athlete), who suffered three ACL ruptutes in the right knee (2014 — 2017) and one in the left knee

(2021). The ACL injuries forced him to adjust his wrestling technique in order to continue competing,

For Stefan,
Elina, Anic and Malin

For my parents, Therese and Beat



"SCIENCE AND
EVERYDAY LIFE
CANNOT AND
oHOULD NOT
BE SEPARATED.”

Rosalind Franklin (1920 - 1958)
biochemist and X-ray crystallographer
key role in elucidating the DNA structure




MEMBERS OF THE JURY

Prof. Dr. Jan Gielen, chair person

University of Antwerp (Belginm),

Faculty of Medicine and Health Sciences, Department Molecular - Morphology — Microscopy

Antwerp University Hospital (Belginm), Department of Sports Medicine and Radiology N'T-e (The Netherlands)

Prof. Dr. Dirk Vissers, promotor
University of Antwerp (Belginm),
Faculty of Medicine and Health Sciences, Department of Rebabilitation Sciences and Physiotherapy

PD Dr. Heiner Baur, promotor
Bern University of Applied Sciences (Switzerland), School of Health Professions
University of Bern (Switzerland), Institute of Sports Science

Dr. Isabel Baert, mentor
University of Antwerp (Belginm), Faculty of Medicine and Health Sciences,
Department of Rehabilitation Sciences and Physiotherapy

PD Dr. med. Philipp Henle, mentor
Sonnenbof Orthopaedic Center (Switzerland)

University of Bern (Switzerland), Bern University Hospital, Department of Orthopaedic Surgery and Tranmatology

Prof. Dr. Filip Struyf

University of Antwerp (Belginm), Faculty of Medicine and Health Sciences,
Department of Rehabilitation Sciences and Physiotherapy

Kinesitherapie Revagaver (Belginm)

Prof. Dr. Steffen Miiller
Trier University of Applied Sciences (Germany), Department Computer Science — Therapy Sciences

Dr. Guillaume Mornieux

University of Lorraine (France), Faculty of Sport Sciences

CONTENT

CHAPTER 1: General introduction
1.1 Anatomy and biomechanics of the knee joint
1.2 Rupture of the anterior cruciate ligament (ACL)
1.3 Management, rehabilitation and return to sport (RTS) after ACL rupture
1.4 Neuromuscular control

References

CHAPTER 2: Aims and outline
2.1 Objectives
2.2 Research questions
2.3 Hypotheses
2.4 Overview of included studies
2.5 Methods to assess neuromuscular control
2.6 Funding

References
CHAPTER 3: Study 1 - Assessments for neuromuscular control

CHAPTER 4: Study 2 — Neuromuscular control in acute ACL injury

CHAPTER 5: Study 3a — Sex and treatment effects 1 year after ACL rupture

CHAPTER 6: Study 3b — Leg differences 1 year after ACL rupture

CHAPTER 7: General discussion & conclusion
7.1 Main findings and general discussion
7.2 Limitations and strengths
7.3 Practical implications and future perspectives
7.4 General conclusion

References

Summary / Samenvatting
8.1 Summary

8.2 Dutch summary (Samenvatting)
List of abbreviations
Curriculum vitae

Acknowledgments

13
20
26

48
49
50
50
51
53
58
59

62

116

136

172

194
196
202
204
209
211

222
223
225

227

231

256



CHAPTER 1

GENERAL INTRODUCTION

Abstract

What is known

* Rupture of the anterior cruciate ligament (ACL) is a severe knee injury with various, extensive and

long-term consequences for the patients regarding functioning, disability, health and patticipation.

The rates for return to sport (RTS) are rather low combined with a high risk for re-injury and re-rupture.

Neuromuscular alterations and biomechanical adaptations occur after ACL rupture.

Electromyography (EMG) gives insights into the physiology of the neuromuscular system.

Where is the gap

* There is a lack of basic knowledge concerning neuromuscular control for functional stability of the

knee during activities of daily living (ADL), at work or in doing sports.

Current physical performance tests do not give direct insight into neuromuscular control.

No valid, objective critetia for deficits in neuromuscular control exist.

It is unknown whether patients after ACL rupture have sufficient neuromuscular control at RTS time point.

Injuries of anterior cruciate ligament (ACL) happen
quite frequently and concern athletes! ? but also the
active part of the general, adult population. ACL
rupture rates vary by country, by sport, by sex, and
in response to injury-reducing, preventive training
programs.® Regarding activities ot sports in which both
sexes participate, females have a significantly higher
ACL injury rate than males.* An overall age- and sex-
adjusted incidence of 68.6/100°000 petson-years has
been reported, with the highest incidence in males
between 19 and 25 years (241.0/100°000) and in
females between 14 and 18 years (227.6/100°000).°

About 80% of all ACL injuties are due to a non-
contact nature (without physical contact by an
opponent) with a multiplane mechanism.*’ Axial
compressive force was identified as the primary
component responsible.’ In addition, deceleration
and acceleration motions with excessive quadriceps

contraction or insufficient hamstrings activation,

and landings at or near full knee extension with
dynamic knee valgus have been reported as injury

mechanism.!*!?

ACL injuries typically occur within
about 50 milliseconds (ms) after initial floor-foot
contact,’ leaving a short time frame for mechano-
sensory feedback (e.g, reflex response). Pre-activity
and reactive neuromuscular responses regulate muscle
and joint stiffness, which is influencing dynamic joint

stability."?

The rupture of the ACL is often accompanied by
concomitant injuries such as meniscal teats, bone
bruises or strain of collateral ligaments,' '° leading to
several weeks or even months of physical impairment
with wide consequences for the patients concerning

return to wotk or return to sport (RTS)."®

In the long
run, ACL ruptures may lead to anterior knee pain,
instability, secondary meniscal injury, graft rupture
after ACL reconstruction (ACL-R), or even post-

traumatic knee osteoarthritis.'”? Within two years




following ACL-R, 20 - 40% of athletes sustain a
re-injury, either a rupture of the graft, of the contra-
lateral ACL, or other structures being affected. >
It is known that ACL ruptures induce altered
kinematics and kinetics® — these changes are referred
to neuro-muscular adaptations due to altered
sensorimotor control.”’” Neuromuscular impairments
have been shown to be predictive of secondary
ACL injuries.®® Additionally, it is assumed that
neuromuscular abilities may play a decisive role in

ACL injury prevention.”

To assess RTS ability after ACL rupture or recon-
struction, mainly a combination of time-based
decisions, clinical tests and physical performance test
batteries are used.*** Despite great advances in reha-
bilitation guidelines published, there is still a lack of
validity of RTS ctiteria after ACL-R” and consensus
about gold standard for reliable RTS assessments and
safe RTS cut-off points is missing.**** Unfortunately,
current assessments for RTS do not adequately
reflect the level of knee stability needed for a safe
RTS as no electromyography-based assessments for
neuromuscular control are included so far. Another
gap is the lack of basic knowledge concerning
neuromuscular control of the knee for functional
stability during activities of daily life (ADL),
at work or in doing sports. Assessing objective
neuromuscular  outcomes could contribute to
decision-making regarding safe RTS and closes
the gap between clinical assessments by physicians
and  physical  performance  test  batteries.
Consequently, those outcomes could give in-
sight into neuromuscular control status after ACL
rupture or reconstruction. Therefore, it is obvious
that meaningful, reliable, valid, and accurate
diagnostic tools for neuromuscular control in ACL
patients are needed to improve therapy, the
determination of the right timing for RTS and

secondary prevention.

The following chapters provide a brief overview of
the knee anatomy and biomechanics, ACL rupture,

management and rehabilitation after rupture including

RTS, and neuromuscular control to provide a
contextual background for the research conducted
during the PhD studies.

1.1 Anatomy and
biomechanics of the
knee joint

The knee joint allows motion during static and
dynamic activities while maintaining stability.”” It is
essential that the knee joint provides a physiological
range of motion (ROM) without sacrificing stability
during static tasks such as standing to more dynamic
activities such as level and stair walking, running, and
pivoting.® In general, the interaction of the involved
bony parts, the capsule, the ligaments, the menisci,
joint load, and muscular forces surrounding the knee
joint guarantees the balance between stability and
motion, allowing function in various ADL and sports
under different conditions. Therefore, changes in
any of these structures can alter the biomechanics
of the knee joint, increase the loads and functional
demands placed on the non-affected, remaining

structures.”’

Capsular ligaments

Roughly, the capsule of the knee joint can be
divided into thirds (anterior, middle and posterior)
on the medial and lateral side: The anterior thirds
are components of the extensor mechanism or
patellofemoral  articulation, and the posterior
two-thirds are components of the tibiofemoral
articulation (Fig. 1).”

Several structures such as muscles, ligaments, and
capsule, which interact together in a complex way,
guarantee rotational stability of the knee joint.* In
summary, the ACL, the posterior cruciate ligament
(PCL), the medial and lateral collateral ligaments
(MCL and LCL), and the antero-lateral ligament

(ALL) are defined as passive stabilizers for internal

Anterior third

Anterior third (G

Middle third Middle third

Posterior third Posterior third

Figure 1: Classification of the capsule of the right knee joint into anterior, middle, and posterior thirds (own drawing, based on Flandry ¢
Hommel, 2011, with permission from Wolters Kluwer Health Inc., license number 5514830183607)

tibial rotation.* *! Despite the term MCL is well known and widely used, it is anatomically not correct as it
describes one single ligament medially instead of all capsular ligaments in the posterior-medial corner of the
knee joint (Fig, 2).* Under the aspect of function, the posteromedial or posterolateral corner of the knee are
seen as a large aponeurotic expansion of the respective medial or lateral hamstring muscle. The aponeurotic

expansion stretches from the muscle belly to the meniscus, including the latter as well.”

Anterior intermeniscal ligament

Patellar ligament

Anterior third, medial capsular ligament
Anterior cruciate
ligament
Anterior third, lateral

Mid-third, medial capsular capsular ligament

ligament
Iliotibial tract

Mid-third, lateral
capsular ligament

Tibial collateral ————

ligament Popliteal tendon

Fibular collateral
“— ligament

Posterior oblique

ligament N Arcuate ligament

Oblique popliteal Ligament of
ligament Humphry
Ligament of
Posterior cruciate Wrisberg
Semimembranosus ligament Biceps femoris
Gastrocnemius, Gastrocnemius,
medial head lateral head

Figure 2: Capsular ligaments of the right knee: Major structures involved in menis s stability (own drawing, based on Flandry &
Hommel, 20117, with permission from Wolters Kluwer Health Inc., license number 5514830183607)




Regarding rotational stability in knee flexion above
35°, the ALL (Fig. 3) is an isometric structure acting
as an antagonist to the ACL.***Internal tibial rotation
at higher flexion angles of the knee joint (above 90°)
is not only controlled by either the iliotibial band or
the ALL but rather by the interplay of all antero-
lateral knee structures (including the mid-third lateral
ligament and capsulo-osseous layer) acting synergi-
stically.* ¥ The ACL and the ALL secondarily stabilize
each other under dynamic load conditions as indi-
cated by a biomechanical study using computational
modeling.* With ACL deficiency, the mean force on
the ALL increased significantly during gait loading
and high degrees of knee flexion during squatting.**

FCL———
B> — ALL

PT—
GT

Fib

Figure 3: Lateral aspect of the right knee with the antero-lateral
ligament (ALL), the popliteal tendon (PT), the fibular collateral
ligament (FCL.), the fibula (fib) and the Gerdy’s tubercle (GT)
(own drawing, based on Claes et al., 2013"')

Menisci

Due to the complex anatomy, the lateral and the
medial meniscus have several functions in bio-
mechanics of the knee, namely bearing loads, guiding
rotation, stabilizing translation, and constituting a
contact area.”” By their role in guiding rotation and
stabilization of translation, they support the ACL in
its function.”” There are close connections between
the anterior roots of the menisci and the ACL.* In
addition, the lateral meniscus supports rotational
stability of the knee joint (Pivot Shift).* Meniscal
injuries, which are common in combination with
an ACL injury but often difficult to diagnose preo-
peratively, lead to altered biomechanics in the
knee joint and posttraumatic knee osteoarthritis.”’
However, incidence of meniscal tears is reported to
be higher in patients with chronic ACL deficiency,
indicating that meniscal injuries could also be a

consequence of ACL rupture.*®

Muscles, fascial connections, and
myofascial meridians

The vastus muscles of the quadriceps femoris (QF)
are referred to as general joint stabilizers because they
show activity regardless of the direction of pull or

force application.”

The hamstrings can counteract the force of the
QF and consequently reduce or even completely
cancel out the antagonistic force acting on the
ACL. Especially during weight-bearing activities,
hamstrings” muscular activity is seen as antagonist
activation preventing anterior tibial translation and
reducing knee extension moments.”' In addition,
the hamstrings tense the ligaments through their
insertion into the medial and lateral capsular
ligaments to decrease or even eliminate any laxity
present.”’ This mechanism of tension leads to an
increase of load on the articular surfaces, contributing
to static stability.” A relatively high association of
semitendinosus (ST) and biceps femoris (BF) muscle
with internal and external knee rotation was found,

indicating that hamstring activation is essential for

stabilizing the knee against torsional loads.” This is
important for knee extension induced by isolated
quadriceps force which leads to an internal rotation
of the tibia relative to the femur.”> A reduction of this
internal rotation is only achieved by adding hamstring
loads, especially the BE, resulting in knee motion with

neutral alignment.”

Co-activation of both anterior and posterior thigh
muscle groups provides joint stability and occurs
during ADL such as walking, standing, getting up,
sitting down, going up- and downstairs.>> Additionally,
it is essential during powerful, dynamic movements to

reduce shear forces on the ACL.>*

Muscular co-activation can be elicited as a direct
result of a reflex arc peripherally (without integra-
tion of the central nervous system (CNS) or — when
a movement is too fast for reflexes — be centrally
controlled. Central and peripheral control of agonist-
antagonist co-activation aims at producing highly
regulated, accurate joint motion, and at preserving

joint stability.>

The iliotibial band and heads of the gastrocnemius
muscles can also be seen as specific joint stabilizers
for knee rotation as they enhance the stability detived
from capsular ligaments of the tibiofemoral joint.*
The role of the triceps surae muscle in dynamic
stability of the knee joint is sparsely documented.
Rhim et al® describe that the soleus muscle
counteracts anterior sliding of the tibia on the upper

ankle joint (articulatio talocruralis), acting as agonist
to the ACL.>»

Most skeletal muscles of the human body are
directly linked by connective tissues® as proposed
as myofascial meridians® or shown in anatomical
studies.”®® In the last years, the paradigm regarding
myofascial meridians shifted from being “kinetic
chains” as conceptual pathways only to physical
entities which determine viscoelastic tension in the
body.* A better insight into strain transmission along

myofascial meridians could “provide a rationale

for the development of more holistic treatment
approaches”.® This is represented in therapeutic
approaches such as Anatomy Trains Structural
Integration or movement concepts such as Slings
Myofascial Training®.®' © So far, strong evidence
was found for the existence of three myofascial
meridians: the superficial back line, the functional
back line, and the functional front line, moderate-to-
strong evidence for parts of the spiral line and
the lateral line, and no evidence for the superficial
front line.”® Hamstrings and gastrocnemii are fascially
connected via the supetficial back line.”” In upright
standing body position with extended knee joints, the
supetficial back line acts as a myofascial continuum.”’
Regarding links between myofascial meridians and
knee ligaments, no connections of the ALL to the

iliotibial band were found.*

Anterior and posterior cruciate
ligaments

The ACL (Fig. 4) and the PCL do not differ
histologically but in functon:*® * The primary
function of the PCL is to prevent posterior trans-
lation, but also any translation or rotation in the
transversal plane.”” The two main functions of the
ACL are to prevent hyperextension and anterior
tibial translation, although biomechanically the
ACL does this best at approximately 20° to 30° of
knee flexion.”” > This position — standing with knee
flexion of 30° - was chosen to assess reflex activity
induced by anterior tibial translation in this PhD

project.




Figure 4: Arthroscopy of an intact ACL: standard image in 90°
knee flexcion (OPD Dr. med. Philipp Henle, with permission)

Furthermore, the ACL has an important role in
guiding the tibia during rotational movements when
the knee joint comes into full extension, and in
coupling translational movements with axial rotation
of the tibia.* The ACL setves as secondary stabilizer
to internal tibia rotation, in particular near full
extension of the knee joint, and to external rotation
and knee varus-valgus, especially under weight-
bearing conditions.®*”* These securing movements by
the intact ACL are possible thanks to the insertion
sites, the tensile characteristics of the ACL and the
complex oval-like shape of the condyles.”” The ACL
also allows for normal biomechanical knee motion,
normal helicoid knee action respectively, preventing
from meniscal pathology.”” * In summary, the ACL is

a key structure in the knee joint.%# 70727

It is generally accepted that the ACL functionally
consists of two distinct bundles (Fig, 5): the antero-
medial bundle (AMB) and the postero-lateral bundle
(PLB), named after their attachments on the tibia.”**
On average, the anterior fibers of the ACL are
longer than the postetior fibers.”®” During all degrees
of flexion of the tibiofemoral joint, parts of the fiber
bundles of the ACL are under tension which
guarantees stability in posterior-anterior direction and

in rotation.®!

In the sagittal plane (Fig. 5), the fascicles of the ACL
are approximately parallel during knee extension.
In flexion, the two bundles are no longer parallel:
there is a slight lateral rotation of the ACL as a
whole about its longitudinal axis, and the AMB
begins to wrap around the rest of the ligament.”
This relative, spiral movement of one bundle around
the other is due to the orientation of the osseous

attachment sites of the ACL.”%

In the transversal plane, the two bundles wrap
upon themselves as they spiral from lateral to medial
which consequently increases tension during internal
rotation of the tibia.*” ”? Internal rotation of the tibia
leads to a slightly increased lengthening of the ACL,
which is most noticeably at 30° knee flexion,
compared to external rotation.”” Howevet, the cruciate
ligaments play only a secondary role to secure the
knee joint in the transversal plane: Twisting is mainly
resisted by a combination of capsular shearing, by the
geometry of the menisci and joint surface, and the
impact of collateral ligament action.**

Like the ACL, there are two distinct bundles forming
the PCL: an antero-lateral bundle, which is under
tension during flexion, and a postero-medial bundle
being stretched in extension.” The two bundles wrap
upon themselves during internal tibia rotation leading
to a wrapping around each other of the ACL and
PCL.”

Regarding biomechanical properties, it has been
demonstrated that the AMB of the ACL experiences
significantly larger maximum stress compared to
the PLB.* Structural properties of the femur-ACL-
tibia complex in human cadaveric knee joints, as
represented by the linear stiffness and ultimate load,
decreased significantly with specimen age and
repetitive loads.* The tensile strength, ultimate load
respectively, was 2160(£157) Newton (N) and values
for linear stiffness were 242(+28) Newton/millimeter
(N/mm) in younger age (<35 years), both tested
in 30° knee flexion.®® For normal level walking, in
situ forces of 169 N were reported for

the ACL.*” During stair descent, increased in situ

forces of 445 N were measured, which have been explained by the complementary effects of knee extensor

muscles.®®

During knee extension, anterior tibial translation is low, with a maximum scope of 2 mm, providing support

during stance.!* During walking and with knee flexion, anterior tibial translation may be up to 3 mm, and up to

5.5 mm when applying external load.*® After ACL rupture, anterior tibial translation may be up to 10 to 15 mm

with 30° knee flexion and anterior load of 134 N.*#!

Figure 5: Fiber arrangements of the AMB (a, black arrow) and the PLB (b, white arrow) of the ACL in_full extension and 90 degrees of

Lol

Jlexcion (from Dargel et al., 2007, distributed under the terms of the Creative Commons Attribution 2.0 International License CC-BY 2.0

(bttps:/  creativecommons.org/ licenses/ by/ 2.0/ )

Innervation of the ACL and

its role in proprioception

In addition to its mechanical function of securing
translational and rotational movements contributing
to passive stability of the tibiofemoral joint, the ACL
has an important proprioceptive function, controlled
by an extensive network of intraligamentary nerves.”
This proprioceptive function is central also for this
PhD topic, as it is all about neuromuscular control
in participants with a ruptured, reconstructed, or
healthy ACL.

Nerval fibers from the posterior articular branches
of the tibial nerve supply the ACL.” Additionally,
there have been desctibed smaller myelinated and
unmyelinated nerve fibers lying alone among the
ACL fascicles.” These nerves terminate in so-

called mechanoreceptors, which are in the collagen

structures of the ACL on the one hand and in the
connective tissue surrounding the ACL on the

other,” %

predominantly at the femoral and tibial
end of the ACL.” As specialized afferent end organs,
the morphologically different mechanoreceptors
convert the physical stimulus of muscle tension into
neural signals.”® In addition to the perception of
movement, their physiological characteristics include

adaptation to external circumstances.”

During a
movement of the knee joint, those mechano-
receptors  provide information about speed,
acceleration, direction of movement and exact
position of the knee joint.” * *% The stronger
the stimulus, the higher the discharge rate, e.g, the
more signals are sent which are analyzed by the

CNS.»




The following four distinct types of receptors have
been desctibed for the ACL:

* Ruffini corpuscles or receptors, which respond to
static and dynamic tensile stress in the joint, are
located at the surface of the ACL and predomi-
nantly found on the femoral end of the ligament

where deformations are greatest.”*

e Vatter-Pacini corpuscles, which are sensitive to
fast movements,”’ are situated at the femoral and
tibial end of the ACL.”? * % However, one
research group did not find any Pacini corpuscles
in the ACL.”

* Golgi-like tension receptors, located near the
insertions of the ACL and at its surface, are one of
the static receptors that provide information
about knee position together with the Ruffini

corpuscles.” %%

* Free-nerve endings, serving as local effectors by
releasing neuropeptides with vasoactive function,
probably have a modulatory effect in normal
homeostasis of ligamentous tissue or in late

remodeling of grafts.”?!®

Ruffini, Pacini and Golgi receptors as mechano-
receptors have a proprioceptive function and form
the afferent arc for signaling postural changes of
the knee.”” Within-ligament deformations affect the
petformance of muscle spindles via the fusimotor

%100 Activation of afferent nerve fibers in

system.
the proximal portion of the ACL influences motor
activity in the muscles surrounding the knee; the
so-called “ACL reflex* phenomenon”.”? ! Electrical
stimulation of the ACL during arthroscopy has been
shown to generate electromyography (EMG)
signals in the BF and ST muscles."”" These findings
were in line with observations of Beard et al,
according to which the ischiocrural musculature is
activated when an ,anterior drawer® occurs.!”?
Stimulation of group II or III fibers (e.g, mechano-
receptors) triggers those responses of muscles
around the knee joint.”> Consequently, this reflex is

absent in patients with ACL rupture.®!

1.2 Rupture of the
anterior cruciate
ligament (ACL)

Epidemiology

In general, the ACL is the most injured ligament
in the body (Fig. 6), however, incidence rates for
ruptures are difficult to assess because some ACL
ruptures are not diagnosed.'”® In most of the cases,
both bundles of the ACL are completely ruptured.”
In contrast, 12% of these patients show an intact
PLB.”" Other ligamentous injuties, such as a (partial)
rupture of the MCL, meniscal lesions, compression
of the lateral condyle with a bone bruise or chondral

lesions ate often associated with ACL ruptures.'

It is assumed that passive as well as active joint
stability of the knee have a decisive influence
on the injury rate.® Passive stability of the knee joint
is mainly determined by the geometry of the joint,
the joint surfaces and the laxity of the ligamentous
complex as a major factor.”® Active stability of the
knee joint is determined by the angle between the
patellar tendon and the tibial shaft, neuromuscular
activity  (reflex-induced, voluntary  activation),
muscular reaction times, the increase in rate of force

duting muscle contractions, and muscular stiffness."”

Rates for ACL rupture vary by country, sport, sex,
as well as in response to injury-reducing training
programs,'™ and concetn athletes but also the active
patt of the general population.!? Regarding activities
or sports in which both sexes participate and when
the rate has been normalized to sports exposures,
females have a significantly higher ACL injury rate

than males.*!%

Alarge variability in different outcomes
reporting numbers of ACL injuries is found in the
literature, making it difficult to compare between

vatious populations and sport groups.'®

Figure 6: ACL rupture as seen during arthroscopy (©OPD
Dr. med. Philipp Henle, with permission)

The incidence for ACL ruptures is estimated to
lie between 30 and 85/100°000 petrson-years.” ™11
Especially professional athletes in football, basket-
ball, soccer, rugby, skiing, handball, volleyball, and
professional dancers, have a higher risk for ACL
injuries, likely due to the increased exposure to

intense training and frequent competition.!**

For the United States of America (USA), up to
250’000 people suffer from an ACL injury each
year,? ' 15116 meaning an annual incidence of 3.2%
for men and 3.5% for women."” ACL injuries ate
mainly reported in high school and college students
and with an increasing tendency especially for
females, probably since female students more and
more participate in high school and other organized
sports.” Data collected over 21 years tevealed an
overall age- and sex-adjusted annual incidence of
ACL ruptures of 68.6/100°000 person-years, with the
highest incidence in males between 19 and 25 years
(241.0/100°000) and in females between 14 and
18 years (227.6/100°000).> For Scandinavian countties,
an overall annual incidence rate of 85/100°000 people
who sustain an ACL injury are reported, with males
at a higher risk than females.""" """ The population
at the age between 16 and 39 years was most at risk

and had an incidence of 85/100°000 inhabitants in

Norway,'® 91/100°0000 inhabitants in Denmark'”
and 71/100°000 inhabitants in Sweden.!'® 'Y In
Germany, an incidence of 46/100°000 inhabitants'”
or 70°000 — 80’00 ACL injuries per year were
reported.'® ?! In Belgium, the annual incidence rate
was reported to be around 40/100°000 inhabitants.'*
In Switzerland, about 10 000 to 12 000 ACL injuries
happen cach year.'” Current incidence rates for
Switzerland are not available because ACL injuries are
not systematically recorded in a national registry so

far.

Sex-specific differences
Women have a higher injury risk to sustain an ACL

7124 with adolescent females at

rupture than men,
highest risk.”'* The ACL injury risk for women can
be three and a half times bigger for non-contact
injuries.'™ %127 When playing high-tisk sports such
as soccer or basketball, women even have a two to
eight times higher risk to rupture the ACL compared
to men.'" ' Other authors teported injury rates for
ACL in female athletes to be between two and six
times higher than the rate in male athletes, depending
7105 12

on the type of sports. 7130 Regarding sex-based
incidence and sports participation, an annual rate
for ACL ruptures of 5% for females participating in
soccer and basketball was found.'” In contrast, some
authors stated a greater incidence of ACL injuries for
male athletes, based on increased exposure to higher

risk sports.!%




Injury mechanism

The reasons for ACL injuries are multifactorial.'* Most ACL injuties — 70 to 80% — are due to a multiplane mechanism
without physical contact by an opponent.”® Thereby, the proportions of so called “non-contact” ACL ruptures
account for 67% of all cases in men and nearly 90% in women.'® ACL injuries usually happen duting
activities such as side cuttings, plant and cut situations, and (one-leg) landings after a jump.®'*** The mechanism
involves a forceful valgus and an internal or external tibial rotation in combination with only moderate knee flexion,
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resulting in a valgus collapse of the knee’” (Fig. 7), being highly positive predictive to sustain an ACL injury.

Figure 7: Dynamic knee valgus, potentially combined with hip adduction and internal rotation, knee abduction, external rotation and anterior

translation of the tibia, and ankle eversion (from Hewett et al., 2006,” with permission by SAGE Publishing)

Deceleration and acceleration motions with excessive quadriceps contraction or insufficient hamstrings activation
at ot near full knee extension play a role in ACL injury mechanism." 2 Thereby, the tibia is translated antetiotly
relatively to the femur and stresses the ACL. With an intact ACL, the hamstring muscles act synergistically to this
translational movement.'”

“Non-contact” ACL injuries typically occur immediately after initial foot-ground contact with the knee almost fully
extended during sudden deceleration o single-leg landing'! without extreme rotational component of the trunk over
the lower extremity.® Findings of a two-dimensional video analysis revealed that ACL injured athletes landed with
the hindfoot or flatfooted in contrast to non-injured athletes having ground contact with the forefoot first.'*
Moreover, ACL-injured athletes showed a trend towards less knee flexion, significantly more hip flexion and a
significantly more postetior trunk position to the base of support.'*® However, a multifaceted approach including
qualitative questionnaires from athletes after ACL injury, quantitative video analysis, magnetic resonance imaging
(MRI) and cadaver studies revealed axial comptessive force being the ptimary component and critical factor
responsible for non-contact ACL injury (Fig 8).° Apparently, knee flexion angles alone do not significantly affect

the tisk of rupture, but a “provocative” combined landing posture does (Fig; 8).°

10

Tibial
Plateau

Tibial Gravity
Plateau

Provocative

Control

Figure 8: Two different single-leg landing strategies: provocative for an ACL injury (left) versus the control position (right) with knee and anfkle
placed in the average provocative and safe positions at initial contact.” " (from Boden & Sheehan, 2022° with permission, license number

5504830011924).
Abbreviations: 1A = limb angle; TPA = tibia platean angle

Sex-specific differences

When playing the same landing and cutting sports,
the increased knee valgus is supposed to be one
of the reasons why female athletes have a 4- to
6-fold greater incidence to sustain an ACL injury in
compatison to males.' ¥ Adequate neuromuscular
activation of the medial hamstrings and the vastus
medialis (VM) muscle in females can limit knee valgus
by generating medial joint compression to absorb
valgus forces.”™ ' Four times greater firing of the
lateral hamstrings in females in compatison to male
athletes was found."* Consequently, it may be assumed
that enhanced hamstring activation in women reflects
an active compensation mechanism to prevent from
excessive valgus loading. Additional sex-specific
neuromuscular  adaptations such as activation

timing, differences in force intensity of knee stabilizing

muscles!¥-14

and a dominance of the quadriceps
over the hamstring muscles in women, which could
increase anterior tibia translation, had been reported
previously.143 144 146 147

In addition, females showed a significantly larger
lateral flexion of the trunk during landing compared
to male injured individuals." However, these findings
had been contradicted by a systematic review about
sex differences in landing and cutting mancuvers.'*
The authors reported that no proof for quadriceps
dominance during the described activities was
present.'®  Furthermore, neither  sex-specific
differences in the explosive quadriceps-hamstrings
149

ratio'” nor significant differences in neuromuscular

activity were found.”
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Risk factors for ACL injury
As extrinsic or external, controllable risk factors for

151

ACL injury, the type of competition,”' position of

play'** and shoe/sutface interface'®>'>®

are proposed
among others. As intrinsic, internal and not control-
lable risk factors a narrow femoral intercondylar

notch,® ' an increased postetior tibial plateau

157 158 159 160

hormonal variation, and bio-

slope,
mechanical factors related to neuromuscular

contro]'4 161

are reported among others. Among
the proposed internal risk factors, biomechanics
related to neuromuscular control can be seen as
modifiable factors for primary and secondary injury
prevention through appropriate training programs.'*
Initial theories discussed a lack of dynamic knee joint
stability as predisposing factor'? ' ' leading to a
dynamic knee valgus.'® Eccenttic, vigorous contraction
of the quadriceps leading to anterior translation of
the tibia and consequently putting strain on the ACL
was also attributed to non-contact ACL injuties.'®®
Furthermore, high abduction moments or excessive
valgus torque were reported as causative factors for
non-contact ACL ruptures.”® However, later studies
stated that knee valgus and knee internal rotation
moments were not likely to significantly contribute
to ACL injury but appeared post-injury.!’ " In
addition, only weak evidence was found for decreased
vision affecting knee biomechanics'** and for fatigue
reducing vertical ground reaction force of the hip
and knee joint moments causing increased anterior

tibial translation,!**1¢

8 Regarding landing biomechanics,
initial contact with flat foot was identified as one
component of faulty dynamics as risk factor for a

non-contact ACL injury (Fig. 8).°

In summary, degrading weather conditions, decreased
intercondylar notch index or width, increased lateral
or posterior tibial plateau slope, decreased core and
hip strength and potential genetic influence were
reported as risk factors for a non-contact ACL injury

in both, females and males.’
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Sex-specific risk factors

The increased risk for females to suffer from an
ACL injury is probably multifactotial.'” Anatomical
factors such as leg alignhment, an increased rate of
valgus deformity among women, narrower notch
width with possibly less space for the ACL are
discussed among others.'#1"!

Sex-specific neuromuscular factors, such as neuro-
muscular adaptation and biomechanically different

2

landing techniques,'” ate considered as the most

likely ones for the increased risk of injury in women.”**
Altered biomechanics can be observed as different
motion and loading of the knee joint in women
during performance:** ** 132 Female athletes typically
perform movements in sports with a greater knee
valgus angle in frontal plane than men. Therefore,
the amount of stress on the ACL in these situations
is higher due to high activation of the quadriceps
despite limited knee and hip flexion, greater hip
adduction and a large knee adduction moment.' '™
Moreover, females typically land with an internally
ot externally rotated tibia,'” leading to an increased
knee valgus stress due to greater and more lateral-

176 Tn addition,

ly orientated ground reaction forces.
female athletes move into greater hip internal rotation
and decreased hip flexion during side-step cutting
maneuvers which may influence loading of the knee
joint.!”” Other studies described differences in timing
of muscular activation or force intensity of knee
stabilizing muscles of females.*'* Additionally,
women have a larger quadriceps to hamstrings
ratio compared to men which could be a risk factor
for ACL injuries as it may foster anterior tibial

translation, ' 14 146 147 Thjg

female quadriceps
dominance over the hamstrings was found in various
activities such as jumps, cutting and swerving

161 178 179

maneuvers. Furthermore, several studies

indicate that hormonal factors play a role!® 164170180181
contributing to an increased laxity of ligaments and
increasing the risk especially during the preovulatory
stage of the menstrual cycle™ However,
various biomechanical, hormonal, and neuromuscular

aspects for the increased risk of ACL injury in

women are controversially discussed: A systematic review summarizing sex-specific alterations in

landing and cutting maneuvers reported that biomechanical differences were based on questionable clinical

relevance and that no quadriceps dominance for the activities described could be found in the included

studies."® Similarly, no sex-specific differences were found for either the explosive quadticeps-hamstrings

ratio'

or strength-paired differences in neuromuscular activity.”” Moteover, a recent systematic review

from our research group, reported controversial findings regarding sex-specific neuromuscular activation of

knee stabilizing muscles.'®

1.3 Management, rehabilitation and return to
sport (RTS) after ACL rupture

Diagnosis

Patient history, especially regarding injury mechanism,
clinical examination and imaging are combined to
diagnose an ACL rupture.”* MRI is the standard
imaging technique used also to diagnose indirect
signs of the rupture such as bone bruises in the
lateral compartment and any concomitant injures of

meniscus, cartilage, and ligaments (Fig. 9)."

Figure 9: MRI of an ACL rupture in the sagittal plane
(©PD Dr. med. Philipp Henle, with permission)

Clinical tests such as the Anterior drawer test, the

Lachman and the Pivot-Shift test and laxity measure-

183

ments with different devices'® are often used to assess

passive stability of the knee joint, either after the
accident for diagnostic purposes or as outcome measure
after reconstruction/rehabilitation. The ILachman
test is the most accurate diagnostic test in clinics
(85% sensitivity, 94% specificity)."™ The Antetior
drawer test shows high sensitivity (92%) and specificity
(91%) for patients suffering from a chronic ACL
deficiency, but lower accuracy for patients with an acute
ACL injury.'™ A positive Pivot-Shift test has a very
high specificity (98%), but a low sensitivity (24%),
and should therefore not be used to exclude an
ACL rupture.'®

Participants in our cross-sectional studies were
assessed either by the orthopedic surgeon using the
Rolimeter™ (Aircast®, Europe) or by an experienced
sports physical therapist using the ILachmeter —
The digital Rolimeter® (digital arthrometer,
www.newarthrometer.com), both devices measuring
the extent of passive antetior tibial translation in
(mm). In addition, we measured active and passive
ROM of the femorotibial joint with a goniometer,
evaluated passive mobility of the patella and passive
stability of the knee joint with the Anterior drawer
test in 90° knee flexion, the Lachman and the Pivot-
Shift test.

13




Treatment options and
outcomes

Optimal treatment of an ACL rupture, a complex
knee injury, is challenging and subject to debate.'®!”
Nevertheless, an  individual  patient-centered,
decision-making process including the International
Classification of Disability and Health (ICF),*!

is needed!”? '3

as concomitant injuries (meniscus,
cartilage, additional ligaments) and patent-specific
factors (e.g., being a coper or a non-coper)* play a

role and influence the outcomes.'”

ACL ruptures can be treated either surgically with
reconstruction (ACL-R) by an autograft or allograft,
with primary repair by dynamic intraligamentary

196-198

stabilization and similar techniques, or with

rehabilitation  alone,  conservative  treatment

185

respectively.'™ Physiotherapy plays an important

role in rehabilitation of both surgically and non-

surgically treated individuals.'”

Between 50 and 80% of all patients with an ACL
rupture are treated with ACL-R.!2" 12112 20 There is
consensus that mainly young, highly active athletes
and patients who wish to return to jumping, pivoting,
and cutting sports such as soccer or handball should
have eatly surgical reconstruction of the ruptured
ACL* as ACL-R may have a preventive effect
on secondary joint damage such as meniscal and
cartilage lesions.* #? Discussion with the patient
regarding graft selection should include complication
rate, graft failure, donor site morbidity and patient-
reported outcomes.”” Equal and comparable clinical
outcomes have been shown for ACL-R with ST
tendon, quadriceps tendon (QT) and bone-patellar-
tendon-bone (BPTB) grafts®** despite different
surgical techniques and biomechanical properties for

14 207

different types of grafts.

Nonoperative treatment with structured, progressive
rehabilitation  including intense neuromuscular
training is an acceptable treatment option and
recommended for patients who want to return to

straight-plane activites.” *!

14

In cases of persistent

functional instability or episodes of giving way,
delayed anatomic ACL-R is indicated for this group

of patients.”

After ACL rupture, individuals expetience similar
functional, radiographic, and patient-reported
outcomes, irrespective of management with ACL-R

30 208-211

or rehabilitation alone. This was also the

case in the long-term course, at one, two, five, ten
and even 15 years of follow-up after an ACL injury.'”
Similar results in women and men were found for
clinical assessments such as Anterior drawer,
Pivot-Shift and Lachman test, hop tests, quadriceps
or hamstring strength  testing, International
Knee Documentation Committee (IKDC) knee
examination score and loss of ROM."” No sex-
specific differences were found regarding the
development of anterior knee pain, posttraumatic
osteoarthritis after ACL-R, graft rupture and graft
failure rate.’” However, statistically significant lower
subjective and functional outcomes such as laxity,
revision rate, Lysholm score, Tegner Activity Score
(TAS) and incidence of not returning to sports were

found in females compared to males.”

Definition and framework
of return to sport

RTS can be seen as a continuum containing the
three clements of return to participation, return
to sport and return to performance, considering
the type of sports/activity and the level at which
the injured patient/athlete wants to return to.** This
process includes interprofessional teamwork and
shared-decision making between all stakeholders.?
Contextual factors which influence the patient’s
expectations and risk tolerance for RTS are
important and need to be considered.* This could
be the type of ACL injury (e.g., acute versus chronic,
partial versus complete rupture), type of treatment

(e.g., surgical versus conservative, type of graft if

reconstructed), the athlete’s/patient’s age (or stage of
career), type of sport (e.g;, individual or team, contact
or non-contact), physical demands of the sport
(e.g., cutting, pivoting, landing), level of sport (e.g,
leisure versus amateur versus (semi-)professional),
upcoming participation opportunities (e.g, final
game, preseason preparation), as well as social and

financial costs.**

Guidelines for
rehabilitation and

return to Sport

The ICFE, proposed by the World Health Organization
(WHO), is based on the biopsychosocial model and
emphasizes an individual-centered approach and
inclusion of all domains of human functioning,
participation and health.”! This applies for the
management of treatment but also for rehabilitation.”?
However, current clinical practice guidelines do not
satisfactorily address the biopsychosocial model and
therefore, not all domains of the ICF have been
incorporated yet into practical recommendations for
RTS after ACL injury.®™*

Irrespective of treatment option, four main objectives
of management for a patient with an ACL rupture
are defined: to restore knee function, to address
psychological barriers to return to activity and sports
participation, to prevent further knee injury and
reduce the risk of posttraumatic knee osteoarthritis,
and to optimize long-term, knee-related quality of
life.*"** More specific, the goals to be achieved duting
ACL rehabilitation are preventing deficits in knee
extension, restoring strength, regaining full ROM,
and preserving stability of the knee joint.*®

Over the last decade, a shift from conservative,
standardized time-based protocols to more accelerated,
individualized criterion-based protocols has been
observed.?”® These accepted protocols vaty in length,
but postoperative rehabilitation programs should last
for 9-12 months to reduce the risk for subsequent

injury®® * The treatment modalities are based on

patient-specific findings and preferences leading to
a person- ot athlete-centered approach.'? 2! It is
commonly accepted that early activity, weight-bearing
and accelerated rehabilitation are critical for achieving
the rehabilitation goals, however, discussion is ongoing
to what extent accelerated rehab would be beneficial
or too aggressive, eventually even harmful.?®
Based on a systematic review and expert consensus
statement, rehabilitation after ACL surgery should
include a prehabilitation phase and three criterion-
based postoperative phases based on impairment,
sport-specific training and RTS.*" In addition, rehabi-
litation after ACL-R should be a gradual, progressive
process with the use of objective criteria to advance
from one rehabilitation stage to the next.** 2 To guide
progression, it is recommended to use a physical
performance battery including strength and hop
tests, assessments for changes of direction and
reaction-agility, and evaluation of quality of
movement with video analysis.”' * Moreover, physical
components should be accompanied by assessments
for psychological readiness for RIS * such as the
ACL-Return to Sport Injury scale (ACL-RSI).*
This extensive test battery should not only be used
to decide upon RTS but also to assess the risk for
re-injury®  The person-centered approach as
described for treatment options and rehabilitation
should additionally come into play for an informed
decision making to RTS.?"" Table 1 gives an overview
of recommendations for rehabilitation and RTS
after ACL-R, but also for preoperative rehabilitation.
Even though most rehabilitation guidelines refer to
patients with ACL-R, they can easily be adapted to

conservatively treated patients.
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Table 1: S ry of conclusions and 1 dations regarding rebabilitation after ACL. injury (from van Melick et al., 20167, with
permission from BM] Publishing Group 1.td., license number 5497510627587)

Level of
Conclusicns and recommendations evidence
Preoperative rehabilitation
A preoperative extension deficit (ack of full extension} is a major risk factor for an extension deficit after ACLR )
Recommendation: measure the preoperative ROM
A preoperative deficit in quadriceps strength of >20% has a significant negative consequence for the self-reported outcome 2 years after ACLR 2
Recomimendation: measure quadriceps strength and afso HS strength
Prehabilitation ensures better self-reported knee function up to 2 years after ACLR 3
Recommendation: refer the patient to a physical therapist witen necessary
Postoperative rehabilitation
It is unclear whether there is a benefit of supervised rehabilitation compared to home-based rehabilitation or no rehabilitation at all. A minimally supervised 2
rehabilitation programme may result in successful rehabilitation in specific groups of patients that are highly motivated and live far from a physical therapist
When comparing a 19-week with a 32-week rehabilitation programme, there are no differences in terms of laxity, ROM, self-reported knee function, single-leg 2

hop test for distance or isokinetic concentric quadriceps and HS strength

Recommendation: continue rehabilitation for 9-12 months, depending on the final retumn-to-work or play goals of the patient

Immediate weight bearing does not affect knee laxity and results in decreased incidence of anterior knee pain 2
Recommendation: immediate weight bearing should only be tolerated if there is a correct gait pattern (if necessary with crutches) and no pain, effusion or increase in
temperature when walking or shortly after waiking

Cryotherapy is effective in decreasing pain immediately after application up to 1 week postsurgery after ACLR, but has no effect on postoperative drainage or 1
ROM

Recommendation: cryotherapy could eventually be applied in the first postoperative week to reduce pain

Isometric quadriceps exercises are safe from the first postoperative week )

Recommendation: start isometric quadriceps exercises in this first week for reactivating the quadriceps muscles when they provoke no paint
Electrostimulation, in combination with conventional rehabilitation, might be more effective for improving muscle strength for up to 2 months after ACLR than conventional
rehabilitation alone. However, its effect on long-term functional performance and self-reported knee function is inconclusive.

Rec lation: electrostimufation can be useful as an addition to isometric strength training for re-educating voluntary contraction of the quadriceps muscles 1
during the first postoperative weeks

CKC and OKC training can be used for regaining quadriceps strength 1
After ACLR, OKC exercises can be performed from week 4 postoperative in a restricted ROM of 90-45°

Recommendation: When the quadriceps is reactivated, concentric and eccentric exercises should be used to replace the isometiic exercises, provided that the 2

knee does not react with effusion or (an increase in) pain. CKC exercises can be performed from week 2 postoperative. For BPTB, OKC exercises can be started
from 4 weeks postoperative in a restricted ROM of 90-45° and extra resistance is alfowed, for example, at a feg extension machine. For HS, OKC exercises afso
can be started from 4 weeks postoperative in a restricted ROM of 90-45°, but no extra weight shouid be added in the first 12 weeks to prevent graft efongation.
ROM can be increased to 90-30° in week 5, to 90-20° in week 6, to 90-10° in week 7 and to fulf ROM in week 8 for both graft types

Neuromuscular training should be added to strength training to optimise self-reported outcome measurements 1

Altered neuromuscular function and biomechanics after ACLR could be a risk factor for second ACL injury (graft rerupture or contralateral rupture} 2
Recommendation: neuromuscufar trafning should be added to strength training. Pay attention to a correct quality of movement for prevention of reinfuries
Psychological factors as self-efficacy, locus of control and fear of reinjury have influence on the rehabilitation process and return to play after ACLR 2

Recommendation: evaluate psychological changes during rehabifitation with an objective instrument

Criteria for return to play 2
An extensive test battery should be used to determine the return-to-play moment, but there are no tests or test batteries that have been tested for construct or 2
predictive validity for return to play

It is not cear which cut-off point of the LS| should be used for strength and hop tests 3

Recc iation: perform an fue test battery for quantity and quality of movement. This test battery should include at least a strength test battery and a hop test
battery and measurement of quality of movement. An LSf of >96% could be used as a cut-off point. For pivoting/contact sports, an 51 of >106% is recommended

ACLR, anterior cruciate ligament reconstruction; BPTB, bone-patellar tendon-bone; CKC, closed kinetic chain; HS, hamstring; LSI, Limb Symmetry Index; OKC, open kinetic chain; ROM,
range of mation.

Abbreviations: ACLR = anterior cruciate ligament reconstruction; BPTB = bone-patellar tendon-bone; CKC = closed kinetic chainy HS =
bamstring; LST = Linth Symmetry Indes; OKC = open kinetic chain; ROM = range of motion
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Tests and criteria to
assess readiness for
return to Sport

Clearance for RTS is mainly based on clinical
examinations, patient-reported outcome scores and
widely used physical performance test batteries.*?!8!
Thete is some evidence for the use of functional
performance tests to determine RTS after ACL-
R220: Multiple physical performance measures — a
battery including strength and hop tests, quality of
movement and psychological tests® - might be more
useful for the determination of RTS than a single
performance measure.® However, RTS critetia are
mainly dominated by time- and impairment-based
measures *' which do not address ICF domains such

as participation and health.

Five principal criteria were defined which could
contribute to safe RTS after ACL-R: performance/
functional tests, strength tests, time after surgery,
modifiable/non-modifiable risk factors and psycho-
logical factors.” Psychological readiness seems to be
a major factor for successful and safe RTS decision,
although mainly strength criteria, outcomes of
performance and functional tests are part of RTS test
batteries.”> However, it is still unclear which outcome
measures and cut-off values should be used to
bring athletes safely back to RTS with a low risk of
a second ACL injury® Despite great advances in
detailed practice guidelines published, there is still
a lack of validity of RTS criteria after ACL-R* and
consensus about gold standard for reliable RTS
assessments and safe RTS cut-off points is missing.***
In addition, the currently suggested RTS criteria
do not seem to adequately assess neuromuscular
control of the knee joint to judge upon RTS as no
EMG-based measure is included in current test
batteties so far. To date, mainly nonspecific tests,
such as hop tests have been used to test active joint
stability. However, testing paradigms that measure
neuromuscular control of knee joint stabilizing
muscles by assessing neuromuscular activity
with EMG in isolation assess the physiological

mechanisms more directly.

Functional performance measures

To measure functional performance after ACL-R
or injury, mainly the single-leg hop for distance test
(SLHD) or a combination of several hop tests are
used.”? * Besides the SLHD, the ttiple hop for
distance, timed 6-meter jump, cross-over jump for
distance, triple jump, and single-leg vertical jump
are the most popular assessments.”* The SLHD
is discriminative for men with ACL rupture and
shows good responsivity for rehabilitation after ACL
rupture.”?* For all other knee-related performance
tests, actual evidence regarding psychometric

properties is limited, contradictory or unknown.?*

Functional performance is often expressed as
Lower Limb Symmetry Index (LSI) and indicated
as percentage of obtained performance comparing
injured side with the contralateral side.? **
Evaluating strength and hop tests, a LSI of 90%
for return to recreational sports, non-contact or
non-pivoting sports, and a LSI of 2100% for
return to competitive, contact and pivoting sports
is recommended.” ** Howevet, the widely used LSI
overestimate current sensorimotor competence, the
actual state of the injured knee respectively,”’ as both

limbs detetiorate after ACL injury.*' 26

Regarding
long-term follow up, the function of the contralateral
limb worsens in ACL-R patients even one and five
years after reconstruction.””” In addition, the LSI
may overestimate the time point of RTS six months
after ACL surgery, leading to an increased risk
for secondary injury?" Therefore, the LSI should
not be used in isolation to evaluate functional

performance.””

Often used clinical assessments for impairment
after ACL-R do not appear to be related to
measured physical performance® and do not
necessarily reflect readiness for RTS.? This could
be shown for isokinetic strength measures which
“have not been validated as useful predictors of
successful RTS” following ACL tepair.*” Moreovet,
commonly used muscle function tests are not

sufficiently demanding or sensitive enough to
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identify differences between injured and non-
injured side.”” Additionally, no measure for assessing
quality of functional performance after ACL-R
has been reported so far.’' 2 ' However, one-leg
balance, isokinetic knee extension strength and
hop performance (one-leg hop and side hop) have
been identified as feasible, clinical assessments in a

test battery for knee function after ACL rupture.”?

Self- or patient-reported outcomes

Patient-reported outcome measures (PROMs),
such as the IKDC, Knee injury and Osteoarthritis
Outcome Score (KOOS), Lysholm score and Tampa
score, are associated with knee strength and
functional symmetry in individuals who have
undergone ACL-R with hamstring tendon auto-
graft.”
KOOS and IKDC scotes were more likely to be

correlated with performance-based outcomes and

Compared to Lysholm and Tampa scores,

might contribute to RTS decision making.*

For the cross-sectional studies included in this
PhD project, participants filled in the KOOS** and
the TAS:?® The KOOS is a knee-specific score™*
and is one of the most frequently used PROM in
the literature.'® It has high test—retest reliability for
patients with knee injuries and has been used for
ACL patients in several studies.!” 22 #¢38 The
KOOS contains five subscales evaluating both
short- and long-term consequences of knee
injuries™ and is available in several languages
and versions (wwwkoos.nu). The Intraclass
Correlation Coefficient (ICC) has been described

23

to range from 0.85-0.93 for the subscale “pain”,

0.83-0.95 for “symptoms”, 0.75-0.91 for “function
in ADL”, 0.61-0.89 for “function in sport and
recreation”, and 0.83-0.95 for “knee-related quality
of life”.*” The minimum important change (MIC)

of the KOOS is reported to be 8-10 points for all

240

five subscales.* The Patient Acceptable Symptom

State (PASS) threshold was 88.9 points for the KOOS

<« ¢

subscale “pain”, 57.1 for “symptoms”, 100.0 for

“function in ADL”, 75.0 for “function in sport and
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recreation”, and 62.5 for the subscale “knee-related

>

quality of life”. >

The TAS is a patient-administered 10-point scale
to rate the actual level of activity ranging from 0
(sick leave or disability pension) to 10 (competitive
sport on a professional level).?® The TAS demonstrated
acceptable psychometric properties and showed
acceptable responsiveness to be used to assess
function in early return after ACL treatment.”
Test-retest reliability at two years postoperatively
and again within four weeks was acceptable with
an ICC of 0.8%° The minimum detectable change
(MDC) was reported to be 1.7 Additionally, floor
and ceiling effects were acceptable, and it was
responsive to change preoperatively and six, nine,

12, and 24 months postoperatively.?®

Rates for return to Sport

In general, a high rate of RTS overall (81-82%) and
a lower rate (44-55%) for athletes after ACL-R in
competitive spotts can be found.'® *' The high
variability in RTS rates after ACL-R may be due to
variable definitions of RTS from a high threshold
(return to competition) to a low threshold (clearance
by surgeon for RTS).** Approximately 90% of
patients after ACL-R achieve successful surgical
outcomes (impairment-based measures of knee
function) and 85% show successful outcome in

terms of activity-based measures.'®

Of these patients,
81% return to some form of sports participation,
65% return to their preinjury level of sport and
55% teturn to competition level after ACL-R.2*
Other systematic reviews found a range of RTS
rates between 63 and 97% for elite athletes after
ACL-R*¥#5 Most elite athletes RTS on average

244

within one year*** — this population seems to return
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eatlier than non-elite athletes.'® However, it remains

unclear whether this approach is safe.*

Favorable factors for RTS at preinjury level are

symmetrical hopping performance, younger age,

male gender, playing elite sport, having a positive
psychological ~ response, greater  psychological
readiness to RTS, lower fear of re-injury, a more
positive subjective assessment of knee function and
using BPTB autograft.?*! # Hamstring tendon (HT)
autograft for surgical reconstruction was identified
as favorable factor for returning to competitive

sport.!

The most important reasons for not
achieving RTS are high ratings for fear of re-injury,
functional problems of the operated knee during
sports and low ratings for their knee-related quality
of life.)? 5 Returning ot not to preinjury level
of sports after ACL-R is complex and influenced
by multple factors*¢ Screening for psychological
impairments (e.g, kinesiophobia) early after ACL
injury or reconstruction could help to identify
patients who would be at risk for not returning

to spotts at preinjury level.*

Re-injury risk after

return to sport

It is known that returning to high-demanding
sports, including jumping, pivoting and hard cutting
after ACL-R leads to a more than four-fold increase

in re-injury rates over two years?V

Considering
simple decision rules such as RTS not before nine
months after reconstruction and achievement of
symmetrical quadriceps strength was reported to
substantially decrease te-injury rates?” Howevet, a
literature review did not find an association between
regarding current objective criterion-based RTS
decisions and risk of a second ACL injury,” but
these findings were based on only four studies with

low quality of evidence.

In general, rates for re-injury and contralateral
ACL injury are reported to be higher than the risk
to sustain an ACL injury for the first time, which
may be related to insufficient, time-based RTS
guidelines*” 'Those time-based criteria for RTS
do not allow for proper healing or resolution of

post-operative impairments and elimination of risk

factors associated with both primary and secondary
ACL injuries.*” Athletes who return to their preinjury
level have a risk of more than 20% to sustain a
second ACL injury® # Regarding risk for a second
ACL injury, 20 - 40% of adult athletes sustain a
re-injury within two years following ACL-R despite
successful rehabilitation, with young male athletes
at highest risk.** Neuromuscular impairments have
been shown to be predictive of secondary ACL
injuries in young athletes® Within the first five
years following ACL-R, 4-12% of the patients suffer
from a re-rupture of the ACL graft in the ipsilateral
knee.” ># 28 After RTS, mid- to long-term follow-up
(minimum 5 years) failure rates of the graft up to
19% and a new rupture of the contralateral ACL in
up to 24% of the cases were reported.”? The risk
for an ACL rupture in the contralateral knee was
double as high (11.8%) five years or longer after an
ACL-R compared to the risk for a rupture of the
graft.*® Those high rates for secondary injury, graft
failure and rupture of the contralateral ACL are
devastating, inacceptable, and underpin the need

for further research in this field.

In summary, some RTS criteria can predict the
likelihood to RTS activities but fail or may be
suboptimal to identify deficits for the risk of ACL
re-injury.*® 2¥ This is also because long-term studies
are sparse. It is assumed that neuromuscular abilities,
that cannot be assessed in those functional tests, may

play a decisive role in ACL injury prevention.”

The high rates of re-injury and secondary ACL
rupture,X# #23282%0 |6 rates of returning to desired
sport or competition level* a lack of validity of
RTS criteria after ACL-R* and missing consensus
about safe RTS cut-off points®** are inacceptable
and indicate that more research regarding neuro-
muscular control and its role in dynamic knee

stability for RTS is needed.” ¥ #!
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1.4 Neuromuscular
control

Sensory receptors and mechanoreceptors in the knee
joint, especially in the ACL, are described in Chapter
1.1 in the respective paragraph “Innervation of the

ACL and its role in proprioception”.

Reflexes acting on

and around the knee

Already in 1900, Payr proposed a “ligamento-
muscular protective reflex” and stated that receptors
in the ACL would trigger contraction in the
hamstrings when large forces would displace the
tibia anteriorly beyond the physiological strain
limits of the ACL.** Additionally, it could be shown
that this reflex mechanism elicited activity in the
semimembranosus, sartorius and VM muscle when
forces on the MCL were applied.* The existence
of the ligamento-muscular reflex arc for the ACL
and the MCL was independently confirmed in

34256 and  humans® *7 Investigating the

animals,
role of muscles in regulating joint stability, this
reflex arc was present in the ACL of cats as well,
triggered at high-level loads which might be
harmful for the ACL.** In humans, evidence of a
ligamento-muscular reflex from sensory nerves of
the ACL was published by several researchers.> 102258
The direct neuromuscular link between the sensory
nerves of the ACL and all surrounding muscles
of the knee in humans could be elicited by direct
electrical stimulation of the ACL with fine wires."”
Previously, it was stated that the ligamento-muscular
protective reflex was triggered by the mechano-
receptors of ligaments and not by other structures.”’
However, more recent studies suggest that the reflex
response in vivo is triggered only to a small extent by
elongation of the ACL and mediated by the direct
ACL-hamstring reflex pathway. >’ *°

The ligament-spindle reflex is a powerful mechanism
and extremely important to maintain knee stability.>®

An elongated spindle - a muscle’s stretch receptor -
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triggers a powerful action potential discharge which
is monosynaptically transmitted to the motor units
of the respective muscle.® As a result, the muscle
contracts and resists elongation.” For example,
with this powerful mechanism, the hamstrings
contract and apply a posteriorly directed force to the
proximal tibia, and thus decrease strain on the ACL
in situations when forces on ligaments exceed
normal, physiologically sustainable level.¢ *!
Direct evidence for the ACL-hamstrings-reflex arc

in humans was found.!"!

During tibial translation in posterior-anterior
direction (relatively to the femur), the ACL comes
under tension. In healthy subjects with an intact
ACL, the hamstring muscles (BE, semimembranosus,
ST muscle) act synergistically to this translational
movement (Fig. 10)."”® This synergistic contraction
occurs reflexively during appropriately rapid tibial
translation, e.g., by a rope-pulley system triggering
sudden tibia perturbations which induce a reflex
response of the hamstring muscles.!”® After a
sudden, anterior tibial translation, the magnitude of
protective reflex activation of the hamstrings results
in increased active joint stability of the knee; this
mechanism protects against injury?* This indicates
that the extent of the dynamic neuromuscular
joint control of the knee stabilizing muscles can be
measured closely to the physiological injury
mechanism by surface (EMG) during standardized

tibia perturbations.* 2%

It has been shown that non-contact ACL
ruptures happen 17-60 milliseconds (ms) after

initial contact,’ 262265

leaving a very short time frame
for mechanosensory feedback (e.g., reflex response).
With a reflex latency of 70 ms, at least 110 ms
(reflex time plus electro-mechanical delay) must elapse
before the muscles are able to generate sufficient
activity after the ACL has been loaded. Therefore,

this excitation reflex cannot serve as an automatic

Cell body of sensory neurons

1. Afferent impulses from ACL

& mechanoreceptors
Inferneuron

Spinal cord
L2-L4

3. Damping of efferent
impulses to antagonist muscle
(reciprocal inhibition)

Quadriceps
(Extensors)  Hamstrings
(Flexors)

Initial
stimulus:
Anterior tibial
translation

2. Efferent impulses

to alpha motor neurons ---> contraction
of hamstrings ---> resists/reverses tibial
translation

Figure 10: Anterior tibial translation as initial stimulus leads to afferent and efferent pathways (own drawing, adapted from Proffen et al.,

2013%)

Abbreviations: ACL = anterior cruciate ligament; L = lumbar vertebrae




protective mechanism for the ACL.* %7 Pre-activity
and reactive neuromuscular responses regulate muscle
and joint stiffness, which is influencing dynamic
joint stability, consequently influencing ACL injury
risk."” Thus, adequate pre-activation as well as neuro-
muscular reflexes may play a role to enhance
protective knee stiffness.”* 2 Therefore, it is
important to monitor neuromuscular control during
exactly this time window from preactivity to
perturbation onset and reflexive time windows after
joint (stability) perturbation. Muscle activation
patterns within this time window give insight into
sensorimotor control mechanisms establishing knee

joint stability,' 263 268

In patients with an ACL deficiency, the latency
of hamstrings muscular response after applying
a posterior shear force onto the tibia in humans
(standing with 30° knee flexion) was nearly doubled
in the ACL-deficient leg (mean 90.4 ms) compared
to the contralateral side (49.1 ms).'* As the latency
of the reflex might be too long to be protective for
the ACL under all stressful conditions, the reflex
might primarily play an important role in functional
stability of the knee.* In addition, the reflex seems
to be excitatory during rest and inhibitory during
muscular activity, and might be seen as a powerful
spinal reflex with fast speed of reflex response due
to the short neural pathway.” However, despite fast
and powerful answers of this protection reflex under
normal, daily conditions, tissue damage can occur in
situations with overwhelming strength stimuli at high

rates.”
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Neuromuscular control during
physical activities

In healthy subjects, it has been shown that an
anterior-posterior tibial translation occurs during

ambulation.?”

Stairway walking (ascent/descent)
as an activity of daily live requires preactivity
(joint stiffening) before initial contact and eccentric
contraction”" while 346% of the bodyweight loads
the knee joint.”* In physical activities such as side-
cutting maneuvers, decreased pre-activity of the
ST and BF muscle were observed in healthy female

athletes compared to males.?”

During a single-
legged landing task, it has been reported that
pre-activity of the rectus femoris muscle predicts
anterior tibial shear forces in healthy females,
whereas lateral hamstring pre-activity predicts
peak stance knee flexion angles.”’* In addition, it has
been reported that sex-specific differences influence

neuromuscular control during landing tasks.?”

Regarding ACL rupture, a systematic review and
meta-analysis revealed non-significant differences
of the VM and VL, such as onset of hamstrings
activation prior to landing, between an ACL-injured
leg compared to a healthy control leg*® 'This
indicates that onset of activation is not the parameter
of choice to investigate sensorimotor control in
participants with ACL injury”® In most studies,
knee joint kinematics, kinetics and spatiotemporal

gait have been investigated® 272!

whereas only
few studies have analyzed electromyographic neuro-
muscular responses. A study by Hall et al. showed
significantly increased amplitudes of the ST muscle
while decreased rectus femoris amplitudes were
found in patients after ACL-R.* Regarding chronic
ACL ruptures and one-step climbing task, a longer
total BF activity was observed in copers, while a
delayed peak activity of the VL muscle was reported
in non-copers.””

Pilot data from our research group regarding
neuromuscular control in ADL showed neuro-
muscular alterations in patients suffering from an

ACL rupture:$#24

* Altered neuromuscular activations were present
one year after ACL-R in the affected limb
compared to the contralateral limb and to a
healthy matched control limb during stair

descent.?®

* During stair ascent in acutely injured participants
with an ACL rupture, reduced neuromuscular
activity of the quadriceps was found during
preactivation (PRE) and weight-acceptance (WA)
compared to healthy controls. Also hamstrings
displayed a lower activation in acutely injured
patients during push-off (PO). Small differences
in the intra-individual comparison showed bilateral

consequences following ACL rupture.?®

* Significant differences in hamstrings’ neuro-
muscular activity between the participants’ injured
and intact knee was found with higher reflex
activity of the ST in participants’ deficient knee
at baseline, before ACL-R respectively. No
differences were found in BF and ST activity in
any timeframe comparing baseline with follow-up
one year after ACL-R.**

Neuromuscular control as criterium
for return to sport

A previous study reported that suddenly triggered
tibia perturbations by a rope-pulley system induce
a reflex response of the hamstring muscles.'
According to Dhaher and colleagues, this reflex
response of the hamstrings has a protective
mechanism following sudden tibial translation,
leading to adequate stiffness of the knee joint.**
This result indicates that the extent of the dynamic
neuromuscular joint control of the knee stabilizing
muscles can be measured closely to the physiological
injury  mechanism.  Nevertheless, nonspecific
vertical jump squats, SLHD and side hops in
addition to muscle strength tests are often used in
daily clinical practice to assess active knee stability
or functional petformance in general.” The clinical
examination provides information on passive joint

stability and general knee “function”.!®® Together

with PROMs (e.g., questionnaires such as the KOOS),
these assessments ate used to determine RTS ability.
However, it remains unknown whether the assessed
knee joint is eligible for performance testing or even
ready for RTS as sensorimotor control of the knee
is not directly assessed by measuring reflexes and

neuromuscular activation with EMG (Fig. 11).

In addition, a discrepancy between muscle function
tests and self-reported outcome measures was
found.”® The commonly used tests of muscle
function are not demanding or sensitive enough
to differentiate between the ACL-injured and non-

injured leg?

Consequently, the benefit of those
tests for adequate decision making must be
questioned as not every athlete returns to pre-injury
level of sports.*! Another gap is the lack of basic
knowledge concerning neuromuscular control of the
knee for functional stability during ADL, at work
or in doing sports. Moreover, the high rates of re-
injury and a limited consensus on what physical
tests best depict proper knee function indicate
that this examination and evaluation practice is
insufficient.” Obviously, current assessments for
RTS do not adequately reflect the level of knee
stability needed for a safe RTS. Consequently,
more insight into sensorimotor control mechanisms,
as well as clear and objective outcomes for active
knee stability could then eventually improve the

RTS decision making process.”®

Neuromuscular training is defined as a training to
enhance unconscious motor responses by stimulating
afferent signals and central mechanisms responsible
for dynamic joint control.®® These exercises are
tailored to induce compensatory changes in muscle
activation patterns and assist in facilitating dynamic
joint stability.* Therefore, our definition of neuro-
muscular control of the knee joint is derived from
the above mentioned,”® and includes volitional
and reflexive activity before and during static and
dynamic tasks. Adequate neuromuscular control

leads to active knee stability during controlled,
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known ADL but also in situations with sudden (tibial)
perturbation. In these cases, sensorimotor competence

does not only consist of adequate neuromuscular

indirectly, as surrogates for knee stability. Therefore,
direct approaches to measure muscle physiology

leading to more appropriate outcome measutes for

answers after initial foot-floor contact but also  sensorimotor competence are needed.

appropriate  pre-activation of knee stabilizing

muscles before landing. Commonly used physical ~ The methods used to assess and analyze neuro-
petformance tests do not give insight into those  muscular control are described in Chapter 2.5 and

processes as they only assess neuromuscular control  in corresponding sections of Chapters 4-6.

»,KOOS* KNIEFRAGEBOGEN

/ Geburtsdatum: / I

Datum: /

Patienten Nr:

ANLEITUNG: Dieser Ankreuzbogen befragt Sie, welchen Eindruck Sie von
Ihrem Knie haben. Die dadurch gewonnene Information wird uns helfen zu
uberwachen, wie es lhnen mit lhrem Knie geht und wie gut Sie in der Lage sind,
Ihre tblichen Aktivitaten zu verrichten.
Beantworten Sie bitte jede Frage durch ankreuzen des zugehérigen Kéastchens.
Bitte nur ein Kastchen pro Frage ankreuzen. Wenn Sie sich unsicher sind, wie
Sie die Frage beantworten sollen, wahlen Sie die Antwort aus, die lhnen am
zutreffendsten erscheint.
Symptome
Diese Fragen beziehen sich auf Beschwerden von Seiten Ihres Kniegelenkes in der
vergangenen Woche.
S1. Haben Sie Schwellungen an Ihrem Knie?

niemals selten ‘manchmal oft immer

[m]

K7 Fiihlen Sie ein Mahlen hiren Sie ein Klicken ader iroendein Gerdnech wenn Sie

-

clinical scores
(e.g. patient-reported ocutcomes)

clinical examination
(e.g. Lachmeter®)

Figure 11: Gap between clinical examination, clinical scores, and functional tests of physical performance. Data on nenromuscular control has
the potential to close this gap providing objective data on knee function and control for active knee joint stability (photos: ©Bern Movement Iab)
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data on neuromuscular control
(e.g. reflex responses)

functional tests of physical performance
(e.g. side hop tests)
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CHAPTER 2

AIMS AND OUTLINE

Abstract

This PhD project included four studies regarding neuromuscular control and objective criteria for patients after

an ACL rupture:

» Study 1 was a systematic literature review and reported which EMG-related outcomes were used to assess

neuromuscular control of the knee joint after an ACL injury to determine readiness to RTS.

Study 2 was a cross-sectional study including patients with an acute ACL rupture and investigated

differences in neuromuscular control for knee stability compared to healthy controls.

Study 3a, a cross-sectional study, evaluated whether sex and treatment effects on neuromusculat control

were present in people one year after ACL rupture in compatison to healthy controls.

Study 3b, cross-sectionally designed, investigated whether inter- or intrasubject leg differences in neuro-

muscular control were present in people one year after ACL rupture in compatison to healthy controls.

In addition, this chapter provides the objectives, research questions, hypotheses, timeline of the research

projects, information concerning methods for neuromuscular control and funding,

Knowledge of the difference in active joint stability
between subjects with an intact ACL and people with
an ACL deficiency or after ACL-R would provide
additional new information on the role of the ACL
and its involvement in active joint stability. If the ACL
can no longer transmit important afferent information
to spinal and supraspinal levels when ruptured,
the hypothesis implies that reflex-induced muscle
responses will be less adequate compared to the
situation with an intact ACL. In addition, knowledge
of the possible different reflex responses in patient
cohorts (healthy vs. injured and surgically treated
vs. rehabilitation alone, conservative treatment
respectively) might reveal functional deficits that in
turn can be addressed immediately to adjust clinical
decision making towards rehabilitation schemes and

RTS.

2.1 Objectives

The overall aim of this PhD project was to assess
and analyze neuromuscular control of the knee
stabilizing muscles in patients suffering from an

ACL rupture.

More in detail, the following objectives were part of

the projects belonging to this PhD:

* In Study 1, we aimed to provide an overview of
EMG-related assessments for neuromuscular
control in patients with an ACL rupture at the time
for RTS by doing a systematic literature review
(Chapter 3)."! Additionally, a master student,
supervised by A. Blasimann, reviewed the evidence
regarding sex-specific differences in neuro-
muscular control when assessed with surface
EMG.?




* In Study 2, with a cross-sectional design, we
wanted to assess neuromuscular control of both
lower limbs in patients with an acute ACL rupture
and compare the results to healthy controls
(Chapter 4).°

* In Study 3 we aimed at investigating differences
regarding subgroups of ACL patients one year
after the injury in comparison to a healthy control
group. The first analysis (Study 3a) concerned
influence of sex and treatment options — surgical
reconstruction and non-surgical, conservative
treatment (Chapter 5).*

The second analysis (Study 3b) investigated
differences regarding neuromuscular control in
the involved and non-involved limb of patients

compared to healthy controls (Chapter 6).

2.2 Research questions

This PhD project was divided beforehand into three

research projects with four research questions:

* Study 1:
Which EMG-related outcomes are used to assess
neuromuscular control of the knee joint after an
ACL injury to determine readiness to RTS?
(Chapter 3)"

*  Study 2:
Are there differences in neuromuscular control
for knee stability in intra- and intersubject
compatisons of patients in the acute phase after
an ACL rupture and healthy controls? (Chapter 4)°

* Study 3a and b:

Atre there any sex and treatment effects on neuro-
muscular control for knee stability in people
l-year after ACL-R or after conservative
treatment in comparison to healthy controls?
(Study 3a) (Chapter 5)*

Are there any intra- or intrasubject leg differences
in neuromuscular control for knee stability in
people 1-year after ACL-R or after conservative
treatment in comparison to healthy controls?

(Study 3b) (Chaptet 6)°
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2.3 Hypotheses

It is hypothesized that different afferent information
is leading to changes in the neuromuscular response,
e.g, of the hamstrings. These altered neuromuscular
responses might lead to a differentiation between
cohorts. The respective outcomes can then be used
immediately in further studies or directly in clinical
practice as a diagnostic tool: to reveal deficits and
to monitor changes, both in neuromuscular control
and active joint stability of the knee. This has direct
impact on clinical decision making as quantitative
data support decision-making for RTS. In addition,
current stability status of the knee joint helps to
identify injury risk and leads to optimal prevention.
Morteover, rehabilitation can be monitored with an
appropriate diagnostic tool. Furthermore, impact
on further scientific applications such as assessing
longitudinal effects of rehabilitation schemes,
monitoring longitudinal effects of prevention
strategies with quantitative data, identifying functional
outcome of surgical procedures with quantitative
data, and testing possible differences between

surgical approaches can be assumed.

This PhD project is intended to be a first step in the
diagnosis of neuromuscular control of the knee in
ACL patients to be able to assess surgical measures
as well as rehabilitation schemes and their effects
in the future. It is hypothesized that, because of
altered afferent information, the neuromuscular
EMG activity of the quadriceps and hamstrings
differs between ACL-intact (healthy) subjects,
surgically treated or conservatively treated patients
with an ACL rupture. Subjects with former ACL
injury may have developed different neuromuscular
strategies than subjects who have never ruptured
their ACL.6

Consequently, we set the following a priori

hypotheses:

* As neuromuscular control is not directly assessed
in current published rehabilitation guidelines for
ACL injury or reconstruction, we hypothesize
that there is only limited or no evidence of
proposed EMG outcomes to assess neuro-
muscular control for RTS in these patients.
(Chapter 3)"

* DPatients with an acute ACL deficiency (acute ACL
rupture) would show altered neuromuscular
control in the injured leg compared to the
contralateral, non-involved leg, and differ from
healthy matched control subjects. More specifically,
patients with an acute ACL rupture would have
lower reflex-induced neuromuscular activation
than healthy individuals with an intact ACL, due
to altered afferent information. This can then be
interpreted functionally: Active joint stability is
lower in individuals with an ACL deficiency.
(Chapter 4)°

* Patients with a chronic ACL deficiency who were
treated non-surgically and assessed one year after
an ACL rupture, would show altered neuro-
muscular control compared to healthy individuals
with an intact ACL. Patients with an ACL-R who
were assessed one year after surgery would show
altered neuromuscular control compared to
healthy individuals with an intact ACL. Both
patient groups would differ from each other, and
show altered neuromuscular control related to
treatment. In addition, we hypothesized that sex
differences would be present regarding neuro-
muscular control. Furthermore, the involved limb
of patients would show altered neuromuscular
control compared to the non-involved, contra-
lateral side. (Chapter 5 & 6)*°

2.4 Overview of
included studies

The timeline of this thesis is illustrated below in
Figure 19.

Study 1 of this PhD project was a systematic
literature review about EMG-related assessments
for neuromuscular control.! The project was registered
in the international prospective register of systematic
reviews (PROSPERO) beforehand and got the number
CRD42019122188. In addition, a master thesis
investigated sex-related differences in neuromuscular
control by doing a systematic literature review, which
was registered in PROSPERO under the number
CRD42020189504.% (Chapter 3)

For Study 2, patients with an acute ACL rupture were
included in the “Sensorimotor Knee 17 project.
In this research project, 15 patients and 29 healthy
subjects had been recruited between February 2016
and February 2020. Data from this pilot study had
been published previously.”® In the “Sensotimotor
Knee 2” project, the patients were measured again
one year after the first measurement (2017 — 2021).
However, only 13 patients agreed to participate in
the follow-up measurements. Pilot data from the
longitudinal study were published as conference
abstract.” Measurements and data analysis from the
acutely injured ACL patients were part of Study 2.
(Chapter 4)

For Study 3a investigating sex and treatment effects
(Chapter 5) and 3b assessing leg differences
(Chapter 6), 26 patients after ACL rupture and
38 patients with ACL-R were measured one year a
fter reconstruction, injury respectively, for the
research project “Development of valid diagnostics
to evaluate sensorimotor competence in patients
with anterior cruciate ligament (ACL) injury”
between April 2018 and August 2021. In addition,
the existing data base from the “Sensorimotor Knee

1 & 2” was completed with 13 additional healthy
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control subjects who were eligible based on matching
criteria. (Chapter 5 & 6)*°

Patients with an acute ACL rupture were recruited
by PD Dr. med. Philipp Henle, orthopedic surgeon
at the Sonnenhof Orthopedic Center in Bern,
Switzetland. Patients who were measuted one yeatr
after rupture or reconstruction, were recruited by
Philipp Henle as well, other orthopedic surgeons in
the canton of Bern, physiotherapists of the Hospital
Emmental in Burgdorf and Langnau, private physio-
therapy practices, local sports and fitness clubs,
and private networks. All healthy volunteers were
recruited among local sports and fitness clubs, private
networks, staff and students at the BFH.

All studies including participants complied with the
Declaration of Helsinki and were approved by the

Ethics Committee of the Canton of Bern, Switzer-
land (Study 2: KEK number 213/15; Study 3a/b:
KEK number 2017-02282). Written informed
consent was obtained from all participants. All
clinical assessments including MRI for patients
included for Study 2 were performed at the Sonnen-
hof Orthopedic Center in Bern, Switzerland.
Most of the clinical assessments for Study
3a/b and MRI, if needed, were also performed
at the Sonnenhof Orthopedic Center. Some
patients were recruited through private physiotherapy
practices and orthopedic surgeons and therefore,
were assessed in other Swiss Hospitals. All mea-
surements were done at the Bern Movement Lab,
laboratory at the BFH, School of Health Professions,
Division of Physiotherapy Research in Bern,

Switzerland.

Overview (Systematic Literature Reviews):
neuromuscular control

— Study 1 — MT (as supervisor)
EMG-related assessments sex-differences

RP Sensorimotor Knee 1 (cross-sectional):
neuromuscular control after acute ACL injury neuromuscular control 1y after ACL injury

RP Sensorimotor Knee 2 (longitudinal):

— Study 2

neuromuscular control in acute ACL inj

RP ACL valid diagnostics (cross-sectional):
neuromuscular control 1y after ACL injury (subgroups)

— Study 3a

neuromuscu control: sex & treatment effects

— Study 3b
neuromuscular control: leg comparison

2016 > 2017 > 2018> 2019> 2020> 2021>

Figure 19: Timeline of PhD project and affiliated studies as overview of research projects (RP) of the BEH (Physiotherapy Research) during
the PhD. The colors of the projects correspond to the chapter colors of this thesis

Abbreviations: ACL = anterior cruciate ligament; BEFH = Bern University of Applied Sciences; EMG = electronyography; MT = master’s

thesis® leading to a publication; RP = research project; y = year.
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In addition to the four studies, there were several

additional studies related to the PhD thesis and

resulting in a publication or manuscript (as second
or last author):

¢ Busch, A., Blasimann, A., Henle, P., & Baur, H.
(2019). Neuromuscular activity during stair
descent in ACL reconstructed patients: A pilot
study. Knee, 26(2), 310-316.

e Busch, A., Henle, P., Boesch, L., Blasimann, A., &
Baur, H. (2019). Neuromuscular control in
patients with acute ACL injury during stair
ascent—A pilot study. Sports Orthop Traumatol,
35(2), 158-165.%

*  Busch, A, Blasimann, A., Mayer, F, & Baur,H.
(2021). Alterations in sensorimotor function
after ACL reconstruction during active joint
position sense testing. A systematic review.
PLoS One 16(6), €0253503."

e Steiner, M., Baur, H., Blasimann, A. (2023).
Sex-specific  differences in  neuromuscular
activation of the knee stabilizing muscles in
adults- a systematic review. Arch Physiother, 13(1),
1-15.2

*  Gentsch, A., Blasimann, A., Busch, A., Henle, P,
Alfuth, M., Baur, H. (202x). Neuromuscular
activity during volitional tasks differs from reflex
responses. Manuscript submitted

e Abaecherli, K., Blasimann, A., Busch, A., Henle, P,
Baur, H. (202x). Neuromuscular activity duting
stair descent in conservatively and surgically
treated ACL-injured participants - a cross-
sectional study. Manuscript submitted

e Koecker, S., Blasimann, A., Busch, A., Boesch, L.,
Henle, P, Bruhn, S., Baur, H. (202x). Hamstrings
stretch reflex activity in healthy, ACL reconstructed
and conservatively treated ACL participants.

A cross sectional study. Manuscript submitted

2.5 Methods to assess
neuromuscular
control

As mentioned in Chapter 1.4. our definition of
neuromuscular control of the knee joint includes
volitional and reflexive activity before and during
static and dynamic tasks. Therefore, sensotimotor
competence does not only consist of adequate neuro-
muscular answers after initial foot-floor contact but
also appropriate pre-activation of knee stabilizing
muscles before landing. As commonly used physical
performance tests assess neuromuscular control
indirectly, as surrogates for knee stability, we chose
direct approaches to get insight into muscle physio-
logy. Surface EMG was used in this PhD thesis to
measure neuromuscular activity which was analyzed
in the time and amplitude domain:'' The EMG
signal served as an indicator for the initiation
of muscle activation (timing) and provided
information about force contribution of a single

muscle or a muscle group (amplitude)."

To evaluate neuromuscular activity of knee-
stabilizing muscles in ACL patients and healthy
controls, two different situations — stairway walking
and artificial tibial perturbation — had been chosen
for this PhD project. These two situations have
been selected because they represent important,

functionally relevant, and demanding situations:

* stairway walking (ascent & descent) as a
demanding, volitional activity eliciting muscle
preactivity. This activity of daily living requires
sufficient preactivity to guarantee active joint
stability. The stairway situation enables the analysis
of muscle preactivation prior to touch-down.
The amount of preactivity of quadriceps and
hamstrings indicate the level of joint stiffness

before load is applied to the respective extremity.
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* artificially induced tibial perturbation as reflex
activity and simulation of injury mechanism.
This perturbation is applied in posterior-
anterior direction relatively to the femur to elicit
reflex responses and is later named anterior tibial
translation. With this measutement, we simulate
the injury mechanism. Monitoring neuromuscular
control during the corresponding time window
from pre-activity to perturbation onset and time
windows for reflex responses after perturbation
give  insight into  sensorimotor  control

mechanisms to guarantee knee joint stability.!*™*

Preparation of participants for
measurements

The skin was prepared by shaving, smoothing, and
cleaning with alcohol. Afterwards, the self-adhesive
electrodes (Blue Sensor Type P-00-S; Ambu; inter-
electrode distance, 20 mm) were applied to the skin
over the muscle belly of the respective main knee
stabilizing thigh muscles VM, VL, BF and ST on
both limbs, according to the recommendations
of SENIAM (Surface Electromyography for the
Non-Invasive Assessment of Muscles) (Fig. 12).
The reference electrode was always placed on the

right patella.

Figure 12: Application of self-adbesive electrodes to the prepared skin
Sfor vastus lateralis muscle (OBern Movement 1.ab)
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Afterwards, the interelectrode impedance was
measured (impedance meter D175; Digitimer Ltd.,
Hertfordshire, United Kingdom) and accepted at
<2 kOhm. Then, the cables were attached to the
electrodes (Fig. 13), and everything hold together
with an elastic, mesh-like tubular bandage around
the thigh. For the measurements, all participants
wore the same brand and model of gym shoes
(Adidas™ duramo 6, ladies and men’s model,

different sizes) to eliminate effects of different

cushioning,

%

at
Figure 13: Connecting cables with electrodes and fixation of
cables and  preamplifier with elastic, mesh-like tubular bandage
(©Bern Movement Lab)

The measurements started with a warm-up on an
instrumented treadmill (h/p/cosmos; sports &
medical GmbH, Nussdotf, Germany) for 10 minutes
at 5 km/h (1.39 m/s) to assess maximum voluntary
contraction (MVC) of each muscle during gait. This
procedure served to normalize the EMG values
in the evaluation process and allowed comparison

1619 After this warm-

between individuals afterwards.
up, each participant completed the two experimental
situations in the same order: stair descent (Fig. 14)

first, followed by artificial tibial translation (Fig. 15).

Stair descent

The subjects walked downhill ten times on a staircase
instrumented with force plates (Type 9286BA,
Kistler®, Winterthur, Switzerland), embedded at the
third and fourth step (Fig. 14). Neuromuscular activity
was measured and related to the initial ground
contact detected by the force plate. Previously
published preliminary studies from our research
group had shown the feasibility and reliability of
this method, and the discriminatory power between
different cohorts.?’?! With this task, which is relevant
to everyday life, sensorimotor competence can be

assessed in applied situations.

Figure 14: Stair descent on  instrumented stairway with force
plates embedded 1o third and fourth step (symbolic image as
another device for EMG measurements was used in PhD project)
(©Bern Movement 1.ab)

Artificial anterior tibial translation

The research group of Prof. Dr. Sven Bruhn
(University of Rostock, Institute of Sports Science)
already established a measurement method in which
standardized perturbations at the tibia can be
induced.”” " The same methodological setup was
duplicated at Bern Movement Lab of BFH by
our research group (Fig. 15) in cooperation with
Prof. Dr. Sven Bruhn. Beforchand, the impulse
characteristics were validated,'* and the influence of
fatigue on the reflex response of the muscles
securing the knee joint was assessed.'? Reliability of
reflex measurements for the hamstrings was analyzed
at the Bern Movement Lab: Measurements of the
BF showed ICCs between 0.88 and 0.96 for the
defined time intervals (-50 — 0 ms, 20 — 40 ms, 40 —
60 ms, 60 — 95 ms) with bias and limits of agreement
ranging between 2 = 10% and 8 £ 41%.20 ICCs of
the ST were between 0.87 and 0.95 with bias and
limits of agreement between 3 £ 6% and 11 + 42% %
Test-retest measurements with 14 participants (equal
distribution of sex) showed ICCs between 0.87 and
0.96 for intrasession reliability and a test-retest
vatiability of < 5% ICCs between 0.58 and
0.87 for intersession reliability and a test-retest
reliability < 10% were found.” This pilot study
provided important information on the feasibility of
the measurements and the handling of the artificially
induced, anterior tibial translations.”? Additionally,
several investigations were done at the Bern

Movement Lab with the set-up as described below.””
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The participants were positioned in a relaxed
stance with slightly flexed ankle, hip and knee joints
(30° flexion) on two force plates (Type 9286BA,
Kistler®, Winterthur, CH) (Fig. 15 & 16). The hands
were at the hips. Using the force plates, a
symmetrical weight distribution on both legs was
be checked real-time by both the participant and
the assessor. After positioning, subjects completed
2x15 stretch reflex applications per limb with
recordings of neuromuscular activity.? '* A pause
of atleast 30 s was provided between each application
to check or correct the subject’s standardized
position. After 15 trials, a break of 2-3 min was
provided to relax or walk around. For 15 measure-

ments, neuromuscular fatigue can be neglected.
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Figure 16: Check for 30° knee flexion during reflex measurements
(©Bern Movement Lab)

Analysis of EMG data and main outcomes

Post-processing of the EMG signals is described in detail in Chapter 4, 5 and 6 in the methods section. The
root mean square (RMS) values of stair descent and reflex measurements were normalized to the MVC values
recorded during treadmill walking for interindividual comparability. The mean values of the respective
gait phases and time windows for reflex responses were then expressed as a percentage to the MVC (%MVC,
MVC = 1.0) as it had been applied to related questions before.!¢"

Outcomes from EMG measurements of stair descent equaled the normalized RMS values during the
three defined gait phases such as preactivation (PRE) before touchdown (initial contact foot on step), weight-
acceptance (WA) and push-off (PO) (Fig. 17).

EMG [%mV] touchdown

1
: |
0.5 0.6 0.7 0.8 0.9 1.0 11 12 13 14 1.5 stride time
! (%]
preacti- weight-
vation = acceptance

Figure 17: Example of muscle activity for stair descent in three phases of gait corresponding to preactivation, weight-acceptance and push-gff phase
(adapted from Banr et al., 2011, with permission, license N°5511380859176).
Abbreviation: EMG = electromyography; mV” = millivolt

To quantify reflex responses for oo vm“iv@“‘s &’95“\5
S . -50.- % o
anterior tibial translation, four defined (until onset)
time intervals  corresponding  to
preactivation after onset of tibial
translation (PRE-50; -50 - 0 ms), short- "\’A
semitendinosus/
latencyreflexresponse (SLR, 20—40ms), tmv - " S comimemirancsus
medium-latency reflex response (MLR, ] _,/\M\/\/\._/—ﬂ biceps femoris
40 — 60 ms), and long-latency reflex
7mm

responses (LLR, 60 — 95 ms) were used

e — way of anterior tibial
(Flg 18) 1214 ry— translation

. 18). ms
onset tibial translation

Figure 18: Example of muscle activity in four defined time intervals corresponding to
preactivation after onset of tibial translation, short-, medium-, and long-latency reflex
responses (adapted from Bebrens et al., 2013, Creative Commons Attribution
License)

Abbreviations: mm = millimeter; ms = millisecond; nw = millivolt
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Table 2 presents the primary and secondary outcomes related to EMG for stair descent and anterior tibial

translation measurements.

Table 2: Primary and secondary outcomes: Analysis of EMG signals in time intervals following anterior tibial translation and initial

foot-ground contact'*"* "7

Primary outcomes Unit

Time intervals after anterior tibial translation

-50-0 ms background activity/pre-activation (PRE_50) Normalized RMS values
20-40 ms short latency response (SLR) [wV uVY]

40-60 ms medium latency response (MLR) (%MVC)

60-95 ms long latency response (LLR)

Secondary outcomes Unit

Normalized RMS values
*  Weight-acceptance (WA) [V wV']
* Push-off (PO) (%MVC)

Time intervals of gait phases for stair descent

* Pre-activation (PRE)

bbreviations: ms = milliseconds; MV'C = maximum voluntary contraction; RNMS = root mean square; uV" = microvolt
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for neuromuscular control
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Abstract

Background: Adequate neuromusculat control of the knee could be one element to prevent secondary
injuries after an anterior cruciate ligament (ACL) injury. To assess neuromuscular control in terms of time,
amplitude and activity, electromyography (EMG) is used. However, it is unclear which assessments using EMG
could be used for a safe return to sports (RTS). Therefore, we aimed to summarize EMG-related assessments
for neuromuscular control of the knee in adult patients after an ACL injury to decide upon readiness for RTS.
Methods: This systematic review followed guidelines of Preferred Reporting of Items for Systematic Reviews
and Meta-Analyses (PRISMA) and Cochrane recommendations. MEDLINE/PubMed, EMBASE, CINAHL,
Cochrane Library, Physiotherapy Evidence Database (PEDro), SPORTDiscus and the Web of Science were
searched from inception to March 2019 and updated in November 2020. Studies identifying electromyographic
assessments for neuromuscular control during dynamic tasks in adult, physically active patients with an anterior
cruciate ligament injury were eligible and qualitatively synthesized. Two independent reviewers used a modified
Downs and Black checklist to assess tisk of bias of included studies.

Results: From initially 1388 hits, 38 mainly cross-sectional, case-controlled studies were included for qualitative
analysis. Most studies provided EMG outcomes of thigh muscles during jumping, running or squatting,
Outcomes measures described neuromuscular control of the knee in domains of time, amplitude or activity.
Risk of bias was medium to high due to an unclear description of participants and prior interventions,
confounding factors and incompletely reported results.

Conclusions: Despite a wide range of EMG outcome measures for neuromuscular control, none was used to
decide upon return to sports in these patients. Additional studies are needed to define readiness towards RTS
by assessing neuromuscular control in adult ACL patients with EMG. Further research should aim at finding
reliable and valid, EMG-telated variables to be used as diagnostic tool for neuromuscular control. Moreover,
future studies should aim at more homogenous groups including adequately matched healthy subjects, evaluate
gender separately and use sport-specific tasks.

Registration: The protocol for this systematic review was indexed beforehand in the International Prospective
Register of Systematic Reviews (PROSPERO) and registered as CRD42019122188.

Keywords: Knee, Anterior cruciate ligament injuries, ACL, Electromyography, EMG, Rehabilitation, Patient

outcome assessment, Neuromuscular control, Return to sports, RTS
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Background

Anterior cruciate ligament (ACL) injuries happen quite
frequently and concern athletes (0.15 injuries per
1000 athletic exposures (AEs)) but also the active part
of the general population."? Most ACL injuries are
due to a non-contact, multiplane mechanism’® and may
lead to instability, secondary meniscal injury or even
knee osteoarthritis in the long run.* Consequently,
this injury means several months or even years of
physical impairment with wide consequences for the
patients concerning return to work, return to activity
or return to sport (RTS). RTS rates between 63 and
97% are reported for patients after ACLR.>* Most elite
athletes return to sports ecatlier than non-elite
athletes,” on average within 12 months . Howevet,
it remains unclear whether this approach is safe,’
omitting further injury, respectively. Athletes after
ACLR returning to high-demanding sports (including
jumping, pivoting and hard cutting) show a more than
fourfold increase in reinjury rates over two years.’
More than 5% of athletes with an ACLR sustain a
re-rupture of the graft “® in the ipsilateral knee after
RTS. The risk for an ACL tear in the contralateral knee
is as double as high (11.8%) even five years or longer
after an ACLR.* Overall, the recurrence rates even
after successful ACLR and subsequent rehabilitation
are high (29.5% or 1.82/1000 AEs), with a tear of the
ACL graft (9.0%), an ACL injury of the opposite leg
(20.5%), muscle injuries on the ipsilateral side or even
bilateral consequences.” "

It is known that ipsilateral deficits in clinical knee
function and knee laxity persist even years after
ACLR."™? ACL patients show altered kinematics
and kinetics" and different neuromuscular strategies
during walking,'"* not only in the injured limb but
also in the non-affected side.”” "> These changes ate
referred to neuromuscular adaptations due to altered
sensoti-motor control'® and are caused by altered
afferent inputs to the central nervous system due
to the loss of the mechanoreceptors of the native
(original) ACL." Cutrent literature regarding in
ACL patients emphasises the importance of under-

standing consequences of ACL injury regarding

neuromuscular control and kinematics."™*  To
describe neuromuscular control in terms of simulta-
neously activated agonist/antagonist muscle pairs,
generalized knee muscle co-contraction parameters
are used.?"*

In daily clinical practice, physical performance tests
battetiesincludingjumpsand tests of muscle function®
are often used to assess neuromuscular control for
RTS. However, there is only limited evidence that
passing RTS test batteries—interpreted as having
achieved adequate levels of mobility, stability,
strength, balance, and neuromuscular control for
RTS—teduces the risk for a second ACL injury.®
Morteover, it remains unclear which measures should be
used to bring athletes safely back to RTS with a
low risk of te-injury.” In conclusion, the currently
suggested RTS criteria do not seem to be adequate
to assess neuromuscular control of the knee joint
to judge upon a safe RTS or even competition.
Therefore, meaningful, reliable, valid and accurate
diagnostic tools for patients with an ACL injury
(either treated surgically or conservatively) are needed
and may aid clinical decision-making towards a safe
RTS following ACLR. Objective measurements of
neuromuscular control should include electro-
myography (EMG) of involved muscles to judge
upon quantity, quality and timing of voluntary
activation and reflex activity. ** * However,
up to date it is unclear which EMG-related
measurements for neuromuscular control are used
in patients with an ACL injury to decide upon a safe
RTS.

65




Objectives

The first objective of this systematic review was
therefore to summarize the scientific literature
regarding EMG- related assessments for neuro-
muscular control in adult, physically active patients
with an ACL injury (either treated surgically or
conservatively) during functional tasks. The second
aim was to analyze whether these assessments for
neuromuscular control were used to decide upon

readiness for RTS in these patients.

Methods

This systematic review was planned, conducted and
analyzed according to the guidelines of Preferred
Reporting of Items for Systematic Reviews and
Meta-Analyses (PRISMA)* and followed the
recommendations of Cochrane group.®

The protocol for this systematic review was indexed
beforehand in the International Prospective Register
of Systematic Reviews (PROSPERO) and got the
registra-tion number CRD42019122188.

Eligibility criteria

To define the relevant key words for the literature
search, the Participants-Intervention-Control-Out-
come-Study design (PICOS) scheme was used as
follows (Table 1).

Studies were considered eligible for this systematic
review if they met the following inclusion criteria:
Study participants—either females, males or both—
had to be 18 yeats or oldet, suffer from an ACL injury
—either treated conservatively or surgically—with a
time since injury/surgery of six months at least, be
athletes or physically active people who participate
in sports activities on a regular basis (as defined by
each study, e.g. Tegner Activity Score (TAS) = 3) to
get data to decide upon RTS. Moreover, included
studies had to have used active or functional tasks
such as walking, stair climbing or jumps, applied
assessments for neuromuscular control of lower limb

muscles using EMG, be original articles published
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in peer-reviewed, scientific journals in English,
German, French, Italian or Dutch, and available
as full texts. Exclusion criteria were model-driven
approaches, animals or cadavers, comparisons of
surgical techniques, passive or non-functional tasks
(such as isokinetic measurements for strength and
isometric muscle activity), editorials, conference
abstracts, book chapters, theses, systematic reviews

and meta-analyses.

Data sources

The search was effectuated from inception until
March 2019 and updated in November 27th, 2020
in the electronic databases MEDLINE/PubMed,
EMBASE,CINAHL,CochraneLibrary, Physiotherapy
Evidence Database (PEDro), SPORTDiscus and
in the Web of Science. To ensure new articles
matching the search terms, e-mail alerts were established
from each of the databases if possible.”” Furthermore,
a hand search was done using the reference lists of
included articles to identify additional and potentially
eligible articles that had been missed in the electronic
database seatrches. The hits from these two additional
sources were also screened for eligibility applying
the same criteria as for the articles from the database

search.

Search strategy

In all sources, the advanced search mode was used
if available. A search matrix combining relevant
keywords (if possible MeSH-terms) with the Boolean
operators AND and OR was used and customized for
searches in all databases if necessary (see Additional
file “Search string for MEDLINE/PubMed” 1):
“antetior cruciate liga- ment/antetior  cranial
cruciate ligament/ACL”; “anterior cruciate ligament
injuries/strains and  sprains/rupture/tear/injury/
deficiency”; “antetior ligament reconstruction/
anterior cruciate ligament/sutrgery/reconstructive
surgical procedures/orthopedic procedure/ orthopedic
procedure/tendon graft/tendon transfer/conservative

treatment/non-surgical/rehabilitation/physical

therapy modalities / physiotherapy / kinesiotherapy/
exercise/instruction/resistance training/neuromuscular
training/postoperativecare”;“neuromuscularcontrol/
neuromuscular activity/sensorimotor control/muscle
activity/active stability”; “clectromyography/EMG/
clectromyogram/amplitude/timing/mean  activity/
peak activity/duration of activity/onset/offset/
on—off-pattern/ pre-activity/latency/reflex response”.
In the updated search, articles were filtered by date
of publication, with the aim of including only those
published between March 2019 and November 2020.

Table 1 Overview of PICOS criteria for key word definitions

Parameter Criteria

Study selection

All hits obtained by the database searches were down-
loaded to the Rayyan reference management platform
% and inserted into EndNote (Clativate Analytics,
Philadelphia, USA). Prior to screening, duplicates were
removed. Two authors (AB and IK) independently
screened title and abstract of the records, one by
using the software EndNote (Clarivate Analytics,
Philadelphia, USA) and the other with the help of the
free software “rayyan” *. After screening, full texts of
relevant hits were read by the two authors (IK, AB)
to decide upon in- or exclusion. If their decisions
did not match, discussion took place until consensus
was achieved. If consensus would not have been
reached, a third author (IB or HB) would have
finally decided upon in- or exclusion of the record in

question; however, this was not necessary.

Participants (P)  Adult people (age of 18-65 years) who sustained an ACL injury, either treated conservatively or surgically (repaired with an

autograft)
Intervention (I)  Assessment of neuromuscular control, active knee stability, sensorimotor control, active stability of the lower limb or
similar during dynamic activities
Control (O Uninjured limb/contralateral side or contralateral lower limb of the ACL-injured participant, or a healthy control group
Qutcomes (0)  Any EMG-related outcome describing neuromuscular activity/control in domains of time, amplitude etc.; parameters

describing EMG activity of lower limb muscles; related to EMG variables, such as amplitude, timing, mean or peak

activity, duration of activity, onset and offset/on-off-pattern respectively, pre-activity, latency, reflex response

14,20

Study design (S) Any laboratory or interventional study, cross-sectional or longitudinal such as randomized controlled trials, clinically
controlled trials without randomization, laboratory/experimental controlled trials etc
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Data collection process and
data extraction

After final decision of all studies, data extraction for
each eligible study was performed by the first author
(AB) with a predefined Microsoft® Excel (Microsoft
Corporation, Redmond WA, USA) spreadsheet
as piloted form. The first author (AB) extracted
necessary information from each article describing
the study design, groups measured and their
characteristics, the tasks to be fulfilled by all
participants, and all EMG-related assessments or
methods used to evaluate neuromuscular control.
Furthermore, the chosen assessment for neuro-
muscular control were judged whether they were
used to clear the participants for RTS. The second
author (IK) checked the extracted data at random.
As all included studies provided enough information
to be qualitatively analyzed, it was not necessary
to contact corresponding authors for obtaining or

confirming data.

Assessment of risk of bias

in included studies

The risk of bias of all the included articles was
independently assessed by two raters (AB, IK)
by using the Downs and Black checklist ' in a modified

#-32 The following categoties were evaluated:

form.
(1) reporting bias: objectives/hypothesis, main
outcomes, patients’ characteristics, interventions,
principal confounders, main findings, estimates
of random variability, actual probability values; (2)
external validity bias: study subjects/staff/places/
facilities representative; (3) internal validity bias:
blinding subjects/assessors, data dredging present,
different lengths of follow-up/same time period
between intervention and outcome for cases and
controls, statistical tests/main outcome measures
appropriate; (4) selection bias: patients and controls
from same population and over same period of time,
randomization, allocation concealed, adjustments
for confounding, loss to follow-up; and (5) power
analysis (see Additional file “Methodological quality

assessment” 2). Each question of the categories was
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scored with 1 or 2 points if the criterium was fulfilled
(answer “yes”), zero points if the answer was “no”,
“not fulfilled” and an “X” if the criterium was not
applicable, e.g. randomization for a case—control
or cross-sectional study, “IC” for intrasubject
comparison, respectively.

For this systematic review, studies with a total score
of 17 or above out of 25 (more than 2/3 of the
maximum total score) were considered as being of
high methodological quality, showing a “low” risk
of bias respectively.”” Studies which reached 13 to
16 points (more than 50% of the maximum total
score) were rated as being of “medium” quality, and
total scores below 13 were rated as being of low
methodological ~ quality, “high” risk of bias
respectively. As the aim of this systematic review was
to summarize the applied measures for neuromuscular
control, the methodological quality of the included
studies was of secondary interest. Therefore, no
study was excluded due to a low total score in the risk

of bias assessment.

Results

Study selection

Hits from the first and the updated database search
including e-mail alerts and hand search were screened
for duplicates. After applying in- and exclusion
criteria according to PRISMA flowchart,”” a total of
38 articles involving 1236 subjects—=809 participants
with ACLR or ACL deficiency and 427 healthy
controls—could be used for qualitative analysis.
Reasons for exclusion were participants younger
than 18 years, not able to achieve RTS, time since
injury or surgery less than six months, static or non-
functional task, study design (e.g. systematic review,
study protocol), unclear or inadequate outcome,
healthy participants or without ACL injury. Included
studies had mainly a cross-sectional, case-controlled
study design. Details about every step of the search
are illustrated in the following flowchart (Fig, 1).

Risk of bias assessment

Risk of bias of half (19 studies, 50.0%) of the
included studies was medium,” % six (15.8%)
showed high methodological quality *'~*¢ and 13 studies
(34.2%) wete of low quality > (Table 2). The main
reasons for a medium to low methodological quality
were due to an unclear description of participants
and prior interventions, confounding factors, and
incompletely reported results. Table 2 provides
details about the risk of bias assessment for each

included study.

Characteristics of included
studies Study design

Allincluded studies were case—control studies, except
two which where case seties™ or a single-case study.”
Two reported a retrospective or secondary data
analysis®* >
larger trial® 4% 7 (Table 2). Thirty-five studies

compared the ACL participants with at least one

or provided a subgroup analysis from a

control group (other ACL treatment, e.g surgical
versus conservative, or healthy controls), the remaining

three studies made a comparison between the injured

42, 44

and the non-injured leg of the participants or

compared the pre-injury status with follow-up data

from pre- and post-surgery.”’

Databases (MEDLINE/PubMed, Hand Database (MEDLINE/PubMed, E-mail alerts
— EMBASE, CINAHL, Cochrane search EMBASE, CINAHL, Cochrane N=9
5 Library, PEDro, SPORTDiscus, Web N=168 Library, PEDro, SPORTDiscus, Web
= of Science) (inception - March 2019) of Science) (March 2019 - Nov 2020)
p N=1178 N=33
£
[}
S
After removing duplicates After removing duplicates
N=943 N=28
o] | |
£
5 Title & abstract screening Title & abstract screening
s N=1111 N=28
(%]
— ———{  ExcludedN=1032 | ] Excluded N=21 |
t Full-texts assessed for Full-text excluded (N=42): Full-texts assessed for
= eligibility RTS not achieved (N=10) eligibility
f” N=79 age < 18 yrs (N=7) N=7 Full-text excluded (N=6):
] time since injury/surgery RTS not achieved (N=2)
L (N=7) age < 18 yrs (N=2)
static/no functional task static/no functional task
_ (N=8) (N=1)
° study design (N=7) unclear/wrong outcome
g unclear/wrong outcome (N=1)
= N=2
2 Included in quglitative no ACL Enjur;?/healthy New sltud_ies includec_i in
synthesis (N=1) qualitative synthesis
_ N=37 N=1

Fig. 1 Flowchart of literature search according to gnidelines of PRISMA?. PEDro = Physiotherapy evidence database; PRISM.A = Preferred
Reporting of Items for Systematic reviews and Meta-Analyses
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Participants
The number of included, adult participants with ACL
injuryvatied from N =1 [69] to amaximum of N =70

with a wide range of described physical activity

27 64 <c

178 “regular”,

from “norma active in at least one

sport”,' TAS = 33 minimal 2 h/week™ * to

athletes at level I sports including jumping, pivoting

42, 57, 59 35, 38, 67, 69

and hard cutting, elite soccer players

ot elite skiers.” Some authors restricted study pat-

33, 34, 36, 39, 44-406, 50, 58,60, 67

ticipation to either males or

50, 51, 64-66, 68, 69 rthers measured females and

males.”* 35, 37, 40, 41, 47-49, 52, 54-57, 59, 61, 62 Three studies

females,

did not provide any data about the gender of

their participants.*>*

More patient characteristics
of included studies can be found in Table 3.
Details regarding methodological aspects of all

included studies ate presented in Table 4 below.

Interventions
The number of muscles assessed ranged from

oned’s 4. 61

to ten.”” Mainly muscle activity of four
muscles of the thigh, vastus lateralis, vastus medialis,
had been

assessed. However, there were also studies measuring

biceps femoris and semitendinosus,

39, 62 39, 65, 66

the adductor longus, gluteus medius,

41, 52, 54-56, 59, 65, 66

gluteus maximus, and calf muscles

such as soleus, medial and lateral gastrocnemius.***

54-56, 59, 60, 63

The tasks used were very diverse: there were

activities of daily life such as walking on even ground

1 33, 47, 53, 57, 58, 62, 63, 68 13, 49
>

and downhil and stair climbing,

Other activities went more towards sports such as

44, 45, 60, 67, 6

running’ % and jumping®: 37 3942 45, 50-52, 54-56, 5,

61.65.66.68 where mainly the single-leg hop for distance,

drop jumps and countermovement jumps were used.
Some authors chose typical rehabilitation exercises
such as forward lunges* Nordic hamstrings or
hamstring curls® and squats.®* At the other end of
the scale, more complex, highly demanding, sport-
specific tasks such as an instep soccer kick™ or a side-
cutting maneuver® were reported. Only few research
groups used perturbation platforms to simulate
injury mechanisms during walking® ot squatting,*® **
or applied devices to stress the ACL in the posterior-

anterior direction.”

In addition, two studies even
investigated the influence of fatigue on neuro-

muscular control.*
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Outcomes

All included studies used surface EMG as method to
assess neuromuscular control and provided EMG-
related variables such as peak and mean amplitudes,
timing and peak of muscle activity, preparatory and
reactive muscle activity, on- and offset of muscular
activation, co-activation/co-contraction ratios, or
asymmetry index. The outcome variables were
expressed as percentage of maximum voluntary (iso-
metric) contraction (YoMVIC or %MVC) or reported
in microvolts or milliseconds according to the variable

chosen in amplitude or time domain.

Decision for Return to Sports
(RTS)

None of the included studies used the surface EMG
measurements to decide upon readiness for RTS
(Lable 4). However, the results from about a third
of the studies (31.6%, 12 studies) could provide
useful information by the choice of the assessed
groups such as copers versus non-copets,* 3 47437
intervention and control group from the same
team ot level/league, * % data from pre-injury/
pre-surgery including postsurgical follow up® ¢ ot
participants with full RTS versus limited RTS.* In
addition, two studies even investigated the influence
of fatigue on neuromuscular control.*">2

More detailed information regarding EMG methods
and procedures such as EMG type, detection,
normali- zation, data processing and electrode place-
ment can be found in Additional file “EMG methods

and procedures of included studies”.
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Discussion

The aim of this systematic review was to summarize
the scientific literature regarding EMG-related
assessments for neuromuscular control in patients
with an ACL injury (either treated surgically or
conservatively). The second aim was to analyze
whether these assessments for neuromuscular
control were used to decide upon readiness for RTS
in these patients.

There were many factors present which could have an

influence on neuromuscular control.

Influence by type of comparison
(intra- versus inter-subject)

The use of the contralateral, non-injured leg in
intra-subject comparison, without a “real” control

group
physical performance in the ACL reconstructed or —

2 % may lead to an overestimation of the

injured leg. After ACLR, functional performance is
often expressed with the LSL.”® As the non-affected
limb may also have deteriorated, the LSI may over-
estimate the right time for a safe RTS, and therefore,
the risk for secondary injury may be higher.” In
acutely injured ACL patients, intra-individual
comparison showed bilateral conse- quences during
stair ascent and indicates an alteration in the motor
program (“pre-programmed activity”).”! In addition,
in case of a case-controlled study design, the subjects
in the control group should be matched to the ACL
participants regarding sex, age, body mass, height,

activity level and leg dominance.

Influence by level of activity and
fatigue

Some of the included studies used very challenging,
sports-specific tasks to assess neuromuscular control,
some even assessed neuromuscular control after
fatiguing tasks. It is known that most of ACL tears
are non- contact injuries happening at the end of a
training session or a play.”” Therefore, the closer the
task to the sports and injury-risky situation, the safer
the decision towards full RTS or even return to

competition will be. However, assessing performance-

based tests or movement quality may be more difficult
to standardize, require more complex equipment and
large amounts of space. But if only impairments
will be tested, there will be a lack of information
regarding an “athlete’s capacity to cope with the
physical and mental demands of playing sport”.”®
It is therefore recommended to search for a

standardized assessment close to the injury

mechanism.

Influence by gender

Not all included studies reported findings of mixed
groups separately by gender. Some did not even state
whether study participants were male or female. This
could partly be explained by the date of publication
as gender difference in ACL patients has not been
in the focus of former ACL research. It is known
that female athletes are more likely to sustain an ACL
injury than men;™* ™ the increased risk is probably
multifactorial.” Several studies indicate that hormonal
factors play a role> "’ contributing to an increased
laxity of ligaments in the first half of the menstrual
cycle. However, biomechanical and neuromuscular
aspects as indicators are discussed controversially
in literature:  Gender-specific ~ neuromuscular
adaptations and biomechanical landing techniques
are considered being the most important ones to
explain the increased tisk of injury in women.”™”
The higher risk for females to suffer from an ACL
injury can be explained by motion and loading of
the knee joint duting performance.” Female athletes
typically perform movements in sports with a greater
knee valgus angle than men. Therefore, the amount
of stress on the ACL in these situations is higher
caused by a high activation of the quadriceps despite
limited knee and hip flexion, greater hip adduction
and a large knee adduction moment** ¥ The
dominance of the quadriceps muscle in women could
contribute to increased anterior tibial translation®#
and was found in various activities such as jumps and
cutting maneuvers.* % Morcover, females typically

land with an internally or externally rotated tibia,*’

leading to an increased knee valgus stress due to
greater and more laterally orientated ground reaction
forces. In contrast, other researchers did not find
any gender-specific differences in the quadriceps-
hamstrings  ratio,”® not even in landing and
cutting maneuvers.*” A systematic review summatized
biomechanical gender differences and stated that these
were based on questionable clinical relevance.® In
addition, strength-paired women and men showed no

significant differences in neuromuscular activity.”

Influence by treatment

The included studies reported different treatment
options (ACLR with different graft types, conservative
treatment). Depending on the classification of
the participants in copers and non-copers, the
results in neuromuscular control may differ from
a population of ACLR participants. Therefore, all
researchers who worked with copers and non-copers
made intra- and inter-group comparisons without
an ACLR group. A Cochrane review revealed low
evidence for no difference in young, active adults
after two and five years after the injury, assessed
with patient-reported outcomes. However, many
participants described as “non-copers” with unstable
knee with conservative treatments remain symptomatic,
and therefore, later opt for ACL surgery” It has
been described that persistent co-contraction and
joint stiffening in these “non-copers” is likely to be
due to an abnormal neuromuscular strategy failing to
restore joint stability in these ACL deficient group.”
Furthermore, the choice of graft would influence the
neuromuscular control of measured muscles due to
the morbidity of the harvesting site of the graft (e.g.

hamstrings).
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EMG variables

If the researchers mentioned the procedures for
collecting EMG data, they referred to standardized
applications and guidelines such as SENIAM (Surface
Electromyography for the Non-Invasive Assess-
ment of Muscles).” The provided EMG-related
variables were in accordance to the ones mentioned
in a systematic review searching for knee muscle
activity in ACL deficient patients and healthy controls
during gait." Current literature suggests gtreater
co-contraction indices, increased joint stiffness and
earlier muscle activation onset times as measures of
neuromuscular function reflecting the incomplete

1992 Some of the

restoration of normal joint stability.
included studies reported values of muscle onset
activity in milliseconds and percentage of gait cycle
as a systematic review did by summarizing and
quantitatively analyzing muscle onset activity prior
to landing in patients after ACL injury®” Howevet,
no cut-off values out of EMG-related variables were
provided to determine an adequate level of neuro-
muscular control. Moreover, some of the researchers
only provided integrated EMG values which would
make it difficult to be compared to other studies
using the respective units (milliseconds, millivolts) or
widely used percentage values (%oMVIC, %MVC).

Return to sports (RTS)

Regarding the determination of RTS after ACLR,
there is some evidence for the use of functional
performance tests, which had also been widely
used in the included studies. Multiple functional
performance measures—a battery including strength
and hop tests, quality of movement and psycho-
logical tests®—might be more useful for the deter-
mination of RTS than a single performance measure.
However, it is still unclear, which measures should be
used to bring athletes safely back to RTS with a low
risk of a second ACL injury.” Currently used RTS
criteria or assessments, such as time, strength tests,
hop tests, patient-reports, clinical examination, thigh
circumference, ligamentous stability, range of motion,

effusion and performance-based criteria, may be
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suboptimal at reducing the risk of a second ACL
injury.”** Recovery of neuromuscular function was
mentioned to be important because of the existing
connection between the variables time since surgery
and the risk for re-injury of the knee joint; but
adequate assessment procedutres to assess neuro-
muscular function are still a matter of debate.”
In contrast, authors of an included study stated
that “studies like ours that focus on the objective
measurement of the change of the muscle latency
time over time may allow patients to return to full
activity and to sports eatlier than the standard time of
6-12 months”.*> However, this statement only based
on one outcome measure and contrasts with current
criterion- and time- based recommendations for RTS.
Therefore, this recom- mendation seems to be rather

dangerous.

Limitations

The sample size of all the studies was quite low,
however, providing reasonable sample size calculations
and depending on the variable investigated, the
results were acceptable. Furthermore, the more
restrictive the inclusion criteria for the participants,
the more homogencous the intervention and the
control groups were, but the more challenging the
recruitment process was, leading to smaller groups to
be investigated.

The used assessment for the risk of bias, the Downs
and Black checklist’ in a modified form® % is
designed for randomized and non-randomized
controlled studies, however, the latter score lower
in some items, get lower total scores and therefore
a worse overall rating of the methodological quality.
Despite this disadvantage, we decided to use the
modified checklist as we could assess all studies with
different designs included in this systematic review.
However, the use of total scores and choice of cut-off
values for low, medium and high risk of bias,

respectively, were arbitrary and not based on literature.

Conclusions

Implications for clinical practice

This systematic review summarized assessments
using EMG variables for neuromuscular control of
the knee in patients suffering from an ACL injury
(either treated surgically or conservatively). Despite
38 articles providing a wide range of EMG-related
assessments, none was used to decide upon readiness
towards a safe and successful RTS in patients after
an ACL injury. So far, there is no diagnostic mea-
sure to assess neuromuscular control and therefore,
clinicians should use a multimodal approach
including assessments for active and passive knee
stability under different sports-related conditions but
be aware of not being able to evaluate neuromuscular
control in depth without EMG-related assessments.
Moteovet, the widely used LSI may overestimate the
physical performance of an ACL patient as the non-

affected limb is likely to have deteriorated, too.

Implications for further research
Additional studies are needed to define readiness
towards RTS by assessing neuromuscular control
in adult ACL patients with EMG. Further research
should aim at finding reliable and valid, EMG-
related variables to be used as diagnostic tool for neuro-
muscular control.

Due to the heterogeneity in participants, inter-
ventions and outcomes used, future studies should
aim at more homogenous patient groups, evaluate
females and males separately, provide adequately
matched healthy subjects (gender, height, weight,
activity level etc.), control for confounding factors
such as type of treatment, and use tasks close to
the injury mechanism, as sport specific as possible,
respectively. Moreover, it would be interesting to
assess not only lower leg but pelvic and core muscles
in addition. This would help to give insight in the
complex field of ACL injuries and subsequent
rehabilitation strategies, and therefore improve know-

ledge towards a safe RTS in these patients.

Abbreviations
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Additional file 1: Search string for MEDLINE/PubMed

((((((((anterior cruciate ligament[MeSH Terms]) OR anterior cruciate ligament[Title/Abstract])
OR anterior cruciate ligaments[Title/Abstract]) OR anterior cranial cruciate
ligament[Title/Abstract]) OR anterior cranial cruciate ligaments[Title/Abstract]) OR
ACL[Title/Abstract])) AND (((((((((((((((((((anterior cruciate ligament injuries]MeSH Terms]) OR
anterior cruciate ligament injuries[Title/Abstract]) OR anterior cruciate ligament
injury[Title/Abstract]) OR  rupture[Title/Abstract]) OR ruptures[Title/Abstract]) OR
strain[Title/Abstract]) =~ OR  strains[Title/Abstract]) = OR  sprain[Title/Abstract]) OR
sprains[Title/Abstract]) OR tear[Title/Abstract]) OR tears[Title/Abstract]) OR ((strains and
sprains[MeSH Terms]))) OR ((strains[Title/Abstract] AND sprains[Title/Abstract]))) OR
injury[Title/Abstract]) OR injuries[Title/Abstract]) OR partial tear[Title/Abstract]) OR partial
tears[Title/Abstract]) OR deficiency[Title/Abstract]))) AND (((((((((((((((((anterior ligament
reconstruction[MeSH Terms]) OR anterior ligament reconstruction[Title/Abstract]) OR anterior
ligament reconstructions[Title/Abstract]) OR anterior cruciate ligament/surgery[Title/Abstract])
OR anterior cruciate ligament/surgeryflMeSH Terms]) OR anterior cruciate
ligament/surgery[Title/Abstract]) OR reconstructive surgical procedures[MeSH Terms]) OR
reconstructive  surgical  procedures[Title/Abstract]) = OR  reconstructive  surgical
procedure[Title/Abstract]) OR reconstruction[Title/Abstract]) OR
reconstructions[Title/Abstract]) OR reconstructive[Title/Abstract])))) AND
(((((((((neuromuscular control[Title/Abstract]) OR neuromuscular activity[Title/Abstract]) OR
sensorimotor control[Title/Abstract])) OR muscle activity[Title/Abstract])) OR muscular
activity[Title/Abstract]) OR active stability[Title/Abstract]) OR active  joint
stability[Title/Abstract]) OR active knee stability[Title/Abstract]) OR active knee joint
stability[Title/Abstract])))  AND CCCCCeeC(electromyography[MeSH Terms]) OR
electromyography([Title/Abstract]) OR surface electromyography[Title/Abstract]) OR
electromyogram[Title/Abstract]) OR EMGITitle/Abstract]) OR amplitude[Title/Abstract]) OR
timing[Title/Abstract]) OR mean activity[Title/Abstract]) OR peak activity[Title/Abstract]) OR
duration of activity[Title/Abstract]) OR onset of activity[Title/Abstract]) OR offset of
activity[Title/Abstract]) OR on-off-pattern[Title/Abstract]) OR pre-activity[Title/Abstract]) OR
latency[Title/Abstract]) OR reflex response[Title/Abstract])
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Abstract

Background: Anterior cruciate ligament (ACL) rupture has direct effect on passive and active knee stability
and, specifically, stretch-reflex excitability.
Purpose/Hypothesis: The purpose of this study was to investigate neuromuscular activity in patients with an
acute ACL deficit (ACL-D group) compared with a matched control group with an intact ACL (ACL-I group)
during stair descent and artificially induced anterior tibial translation. It was hypothesized that neuromuscular
control would be impaired in the ACL-D group.
Study Design: Cross-sectional study; Level of evidence, 3.
Methods: Surface electromyographic (EMG) activity of the vastus medialis (VM), vastus lateralis (VL), biceps
femoris (BF), and semitendinosus (ST) muscles was recorded bilaterally in 15 patients with ACL-D (mean,
13.8 days [range, 7-21 days] since injury) and 15 controls with ACL-I during stair descent and atificially induced
anterior tibial translation. The movements of stair descent were divided into preactivity, weight acceptance, and
push-off p . Reflex activity during anterior tibial translation was split into preactivity and short, medium,
and late latency responses. Walking on a treadmill was used for submaximal EMG normalization. Kruskal-
Wallis test and post hoc analyses with Dunn-Bonferroni correction wetre used to compare normalized root
mean squate values for each muscle, limb, movement, and reflex phase between the ACL-D and ACL-I groups.
Results: During the preactivity phase of stair descent, the hamstrings of the involved leg of the ACL-D group
showed 33% to 51% less activity compared with the matched leg and contralateral leg of the ACL-I group
05). During the weight acceptance and push-off phases, the VL revealed a significant reduction
nately 40%) in the involved leg of the ACL-D group compared with the ACL-I group. At short
latency, the BF and ST of the involved leg of the ACL-D group showed a significant increase in EMG activity
compared with the uninvolved leg of the ACL-I group, by a factor of 2.2 to 4.6.
Conclusion: In the acute phase after an ACL rupture, neuromuscular alterations were found mainly in the
hamstrings of both limbs during stair descent and reflex activi he potential role of prehabilitation needs to
be further studied.

Keywords: anterior cruciate ligament; ruptute; acute; neuromuscular control; tibial translation; stairs
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Background

Injuries of the anterior cruciate ligament (ACL)
happen frequently and concern elite (0.15 injuries per
1000  athlete-exposures) but also recreational
athletes.””" Most ACL injuries occur duting cutting
and pivoting sports and are caused by a noncontact
multiplane mechanism because of high knee valgus
sttess and  foot abduction  position.?***%
The injury often leads to surgical reconstruction
or repair. This applies especially to younger people
with high demands on their knees at work or
in sports or experiencing persistent giving-way
episodes. It is known that patients with an ACL
injury show neuromuscular adaptations due to
altered sensotimotor control.*™® These changes
in sensotimotor control are caused by altered afferent
inputs to the central nervous system due to the
loss of the mechano-receptors of the native (original)
ACL* In recent years, studies have reported
findings of neuro-muscular control in patients after
ACL reconstruction by investigating activities of

1023 o

daily living such as stair ambulation
sport-specific tasks such as hop landing,*
both of which demand high levels of neuro-
muscular control. For example, increased neuro-
muscular activity amplitude was found in the gluteus
maximus of participants (1-18 yeats post- operatively)
with ACL reconstruction compared with healthy
controls during stair ascentand descent.” A pilot study
with participants 1 year after ACL reconstruction
reported a significantly increased activity of the
semitendinosus (ST) in the surgically treated leg and
of the vastus lateralis (VL) in the uninvolved leg
compated with healthy controls during stair descent.'
The same authors found a decreased activity in vastus
medialis (VM) of the reconstructed knee compared
with the uninvolved leg and matched limb of
controls.

Neuromuscular alterations in the hamstrings—in
terms of increased hamstring activation in the recon-
structed leg compared with the contralateral leg—
have been found not only in the active population but

also in athletes returning to sport after ACL recons-

truction.”” These alterations during landing persisted
even 6 months after clearance for return to sport.””
Moreover, different environmental conditions
(cognitive dual-task, unpredictable perturbation of
supporting surface) during a step-down task affected
athletes’ neuromuscular response of thigh muscles
and adaptation to perturbed tasks in a negative way.!
In contrast, there have been few studies investigating
neuromuscular alterations in patients with ACL
deficiency with nonoperative treatment only.**** To
date, only 3 studies have measured ACL deficiency in
patients in the acute stage before any rehabilitative
intervention."'** Women with an ACL rupture
(2-11 months after accident) showed altered neuro-
muscular activation, and in general a lower quadri-
ceps/hamstring ratio, in the injured leg compared
with the uninvolved leg during single- and double-
leg squats.®* In that study, surface electromyogtraphic
(EMG) signals were collected, and ratios of average
EMG amplitude between injured and uninjured
sides, as well as between antagonistic muscles on the
same side, were compared without prior normali-

zation.>*

A pilot study with male and female
participants with an acute ACL deficiency (1-3 weeks
after accident) found an activation of only 35% to
50% in the thigh muscles of the injured leg compared
with the uninvolved leg (with 100% of activation
as reference) during stair ascent.! The authors used
surface EMG signals during walking on a treadmill
at a speed of 5 km/h (1.39 m/s) for submaximal
EMG normalization, with stair ascent activity
normalized and expressed as a percentage (EMG %)
of respective level walking activity.!" Furthermore,
a systematic review reported an increased muscular
activity of the hamstrings in patients with acute
ACL deficiency during walking, but also a decreased
quadriceps activation in the acute stage. A minority
of included studies found prolonged duration of
activity in patients with ACL deficiency compared
with a control group.® Normalization procedures
varied and included maximum isometric voluntary
contraction, peak EMG activity during a gait cycle,
mean EMG activity over the entire stride, or

deviation from obtained standard muscle activity.*®
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Active joint stability is determined not only by
neuromuscular activity (reflex-induced and voluntary
activation), but also by muscular reaction times.?
So far, mainly nonspecific tests, such as hop tests,
have been used to test active joint stability. However,
testing paradigms that assess neuromuscular control
of the knee joint—stabilizing muscles in isolated
situations can resemble much more precisely the
physiological function of the involved muscle.
During anterior tibial translation, the hamstrings,
working synergistically with the ACL, respond to a
sudden perturbation with a corresponding reflex
activation (stretch reflex).” Only a few studies have
shown that the extent of protective reflex activation
of the hamstrings after immediate tibial translation
results in increased active joint stiffness.*® To date,
neuromuscular control has mainly been assessed in
patients with ACL reconstruction during functional
or sport-specific tasks. Some authors have also
investigated patients with ACL deficiency, but in the
chronic stage, usually after nonoperative treatment;
some authors have assessed reflex activity in healthy
participants. However, literature investigating neuro-
muscular control and reflex activity in patients with
an acute ACL deficiency is limited.

The objective of this cross-sectional study was to
compare neuromuscular activity duting (1) stair
descent and (2) artificially induced anterior tibial
translation while standing in patients with acute ACL
rupture compared with a matched healthy control

group. Based on the literature, 1'%

we hypothesized
that neuromuscular control would be impaired in
participants with acute ACL deficiency, meaning
that they would show (1) a reduced quadriceps and
enhanced hamstring activation and (2) a decreased
and prolonged reflex activity of the hamstrings
during artificially induced anterior tibial translation

compared with healthy controls.
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Methods

The protocol for this cross-sectional study received
cthics committee approval, and the study was
conducted in accordance with the Declaration
of Helsinki.®® All included patients provided written

informed consent.

Sample Size Calculation

The a priori analysis of sample size was performed
using the software G*Power (Version 3.1; University
of Kiel)."

The effect size (ES) was calculated with data from a
study that investigated the effect of maximal fatigue
on reflex responses of the ST during the time interval
20 to 40 ms after tibial translation.* The difference
was 20% with small variability and resulted in a large
ES (1.098).* Based on this ES and the assumptions
made, a total sample size of 30 patients (n = 15 per
group) and a power of 0.82 was obtained. The
following assumptions were used: protocol of sample
size calculation: n =12; test family = t tests; statistical
test = t test; differences between 2 independent
means (2 groups); 2-tailed; type of power analysis =
a priori; ES = 0.8; alpha-error probability =
.05; power (1 — beta-error probability) = 0.8; number

of groups = 2; number of measurements = 1.

Participants

Two groups were recruited for this study. One group
consisted of patients with an acute (7-21 days after
accident), isolated, complete ACL rupture, ACL
deficiency, respectively (ACL-D) without any
concomitant injuries, confirmed by clinical examination
and magnetic resonance imaging scan. Further-
more, patients were included if they had no acute
inflammatory signs, limited swelling (<2 cm difference
in the circumferential measurement compared with
the contralateral side), no acute pain on visual analog
scale (VAS; score, <5 of 10),” and an approximately
free range of motion in flexion and extension of
<20° difference from the contralateral side and were
able to walk on even ground and climb stairs without

any walking aids such as crutches and orthoses.

The patients were recruited in collaboration with
Philipp Henle MD, Sonnenhof Orthopaedic Center,
Lindenhof Group, Bern, Switzerland, between
February 2016 and February 2020. From the initial
19 patients recruited, 4 could not be measured for
time reasons (not enough time before surgery or
hospital stay), leaving 15 patients in this group.

The control group consisted of 15 healthy matched
individuals with an intact ACL (ACL-I). The
participants were recruited from local sport clubs and
students and collaborators of the Bern University of
Applied Sciences. Matching was based on sex, age,
body height, body mass, and dominant leg (defined
as the preferred leg for kicking a ball).

Inclusion criteria for all participants were age range
between 18 and 60 years, being physically active for
at least 45 minutes twice per week, and having a
minimum Tegner activity score of 5, in which
0 represents disabled and 10 represents professional-
level sports.* Exclusion criteria for all participants
were cardiac problems, neurological diseases,
petipheral  vascular  diseases, musculoskeletal
complaints, acute infections, alcohol abuse, use
of analgesic drugs, knee surgery beforehand,
concomitant knee injuries (regarding menisci, medial
or lateral collateral ligaments), other concomitant
injuries of the lower limb (foot, hip), back pain, trunk

injury, thrombosis, and pregnancy.

Measurements
All measurements were performed at the Bern
Movement Laboratory. The same setup as for a pilot

study was used,'™"!

including a retrospective analysis
of pilot data of healthy matched controls.

For all participants, anthropometric data (age, body
height, body mass, etc), limb dominance, and data
regarding physical activity (type of sports, number of
hours per week, Tegner activity score)™ were collected
with the aid of a standardized case report form.
Moreover, the Knee injury and Osteoarthritis
Outcome Score (KOOS)* was completed by every
participant. Afterward, the skin was prepared (shaved,
smoothed, and cleaned with alcohol) for bipolar,

self-adhesive electrodes (Blue Sensor Type P-00-S;

Ambu; interelectrode distance, 20 mm), which were
applied to the VM, VL, ST, and biceps femoris (BF)
muscle of both limbs according to Surface Electro-
MyoGraphy for the Non- Invasive Assessment of
Muscles standards.®® The reference electrode was
always placed on the right patella. Then, the interelec-
trode impedance was controlled (impedance meter
D175; Digitimer) and accepted at <2 kOhm.

After the preparation and before the measurements
started, the actual health status (general well-being)
and actual pain level of the participants were assessed
by using a 100-mm VAS.* This was done to test for
inconvenience and pain from any measurements or
the presence of the participant in our laboratory.
Each participant started with a warm-up on an
instrumented treadmill (h/p/cosmos; sports & medical
GmbH) for 10 minutes at 5 km/h (1.39 m/s).
The initial contact of each gait cycle was detected
by 2 force transducers (seties KMB52, 10 kN;
Megatron Elektronik) that had been mounted
under the treadmill. Signals of electromyography of all
4 muscles on both limbs were recorded during
walking ata speed of 5 km/h (1.39 m/s) for 2 minutes
and were used for submaximal EMG normalization
of stretch reflexes and root mean square (RMS) values
of the gait phases during stair climbing.** After this
warm-up, each participant completed 2 experimental
situations in the same order: a functional task
consisting of stair descent (Fig. 1) and a physiological
experimental task, stretch-reflex ~measurements

induced by artificial tibial translation (Fig. 2).
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Figure 1. Excperimental setup for stair descent.

Stair Descent

Participants were asked to descend a G-step stairway
10 times at a self-selected speed without using
the handrails. The custom-made wooden staircase
(Fig. 1) was composed of 2 integrated multi-
component force plates (type 9286BA; Kistler),
which were embedded in the third and fourth step
to identify gait cycles during stair climbing, The
inclination was 30.6°, with a step height of 17.1 cm
and a step depth of 29.0 cm. The configurations for
vertical ground-reaction forces had been previously

described and had shown adequate reliability.**

The cycle of stair descent was divided into the
3 movement phases: preactivity (PRE), weight
acceptance (WA), and push-off (PO). The PRE
phase was defined from 150 ms before initial
foot-floor contact until initial contact with the force

platform. The WA phase covered the period from
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Figure 2. Experimental setup for stretch-reflex: measurements
(anterior tibial translation): (1) electromagnet, (2) falling barbell
weight, (3) stopper, (4) wire rope, (5) force transducer, (6) brace,
(7) computer screen for visual control of equal body weight
distribution, (8) headphones and attennator, and (9) 2 force plates.

initial contact until the lowest applied vertical ground-
reaction force (“braking phase” until anterior-
posterior force crosses the zero line). The PO phase
followed the WA phase until the vertical ground-

reaction forces declined to zero (“propulsion phase”).

Artificial Tibial Translation

The participants were assessed in a relaxed, upright,
bipedal stance with hands on hips and knees in
30° of flexion (Fig. 2). To guarantee a standardized
standing position, participants stood with each foot
on a force plate (type 9286BA; Kistler) and, to ensure
equal distribution of the body weight, received visual
feedback provided by a computer screen at eye level.
In addition, the participants had to wear headphones
with music and an attenuator to avoid any kind
of acoustic anticipation. An online tool (www.

randomization.com) was used to create a list for

testing both legs in a randomized order. To evoke
standardized tibial translation in the posterior-
anterior direction, a reliable rope-and-pulley system’
was used (Fig. 2). A standardized impulse was
applied to the tibial shank and monitored by a
force transducer (type KM1506, 2 kN; Megatron
Elektronik), which was used as a trigger signal for the
measurements of onset of tibial translation. As it has
been shown that the neuromuscular hamstring reflex
response is greatest to a high magnitude of impulse
and a high rate of force development,” a batbell
weight of 2.5 kg and a drop height of barbell weight
of 1.0 m were applied.

Artificial tibial translation was elicited 30 times per
lower extremity, with a short break after 15 repetitions
to avoid excessive co-contraction or muscular
fatigue. Between sets, participants were allowed
to walk around and relax during the resting intervals
(5 minutes). Between each stimulus, a break of about
30 seconds was taken to avoid impulse anticipation
and to allow participants to adjust their standing
position (interstimulus interval, 20-30 seconds).
Basically, the participants were unaware of the point
in time of the tibial translation.

After the measurements were completed, the actual
health status (general well-being) and actual pain level

of the participants were assessed once more by VAS.

Study Outcomes

As primary outcomes, the RMS values of the EMG
signals after the activation of the stretch reflex
(after onset of tibial translation) were calculated for
4 predefined time intervals: =50 to 0 ms background
activity and preactivity (PRE_50); 20 to 40 ms, short
latency response (SLR); 40 to 60 ms, medium latency
response (MLR); and 60 to 95 ms, late latency response
(LLR).** The RMS values of stair descent in the
PRE, WA, and PO phases served as secondary

outcomes.>’

Signal Transmission,

Data Processing, and
Normalization

Transmission of the EMG signal occurred across a
differential preamplifier (gain, 500; input impedance,
4000 MOhm; common mode rejection, 90 dB at 60 Hz)
to a telemetric main amplifier (PowerPack; Pfitec;
bandpass filter, 10 Hz to 1 kHz; gain, 5.0; resultant
overall gain, 2500), in which it was recorded at 2000 Hz
for walking or stair descent and at 4000 Hz for the
stretch-reflex measurement.” Then, an analog-digital
conversion was conducted (NI PCI 6255; 1.25 ms/s,
16 bit; National Instruments), and finally, LabVIEW-
based software (Imago Record; Pfitec) was used to
register the signals.

EMG data processing was performed using the same
LabVIEW-based software. All corresponding raw
EMG signals were full wave rectified. The raw EMG
signals from the treadmill and stair descent were ad-
ditionally band-pass filtered at 10 to 500 Hz (second-
otder Butterworth).

For interparticipant comparability, RMS values were
normalized according to the corresponding time
intervals retrieved during level walking. Level walking
was expressed as 100% of neuromuscular activity,
and reflex responses during tibial translation and stair
descent were normalized and expressed as a percentage
(EMG%) of respective level walking activity.
This kind of evaluation has been used for related
research.?

The RMS values were then exported into Excel
spreadsheets (Windows 10; Microsoft Corp), in
which individual means of 10 strides, 10 steps (stair
descent), and 30 tibial translations per extremity for
cach muscle in each time interval were calculated and
checked for plausibility. Individual values >2 standard
deviations (SDs) for stair descent and >3 SDs for
reflex measurement were traced back to the original

data set and corrected if possible.

123




TABLE 1
Comparison of Characteristics Between the ACL-D and ACL-I Groups?
Characteristic ACL-D (n ¥4 15) ACL-I (n %4 15) P
Age,y 32.67£9.53 32.20+£6.78 953
Body height, cm 174.0 £7.83 177.73 £7.27 187
Body mass, kg 7798 £12.14 73.55+11.74 512
Female sex, % 33 33 ==
Leg dominance, right/left, n 14/1 14/1
Time since injury, d 13.8+£5.6
Physical activity, min/wk 340.67 £277.83 265.67 £ 126.36 975
Preinjury Tegner score (10 points max) 6.20 £1.86 527 +£1.10 202
KOOS total score (168 points max) 102.53 +£23.30 165.67 £1.92 <.0001
Pain (36 points max) 2440 £5.73 35.80 £0.41 <.0001
Symptoms (28 points max) 18.07 £4.27 26.13 £ 1.60 <.0001
ADL (68 points max) 49.73 £10.41 68.0 £ 0.00 <.0001
Sport and Recreation (20 points max) 5.20 £4.40 19.87 £0.35 <.0001
HRQoL (16 points max) 5.13 £2.50 15.87 £0.52 <.0001
VAS pain
Premecasurement 940 £11.84 0.67 £1.63 045
Postmeasurement 17.40 £21.20 1.87 £3.14 016
VAS well-being
Premeasurement 14.07 £14.52 6.20 £8.76 037
Postmeasurement 1520 £15.17 5.73 £ 7.31 001

“Data are reported as mean T SD unless otherwise indicated. Boldface P values indicate a statistically significant difference between groups
(P < .05). Dashes indicate not applicable. ACL-D, anterior cruciate ligament deficient; ACL-I, anterior cruciate ligament intact; ADL,
Activities of Daily Living: HRQol, health-related Quality of Life; KOOS, Knee injury and Osteoarthritis Ontcome Score; max, maximuny;

VZAS, visual analog scale.

Statistical Analysis

Data were transferred from the case report forms to
Excel spreadsheets and later processed with SPSS
software (Version 27; IBM Corp) and RStudio
software (Version 4.1; PBC). Testing of normal
distribution of the data was per- formed with the
Shapiro-Wilk test. Most of the variables were not
normally distributed. However, to allow comparison
with other studies, means and SDs ate reported.
The Mann-Whitney U test was used to compare
participant chatacteristics. To test for significant
(o0 = .05) differences in nonparametric data between
the ACL-D and ACL-I groups, a Kruskal-Wallis
analysis of variance (ANOVA) (rank-based ANOVA,
post hoc analyses with Dunn-Bonferroni correction)
was conducted for between-group and within-group
comparisons for the 4 recorded muscles (VM, VL,
BE, and ST), the 3 different movement phases
(PRE, WA, and PO) during stair descent, and the
4 reflex time windows (PRE_50, SLR, MLR, and LLR)
during artificial tibial translation. The ES was
calculated with the rank epsilon-square test, where
0.2 = small effect, 0.5 = medium effect, and

0.8 = large effect.”
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Results

Characteristics of patients and healthy controls are
displayed in Table 1. There were no significant
differences in age, body height, body mass, physical
activity, and Tegner score between the ACL-D
and ACL-I groups. However, the 2 groups differed
significantly in KOOS total scores and on each
of the KOOS subscales (P < .0001 for all).

Stair Descent

During stair descent, post hoc analysis comparing
neuromuscular activity revealed significant differences
in the VL and the hamstrings in some of the movement
phases. All data regarding comparisons are displayed
in Table 2 and are graphically shown in Figure 3.
During PRE, significantly less neuromuscular activity
was found in the hamstrings of the ACL-D compared
with the ACL-I group: the BF of the ACL-D involved
leg had 44% less activity than the ACL-I involved
leg (P = .0009; ES = 1.5) and 51% less activity than
the ACL-I uninvolved leg (P < .0001; ES = 1.8).
The ST of the ACL-D involved leg showed 35% and

33% less neuromuscular activity versus the ACL-I

TABLE 2
Between-Group and Within-Group Comparisons of Normalized RMS Values (%) for Stair Descent During the PRE, WA, and
PO Phases”

Stair Descent: PRE

ACL-D ACL-I (Control)

P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (1)vs(3) (Dvs(4) (2)vs(3) (2)vs(4) (3)vs(4)

VM 122.9+50.8 144.6+62.9 121+41.4 113 +45.2
VL 124.1+55.6 155.5+67.7 113.9+335 108 +38.4
BF 68.3 +£32.8 81.8+252 12214347 14081453

ST 87.1+34.4 71.5+£229 134.7+32.7 130.8+355

389 = = = = — -

059 — - — = — —

<.0001 099  .0009 <.0001 .02 .0002 96
ES-15 ES—18 ES-13 ES-16

<.0001 >099  .001 003 <.0001 <.0001 >.99

ES=14 ES=12 ES=22 ES=19

Stair Descent: WA

ACL-D ACL-I (Control)

P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (1) vs(3) (1)vs(4) (2)vs(3) (2)vs(4) (3)vs(4)

VM 181.7 + 70.6 193.4 +107.7 261.8 +97 222.2 +104.6 149 — — — — — —
VL 1544+ 61.4 160.4 £54.9 254.5+114.9 200.6 +69.2 010 >.99 019 736 034 >.99 765
ES =09 ES =0.9
BF 60.9 + 40.4 67.1+35.9 98.7 + 55.6 92.4 +44.6 119 — — — — — —
ST 56.9 £ 27.2 42.1+27.1 56.2 £47.2 75.6 £ 44 .139 — — —_ — —_ _—
Stair Descent: PO
ACL-D ACL-I (Control) P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (Dvs(3) (Dvs(4) (2)vs(3) (2)vs(4) (3)vs(4)

VM 193.6 + 110.8 293.8 +126.5 231+£127.2 268.9+125.3

VL 149+ 87.4 247+545 1776 £97.7 206.4 +83.2
BF 53.4+235 78.1+40 83.6+35.5 73.9+51
ST 71.8+ 30 51.9+20.2 64.3+35.3 54.5+30.2

206 = = = = — =

018 017 >.99 401 .168 >99  >.99
ES =01

1 = = = = = =

229 — — — — — —

“Stair descent data are reported as mean * SD. Boldface P values indicate a statistically significant difference between and within groups as
indicated (P < .05). Dashes indicate not applicable. ACI-D, anterior cruciate ligament deficient; ACL-I, anterior cruciate ligament intact;
ANOVA, analysis of variance; BE, biceps femoris; ES, effect sige; involved, injured leg and respective matched leg of controls; PO, push-off;

PRE, preactivity; RMS, root mean square; ST, jtendinosus;
lateralis; VM, vastus medialis; WA, weight acceptance.

involved leg (P = .001; ES = 1.4) and ACL-I un-involved
leg (P = .003; ES = 1.2), respectively.

During the WA phase, VL activity showed a 39%
reduction in the ACL-D involved leg versus the
ACL-I involved leg (P = .019; ES = 0.9). And during
PO, there was 40% less activity in the VL of the
involved leg compared with the uninvolved leg of
ACL-D participants (P =.017; ES = 0.1).

Artificial Tibial Translation

All data regarding comparisons of reflex activity
during anterior tibial translation are displayed in
Table 3 and are graphically shown in Figure 4.
At PRE_50, ANOVA revealed overall significant
differences for the VM and VL (P = .043 and .002,
respectively) but not for within- and between-

group comparisons (Table 3). During SLR, the

d, uninjured leg and respective matched leg of controls; VL, vastus

hamstrings revealed significant differences (P =
.009 for BF and P = .002 for ST) with ES values
of 0.2 (for BF) and 0.4 (for ST) between the ACL-D
involved leg and ACL-I uninvolved leg. Post hoc
analysis of neuromuscular activity revealed that
the BF of the ACL-D involved leg had an increase
of 168% compared with the ACL-I uninvolved
leg (P = .006; ES = 0.3), and the ST of the
ACL-D involved leg showed an increase
in activity of 221% compared with the ACL-I
involved leg (P = .04; ES = 0.2) and an increase of
460% compared with the ACL-I uninvolved leg
(P = .005; ES = 0.4). There were no significant
between-group or within-group differences in reflex
activity for any muscle during the MLR and LLR

time windows.
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Figure 3. Violin plots of normalized root mean square (RMS) values for the involved and nninvolved legs of the participants in the anterior
cruciate ligament—deficient (ACL-D) group and the matched respective legs of the control participants (ACL-1) in the 3 phases of stair descent:
preactivity (PRE), weight acceptance (WA), and push-off (PO). BE, biceps femoris; involved, injured leg and respective matched leg of controls;
ST, semitendinosus; %osubMV'C, percentage of submaximal values of maximum voluntary contraction; uninvolved, nninjured leg and respective
matched leg of controls; V'L, vastus lateralis; 1M, vastus medialis.
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TABLE 3
Between-Group and Within-Group Comparisons of Normalized RMS Values (%) for Reflex Activity During the PRE_50, SLR,
MLR, and LLR Reflex Time Windows"

Reflex Activity: PRE_50

ACL-D ACL-I (Control) P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (Dvs(2) (1)vs(3) (1)vs(4) (2)vs(3) (2)vs(4) (3)vs(4)

VM 124.1£52.1 113.8+46.1 172.5+84.2 165.6%77.1 043 >.99 .32 b7 12 23 >.99

VL 140.5+28.6 108.4+29.7 174.9+73.3 154.6+31.6 002 .455 317 >.99 001 .062 >.99
ES=11

BF 76.5+48 71.6+45.2 78.4+40.4 73.1+50.6 938 — — — — — —

ST 44.5+£26.8 43.9+31.2 34.7+27.1 44.7+43.9 648 — — — — — -

Reflex Activity: SLR

ACL-D ACL-I (Control) P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (Dvs(3) (Dvs(4) (2)vs(3) (2)vs(4) (3)vs (4

VM 171.9£102.3 202.1+£116.7 157.6+744 148.6+52.1 .655 — — — — — —
VL 126.9 + 40 167.3+97.6 156.9+60.6 167.5+88.2 572 — — = — = =

BF 439+321.6 239.1+136.5 204.9+139.1 163.7+ 105 009 .893 128 006 >.99 42 >.99
ES=0.3
ST 456.5+419.6 318.1+253.2 141.9+173.6 81.4+637 002 >.99 .04 005 .349 .068 >.99

ES=02 ES=04

Reflex Activity: MLR

ACL-D ACL-I (Control) P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (Dvs(3) (Dvs(4) (2 vs(3) 2)vs(4) (3)vs (4

VM 410.3 £223.8 395.6+266.8 367.8+196.3 326.8+168.9 .865 — — —_ — — —
VL 414.2+195.2 322.3+108.1 311.9+168.3 289.7+161.1 276 — — — = = s
BF 473.5+£210.9 354.4+176.4 376.6+299.8 348.8+350.8 .103 — — — — — —
ST 432 +226.2 231 +211 443.3£396.8 273.2+226.7 124 — — = — = =

Reflex Activity: LLR

ACL-D ACL-I (Control) P

Muscle (1) Involved (2) Uninvolved (3) Involved (4) Uninvolved ANOVA (1)vs(2) (Dvs(3) (1) vs(4) (2)vs(3) (2 vs(4) (3)vs(4)

VM 334.2+263.1 277.9+2339 2423+120.9 272.8+183 909 — — — = — s
VL 2459+107.5 231.7+167.7 208.1+945 259.3+154.9 .69 — — — — — —
BF 233.9+146.6 229.4+1323 241.7+134.4 258 + 154.1 968 — — — = == =
ST 229+150.2 133.7+87.9 203.7+173.4 1785+ 116.1 471 — — = = — —

“Reflex: activity data are reported as mean £ SD. Boldface P values indicate a statistically significant difference between and within groups as indicated
(P < .05). Dashes indicate not applicable. ACI-D, anterior cruciate ligament deficient; ACL-1, anterior cruciate ligament intact; ANOVA,
analysis of variance; BE, biceps femoris; ES, effect size; involved, injured leg and respective matched leg of controls; LR, late latency response;
MLR, medium latency response; PRE_50, preactivity, RMS, root mean square; SLR, short latency response; ST, semitendinosus; uninvolved,
uninjured leg and respective matched leg of controls; V1, vastus lateralis; VM, vastus medialis.
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Figure 4. Viiolin plots of normalized root mean square (RNMS) values of the hamstring muscles for the i d and uninvolved legs of the
participants in the anterior cruciate li deficient (ACL-D) group and the matched respective legs of the control participants (ACL-1) in

the 4 reflex: time windows: preactivity in time window from 50 ms before tibial translation (PRE_50), short latency response (SLR), medium
latency response (MILR), and late latency response (ILLR). BE, biceps femoris; involved, injured leg and respective matched leg of controls; ST,
semitendinosus; YosubMV'C, percentage of submaximal values of maximum voluntary contraction; uninvolved, uninjured leg and respective

matched leg of controls.

Discussion

So far, neuromuscular control has mainly been assessed
in patients with ACL reconstruction during functional
or sport-specific tasks. Only a few publications have
reported neuromuscular control of patients with an
ACL deficiency, but in the chronic stage, and usually
after nonoperative treatment. In addition, some
researchers assessed reflex activity in healthy
participants. However, literature investigating neuro-
muscular control and reflex activity in patients with
an acute ACL deficiency is limited. Therefore, this
cross-sectional study investigated neuromuscular
activity in patients with an acute ACL rupture during
stair descent as a functional task and an artificially

induced tibial translation while standing in compatison
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with a healthy matched control group. Beforehand, it
was hypothesized that neuromuscular control would
be impaired in the acute ACL-D group, meaning that
the participants with acute ACL injury would show
a reduced quadriceps and hamstring activation and
a decreased and prolonged reflex activity of the
hamstrings during tibial translation compared with
healthy matched controls.

In general, we found a huge range of differences
in activity patterns within and between groups in
the investigated time frames and movement phases,
indicating a large intraindividual variability, especially
during artificial tibial translation. The hypothesis that

neuromuscular control would be negatively affected

in the ACL-D group was confirmed. This was
the case on one hand by a significant decrease of
hamstring activity during all 3 phases of stair descent
and a decreased VL activity in the WA and PO phases
and on the other hand by a larger neuromuscular
activity of the hamstrings at SLR during artificial
tibial translation.

The findings implicate bilateral consequences in
the eatly, acute stage after ACL rupture. Therefore,
it is questionable to use limb symmetry indices as
objective outcomes throughout rehabilitation or even
as return-to-sport criteria, even though they are widely
used. A study with participants with ACL-D (acute
injury; mean, 23 days after ACL rupture) revealed a
significantly reduced quadriceps strength capacity of
the uninvolved limb compared with the dominant
leg of a healthy control group during a concentric
contraction*® These results support the findings
in the present study. Consequently, the uninvolved
limb might not represent the condition of a healthy
person, leading to an overestimation of knee function
after ACL injury by using limb symmetry indices.”
However, more research is needed to further develop
and test evidence-based return-to-sport and competition

criteria, as well as associated guidelines."*

This aspect
of bilateral alterations might be also used to conduct
prehabilitation before surgery. After reconstruction,
carly rehabilitation with training interventions for the
uninjured leg should be used to achieve an effectin that
leg as well."! In addidon, bilateral learning strategies
and cross-educational effects should be further

considered.*

Stair Descent

For stair ambulation, a high level of neuromuscular
control is needed. The quadriceps is essential to
decelerate body weight and to actively control flexion
in the knee joint when descending stairs. In addition,
the hamstrings are considered the most important
muscle group to support the ACL in its knee-
stabilizing function by limiting anterior tibial trans-
lation.””* Tibial translation is controlled by hamstrings
group 1 afferents in healthy persons, affirming that
carly onset of reflex activity of the hamstrings is
crucial for a stable knee joint.'"® Furthermore, ACL
load is significantly reduced with higher hamstring
activity, which is far more effective than reduced VL
activity.”’ Consequently, the activation of hamstrings
can potentially reduce shear forces in the knee joint
of a patient with ACL-D.* However, these findings
are from computer modeling and cadaveric studies
but have been supported by studies evaluating
strength, reflexes, and activity of hamstrings in healthy
humans.'®*!

The decreased neuromuscular activity of all recorded
muscles—with only the hamstrings showing signi-
ficant changes—of the ACL-D compared with the
ACL-I group during PRE can be interpreted that
cither the ACL rupture itself leads to an immediate
change of the individual motor program or the short
period of =3 weeks between rupture and measure-
ments might have altered the preprogrammed
movement pattern. This reduced neuromuscular
activity may be explained by the sensorimotor control
loop and resultin a “loss of neurosensory information
eventually leading to an altered central movement
program.”"! Several research groups who investigated
brain activity after ACL treconstruction found
altered cortical activation, indicating changes in the
central netvous system, even years after surgery.”*
This neuroplasticity of the central nervous system
provides further possible explanations for changed
neuromuscular activity, which could also have affected
our findings. However, to date and to our know-
ledge, there are no such investigations of brain
activity with participants after an ACL rupture in the

acute stage. Only 1 study was found with patients
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>6 months after ACL rupture®® who showed
reorganization of the central nervous system,
suggesting that an ACL rupture should be seen as
a  “neurophysiologic dysfunction, not a simple
peripheral musculoskeletal injury”* Hence, reduced
neuromuscular activity before injury might be a risk
factor for ACL rupture and cannot be ruled out by
our data. Therefore, future studies should aim to
confirm the findings from this study and, furthermore,
consider subsequent changes in brain activity after
an ACL rupture in the acute stage. Moreover, the
adaptive possibilities of the central nervous system
could be used during rehabilitation to prevent
secondary injuries after an ACL rupture or reinjuries

after ACL reconstruction.?’!

Artificial Tibial Translation

Reflex activity of the hamstrings after tibial translation
is considered to contribute to knee joint stiffness.
The direct reflex arc from the ACL to the hamstrings
with a latency of 70 ms is not sufficiently fast to
produce a substantial protective force for the ACL."
However, it is assumed that this ligament-muscle
reflex is involved in the coordination of muscle
activity and alteration of movement patterns.'*
Thus, after an ACL rupture, there might possibly
be differences in proprioceptive information of the
knee joint with subsequent alterations of muscle
activity of the knee’s surrounding muscles because
of the lack of information from ACL afferents.’
However, the biphasic reflex measured by our
setting in the standing position seems to arise from
the direct stretch of the hamstrings and may be
sufficient to compensate for ACL deficiency.”
After muscle fatigue, reduced hamstring SLR in
association with increased tibial translation has
been reported in a similar setting,’ indicating a
fatigue-related reflex reduction. This reduction
might imply that a patient experiencing increased
anterior tibial translation caused by ACL rupture
needs more neuromuscular activity to stabilize the
knee joint. Therefore, the increased reflex activity
of the hamstrings as SLR and MLR (the latter not

significant) might reflect an active compensation
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pattern of the hamstrings for higher, acute
injury—related stability demands. In the case of
ACL deficiency, a reduction of MLR was found
to be related to “giving way” symptoms in the
first few weeks after injury®® Therefore, sufficient
reflex response in the MLR time frame is essential and
seems to be the case for BF and ST when compared
with the uninvolved limb and the limbs of healthy
controls in our study.

During artificial tibial translation in the standing
position, equal distribution of body mass between
right and left was monitored, and the knees were kept
at 30° of flexion. However, the anterior and postetior
directions of the knee joint were uncontrolled, and
besides “standing upright with hands on hips,” no
further instruction for the trunk position was given.
If the body mass is shifted more onto the heel or
forefoot, the center of mass changes and results in a
more extended or flexed spine, pelvis ante-/
retroversion, or trunk inclination/reclination,
respectively.* This altered, individual upright
starting position could influence the activity of the
hamstrings and could have led to a different neu-
romuscular strategy. Furthermore, the band-sling
was placed at the proximal part of the shank over
the triceps surae muscle, which could influence the
activation of the hamstring muscles due to
mechanical stimuli in triceps surae 1a and 2 afferent

pathways.’

Strengths and Limitations

This study is one of the few publications reporting
neuro-muscular activity of thigh muscles in patients
with an acutely injured ACL shortly after the
accident. Moreover, to our current knowledge, it is
the first study that has investigated reflex response
after artificially induced tibial perturbation in this
patient group. Another strength of this study is the
relatively homogeneous patient sample, considering
the diagnosis of an isolated complete ACL rupture
without concomitant injuries. This strict diagnosis
was chosen because, for example, patients with the
frequent additional diagnosis of a bone bruise or
subchondral fracture of the lateral femoral condyle
show clinically relevant limitations®: they have longet-
lasting and greater swelling, take longer to walk
pain-free without crutches and achieve full range
of motion in the knee joint, and report higher pain
scores 1, 2, 3, and 4 weeks after injury compared
with patients with an isolated ACL rupture.”” There-
fore, concomitant injuries were an exclusion criterion
as these limitations would have hindered or even
precluded the measurements. Furthermore, the
matching was well-balanced, showing that no
significant between-group differences regarding sex,
age, body mass, body height, physical activity per
week, Tegner score, and leg dominance were found.
The fact that the patient group and the control group
differed significantly in the overall KOOS and in each
of its subscales is not surprising, Since the KOOS
is used to assess self-reported pain, other symptoms,
impairments in activities of daily living, sports and
leisure, and health-related quality of life" in patents
with knee problems, it could be assumed that the
healthy control group would have no or hardly any
problems and would score higher in all subscales.

Several study limitations should be considered. First,
the overall sample size of 30 participants was rather
small and limits the generalizability of the findings.
In addition, only 15 patients after an ACL ruptu-
re in the acute stage could be included, despite the
long recruitment phase of 4 years. This was mainly

because of the strict inclusion and exclusion criteria,

especially regarding the diagnosis (no concomitant
injuries; isolated, complete rupture), functional
status (able to descend stairs without using hand-
rails or crutches), and short time frame between
injury, recruitment, and medical appointment, as well
as the date of surgery. Therefore, comparisons with
other studies should be made with caution. Nevet-
theless, the results expand new fields of research
in an interdisciplinary setting to better understand
the short- and long-term consequences of an ACL
rupture, especially for neuromuscular control.!
Second, sex-specific differences might have influenced
the results.” In this study, subgroup analysis for sex
was not applicable with this small number of men
and women. Third, the participants were allowed to
descend the stairs at self-selected speed. This method
was also used in another study with patients who
had experienced an acute ACL rupture, but it has
implications for the recorded EMG activities during
exercise.”” In addidon, a presctibed, standardized
stride frequency changes the normal gait pattern
decisively” Fourth, an effusion of up to a 2-cm
circumference difference compared with the uninjured
leg was accepted for inclusion. However, effusion
might diminish quadriceps activation and could
therefore influence the neuromuscular activity,
especially in this early stage after injury. Fifth,
electromyography during normal walking was
recorded for normalization of EMG data of stair
descent and tibial translation. It has been shown
that electromyography during walking is enhanced in
patients with ACL injury.®® Thus, the normalized
EMG data might be influenced by the effects of ACL
rupture on stair descent and tibial translation as well

as the effects of ACL rupture on walking,
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Conclusion

The present study, investigating neuromuscular
activity in participants with acute ACL deficiency and
healthy matched controls, revealed that already in the
first 3 weeks after an ACL rupture, neuromuscular
alterations can be found mainly in the hamstrings
during stair descent and reflex activity. These findings
indicate an alteration in the preprogrammed activity
and in the undetlying voluntary movement control
pattern. Furthermore, neuromuscular control seems
to be impaired in both extremities after unilateral
ACL rupture.

This is clinically relevant, as alterations of neuro-
muscular control in both legs in the acute phase of an
ACL rupture emphasize the need for prehabilitation
to possibly achieve better results in the long term
after reconstruction or nonoperative treatment.
Therefore, conservative therapy with a health
professional specialized in sport physical therapy
with an early focus on neuromuscular control and
treatment of the injured but also the uninjured
leg before surgery is strongly recommended. In
addition, prehabilitation could also contribute to the
decision-making process of whether to reconstruct
the ACL or consider a nonoperative treatment
pathway. However, recommendations mainly concern
rehabilitation standards after reconstruction and do
not focus on early treatment before surgery.

Future researchers should focus especially on the
aspect of bilateral deficits after ACL rupture. In
addition, research in the future should investigate
whether the contralateral leg can be an adequate
reference for functional evaluation of the injured
extremity. As the limb symmetry index is still widely
used but probably underestimates the functional
deficits of both lower extremities, other outcome
measures for neuromuscular function should be
considered when deciding for clearance for a safe

return to sport.
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Abstract

Background: Neuromuscular alterations are reported in patients with anterior cruciate ligament reconstruc-
tion (ACL-R) and conservative treatment (copers with ACL deficiency, ACL-C). However, it is unclear whether
sex influences neuromuscular control. The objective was to investigate differences in neuromuscular control
regarding sex and treatment type one year after ACL rupture in compatison to a group with an intact ACL
(ACL-I).

Methods: Electromyography of vastus medialis (VM) and lateralis, biceps femoris (BF) and semitendinosus
(ST) was recorded in ACL-R (N = 38), ACL-C (N = 206), and ACL-I (N = 38) during stair descent and reflex
activity by anterior tibial translation while standing. The movements of stair descent were divided into pre-ac-
tivity, weight-acceptance and push-off phases, reflex activity in pre-activation, short, medium (MLR), and long
latency responses (LLR). Normalized root mean squares for each muscle of involved and matched control limb
per phase were calculated and analyzed with two-way ANOVA (a0 = 0.05).

Results: During stair descent, neuromuscular differences of BF were significant during push-off only (p =
0.001). Males of ACL-R and ACL-C had higher BF activity compated to ACL-I (p = 0.009, 0.007 respectively).
During reflex activity, VM and BF were significantly different between treatment groups for pre-activation (p =
0.013, 0.035 respectively). VM pre-activation of females was higher in ACL-R compared to ACL-C (p = 0.018),
and lower in ACL-C compared to ACL-I (p = 0.034). Males of ACL-R showed higher VM and less BF pre-ac-

tivation (p = 0.025, p = 0.003 respectively) compared to ACL-I. Males of ACL-C had less BF pre-activation

compared to ACL-I (p = 0.019). During MLR, intra-group differences in ST were found for treatment (p =
0.011) and females of ACL-R compared to ACL-I (p = 0.015). During LLR, overall intra-group differences
in VM wete present for treatment (p = 0.034) and in females (ACL-R versus ACL-C (p = 0.015), ACL-I (p =
0.049), respectiv

Conclusion: One year after an ACL rupture, neuromuscular alterations persist regardless of treatment and sex.
Standard rehabilitation protocols may not be able to restore neuromuscular control. Future research should
include long-term follow up and focus on exercises targeting neuromuscular function.

Keywords: anterior cruciate ligament, ACL, conservative treatment, reconstruction, neuromuscular control,

SE€X

Introduction

Neuromuscular control includes volitional and reflexive
activity before and during static and dynamic tasks,
as it has been stated for a neuromuscular training to
enhance unconscious motor responses by stimulating
afferent signals and central mechanisms responsible
for dynamic joint control.! Adequate neuromuscular
control leads to active knee stability during controlled,
known activities of daily living (ADL) but also in
situations with sudden (tibial) perturbations. In these
cases, neuromuscular control does not only consist of
adequate neuromuscular answers after initial foot-floor
contact but also appropriate pre-activation of knee

stabilizing muscles before landing. Neuromuscular
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control during static and dynamic tasks can be directly
assessed by electromyography (EMG), of which a
wide range of outcome measures has been reported
in the literature.?

After a rupture of the anterior cruciate ligament (ACL),
altered sensorimotor control and neuromuscular
adaptations,* due to the loss of the mechanoreceptors
of the native (original) ACL leading to altered
afferent inputs to the central nervous system,*® have
been reported. Patients with an ACL are treated either
non-surgically  (conservatively ~with rehabilitation
alone) or surgically with different graft types for ACL

reconstruction or suture.” A 5-year follow-up did

not reveal any differences in patient-reported and
objective outcomes between ACL patients with early
reconstruction, conservative treatment followed by
reconstruction or rehabilitation alone.! However,
neuromuscular alterations — in terms of increased
hamstrings activation in the reconstructed leg
compared to the contralateral leg — were found
in physically active people after ACL reconstruction
during functional activities such as (stair) walking and

stepdown tasks”'?

or in athletes during sport-specific
assessments such as landing after a hop.!"" Similar
results were also reported in ACL deficient patients
with conservative treatment during walking," step
tasks,' level walking and jogging.'®

Clearance for return to sport (RTS) after ACL rupture
is mainly based on clinical examinations, patient-
reported outcome scores and widely used physical
petformance test batteties,””" despite a wide range
of EMG outcome measures for neuromuscular
control reported in the literature? Moreover, no
consensus exists about gold standard for safe RTS
assessments and cut-off points. *?* After RTS, failure
rates of the graft up to 19% and contralateral ACL
rupture postoperatively in up to 24% of the cases were
reported.”? The high rates of re-injury and secondary
ACL rupture, and a lack of validity of RTS criteria
after ACL reconstruction are inacceptable and indicate
that more research is needed.?*>%

Therefore, the purpose of this cross-sectional
study was to investigate neuromuscular activity in
participants one year after an ACL rupture or
reconstruction, at the timepoint of unrestricted
clearance for RTS after completion of rehabilitation.
The study compared conservatively and surgically
treated participants, females and males, during stair
descent and artificially induced tibial translation while
standing, in comparison to a healthy control group.
Based on literature,'"'>”? it is hypothesized that,
because of altered afferent information, the neuro-
muscular quadriceps response will be downregulated
and hamstring EMG activity will be upregulated in
patient cohorts compared to controls. Subjects with
former ACL injury may have developed different

neuromuscular strategies than subjects who have

never torn theit ACL.> Therefore, it is hypothesized
that neuromuscular control will still be impaired
in conservatively (ACL-C) and surgically treated
participants (ACL-R) one year after ACL rupture
compared to healthy controls. Due to the controversial
findings regarding sex-specific differences in neuro-
1%

muscular control,”” no hypothesis regarding subgroups

of females and males are made.

Methods

A cross-sectional, experimental study design with
two patient groups and a healthy control group was
determined to investigate differences of neuromuscular
control related to treatment for females and males
one year after an ACL reconstruction or rehabilitation

alone.

Sample size calculation

An a priori analysis of effect size and sample size was
made for a desired power of 95% and an a-error of
0.05 (software G*Power, version 3.1, Heinrich Heine
University of Duesseldotf, D),” based on own pilot
data.” Considering the variability of data, an a priori
necessary sample size for independent comparisons of
n =10 (o = 0.05, actual power: 0.96, effect size d: 1.78)
was set. To account for dropouts and subgroup analysis
(treatment modality and sex as dependent samples),
a total number of n = 15 females and males per

group was planned to be recruited.

Participants

Persons could be included if they were between
16 and 60 years old, with unequivocally detectable,
unilateral ACL status, physically active at least 2x/
week for 45min, and had a Tegner activity score of
5 or higher.?'** Magnetic resonance imaging was avai-
lable in all participants with former ACL rupture.
Patients could be included with any type of ACL
reconstruction except dynamic intraligamentary
stabilization ~ (Ligamys, Mathys AG, Bettlach,
CH) and similar techniques. Time since rupture,
reconstruction respectively, had to be between

11 and 14 months. Status of ACL was clinically
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examined in all participants to allow for group
allocation. This clinical examination included testing
of active and passive range of motion of both
the femorotibial and patellofemoral joint, Lachman
test in 20° knee flexion, Anterior drawer test in
90° knee flexion and Pivot Shift Test by always the
same experienced sports physical therapist. General
exclusion criteria were former knee pathology before
ACL rupture, other injury of the lower extremity,
back pain, musculoskeletal disorders refraining from
test protocol, cardiac, neurologic, or peripheral
vascular disease, acute infection, alcohol abuse,
current pain medication, thrombosis, pregnancy,
dementia, and not being able to understand written
or oral German.

Participants for the ACL-R and ACL-C group were
mainly recruited through the Sonnenhof Orthopaedic
Center, Lindenhof Group AG, Bern (Switzerland) by
an orthopaedic surgeon between January 2018 and
August 2021. In addition, surgically and conservatively
treated patients were recruited through private
physiotherapy practices, sports clubs, and private
networks during the same period. Information was
mainly spread by physiobern (official professional

body of physiotherapists in the Cantone of Berne,

Switzerland) through newsletters for members, social
media, but also via word-of-mouth recommendation.
The control group consisted of healthy people with
an anamnestically intact ACL (ACL-I) who had
been recruited from local sport clubs, and among
members of the Bern University of Applied Sciences
(Switzetland). Individual group matching for initially
two control groups was based on sex, age, body
height, body mass and dominant leg, defined as the
preferred leg to kick a ball with.*'*? For data analysis,
the two matched control groups were combined
to one, later named ACL-I with N = 38 healthy
participants. In total, N = 185 participants volunteered
for this study and were assigned to one of three

groups, based on ACL status (Fig, 1).

Measurements

All measurements took place at the Bern Movement
Lab (Bern University of Applied Sciences, Bern,
Switzetland) by using a setup described in former
publications *'*%.

Anthropometric data (age, height, body mass), limb
dominance as well as data regarding physical activity

such as type of sports, number of hours per week

eligible for group ACL-R
N=89

eligible for group ACL-C
N=51

eligible for group ACL
N=45

excluded N=49 due to
no consent (N=35)
Ligamys™ technique (N=6)
age (N=2)
re-injury (N=2)
= not possible to >
measure due to Covid
pandemic (N=2)
> 14 months since
reconstruction (N=1)
language (N=1)

reconstruction meanwhile

giving-way/non-coper (N=1)

excluded N=23 due to
> 14 months since injury
(n=12)
not possible to
measure due to Covid

pandemic (N=4) excluded N=2 due to
no consent (N=2) no consent (N=2)
(N=2)

former knee injury (N=1)
complications (N=1)

included for measurements included for measurements
ACLR ACL-C
N=40 N=28

included for measurements
ACL
N=43

excluded N=2
refused reflex excluded N=2 excluded N=1
1 measurement on =" due to technical | due to non-matching
reconstructed side problems (dominant leg)
included for analysis included for analysis included for analysis
ACLR ACL-C ACL1
Bt excluded N=1 N=26 N=42
1 l_. mcomdsFE:: data l l excluded N=4
data for stairs reflex data data for stairs reflex data due to incomplete data
ACL-R ACLR ACL-C ACLC
N=38 N=37 N=26 N=26

/

Figure 1: Flowchart describing of participants during recrui

nt process and data sets analysed

Legend (Fig. 1): ACL-R = ACL reconstructed group; ACL-C = _ACL group with conservative treatment; ACL-1 = healthy control group

with intact ACL; N = number of
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and Tegner activity score® were collected with a
standardized case report form (CRF). Moreover,
patient-reported outcomes regarding pain, other
symptoms, activities of daily life, sports and knee-related
quality of life were assessed with the Knee injury and
Osteoarthritis Outcome Score (KOOS).* Afterwards,
the participants were prepared for the EMG measu-
rements. The skin was shaved, smoothed, and cleaned
with alcohol to prepare for bipolar, self-adhesive
electrodes (Ambu BlueSensor, Ambu A/S, Ballerup,
DK; Type P-00-S, inter-electrode distance: 20 mm)
being applied on the vastus medialis (VM), vastus
lateralis (VL), semitendinosus (ST) and biceps femoris
(BF) muscle on both limbs according to SENIAM
standards.® The intet-electrode impedance was
controlled (D175 FElectrode Impedance Meter,
Digitimet, Herfordshire, UK) and accepted < 2 kQ.
The reference electrode was placed on the right patella.
Before the measurements started, the actual wellbeing
and pain level of the participants were assessed by using
a visual analogue scale (VAS).*

Each participant started with a warm-up on a treadmill
(quasar med, h/p/cosmos sports & medical GmbH,
Nussdortf-Traunstein, D) for ten minutes at 1.39 m/s
(5km/h). Initial contact of each gait cycle was detected
by two force transducers (type KMB52, 10kN, MEGA-
TRON Elektronik GmbH & Co. KG, Putzbrunn, D)
mounted under the treadmill. Surface electromyography
(EMG) signals of VM, VL, BF and ST were recorded
during treadmill walking at the above-mentioned speed
for two minutes. These signals were used for sub-
maximal EMG normalization.” Following this warm-
up, each participant completed two experimental
situations in the same order: stair descent (Fig, 2) and
stretch reflex measurements induced by artificial tibial

translation in posterior-anterior direction (Fig; 3).

Stair descent as functional task

Participants descended a six-step stairway ten times at
self-selected speed without using the handrails. The
custom-made wooden stairway (Fig 2) with an
inclination of 30.6°, a step height of 17.1 cm and a step
depth of 29.0 cm® had two embedded multicomponent

force plates (type 9286BA, Kistler Instrumente AG,
Winterthur, CH) in the third and fourth step identifying

gait cycles during stair climbing;

l.

Figure 2: Functional task: walking downstairs on custom-made

wooden stairway (OBFH Bern Movement Lab)

Movement cycles of stair descent were divided into
pre-activation (PRE), weight acceptance (WA) and
push-off (PO) phases. The PRE phase included 150 ms
prior to initial foot-floor contact until initial contact.
The WA phase was defined from initial contact to the
lowest applied vertical ground reaction force (equal
to “braking phase” until anterior—posterior force
crosses the zero line). After the WA phase, the PO phase
followed until vertical ground reaction forces decline to

zero (“propulsion phase”).

Stretch reflex measurements:
Artificial tibial translation in
posterior-anterior direction

The participants were standing upright with arms
akimbo and knees slightly bent (30° flexion) (Fig 3).
To guarantee equal distribution of the body mass,
participants placed each foot on a force plate (Type
9286BA, Kistler Instrumente AG, Winterthur, CH)
and controlled body mass distribution by visual feed-
back provided by a computer screen at eye level. All
participants were blinded to the time point of artificially
induced tibial translation. Moreover, participants wore
headphones for music and an attenuator to avoid
any acoustic anticipation. Both legs were tested in

randomized order (www.randomization.com).
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A standardized impulse for tibial translation was applied
to the tibia shank by a rope and pulley system in
postetiot-anterior  direction,” monitored by a force
transducer (type KM1506, 2KN, MEGATRON
Elektronik GmbH & Co. KG, Putzbrunn, Germa-
ny) (Figure 3). The impulse was the trigger signal for
the onset of tibial translation and was elicited 2x15
times per lower extremity. In between each stimulus, a
break of about 30 seconds was performed to avoid
impulse anticipation and to allow subjects to adjust the
standardized position if necessary. Between the series,
a short break allowed the participants to walk around
and relax to avoid excessive co-contraction or muscular
fatigue. After the measurements, the general wellbeing
and actual pain levels of the participants were assessed

again as described previously.

Figure 3: Stretch reflex: measurements in upright standing position
(©BFH Bern Movement 1.ab)

Legend (Fig. 3): 1) electromagnet, 2) falling barbell weight, 3)
stopper, 4) wire rope, 5) force transducer, 6) brace, 7) hwo force plates

Outcomes

Root mean squares (RMS) values of EMG signals
during stair descent in the respective pre-defined
time intervals (PRE, WA, PO) were used as outcomes.”*®
Moreover, RMS values of EMG signals after the
activation of the stretch reflex (following onset of
tibial translation) were calculated in four pre-defi-
ned time intervals: -50-0 ms background activity, pre-
activation (PRE_50) respectively, 20-40 ms short latency
response (SLR), 40-60 ms medium latency response
(MLR) and 60-95 ms long latency response (LLR).**
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Signal transmission,

data processing and normalization
In general, there was no delay due to synchronization
since all systems (force sensor signals from treadmill,
rope-pulley system and stairs) were recorded together
with the EMG signals in one LabVIEW-based software
(IMAGO Record, pfitec, Endingen, D). No later
synchronization during the post-processing was needed.
EMG signals were transmitted across a differential-
preamplifier to a telemetric main amplifier (PowerPack,
pfitec, Endingen, D), band-pass filtered at 10 Hz -
1000 Hz and recorded at 2000 Hz for treadmill walking
and stair descent, and at 4000 Hz for the stretch-reflex
measurement. Then, the signals were converted
from analogue to digital (type NI PCI 6255, National
Instruments, Austin, USA), registered and further
processed with the same LabVIEW-based software
(IMAGO Record, pfitec, Endingen, D). Afterwards, all
raw EMG signals were full wave rectified. Additionally,
raw EMG signals from treadmill walking and stair
descent were band-pass filtered at 10 - 500Hz (Butter-
worth, 2™ order). RMS values were calculated for the
defined time windows as described above.

Afterwards, RMS values were exported in Excel spread-
sheets (Windows 10, Microsoft Corporation, Redmond
WA, USA), where individual means out of 30 gait cycles
(treadmill walking), ten steps (stair descent), and 30 tibial
translations per extremity for each muscle in each time
interval were calculated. RMS values were normalized
according to the corresponding time intervals retrieved
during treadmill walking — defined as 100% of neuro-
muscular activity — and used for inter-subject-
comparability. Reflex responses during artificial tibial
translation, and activations during stair descent were
normalized and expressed as a percentage (%o EMG)
of respective treadmill walking activity”** For each
normalized RMS, a plausibility check was done based
on the mean RMS for each muscle per timeframe.
If individual RMS values exceeded two standard
deviations (SD) for stair descent and three SD for reflex
measurement (due to high intra-individual vatiability),
suspicious values were traced back to the original data

set, recalculated and eventually excluded.

Statistical analysis

Data were transferred from CRFs to Excel spread-
sheets (Windows 10, Microsoft Corporation,
Redmond WA, USA) and later processed by the
Statistical Package for the Social Science (SPSS)
software (SPSS Statistics for Windows, version 28.0,
IBM, Armonk NY, USA). Participants’ characteristics
were checked for normal distribution (KKolmogorov-
Smirnov), followed by non-parametric t-tests (Mann-
Whitney-U and Kruskal-Wallis) to evaluate age, body
height, and weight, physical activity level, Tegner,
KOOS, leg dominance, wellbeing, and pain level for
significant differences between groups. Additionally,
a parametric two-way analysis of variance (ANOVA)
for repeated measures with the factors sex and
treatment was performed.” All EMG outcomes
(dependent variables) of all muscles (VM, VL, ST,
BF) for the injured leg of ACL-R, ACL-C and the
matched ACL-I leg during all movement phases
of stair descent (PRE, WA, PO) and the reflex
time windows (PRE_50, SLR, MLR, LLR) during
artificial tibial translation were analyzed. If data
were not normally distributed and heterogeneity of
variances was present (Levene test not significant),
non-parametric tests for analysis of variance
(Kruskal-Wallis-test) were used alternatively. In
addition, post-hoc tests (Bonferroni) were applied
for the factor group assignment. Effect sizes (ES)
were calculated for significant results by using the
following equitation (n = total number of
participants in the compared groups): r:|z/\/n\
with r < 0.3 as small effect, 0.3 < r < 0.5 as medium
effect, and r = 0.5 as large effect 46. The alpha-level

was set at 5%.

Results

Characteristics of participants

To allow comparison with other studies, mean values,
and standard deviations (SD) are reported although
not all data were normally distributed.

There were no significant differences in age
(p = 0.419), body height (p = 0.087), body mass
(p = 0.507), body mass index (BMI) (p = 0.056), sex
(p = 0.419) and leg dominance (p = 0.876) between
the groups of ACL-R, ACL-C and ACL-I. However,
the three groups differed significantly in physical
activity regarding weekly hours (p = 0.014) and
level (p = < 0.0001), which was higher in the patient
groups. The mean Tegner activity score of averaged
7 in the ACL-R and ACL-C group indicated a higher
level of recreational sports such as alpine skiing,
tennis, squash, running or competitive sports like
basketball, rugby, ice-hockey, handball, frisbee and
Swiss wrestling. Furthermore, also KOOS subscales
and total scores (p < 0.0001 all) were significantly
higher in ACL-R and ACL-C groups. The groups
ACL-R and ACL-C were comparable regarding
anthropometric data, time since rupture, weekly
hours and level of physical activity (all p > 0.05).
More details regarding characteristics of the two
patient groups (ACL-R, ACL-C respectively), and
healthy controls (ACL-I) are displayed in Table 1
below and in the Tables A.1 & A.2 (supplementary

material).
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Table 1: Characteristics of participants with an ACL reconstruction (ACL-R), with a conservatively treated ACL rupture (ACL-C) and

bealthy controls with an intact ACL (ACL-I). Means, * standard deviations and p-values are reported.

ACL-R ACL-C ACL-l ACL-R ACL-C ACL-Rvs. | overall
vs. ACL- | vs. ACL- | ACL-C

Characteristics N =38 N=26 N =38 :)-value L-value p-value p-value
Age [years] 32.02+12.21 38.38 £ 11.65 33.1319.16 0.391 0.099 0.031* 0.419
Body height [cm] | 173.55+6.25 170.23+7.59 173.66 + 6.96 0.831 0.033* 0.075 0.087
Body mass [kg] 71.71£11.19 71.06 + 14.88 68.38 + 9.43 0.244 0.942 0.456 0.507
BMI [kg/m?] 23.94+2.73 24.47 £ 4.64 22,64 +£2.02 0.015* 0.305 0.305 0.056
Time since injury | 12.7+ 1.4 125+ 1.1 -- < -- 0.579 -
(months) 0.0001*
Sex: Ratio of 1721 16:10 20:18 0.494 0.848 0.190 0.419
2:3 (%) (44.7:55.3) (61.5:38.5) (52.6:47.4)
Physical activity | 425.96 + 265.10 | 373.02 + 293.26 + 0.014* 0.011* 0.811 0.014*
[min/week] 168.18 182.81
Tegner score 6.71+1.45 6.96+1.18 553 + 1.31 0.001* < 0.273 <0.0001*
(max. 10 points)°® 0.0001*

Legend: If not otherwise stated means,  standard deviations and p-values are reported. Dashed lines indicate not applicable * indicates significant
pvalues (p<0.05). ACL-R = anterior cruciate ligament reconstructed (=patients); ACL-C = anterior cruciate ligament rupture conservatively

treated; ACL-1 = anterior cruciate ligament intact (= healthy controls); ®Tegner activity score (preinjury) ranging from 0
(sick leave or disability pension) to 10 (competitive sport on a professional level)

Stair descent

An overview containing mean EMG values, SD
and analysis of wvariance presented for sex and
group (treatment option) can be found in Table A.3
(supplementary material).

During stair descent, post-hoc analysis comparing
neuromuscular activity of the formerly injured,
involved leg of ACL-R, ACL-C, and the matched
leg of ACL-I (based on side of injury) revealed
significant differences of the BF in PO phase only

100,00 sex of
participant

Bfemale
mals

ACLR 2 vs. ACL 2
FACL-C 2 vs ACL 2

2000

€000

4000

Homaized RMS PesubMVC]

2000

AC

group allocation

Figure 4: Bar plots of significant results for stair descent

INomalized RMS [3sLbMVC)

(p = 0.001). Significantly higher neuromuscular
activity was found for the BF of ACL-R males in
comparison to ACL-I males (p = 0.009, ES 0.43) and
of ACL-C males compared to males in the ACL-I
group (p = 0.007, ES 0.52). Figure 4 shows bar plots
for significant results of BF during PO, provided for
group allocation (a) and sex (b). All other comparisons
of muscles, phases and group members were not sig-

nificant (Table A.3, supplementary material).

10000 group allocation

SACL-R £ vs. ACLI £ BacLr
TACL-C £ vs ACL 2 SacLc
Dacul

sex of participant

Legend (Fig. 4): Results are presented for group allocation (left side) and sex (right side); error bars = 95% confidence interval; *significant
differences between subgroups (p<0.05); ACL = anterior cruciate ligament; ACL-C = group with conservative treatment after ACL rupture;
ACLA = healthy controls with intact ACL; ACL-R = group with ACL reconstruction; BE = biceps femoris; CI = confidence interval
involved = formerly injured or reconstructed side, respective matched leg of controls; PO = push-off phase during stair descent; RMS = root

mean square valnes; subMV'C = submaximal voluntary contraction (normalized values with treadmill walking = 100% subM1”C)
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Artificial tibial translation

Table A.4 (supplementary material) provides an
overview of mean EMG values expressed as %0RMS,
SD, analysis of variance and effect sizes presented for
sexand group. Significantresults of respective muscles,
phases and groups are graphically edited in Fig, 5A-D.
During pre-activation (PRE_50), VM and BF
showed overall significant differences comparing
ACL-R, ACL-C and ACL-I (p = 0.013, p = 0.035
respectively). Females of ACL-R differed from
ACL-C and ACL-I and showed higher RMS values
in VM, but only the comparison with females of
ACL-C was significant (p = 0.018, ES 0.43) (Fig.5A).
Females of ACL-C differed significantly from ACL-I
(p = 0.034, ES 0.36) with lower neuromuscular
activity of VM compared to their controls and
ACL-R (Fig.5A). Moreover, males of ACL-R had a
significantly higher pre-activation in VM (p = 0.025,
ES 0.41) compared to males in ACL-I (Fig.5A).
Regarding BF during PRE_50 only males of ACL-R
and ACL-C showed significantly less activity
compared to their controls (p = 0.003, ES 0.48; p =
0.019, ES 0.44, respectively) (Fig.5B). The comparison
between male participants after ACL injury was not
significantly different (p = 0.860). All additional
comparisons between muscles and groups in this
phase revealed no significant differences.

No significant comparisons were observed for SLR.
In the time window of MLR, ST showed overall
significant results (p = 0.011). Females of ACL-R
had significantly lower mean reflex activity compared
to the female controls (p = 0.015, ES 0.43) (Fig.5C).
All other comparisons were not significant.

During LLR, significant results were found for VM
only (p = 0.034). Neuromuscular activity of VM of
ACL-R females was significantly higher than those of
ACL-C females (p = 0.015, ES 0.45) but also higher
than in females of the control group (p = 0.049,
ES 0.34) (Fig. 5D). No significant differences
between treatment options or sex were observed
for VL or hamstrings during this phase (Table A.4,

supplementary material).
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A) | preactivation (500 ms background activity) of vastus medialis (involved side) after onset of tibia translation
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Figure 5A-D: Bar plots of significant results for artificial tibial translation

Legend (Fig. 5.A-D): Results are presented for group allocation (left side) and sex: (right side); error bars = 95% confidence interval; *significant
differences between subgroups (p<0.05); ACL. = anterior cruciate ligament; ACL-C = group with conservative treatment after ACL. rupture;
ACL-I = healthy controls with intact ACL; ACL-R = group with ACL reconstruction; BE' = biceps femoris; CI = confidence interval involved
= formerly injured or reconstructed side, respective matched leg of controls;y PRE_50 = pre-activation (backgronnd activity); MILR = medinm
latency response; LR = long latency response; RMS = root mean square valnes; subMV'C = submaximal voluntary contraction (normalized
valnes with treadmill walking = 100% subMV C); VM = vastus medialis; ST = semitendinosus
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More statistical values are provided as supplementary

material (Table A.5).

Discussion

This cross-sectional study investigated neuromuscular
activity in patients one year after an ACL rupture with
reconstruction ot conservative treatment in comparison
to a healthy control group. Neuromuscular control was
assessed during stair descent as functional task and
an artificially induced tibial translation while standing;
Beforehand, it was hypothesized that neuromuscular
control would still be impaired in conservatively
(ACL-C) and surgically treated participants (ACL-R) one
year after ACL rupture compared to healthy controls.

In general, we found a large range of differences in
activity patterns within and between groups in the
investigated timeframes and movement phases
indicating a large intra-individual variability, especially
during artificial tibial translation. This was in line with
further research assessing patients with an acute rupture
of the ACL. Howevet, the hypothesis that neuro-
muscular control would be negatively affected even
one year after reconstruction or conservatively treated

rupture had been confirmed.

Stair descent

A significant decrease in neuromuscular activity
was found in the BF muscle of male patients during
PO in compatison to healthy controls. The altered
neuromuscular activity can be interpreted that
afferent feedback is still affected one year after ACL
rupture or reconstruction, regardless of treatment.
At least in conservatively treated patients, this might
be a functional adaptation to altered mechanical
properties. Obviously, the changes in the brain
leading to impaired neuromuscular control in people
after ACL rupture may not be sufficiently targeted
by current rehabilitation programs which is in
line with present findings.”” During stair descent,
Hall and colleagues also found higher hamstrings
activity in patients after ACL-R compared to healthy
controls.'! However, the higher activity was found in

the medial hamstrings (ST) and the group consisted

of males and females with an ACL reconstruction
1-18 years ago.!' In an ecatly study investigating a
one-step climbing and descending task, a significantly
carlier onset and longer total duration of lateral
hamstrings was observed in copers compared to a
healthy control group.”® Also this group consisted of
males and females but was tested one year after ACL
injury.'®

Altered cortical activation after ACL reconstruction
had been reported previously: Patients six or more
months after ACL rupture showed reorganization
of the central nervous system, indicating that an
ACL ruptute is not only a peripheral musculoskeletal
injury but rather a neurophysiologic dysfuncton,*
which is present even years after ACL surgery>®
ACL injury may alter intracortical facilitation® and
lead to increased intracortical inhibition. The latter
is correlated with decreased capability to voluntarily
activate the quadriceps.” In our study, the findings
regarding quadriceps activation were controversial,
and only significant in the following situations and
comparisons: females after ACL-R had significantly
higher VM activity compared to ACL-C during WA,
males of ACL-C showed lower VL activity compared
to ACL-I. During PO, males of ACL-R had lower
VM and VL activity compared to ACL-C, males of
ACL-C had higher VM and VL activity compared to
ACL-I, and females of ACL-R had higher VL activity
compared to ACL-C.

Artificial tibial translation

In a similar setting as in the present study, a reduced
SLR of hamstrings in combination with increased
tibial translation had been reported.” Howevet, those
measurements had been done after muscle fatigue,
indicating a fatigue-related reflex reduction. This
reduction could point at the need for more neural
“drive” in patients suffering from increased anterior
tibial translation caused by ACL rupture, resulting in
higher neuromuscular activity to stabilize the knee joint.
Therefore, the increased pre-activation in VM and BF
as well as reflex activity of the ST during MLLR might
reflect an active compensation pattern of the hams-

trings for higher stability demands. Sufficient reflex
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response in the MLR timeframe is essential and seems
to be better after conservative treatment than after
surgical reconstruction when compared to healthy
controls in our study. In case of ACL deficiency few
weeks after injury, a reduction of MLR was found to
be related to “giving-way” symptoms.” Howevet, as our
participants in the ACL-C group were copers, “giving-
way” symptoms had not been assessed previously. In
addition, the increased activity during MR in this group
can be seen as compensatory mechanism to guarantee
active knee stability.

ST was significantly and highly reduced in female ACL-
R compared to female ACL-I, but hamstrings in general
tended to be less active in all patient groups. Sex-
specific neuromuscular adaptations such as activation
timing, differences in force intensity of knee stabilizing

muscles®*®’

and a dominance of the quadriceps
over the hamstring muscles in women, which could
increase anterior tibial translation, had been reported
previously>>**%3 In contrast, these findings had
been contradicted by a systematic review about sex
differences in landing and cutting manoeuvres which
reported that no proof for quadriceps dominance

during the described activities was present.”

Methodological aspects

Stair descent and artificial tibial translation have been
selected as representing tasks for important, functionally
relevant, and demanding situations.

Stairway walking (ascent and descent) as an ADL
activity requires preactivity (joint stiffening) before
initial contact to guarantee active joint stability, and
eccenttic contraction® while 346% of the bodyweight
loads the knee joint.?Additionally, it has been shown
that an antetior-posterior tibial translation occurs duting
ambulation.” Previously published preliminary studies
from our research group had shown the feasibility and
reliability of this method, and the discriminatory power
between different cohorts. % With this task, which is
relevant to everyday life, sensorimotor competence can
be assessed in applied situations.

Artificially induced tibial perturbation was chosen as

reflex activity and simulation of injury mechanism.

Monitoring  neuromuscular  control  during  the
cortesponding time window from pre-activity to
perturbation onset and time windows for reflex
responses after perturbation give insight into sensori-
motor control mechanisms to guarantee knee joint
stability.*"** During tibial translation in postetior-antetior
direction (relatively to the femur), the ACL comes
under tension. In healthy subjects with an intact ACL,
the hamstring muscles (BE, ST, semimembranosus
muscle) act synergistically to this translational
movement.”” This synergistic contraction occurs
reflexively during appropriately rapid tibial translation,
e.g, by the rope-pulley system triggering sudden tibial
perturbations which induce a reflex response of the
hamstting muscles.”” After a sudden, antetior tibial
translation, the magnitude of protective reflex activation
of the hamstrings results in increased active joint stability
of the knee; this mechanism protects against injury.®
This indicates that the extent of the dynamic neuro-
muscular joint control of the knee stabilizing muscles
can be measured closely to the physiological injury
mechanism by surface EMG during standardized tibial
perturbations.**¢

Eighty percent of all ACL injuties are due to non-
contact episodes®” while deceleration and acceleration
motions with excessive quadriceps contraction or
insufficient hamstrings activation at or near full knee
extension are seen.®® Thereby, the tibia is translated
anteriotly relatively to the femur and stresses the
ACL. With an intact ACL, the hamstring muscles act
synergistically to this translational movement whereas
the quadriceps muscles are ACL antagonist.”’ It has
been shown that non-contact ACL ruptures happen
17-50ms after initial contact,” leaving a short time
frame for mechanosensory feedback (e.g, reflex
response). Pre-activity and reactive neuromuscular
responses regulate muscle and joint stiffness, which
is influencing dynamic joint stability, consequently
influencing ACL injury tisk.”” Monitoring neuto-
muscular control during exactly this time window
from preactivity to onset of perturbation and reflexive
time windows after tibial translation give insight into
sensotimotor control mechanisms establishing knee

40-42

joint stability.

During artificial tibial translation in standing position,
equal distribution of body mass under the right and
left foot was monitored. However, if the body mass
would shifted more onto the heel or forefoot, the center
of mass changed and would lead to more degrees of
flexion or extension of the spine, pelvis ante-/retro-
version or trunk inclination/reclination.”””® With this
altered upright starting position, the participants could
have unconsciously influenced the activity of the hams-
trings which could led to a different neuromuscular
strategy due to changes in the length of the superficial
back line, a myofascial meridian.”* Furthermore, the
band-sling was placed at the proximal part of the
shank over the triceps surae, which could influence the
activation of the hamstring muscles due to mechanical

stimuli in triceps surae Ia and II afferent pathways.*

Strengths and limitations

This study is one of the few publications reporting
neuromuscular activity of thigh muscles compating
two ACL patient groups with different treatment
modalities one year after injury. Moreover, to current
knowledge, it is the first study which investigated reflex
response after artificial induced tibial perturbation in
participants  with ACL-R  or rehabilitation alone
(ACL-C). A narrow time frame (11 — 14 months post-
injury, after reconstruction respectively) was chosen
for both patient groups where all participants had full
clearance for RTS. In addition, the applied methods
were standardized and used before. Monitoring neuro-
muscular control during exactly the time window from
pre-activity to perturbation onset and reflexive time
windows after joint (stability) perturbation give insight
into sensorimotor control mechanisms establishing
knee joint stability.**** This method could lead to
define outcomes for neuromuscular control to be
integrated into current RTS criteria which has already

%7 However, the assessment of neuro-

been stated.
muscular control as presented in this study is
sophisticated but not ready to be used in a clinical setting
yet.

Several study limitations should be considered: It was

planned a priori to recruit 30 participants per group,

15 females and 15 males. However, we could include
fewer participants in the ACL-C group despite the
extended recruitment phase. This was mainly due to
Covid pandemic, during which the movement
laboratory had to be closed for several weeks. By the
time the laboratory was accessible again, six subjects —
among which four for the ACL-C group — were outside
the time window of 14 months post-injury and could
no longer be included. As sex seems to affect neuro-

muscular patterns,*#>7¢

an equal sex distribution in the
groups was aimed but could not be reached.

The ACL-R group was heterogenous regarding choice
of graft and surgical techniques as participants from
more than one orthopaedic surgeon had been included.
This led to different treatment modalities regarding
duration and quality of rehabilitation as rehabilitation
after ACL rupture or ACL reconstruction is not
standardized. Moreover, no specialization in sports
physical therapy for physiotherapists is needed to treat
ACL patients which sometimes negatively affects
quality of rehabilitation. Although all included patients
were cleared for unrestricted RTS, their physical
condition and psychological readiness to participate in
sport varied widely when they were measured at the lab:
Some participants of the patient groups showed atrophy
in the operated leg, experienced painful episodes, had
limited knee flexion, were hypermobile in one or both
knee joints, or had not returned to the sport level
before ACL rupture. Furthermore, the subjects had very
different levels of sport, ranging from recreational
activities to competitive sport at a national level
Accordingly, the mean EMG values during stair
climbing and the reflex activities during tibial translation
varied largely which was in line with former research
from out group.”'*

In summary, this heterogeneity in ACL injured
participants’ physical and mental state, quality and
duration of rehabilitation, experience and training of
physical therapist could have influenced our results
and limits generalizability of the findings. Nevertheless,
the results help to better understand long-term
consequences of an ACL rupture, especially for neuro-

muscular control after RTS.?’
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Another limitation was that we decided to use two-way
parametric ANOVA to analyze the factors “group”
and “sex” despite non-parametric distribution of
most of the variables tested. According to published
recommendations,” patametric ANOVA may be used
in those situations. Furthermore, adjusted linear models
including age, physical activity and BMI as covatiates
were used to check whether the effects of sex and group
changed substantially (> 10% difference in effect sizes).
Only the effect of group was substantially different in
the adjusted model for the outcome variable “MLR
of ST” when age, physical activity and BMI had been
included. Both non-adjusted and adjusted effect sizes
were still medium, and the effect of confounding was

not further investigated.

Conclusions

The present study revealed that neuromuscular
alterations are still present in the involved leg one
year after ACL rupture or reconstruction compared
to healthy controls. Standard rehabilitation protocols
may not be able to restore neuromuscular control. In
addition, neuromuscular control seems to be impaired
independently from sex after unilateral ACL rupture but
influenced by treatment. Therefore, it is important to
assess neuromuscular control directly by surface EMG
to detect deficits despite fulfilled clinical and physical
performance test for RTS.

Future research should aim at more homogenous
participant groups, include long-term follow up and
standardized rehabilitation programs which focus on
exercises targeting neuromuscular function. Another
aspect of future research interest are bilateral deficits
after ACL rupture to investigate whether the contralateral
leg can be an adequate reference for functional
evaluation of the injured extremity. As the limb
symmetry index is still widely used, but probably
underestimating the functional deficits of both lower
extremities, other outcome measures for neuromuscular
function should be considered when deciding for a safe
RTS.
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Data availability

The datasets used and analysed during the current
study are available from the corresponding author upon
reasonable request and are stored on servers owned by

the Bern University of Applied Sciences.
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Table A.1: Additional clinical characteristics of participants with an ACL reconstruction (ACL-R), with a conservatively treated ACL. rupture

(ACL-C) and healthy controls with an intact ACL (ACL-I).
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If not otherwise stated means,  standard deviations and p-valnes are reported. Dashed lines indicate not applicable.

Legend: ACL-R

anterior cruciate ligament rupture conservatively treated;

~patients); ACL-C

anterior cruciate ligament reconstructed (

ACL- = anterior cruciate ligament intact (= healthy controls)y KOOS = Knee injury and Osteoarthritis Ontcome Score; ADL = activity of

daily life; HRQol.

physiotherapy; post = after

percentage of subgroup; °Tegner activity score (preinjury) ranging from

0 (sick leave or disability pension) to 10 (competitive sport on a professional level)

health-related quality of life; N= number of; pre = before the measurements started; PT

visual analogue scale from 0 to 100mm; Yo

the measurements; 1AS
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Table A.3: Stair descent: Neuromuscular activity for females and males per group for the involved (injured), matched limb respectively
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Legend: Normalized root mean square (RMS) values, expressed as %o of submaximal voluntary contraction (during treadmill walking), are

reported per muscle and movement phase during stair descent. If not otherwise stated means, standard deviations (in brackets) and p-values are
reported. *Kruskal-Wallis test; °Mann-W bitney-U test. Boldface p-values indicate statistically significant differences between subgroups (p<0.05).

-patients);y ACL-C

anterior cruciate ligament intact (= healthy controls); BE = biceps femoris;

Dashes indicate not applicable. ACL. = anterior cruciate ligament; ACL-R = anterior cruciate ligament reconstructed (-

anterior cruciate ligament rupture conservatively treated; ACL-1

pre-activity; RMS = root mean square;

push-off; PRE =

injured leg, respective matched leg of controls (based on side of injury); PO =

SD = standard deviation; ST = semitendinosus; VM = vastus medialis; V1. = vastus lateralis; WA

involved

weight acceptance
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Artificial tibial translation: Reflex: activity for females and males per group per phase for the involved (injured), matched limb

Table A.4.
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Table A.5a: Tests of between-subjects effects by two-way parametric ANOVA (significant results for involved side)
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Legend: Normalized root mean square (RMS) values, expressed as % of submaximal voluntary contraction (during treadmill walking),

are reported per muscle and reflex: window. If not otherwise stated means, standard deviations (in brackets) and p-values are reported. *Kruskal-
Wallis test; °Mann-W hitney-U fest. Boldface p-values indicate statistically significant differences between subgroups (p<0.05). Dashes indicate

~patients); ACL-C = anterior cruciate

anterior cruciate ligament intact (= healthy controls); BE = biceps femoris; involved = injured

gament reconstructed (-

1y ACL-R = anterior cruciate lig

s

not applicable. ACL. = anterior cruciate ligamen

ligament rupture conservatively treated; ACL-I

; PRE_50

medinm latency response;

pre-activity; SLR = short latency response; ST = semitendinosus; VM = vastus medialis; V1. = vastus lateralis

leg, respective matched leg of controls (based on side of injury); LLR = long latency response; MILR
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Table A.5b: Stair descent: Nenromuscular activity for females and males per group, including values for calenlation of effect sizes (for significant
resulls)
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Legend: Normalized root mean square (RNMS) values, expressed as %o of submaximal voluntary contraction (during treadmill walking), are
reported per muscle and movement phase during stair descent. If not otherwise stated means, standard deviations (in brackets) and p-valunes are
reported. *Kruskal-Wallis test; °Mann-W hitney-U test. Boldface p-values indicate statistically significant differences between subgroups (p<0.05).
Dashes indicate not applicable. ACL = anterior cruciate ligament; ACL-R = anterior cruciate ligament reconstructed (=patients); ACL-C =
anterior cruciate ligament rupture conservatively treated; ACL-1 = anterior cruciate ligament intact (= healthy controls); BF = biceps femoris;
involved = injured leg, respective matched leg of controls (based on side of injury); N= number of ; RMS = root mean square; SD = standard
deviation
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Table A.5¢: Reflex activity: Neuromuscular activity for females and males per group, including values for caleulation of effect sizes (for significant

resulls)
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Legend: Normalized root mean square (RMS) values, expressed as % of submaximal voluntary contraction (during treadmill walking),
are reported per muscle and reflex: window. If not otherwise stated means, standard deviations (in brackets) and p-values are reported. *Kruskal-
Wallis test; °Mann-W hitney-U test. Boldface p-values indicate statistically significant differences between subgroups (p<0.03). Dashes indicate
not applicable. ACL = anterior cruciate ligament; ACL-R = anterior cruciate ligament reconstructed (=patients); ACL-C = anterior cruciate

ligament rupture conservatively treated; ACL-I = anterior cruciate ligament intact (= healthy controls); BF = biceps femoris; involved = injured
leg, respective matched leg of controls (based on side of injury); LLR = long latency response; MLR = medium latency response; PRE_50 =
pre-activity, ST = semitendinosus; VM = vastus medialis
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Abstract

Background: Neuromuscular alterations are present in patients after anterior cruciate ligament (ACL) rupture
or reconstruction, even in the long run. ACL rupture seems to affect neuromuscular control of the involved,
injured leg but also of the non-involved limb. Therefore, this study aims at comparing neuromuscular
control of both lower limbs in patients 1 year after reconstruction of the anterior cruciate ligament (ACL-R)
or conservative treatment (ACL-C) to healthy controls with an intact ACL (ACL-I).

Methods: Electromyography of vastus medialis (VM) and lateralis (VL), biceps femoris (BF) and semi-
tendinosus (ST) was recorded in ACL-R (N = 38), ACL-C (N = 26), and ACL-I (N = 38) during stair
descent artificially induced anterior tibial translation. Each step of stair descent was divided into pre-
activity, weight-acceptance and push-off phase. Pre-activation, short, medium and long latency tesponses were
defined for reflex activity. For each muscle and phase, normalized root mean squates were calculated (o = 0.05).
Results: Dutring stair descent, BF differed significantly comparing each patient group with ACL-I during
push-off. Significant interlimb differences of the quadriceps were found in ACL-R in all phases, of BF in
ACL-C during weight-acceptance and during pre-activity in ACL-I. Reflexes revealed significant differences
in pre-activation for VM between ACL-R and ACL-C, between ACL-C and ACL-I and for BF between each
patient group and ACL-I. Medium latency response of ST differed significantly between each of the patient
groups and ACL-I. Long latency response of VM were significantly different in ACL-R versus ACL-C, and
ACL-R versus ACL-I.

Conclusion: One year after unilateral ACL rupture, bilateral neuromuscular alterations are present regardless
of treatment option. Current rehabilitation protocols do not seem to restore neuromuscular control to the
level of healthy controls. Future research should include standardized rehabilitation programs with neuro-

muscular exercises to restore bilateral, normal function.

Keywords: Anterior Cruciate Ligament; Knee Injuries; Reconstruction; Conservative Treatment

Abstract

Objectives: To compare bilateral neuromuscular  Regults: During stair descent, within-group leg
control in patients one year after anterior cruciate  Jifferences were found for the quadriceps in ACL-R

ligament reconstruction (ACL-R) or conservative during all phases and for the BF in ACL-C during
treatment (ACL-C) to healthy controls (ACL-I).

Design: Cross-sectional study.

weight-acceptance. Between-group leg differences
were found for BF in both patient groups compared
Setting: Electromyography of vastus medialis (VM) o ACL-I during push-off. Between-group differences
and lateralis (VL), biceps femoris (BF) and semi- 5 pre-activation for VM between ACL-R and ACL-C,

tendinosus (ST) was recorded during stair descent
and anterior tibial translation. Each step of stair descent
was divided into pre-activity, weight-acceptance and
push-off phase. Pre-activation, short, medium (MLR)
and long latency responses (LLR) were defined for
reflex activity.

Participants: N = 38 ACL-R, N = 26 ACL-C, N =
38 ACL-I

Main Outcome Measures: Normalized root mean

squares per muscle and phase (a0 = 0.05).
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and between ACL-C and ACL-I were found, and as
LLR between patients and ACL-R versus ACL-L
Pre-activation of BF and MLLR of ST differed for each
patient group compared to ACL-L

Conclusions: Bilateral neuromuscular alterations
are still present one year after ACL rupture or recons-
truction.

Keywords: Anterior Cruciate Ligament; Knee

Injuries; Reconstruction; Conservative Treatment

Introduction

Ruptures of the anterior cruciate ligament (ACL)
are multifactorial' and are mainly classified as non-
contact injuries.” Most non-contact ACL ruptutes
happen shortly (17-50ms) after initial foot-ground
contact within a time frame which is too short for
adequate mechanosensory feedback (e.g, reflex
response).?

Treatment of ACL ruptures can be surgically or
conservatively, depending on patient’s activity level,
type of sports and occupation, former knee
injuries etc’ At 2- and 5-year follow-up, no
differences in patient-reported knee function and
incidence of knee osteoarthritis between ACL
patients with early reconstruction, conservative
treatment followed by reconstruction ot consetvative
treatment alone were found.* Nonetheless, this study
was limited in reported functional outcomes and
demands for further research.

Altered sensorimotor control and neuromuscular
adaptations in patients after ACL reconstruction
have been stated previously® Deficits in voluntary
activation with medium to large effect sizes and
limited to moderate evidence as well as increased
long-term spinal excitability with limited effect sizes
and strong ecvidence have been summatized.®
Neuromuscular alterations have been reported to
be bilateral in various functional tasks.”” However,
these studies are limited to either reconstructed or
conservatively treated patients with an ACL rupture
and may vary greatly in their included measurement
time points.

Therefore, the purpose of this cross-sectional study
was to investigate the neuromuscular activity in
the involved and non-involved leg of participants
one year after surgical or conservative treatment
of an ACL rupture compared to a healthy control
group during stair descent and artificially induced
anterior tibial translation. Based on literature, we
hypothesized that altered neuromuscular control
in form of lower activity of the quadriceps and
of higher activity of the hamstrings is present in

the involved as well as in the contralateral leg of

patients after an ACL reconstruction (ACL-R) or
conservative treatment (ACL-C) compared to healthy
controls with an intact ACL (ACL-I).#°

Methods

Study design,

sample size calculation,

and ethical considerations

A cross-sectional, experimental study design with
two patient groups and a healthy asymptomatic
control group was determined to investigate neuro-
muscular control one year after an ACL recon-
struction or conservative treatment, tehabilitation
alone, respectively. One group consisted of
participants after an ACL reconstruction (ACL-R),
one of participants with conservative treatment
(ACL-C) after ACL rupture, and one of healthy
controls with an intact ACL (ACL-I).

A priori sample size calculation based on own
pilot data” revealed a sample size for independent
comparisons of n = 10 participants per group
(o = 0.05, actual power: 0.96, effect size d: 1.78;
G*Power, version 3.1, Heinrich-Heine University,

Disseldotf, Germany)."

This study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics
Committee of the Canton of Bern (Switzetland),
KEK No. 2017-02282. Every participant provided

written informed consent.

Participants

Participants for the ACL-R and ACL-C group
had been recruited via an orthopedic surgeon,
private physiotherapy practices or sports clubs
between January 2018 and August 2021. Healthy
people for the control group (ACL-I) had been
recruited from local sport clubs, and among
members of the Bern University of Applied Sciences

(Switzetland). Matching was based on sex, age,
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body height, body mass and dominant leg, defined
as the preferred leg to kick a ball with. The following
inclusion criteria were applicable for all participants:
age between 16 and 60 years, physically active at least
2x/week for 45min, Tegner activity score of = 5.
From participants in the ACL-R or ACL-C group,
magnetic resonance imaging was available, and
time since rupture, reconstruction respectively, had
to be between 11 and 14 months. Any type of ACL
reconstruction was included. Exclusion critetia for
all participants were former knee pathology, other
injury of the lower extremity, back pain, musculo-
skeletal disorders refraining from test protocol,
cardiac, neurologic, or peripheral vascular disease,
acute infection, alcohol abuse, current pain medication,
thrombosis, pregnancy, dementia, and not being able
to understand written or oral German.

In total, N = 185 people volunteered for this study
and were assigned to 1 of the 3 groups, based on
ACL status. Data from 38 subjects each for the ACL-
R and ACL-I groups as well as 26 subjects for the
ACL-C were included in the final analysis. Details
regarding the recruitment process can be found in

Figure A.1.

Measurements

All measurements took place at the Bern Movement
Lab (Bern University of Applied Sciences, Bern,
Switzerland) by using a formetly desctibed setup.” "
In brief, clinical examination, anthropometric data,
limb dominance, type of sports, number of hours
per week of physical activity, Tegner score'? and
Knee Osteoarthritis Outcome Score (KOOS)®
were collected as described before! The EMG
electrodes were applied on the vastus medialis
(VM), vastus lateralis (VL), semitendinosus (ST) and
biceps femoris (BF) muscle on both limbs according
to SENIAM preparation standards and guidelines'
including a reference electrode placed on the right
patella and inter-electrode impedance kept < 2 kQ.
Before and after the measurements, the actual
wellbeing and pain were assessed by using a visual

analogue scale (VAS).?
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The measurements started with a warm-up on
an instrumented treadmill for 10 minutes at 1.39
m/s (5km/h) and additional 2 minutes treadmill-
walking at the same speed with recordings of the EMG
signals for submaximal EMG normalization."
Afterwards, each participant completed 2 experi-
mental situations in the same ordet: stair descent and

stretch reflex measurements.!!

Stair descent

Participants descended a custom-made wooden stait-
way with six steps 10 times at self-selected speed
without using the railings."" To identify gait cycles,
the stairway had two embedded multicomponent
force plates in the third and fourth step. Stair descent
was divided into three movement cycles: The
pre-activation phase (PRE) covered 150 ms prior
to initial foot-floor contact untl initial contact.
The weight acceptance phase (WA) included initial
contact to the lowest applied vertical ground reaction
force. The push-off phase (PO), followed the WA
phase until vertical ground reaction forces declined

to zero.!!

Stretch reflex measurements

To assess stretch reflexes, artificial antetrior tibial
translation was applied on both legs in randomized
order. Starting position was standing upright with
the hands placed at the pelvis, knees in 30° flexion
and equal body mass distribution, controlled by
bipedal stand on two force plates.” To be blinded to
the time point of artificially induced tibial translation
and avoid any acoustic anticipation, participants
wore headphones with music and ear protection.

A rope and pulley system applied a standardized
impulse to the tibia shank inducing an anterior tibial

translation.'®

Onset of the applied force monitored
by a force transducer was considered as trigger signal
for the tibial translation.'® Further details describing
the setup can be found elsewhere! ' Artificial
tibial translation was elicited in two series with
15 repetitions per lower extremity. Between the series,
the participants got a short break to minimize

fatigue or excessive co-contraction. Four pre-defined

time intervals were used as outcomes: -50-0 ms
pre-activation (PRE_50), 20-40 ms short latency
response (SLR), 40-60 ms medium latency response
(MLR) and 60-95 ms long latency response (LLR)."'"

Statistical analysis

Data analysis was done by using the Statistical
Package for the Social Science (SPSS) software
(SPSS Statistics for Windows, version 28.0, IBM,
Armonk NY, USA). The level of significance was set
at 0.05. Participants’ characteristics (anthropomettic
data, physical activity, KOOS, TAS) were tested for
normal distribution by using Kolmogorov-Smirnov
test, followed by non-parametric t-tests (Mann-
Whitney-U and Kruskal-Wallis) to detect differences
between the groups (ACL-R, ACL-C and ACL-I).
To evaluate group differences of the neuromuscular
activity, all EMG outcomes of each muscle (VM, VL,
BE, ST) per phase during stair descent (PRE, WA, PO)
and artificial tibial translation (PRE_50, SLR, MLR,
LLR) were analyzed separated in the involved
(reconstructed, conservatively treated, or matched
knee based on side of injury) and the non-involved leg
(contralateral knee) using Kruskal-Wallis tests since
the requirements for a parametric procedure were
not fulfilled (Shapiro Wilk and Levene test). For pait-
wise post-hoc comparisons, the Mann-Whitney-U
test for independent samples and for intra-individual
leg comparison, the Wilcoxon test for dependent
samples was carried out, including Dunn Bonferroni
correction for multiple testing, Although not all data
were normally distributed, mean values and standard
deviations (SD) are reported to allow comparison
with other studies.

Effect sizes (ES) were calculated based on Pearson’s
correlation.” An ES below 0.3 was interpreted as
small effect, 0.3 < r < 0.5 as medium effect, and equal

0.5 or higher as large effect.”

Results

Characteristics of participants

Patient groups had significantly higher weekly hours
of physical activity (p = 0.014, 0.011 respectively) and
activity level (p = 0.001, p < 0.0001 respectively)
compared to the healthy controls (ACL-I). No other
significant differences were found for anthropometric
data (Table 1). Details on concomitant injuries, type
of treatment and autograft for reconstruction (if

applicable) are described in Table A.1.
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Table 1:  Characteristics  of 38 participants — with —an  ACL  reconstruction  (ACL-R), 26  participants  with —a
conservatively treated ACL rupture (ACL-C) and 38 healthy controls with an intact ACL (ACL-I), matched by sex;, age, body height, body
mass and leg dominance. Data are presented as mean % standard deviation (SD) unless otherwise stated. * Indicates significant p-values (p<0.05);
dashed lines indicate not applicable.

Mean * SD if not otherwise stated p-value

Characteristics ACL-R ACL-C ACL-I ACL-R ACL-C ACL-R vs. overall

N =38 N = 26 N =38 vs. ACL-l | vs. ACL-l ACL-C
Age [years] 32.02 + 12.21 38.38 £ 11.65 33.13+£9.16 0.391 0.099 0.031* 0.074
Body height [cm] 173.55 £ 6.25 170.23 + 7.59 173.66 + 6.96 0.831 0.033* 0.075 0.087
Body mass [kg] 71.71+11.19 71.06 + 14.88 68.38 + 9.43 0.244 0.942 0.456 0.507
BMI [kg/m?] 23.94 +2.73 24.47 + 4.64 22.64 +2.02 0.015* 0.305 0.305 0.056
Time since injury *
(months) 127+ 1.4 125+ 1.1 - < 0.0001 - 0.579 -
Sex: Ratio of 9:J 17:21 16:10 20:18 0.494 0.848 0.190 0.419
(%) (44.7:55.3) (61.5:38.5) (52.6:47.4)
Leg dominance i ’ .
(right:left) 35:3 23:3 34:4 0.694 0.899 0.626 0.876
Pretiablligation 13:25 - - <0.0001* - <0.0001* -
(yes:no)
PT after -
surgery/injury 38:0 26:0 = <0.0001* = = 0:0001 =
(yes:no)
Physical activity 425.96 373.02 293.26 © "
[min/week] £265.10 £158.18 +182.81 0014 oot 081 0014
Tegner score * * *
(max. 10 points) 6.71+ 1.45 6.96 +1.18 5.53+1.31 0.001 < 0.0001 0.273 < 0.0001
KOOS subscale
(absolute values)
pain (9 items, 447 +3.32 3.35+2.99 0.37+0.71 <0.0001* | <0.0001* 0.119 <0.0001*
max. 36 p.)
other symptoms (7 595+ 3.80 5.08+3.12 1.58 + 1.52 <0.0001* | <0.0001* 0.532 <0.0001*
items, max. 28 p.)
ADL (17 items, 250+ 3.42 2.23+4.03 0.08 £ 0.36 <0.0001* | <0.0001* 0.380 <0.0001*
max. 68 p.)
sports & leisure (5 3.63+2.88 2.69+277 0.21+0.70 <0.0001* | <0.0001* 0.151 <0.0001*
items, max. 20 p.)
HRQoL (4 items, 4.73+3.29 3.81+2.90 0.37 +1.00 <0.0001* | <0.0001* 0.259 <0.0001*
max. 16 p.)
VAS
wellbeing pre 5.53 £ 8.60 5.35+ 10.31 5.29+6.90 0.643 0.666 0.972 0.870
[mm]
wellbeing post 7.29+9.00 5.58 +9.91 6.55+7.39 0.937 0.355 0.402 0.612
[mm]
pain pre 3.08+£4.08 4.35+8.89 1.08 + 2.06 0.026* 0.037* 0.977 0.045*
[mm]
pain post 6.18 £ 13.25 6.42 £ 10.57 3.42+7.88 0.264 0.082 0.486 0.209
[mm]

Abbreviations: ACL-C = anterior cruciate ligament rupture conservatively treated; ACL-1 = anterior cruciate ligament intact (= healthy
controls);y ACL-R = anterior cruciate ligament reconstructed (=patients); ADL = activity of daily life; HRQoL. = health-related quality of
lifey KOOS = Kunee injury and Osteoarthritis Outcome Score; max. = maximuny post = afler the measurements; pre = before the measure-
ments started; PT = physiotherapy; *Tegner activity score (preinjury) ranging from O (sick leave or disability pension) to 10 (competitive sport
on a professional level); VAS = visual analogue scale from 0 to 100mm
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Stair descent

Figur 1 provides box plots for all four muscles and all three phases during stair descent, presented
separately for legs and groups. Significant results of involved and non-involved leg comparison between a
nd within groups are summarized below and all mean and SD values as well as results of inferential statistics

are presented in the Table A.2.
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Figure 1: Stair descent: Box plots of all four muscles of the i d and non-involved leg for pre-activity, weight-acceptance and push-off

phase (from top to bottom)

Legend (Fig.1): Results are presented for all three phases of stair descent as median and interquartile ranges including mean value expressed
as black dot; *p<0.05; **p<0.01; ***<0.001; ****p<0.0001; ACL = anterior cruciate ligament; ACL-C = group with conservative
treatment after ACL rupture; ACL-I = healthy controls with intact ACL; ACL-R = group with ACL reconstruction; BE = biceps
Semoris; CI = confidence interval; involved = formerly injured or reconstructed side, respective matched leg of controls (based on side of injury);
PRE = pre-activity; PO = push-off phase during stair descent; RMS = root mean square values; ST = semitendinosus; subM1'C =
submascimal voluntary contraction (normalized values with treadmill walking = 100% subMV'C); VM = vastus medialis; V1. = vastus
lateralis; WA = weight-acceptance phase
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Leg comparisons within groups

Intragroup comparisons revealed that neuromuscular
activity of the involved compared to non-involved
leg of ACL-R was significantly lower for the quadri-
ceps in all three movement phases: during PRE (for
VM: A-18.7%, ES 0.34, p = 0.004; for VL: A-15.8%,
ES 0.37, p = 0.001), WA (for VM: A-22.7%, ES 0.34,
p = 0.004; for VL: A-11.2%, ES 0.35, p = 0.003) and
PO (for VM: A-20.8%, ES 0.31, p = 0.008; for VL:
A-7.9%, ES 0.28, p = 0.018).

The involved leg of ACL-C group demonstrated
significantly lower activities in BF during WA only
compared to the contralateral leg (A-32.2%, ES 0.34,
p = 0.015).

Significant leg differences of the healthy controls
were present in the BF during PRE only (A-13.1%,
ES 0.29, p = 0.014).

Leg comparisons between groups

For intergroup comparisons, the following results
were found: Post-hoc analysis comparing neuro-
muscular activity revealed significant differences
for ACL-R compared to ACL-T in the non-involved
leg for both quadriceps and hamstrings for PRE
phase: for VM (A+29.1%, ES 0.30, p = 0.011), VL.
(A+38.2%, ES 0.47, p < 0.0001), BF (A-26.7%, ES
0.36, p = 0.002) and ST (A-23.7%, ES 0.32, p = 0.007).
During WA phase, significantly higher activities in
the quadriceps were present in the non-involved leg
comparing ACL-R to ACL-I: for VM (A+40.1%, ES
0.31, p = 0.008), and for VL (A+30.4%, ES 0.31,
p = 0.007). During PO phase, significantly higher
neuromuscular activity in ACL-R was found in the
non-involved leg for the VM (A+41.6%, ES 0.27,
p = 0.019) and VL (A+37.1%, ES 0.36, p = 0.002),
and decreased neuromuscular activity in ACL-R for
BF in both legs (involved: A-38.4%, ES 0.39, p =
0.001; non-involved: A-29.5%, ES 0.29, p = 0.014)
compared to ACL-I.

Post-hoc analysis in the non-involved leg revealed
significantly higher activities for VL (A+21.1%,
ES 0.31, p = 0.016) in ACL-C and significantly lower
for BF (A-32.5%, ES 0.42, p = 0.001) for ACL-C
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compared to ACL-I during PRE. During PO,
significantly higher activities were present for VM
(A+28.5%, ES 0.26, p = 0.040) and VL (A+45.4%,
ES 0.48, p < 0.0001) in the ACL-C group. In the
involved leg, significantly lower neuromuscular
activity in ACL-C compared to ACL-I was found for
BF (A-37%, ES 0.37, p = 0.004).

Post-hoc analysis comparing both former patient
groups (ACL-R versus ACL-C) revealed significantly
higher neuromuscular activity in VM of the non-in-
volved limb (A+31.1%, ES 0.27, p = 0.030) during
PRE for ACL-R compared to ACL-C.

Artificial tibial translation

Figure 2 provides box plots for all four muscles and all four phases during artificial tibial translation, presented

separately for legs and groups. Significant results of involved and non-involved leg comparison between and

within groups are summarized below and all mean and SD values as well as results of inferential statistics are

presented in the Table A.3.
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Figure 2: Reflex: measurements: Box plots of all four muscles of the i d and non-involved for pre- short, medium, and long

latency response during artificial tibia translation (from top to bottom)
Legend (Fig.2): Results are presented for all four phases of reflex measnrements as median and interquartile ranges including mean valne
expressed as black dot; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ACL = anterior cruciate ligament; ACL-C = group with
conservative treatment after ACL rupture; ACIL-1 = healthy controls with intact ACL; ACL-R = group with ACL. reconstruction; BF

= biceps femoris; CI =

nfidence interval; involved = formerly injured or reconstructed side, respective matched leg of controls (based on side

of injury); LLR = long latency response; MILR = medinm latency response; PRE_50 = pre-activation (backgronnd activity); RMS =
root mean square valnes; ST = semitendinosus; subMV'C = submaximal voluntary contraction (normalized values with treadmill walking

= 100% subMV'C); VM = vastus medialis; V1. = vastus lateralisy WA = weight-acceptance phase
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Leg comparisons within groups

In both former patient groups, no significant within-
group leg differences were found for any of the
investigated muscles and time windows during
artificial tibial translation. However, in the group of
healthy controls (ACL-I), neuromuscular activity was
significantly higher in the matched “involved” leg,
based on side of injury, compared to the contralateral
leg in two phases: during SLR for VM (A+39%, ES
0.34, p = 0.004) and during MLR for VM (A+19.1%,
ES 0.25, p = 0.033), VL (A+15.7%, ES 0.31, p = 0.008)
and BF (A+18.7%, ES 0.23, p = 0.044).

Leg comparisons between groups

Post-hoc analysis for intergroup comparisons
revealed significantlower pre-activationin the involved
leg of ACL-R compared to ACL-I for BF (A-28.1%,
ES 0.25, p = 0.035). During SLR, significantly higher
activity was found for VM of the non-involved limb
of ACL-R (A+119.2%, ES 0.34, p = 0.04). During
MLR, ST of the involved leg showed significantly
less activity in ACL-R subjects (A-57.2%, ES 0.33,
p = 0.007). During LLR, VM of both the involved
(A+90.9%, ES 0.28, p = 0.021) and the non-involved
leg (A+58.5%, ES 0.31, p = 0.008), and VL of the
non-involved leg (A+83.1%, ES 0.38, p = 0.001)
presented  significantly  higher  neuromuscular
activation in ACL-R compared to ACL-I.
Significantly lower pre-activation in the involved leg
for VM (A-27.5%, ES 0.31, p = 0.013) and BF (A-
36.2%, ES 0.29, p = 0.022) as well as during MLR for
ST (A-53.7%, ES 0.27, p = 0.037) was present in the
ACL-C compared to ACL-I.

Post-hoc analysis comparing both former patient
groups revealed significantly higher neuromuscular
pre-activation for VM of the involved limb
(A+73.5%, ES 0.35, p = 0.007) and higher neuro-
muscular activation during LLR (A+84.4%, ES 0.28,
p = 0.034) in patients after ACL reconstruction.
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Discussion

This cross-sectional study compared bilateral neuro-
musculatr activity in patients one year after an ACL
rupture with surgical reconstruction or conservative
treatment in comparison to a healthy control
group during stair descent and an artificially induced
anterior tibial translation. One year after an ACL
rupture, neuromuscular alterations were still present
in both legs of ACL patients, regardless of treatment
option.

Reported results ate in line with former research "'
representing a large range of EMG activity patterns
within and between groups in the investigated time-
frames and movement phases.

The hypothesis that neuromuscular control would
be altered — lower quadriceps and higher hamstrings
activity during voluntary activation — in the involved
and non-involved leg even one year after an ACL
reconstruction in compartison to healthy controls
with an intact ACL had been partially confirmed.
This altered muscle activity strategy has been
described as arthrogenic muscle response meaning
a natural mechanism of reflex inhibition and/or
muscular facilitation to stabilize and therefore
protect the injured joint.” In patients with an ACL
injury, arthrogenic muscle response might be due to
a loss of mechanoreceptors by the ruptured ACL
and altered discharge of sensory receptors induced
by inflammatory signs and joint laxity® This
arthrogenic muscle response with decrease of the
quadriceps activity (as ACL antagonist) and increased
excitability of the hamstrings (as ACL agonists)
reduces potentially dangerous movements for the
injured knee joint as it has been shown in ACL-R
patients.”! In the acute phase after ACL rupture
or reconstruction, the combination of both low
quadriceps and high hamstrings activation in the
involved leg compared to the matched leg of the
healthy control group could be advantageous as
this strategy improves dynamic stability of the knee
joint? However, if this altered muscle strategy
persists, it might negatively influence joint bio-
mechanics and articular cartilage loading, potentially

leading to post-traumatic knee osteoarthritis.® *

During stair descent, both legs showed signifi-
cant less neuromuscular activity of BF during PO.
Opposite to our results, athletes after ACL-R (mean
time post-surgery 8.5 months) demonstrated lower
activity levels of the VM and larger hamstrings
activation during a step-down task.” Howevet, these
participants had ST autografts while participants
from our study mainly had quadriceps autografts,
and EMG signals were analysed in one time interval
after step down landings (50ms to 250ms after initial
contact). In the present study, significant differences
were found mainly during pre-activity and in PO
phase, where adequate neuromuscular control by
the quadriceps is essential to eccentrically decelerate
the body weight in knee flexion. It is known that
ACL injury may negatively influence intracortical
facilitation® leading to larger intracortical inhibition
which is correlated with decreased capability to

voluntarily activate the quadriceps.®

However, it
remains unclear if this strategy with upregulation of
the quadriceps and lower activation of the hamstrings
has more beneficial long-term effects as the stress
on the ACL in posterior-anterior direction could be
increased due to the impaired protective effect by
lower hamstrings activation.

Significant interlimb differences during stair descent
in ACL-R participants were found, demonstrating
decreased activity of the quadriceps in the involved
limb compared to the non-involved limb in all ex-
amined phases. This may be explained by the artificial
injury due to graft harvesting, especially autografts
with quadriceps tendon, which must also be com-
pensated accordingly.® In our study, two thirds of
all patients of the ACL-R group got a quadriceps
tendon autograft. Differences between graft types
and reconstructive techniques should be investigated
to give specific recommendations for individualized
rehabilitation.”® However, further comparisons of
graft types were out of the scope of the present study.
Alterations in neuromuscular activity have been
found during artificial tibial translation, as well.
From a physiological point of view, the MLR is
most relevant as it has been recognized as the most
vulnerable phase due to the homonymous inter-

connection of cruciate ligament receptors and

hamstring muscles.'®

This means that the hamstrings
need to be specifically targeted during rehabilitation
to be sufficiently activated before and during dynamic
activities.

Participants after conservative treatment (ACL-C)
showed altered neuromuscular control in both legs in
both tasks, but not for all muscles and phases. Overall,
neuromuscular control in those participants differed
less from healthy controls than those of ACL-R
participants. Present findings were in line with
changes in neuromuscular control of males with an
ACL deficiency (mean time since injury 19.8 months)
compared to healthy controls during landings from
a 30cm height.® The authors reported a reduction
in lateral hamstrings activation of the affected leg
compared to the matched limb of healthy individuals
at SLR.* Post-landing EMG of VL was reduced
in the involved and non-involved side of ACL
deficient participants compared to the control limb
during SLR and MLR. Our study confirms findings
in the literature demonstrating that current reha-
bilitation programs may not sufficiently target the
impaired neuromuscular control after ACL rupture,”
independently from treatment chosen. During
artificial tibial translation, no significant within-group
differences were found in both former patient
groups, which indicates similar bilateral consequences
after ACL rupture — either deterioration or
improvement of neuromuscular control. These
findings indicate that the non-involved, “healthy”
leg is not a good reference to decide upon a safe
RTS and does not mean reaching the sports ability
as before ACL rupture® As the function of the
contralateral limb worsens in ACL-R patients one
and five years after reconstruction,” lower limb
indices could overestimate current sensorimotor
competence and therefore, should not be used in
isolation to evaluate functional performance.”® ?
Ideally, and for athletes probably the case, pre-injury
reference values would exist which would consider
age, physical and professional activity as well as
type and level of sports participation. Moreover,
artificial tibial translation gives insight into sensori-
motor control mechanisms for knee joint stability.'*"

This method could help defining outcomes for




neuromuscular control to be integrated into current

RTS criteria as it has been stated before.*

Strengths and limitations

There are some strengths and limitations to be con-
sidered. This study is one of only few publications
reporting neuromuscular activity of thigh muscles
comparing 2 ACL patient groups after different
treatments one year after injury with a healthy
control group. According to current knowledge,
it is one of the first studies that investigated reflex
response after artificial induced tibial perturbation
in participants with different treatment modalities
after ACL injury.

However, study limitations include the following
aspects: As the inclusion of ACL-R participants
was not limited to one orthopedic surgeon and/or
one surgical technique, the group presented itself
heterogeneous regarding choice of graft and surgical
techniques. Participants were not randomly allocated
to either surgical technique or conservatively
treatment. Therefore, a selection bias cannot be
neglected.  Furthermore,  different  treatment
modalities (type, duration, content), as no consensus
of rehabilitation after ACL rupture exist, might have
influenced the results. Moreover, suffering from
concomitant injuries was not an exclusion criterium
and could have altered or even prolonged reha-
bilitation. Nonetheless, a narrow time frame for
measurements was chosen to reduce these possible
influences.

At the time of measurements, all included patients
had got medical clearance for RTS. However, not
every patient had full, bilaterally comparable active
and passive end range of motion in the knee joint.
Some ACL-R participants presented with atrophy
in the involved, operated leg, reported experienced
painful episodes or were hypermobile in one or both
knee joints.

In summary, the heterogeneity within and between
patient groups regarding age, physical and mental
state, as well as choice of graft, type and duration
of rehabilitation, could have influenced the results

and limits the generalizability. Finally, the presented
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methods to assess neuromuscular control are
complex and not yet ready to be easily included in
physical performance test batteries or used in other

clinical settings for follow-up assessment.

Conclusion

The present study showed that neuromuscular
alterations are still present in both lower limbs one
year after ACL rupture in comparison to healthy
controls, independently from treatment chosen.
As both legs are affected, widely used limb symmetry
indices should not be used in isolation to decide upon
a safe RTS.

Future research should assess both lower limbs
and include other outcomes than limb symmetry
indices alone to decide upon a safe return to sports
despite of treatment path chosen. In addition, it is
necessary to evaluate evidence-based, standardized
rehabilitation programs for reconstructed and
conservatively treated patients. These programs
should include neuromuscular, biomechanical,
sensorimotor, and neurocognitive factors to restore
movement quality and performance as it had already
been stated for ACL reconstruction.”’ * Moreover,
studies with long-term follow-up after clearance
for RTS are needed to proof positive effects such
rehabilitation programs with special focus on impro-

vement of neuromuscular control.
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healthy controls were compared
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legs one year after ACL rupture

* Neuromuscular alterations are present independent
from treatment chosen

* Limb symmetry indices should not be used in

isolation for return to sport decisions
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Figure A.1: Flowchart of eligibility, recruitment process and inclusion of participants for all three groups
Legend (Fig A.1): ACL-C = anterior cruciate ligament rupture conservatively treated; ACL-I = anterior cruciate ligament intact (= healthy

controls); ACL-R = anterior cruciate ligament reconstructed (=patients); N = number of

185



7850

87€0

1660

60

[vlslzl

DaAJOAUI
-uou

010V 'SAYTOV

1820

0€5°0

izl

6L00

[visalzl

PaAJOAUI
-uou

010V 'SA¥10V

L0

€00

9040

12083

0€0'0

sz

DaAJOAUI
-uou

0-10V 'SA Y10V

Table A.2: Stair descent: Mean (standard deviations), p-values and effect sizes of normalized RMS' values for the involved (injured) and

non-involved (contralateral) limb of ACL-R and ACL-C participants, ACL-I with matched legs (based on side of injury) as controls in the

3 phases pre-activation (PRE), weight acceptance (W.A) and push-off (PO).

26)

ACL-C (N

38)

ACLR (N

Table A.1: Frequencies of concomitant injuries, types of treatment and graft (if applicable) of participants with an ACL reconstruction

(ACL-R) and participants with a conservatively treated ACL rupture (ACL-C).
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n.a.
group with conservatively treated ACL rupture;

4 (15.4%)
22 (84.6%)
7 (26.9%)
19 (73.1%)
2 (7.7%)
24 (92.3%)
n.a.
n.a.
n.a.

2 (5.3%)
36 (94.7%)
38 (100%)

2 (5.3%)
36 (94.7%)
26 (68.4%)
8 (21.1%)

3(7.9%)

1 (2.6%)

injury
group with ACL reconstruction; ACL-C

Lateral collateral ligament
conservative treatment

surgery

none
Quadriceps tendon

Cartilage defect
Hamstrings tendon
Patellar tendon
unknown

Bone bruise
yes

yes
Graft types

none
none

Legend and abbreviations (Tab.A.1): ACL-R
n.a. = not applicable
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sizes  of  normalized  RMS  values

effect

and
of ACL-R and ACL-C  participants,

p-values

(standard  deviations),

Mean
and  noninvolved  (contralateral)  limb

Reflex activity:

involved  (injured)

3

Table
Jor  the

values

A)

normalized
for the involved (injured) and non-involved (contralateral) limb of ACL-R and ACL-C participants, ACL-I with matched legs (based on side

sizes  of

effect

and

(standard  deviations),  p-values

activity:  Mean

Reflex:

.3

Table

ACL-L  with

matched legs (based on side of injury) as controls in the 4 reflex windows pre-activation (PRE_50), short latency response (SLR), medium latency

response (MIR) and long latency response (LLR).

of injury) as controls in the 4 reflex windows pre-activation (PRE_50), short latency response (SLR), medinm latency response (MLLR) and long

latency response (LLR).
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GENERAL DISCUSSION &
CONCLUSION

Abstract

What we found out:

* So fat, no outcomes related to electromyography (EMG) for neuromuscular control in patients after rupture
of the anterior cruciate ligament (ACL) have been reported in the literature.
Neuromuscular alterations are present not only in the injured but also in the contralateral leg shortly after
ACL rupture.
Former patients, who have returned to sport (RTS), do not reach the level of neuromuscular control in
comparison to healthy matched controls, regardless of treatment and sex.
The impairments and alterations of neuromuscular control petsist in both legs, even one year after the
injury or surgical reconstruction.
However, due to missing baseline data as reference, we do not know whether different neuromuscular
activation patterns and levels had been present in patients before ACL rupture occurred.

What is recommended for research and practice:

* Future research should aim at homogenous groups including matched healthy subjects for comparison,
evaluate sex differences, and use sport-specific tasks.
Moreover, investigations regarding neuromuscular control should include long-term follow up with EMG-
related assessments for muscle physiology, patient’s perspective but also psychological, social, and
contextual factors.
Further studies should assess both lower limbs and rely more on other outcomes than limb symmetry
indices alone to decide upon a safe RTS. This applies equally for practice.
Use of rehabilitation programs with neuromuscular exercises focusing on restoring bilateral neuromuscular

function at best is highly recommended.

In this doctoral thesis, we aimed to provide an over-  and treatment (Chapters 4, 5, 6). All patient data were

view of EMGe-related outcomes for neuromuscular  compared to a healthy, matched control group.

CHAPTER /

control in patients after an ACL rupture and to analyze
whether those outcomes were used to judge upon
RTS. As no such outcomes were found, we aimed
to define objective, EMG-related criteria for sensori-
motor competence. Therefore, we collected and analy-
zed data regarding neuromuscular control of the knee
stabilizing muscles in patients suffering from an ACL
rupture. Patients were assessed either immediately after
the injury, or one year after the ACL rupture treated
with surgical reconstruction or with rehabilitation
alone. The research questions had been investigated
with a systematic literature review (Chapter 3) and
cross-sectional studies at the Bern Movement Iab,

with different ACL cohorts and subgroups for sex

Neuromuscular control was assessed with EMG in
two different tasks, in stair walking as a demanding
ADL for volitional neuromuscular activity and in
anterior tibial translation during stance for reflexive
neuromuscular answers.

The main findings are summarized in the first sub-
chapter. In the following subchapters, several aspects
related to methodological —approaches, patient
selection, recruitment and rehabilitation are discussed
and critically reviewed. Furthermore, limitations and
strengths of this PhD projects are mentioned. Finally,
suggestions for practical implications and further

research are presented.




7.1 Main findings and
general discussion

Outcomes of neuromuscular

control in patients with ACL rupture
(Chapter 3)

First, we conducted a systematic review including
38 mainly cross-sectional, case-controlled studies
with 1236 subjects — 809 participants with ACL-R or
ACL deficiency and 427 healthy controls (Chapter 3).
All studies were qualitatively analysed. Risk of bias
was medium to high due to an unclear description
of participants and prior interventions, confounding
factors and incompletely reported results. Most
studies provided EMG outcomes of thigh and/or
calf muscles during jumping, running, or squatting.
In addition, outcome measures of neuromuscular
control of the knee in domains of time, amplitude,
or activity were described. None of the included
studies used the surface EMG measurements to
decide upon readiness for RTS. However, about one
third of the studies (31.6%, 12 studies) provided
useful information about assessed groups and
comparisons, such as copers versus non-copers,
intervention and control group from the same team
or level, data from pre-injury/-surgery including
post-surgical follow up, or about participants with
full RTS versus limited RTS. Two studies even
investigated the influence of fatigue on neuromuscular
control. (Chapter 3).!

In summary, we concluded that despite a wide range
of EMG outcome measures for neuromuscular
control reported, none was used to decide upon
RTS in these patients. Therefore, further research
should aim at finding reliable and valid, EMG-related
variables to be used as diagnostic tool for neuro-
muscular control. This would add to the appraisal
for RTS decision making in addition to the widely

used physical performance test.

In addition, we conducted a second systematic

literature review to evaluate potential sex-related
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differences in neuromuscular control assessed with
EMG:.? Fifteen studies with 462 healthy participants,
233 women and 299 men, were included. Surface
EMG measurements with outcomes such as integral,
RMS, mean values, analysis of time and amplitude
of the knee stabilizing muscles were summarized.
From only seven studies reporting EMG activity
expressed as %0MVC, three research groups found
a significantly higher activity of the VL and VM in
females.”® Two studies reported significantly lower
neuromuscular activity in the BF and ST in females.>®
Two research teams found no significant sex-related
differences’ ® or reported even contradicting results
with significant higher activation in the hamstrings
for females.” The methodological quality of the
studies was mostly rated “fair”.2

In summary, the controversial findings did not allow
for a concluding decision regarding sex-specific

neuromuscular activation.?

Neuromuscular control

in patients with an acute

ACL rupture (Chapter 4)

Secondly, we investigated neuromuscular activity
in patients with an acute ACL deficiency (ACL-
D) compared to a matched, control group with an
intact ACL (ACL-I) during stair descent and artificially
induced, anterior tibia translation (Chapter 4).°
For this cross-sectional study in a laboratory setting,
15 acutely injured ACL patients and 15 healthy
controls were included. All participants had to
descend stairs and undergo measurements of reflex
activity induced by artificial anterior tibial translation
in upright standing position. Surface EMG of
VM, VL, BF and ST was recorded bilaterally. The
movements of stair descent were divided into PRE,
WA and PO phases; reflex activity in preactivation,
SLR, MLR and LLR responses. During PRE while
going downstairs, hamstrings of the involved leg of
ACL-D showed approximately 30 — 50% significant
less activity compared to the matched involved and
non-involved leg of ACL-I. During WA and PO, VL.
revealed a significant reduction of approximately
40% of the involved leg of ACL-D compared to

ACL-L For SLR response, BF and ST of the involved
leg of ACL-D showed a twice to five times increase
compared to the matched, non-involved leg of ACL-I
(both significant). All other comparisons were not
significant.

In summary, acutely injured ACL patients revealed
less neuromuscular activity during stair descent
and an upregulation of reflex activity, mainly in the
hamstrings of both limbs in comparison to healthy

controls (Chapter 4)."

Effect of sex and treatment
(Chapter 5) and leg comparison
(Chapter B) one year after

ACL rupture

Thirdly and fourthly, we investigated neuromuscular
activity in patients one year after ACL rupture, either
treated surgically with reconstruction or rehabili-
tation alone, and compared to a control group of
healthy, matched participants. All patients had full
clearance for RTS at measurement time point, between
11 and 14 months after ACL rupture or surgical
reconstruction. Again, the study design was cross-
sectional and the same measurements as for study
2 (Chapter 4)'° were done at Bern Movement Lab.
We were interested in a) effects of sex and treatment
(Chapter 5) and b) in leg differences within and
between groups (Chapter 6).!' For both analyses
(Study 3a, Chapter 5; Study 3b, Chapter 6) data from
38 patients after ACL-R (N = 17 women, N = 11
men), 26 patients with conservative treatment (ACL-
C; N = 16 women, N = 10 men) and 38 healthy
controls (ACL-I; N = 20 women, N = 18 men) were
included.

Results for the effects of sex and treatment
(Chapter 5, Study 3a) were as follows: During stair
descent, neuromuscular differences of BF were
significant during PO phase only. Males of ACL-
R and ACL-C had significantly higher BF activity
compared to ACL-I. During reflex activity, VM and
BF were significantly different between treatment
groups for pre-activation. VM pre-activation of
females was significantly higher in ACL-R compared
to ACL-C, and lower in ACL-C compared to ACL-I.

Males after ACL-R showed higher VM and less BF
pre-activation compared to ACL-I. Males of ACL-C
had significantly less BF pre-activation compared
to ACL-I. During MLR, significant intra-group
differences in ST were found for treatment and
females of ACL-R compared to ACL-I. During LLR,
overall significant intra-group differences in VM were
present for treatment and in females (ACL-R versus
ACL-C, and ACL-R versus ACL-I) (Chapter 5).

Results for the comparison between legs (Chapter 6,
Study 3b) were as follows: During stair descent,
BF differed significantly comparing each patient
group with ACL-I during PO. Significant interlimb
differences of the quadriceps were found in ACL-
R in all phases, of BF in ACL-C during WA and
during PRE in ACL-I. Reflex measurements revealed
significant differences in pre-activation for VM
between ACL-R and ACL-C, between ACL-C and
ACL-], and for BF between each patient group and
ACL-I. MLR of ST differed significantly between
each of the patient groups and ACL-I. LLR of VM
were significantly different in ACL-R versus ACL-C,
and ACL-R versus ACL-I (Chapter 6)."

In summary, neuromuscular alterations were still
present in both patient groups compared to healthy
individuals, regardless of treatment and sex, even
one year after ACL rupture or reconstruction.
Standard rehabilitation protocols may not be able
to restore normal neuromuscular control to the
level of healthy controls (Chapter 5).

In addition, the analysis of data from
both  limbs  revealed that neuromuscular
alterations, in terms of a down-regulation of
activation, were still present in both lower limbs one
year after ACL rupture in compatison to healthy
controls. These decreased activation levels were
independently from treatment chosen. As both legs
are affected, widely used limb symmetry indices
should not be used in isolation to decide upon a
safe RTS as they overestimate present sensotimotor
ability even after having returned to sport (Chapter
6).1
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Discussion of
methodological aspects

Participants

As the inclusion of ACL-R participants was not
limited to one orthopedic sutgeon and/or one
surgical technique, the group presented itself hetero-
geneous regarding choice of graft and surgical
procedures (Chapter 5 & 06). Participants were
not randomly allocated to either surgical technique
or conservatively treatment. Therefore, a selection
bias cannot be neglected. The fact that several
physiotherapists were among ACL-C participants
could be seen as another potential selection bias.
Being physiotherapists and health professionals,
they were well informed about treatment options
and rehabilitation protocols. Therefore, these physio-
therapists, patients respectively, were more open
for the conservative approach. It can be assumed that
these patients benefited from their own professional
knowledge and probably had longer, qualitatively
better rehabilitation which could have positively
influenced neuromuscular control. In addition,
the rate of females was higher in the ACL-C
group. Moreover, the mean age was higher in this
group compared to the mean age of participants in
the ACL-R and ACL-I group. This is in line with
current recommendations to rather opt for
conservative treatment at higher age when no
severe concomitant injuries are present, and the
patients are not highly active (anymore).

Suffering from concomitant injuries was not an
exclusion criterium and could have altered or even
prolonged rehabilitation. Nonetheless, a narrow time
frame for measurements was chosen to reduce these

possible influences.

A new tool to rate the magnitude of structural
tissue damage in patients suffering from an ACL injury
has been published recently.!? The research group
proposed the ACL Injury Severity Scale (ACLISS)
which identifies easily and rapidly different injury
severity profiles in patients undergoing primary
ACL-R."? According to the authors, the ACLISS
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represents a feasible grading and documentation
tool and therefore, allows reproducible comparison
of clinical data in ACL injured patients.'” The use
of this tool could help to compare between studies
having included heterogenous patient groups
regarding concomitant injuries and severity of ACL

injury.

It can be assumed that different types of graft
led to different surgical techniques and probably
to different rehabilitation pathways. However, equal
and comparable clinical outcomes have been shown
for ST grafts, QT and BPTB grafts for ACL-R.®"
In addition, similar patient-reported outcomes
after ACL-R with QT autografts compared with
HT autografts'® and between BPTB and HT
autografts have been reported previously.!”
Moreover, similar RTS rates'” and clinical and
functional outcomes two years after ACL-R were
found comparing different types of grafts.!® 8
From the perspective of RTS and patient-
reported outcomes, it was feasible to include
patients with different ACL-R techniques in this
PhD project (Chapters 5 & 06). Therefore, clinical
outcomes and PROMs are likely to be similar in
the patients in our two different treatment groups.
However, concerning the choice of grafts and
neuromuscular control, it is obvious that different
harvesting sites for grafts led to different donor site
morbidities, such as weakness of the hamstrings
or quadriceps, which might have influenced the
neuromuscular activation of either agonists or
antagonists of the ACL." These negative
consequences were seen in several participants after
ACL-R with QT autograft who presented with clearly
visible quadriceps atrophy and evasive movements
when walking in Study 3a and 3b. Nonetheless, all
patients in our studies had returned to sport at the

time of measurements at the movement laboratory.

Regarding type of grafts, patients with BPTB
autografts suffered from lower quadriceps strength
compated to those with HT autografts® In cases

with QT tendon autografts, it was shown that knee

extensor strength had not been restored before
24 months after ACL-R.* In addition, use of QT
autograft resulted in more pronounced impairments
in knee extensor strength compared to hamstring
autografts affecting both, knee extensor and flexor
strength.'® These findings are in line with our results
that impairments in neuromuscular activation of
the quadriceps are not restored one year after
ACL  injury®” However, we did not analyze
neuromuscular alterations in different subgroups

for grafts due to too few participants.

Persistent retraction of the ST muscle (larger than
10mm) was observed following harvest of the ST
tendon for ACL autograft and does not seem to
be a natural variation.” This may have implications
for generation of muscle force and for the ST
being able to serve as a knee stabilizing muscle
with the same efficiency as prior to tendon harvest.
It has been stated that muscle retraction of medial
hamstrings in the affected leg compared to the
healthy leg is correlated to decreased strength in knee
flexion.” The same authors found that the weakness
of the donor muscle (medial hamstrings) was
compensated by hypertrophy of the lateral hams-
trings leading to an imbalance in rotational strength
of the knee.” Thus, changes in muscle morphology
and corresponding loss of strength could have
implications for the risk of re-rupture. It is known
that the ST muscle serves as an important ACL
synergist in the stabilization of the knee.* The degree
of recovery of the muscle from which the tendon is
harvested could, therefore, potentially be important
for knee function. Most of our patients with an
ACL-R in Study 3a (Chapter 5) and Study 3b
(Chapter 6) were treated with an QT autograft. The
sample size was too small to stratify for graft type
and to analyze those subgroups. To our knowledge
and to date, there is no evidence published regarding
consequences of harvesting the QT on knee extensor
strength and active knee stability. Nevertheless,
quadriceps weakness after ACL-R is well documented,
however with large variations regarding the magnitude

of weakness. Full recovery from quadriceps weakness

post ACL-R seems to need much more time than
time for wound healing of the connective tissue, as
a time span of 54-59 months has been reported.”
In addition to time, sex and type of graft influence
quadriceps strength after ACL-R* Compared to
the contralateral side, male participants alone had
greater deficits than groups with both sexes; when
compared to healthy controls, the opposite was
found.™ Our findings from Study 3a (Chapter 5)
revealed that males of both treatment groups had
significantly higher BF activity compared to healthy
controls during push-off phase while descending
stairs. During anterior tibial translation, VM and
BF were significantly different between treatment
groups for pre-activation. VM pre-activation of
females with ACL-R was significantly higher
compared to rehabilitation alone, and lower with
rehabilitation alone compared to the healthy group.
Males after ACL-R showed higher VM compared
to healthy controls. Males of both patient groups
had significantly less BF pre-activation compared to

people with an intact ACL.

At the time of measurements, all included patients
had received medical clearance for RTS. However,
not every patient in the Study 3a and 3b had full,
bilaterally comparable active and passive end range
of motion in the knee joint. Some ACL-R
participants presented with atrophy of thigh muscles
in the involved, operated leg, reported experienced
painful episodes or were hypermobile in one or both
knee joints. It was obvious that physical deficits
persisted, and that not all patients had fully recovered
from the severe knee injury, despite full medical

clearance for RTS.

Different treatment modalities (type, duration,
content), as no consensus of rehabilitation after ACL
rupture exist, might have influenced our findings.
We did not standardize the type or duration of the
sessions, and did not specify the choice of exercises,
training variables or duration of rehabilitation. As
we had patients recruited from different orthopedic

surgeons sending patients to different physical
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therapy practices, our study population represents
the reality of the patient population that many
physical therapists see in daily practice. In addition,
we did not prescribe the professional background
of physiotherapists. It can be assumed that a
higher professional degree (e.g., Master of Science)
or specialized training (e.g., in sports physical therapy)
leads to a higher quality of treatment that will
benefit patients with an ACL injury. Close follow-up
and high-quality sports physiotherapy interventions
have been reported to increase the likelihood of
RTS.® It is obvious that better results in ACL patients
can be achieved by using a high-quality, structured,
and progressive rehabilitation program, combined
with clear goalsetting, repeated testing, and patient
education.” Therefore, taking all those aspects into
account, we recruited patients not only via specialized
orthopedic surgeons but also through physiotherapy
practices with special knowledge in sports physical

therapy.

In addition, we had anamnestically assessed the
content of physiotherapy and had several patients
reporting that they never had exercises including
jumps, hopping or cutting; elements which are
recommended during ACL rehabilitation by different
researchers.” ¥ A lot of patients did not have any
RTS testing before returning to sports, some even
reported that RTS was based on time-criterion which
is not adequate anymore. This was surprising as
we were aware of potential huge differences in
rehabilitation quality and therefore, we chose physio-
therapy practices specialized in sports physical
therapy in addition to orthopedic knee surgeons to

recruit patients, as mentioned above.

Applied methods and assessments

Regarding influence of myofascial meridians du-
ring standing position, Dischiavi and colleagues® *
provided an interesting viewpoint regarding three-
dimensional (3-D) positioning of the body affecting
the global tension in the musculoskeletal system.

They stated that an individual muscle was only as
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strong as the position in which it currently was in,
together with the accompanying tension.?” This 3-D
position of the entire musculoskeletal system is
responsible for the amount of tension being main-
tained throughout the body® % as described by the
term tensional integrity structure, “(bio)tensegrity”
respectively.® * Consequently, system tension can
affect performance in the lower extremity:®'
rotation of pelvis on the femur (so called anterior
or posterior tilt of the pelvis in sagittal plane) alters
tension in the entite myofascial/musculoskeletal
system, like wringing out a towel® A study
comparing activation of myofascial meridians during
single leg vertical drop jump in patients with
ACL-R and healthy participants found that patients
after ACL-R may present altered muscle activations
in the functional frontal and back line. Muscles
integrated in these two myofascial meridians may
therefore negatively influence positioning of lower
extremity and could therefore increase ACL injury
risk.* During upright standing position as we asked
participants to do in Study 2, 3a and 3b, it is likely
that positioning of the pelvis in relation to the spine
and the hip joints influenced tension of myofascial
meridians. An anterior pelvic tilt leads to the biceps
femoris being more under tension which consequently
affects part of the spiral line and the superficial back
line. Therefore, altered 3-D position of the pelvis,
spine and trunk could have influenced the reflex
answers by altered myofascial tension as we only
controlled the 30°-angle of knee flexion and gave
the instruction to stand upright with body weight
equally distributed under both feet. Altered posture
during standing might influence excitability of
reflexes in hamstring muscles via altered tension
of myofascial meridians and fascial connections,
especially the supetficial back line.® * In Study 2,
3a and 3b, this aspect was considered by correcting
verbally and manually the posture of participants
by the assessor. Additionally, participants controlled
equal bilateral loading visually by checking the screen

where data from two force plates had been projected.

Alterations of neuromuscular
control and consequences
for rehabilitation

Altered sensorimotor control and neuromuscular
adaptations in patients after ACL reconstruction
have been stated previously.” *® Deficits in voluntary
activation with medium to large effect sizes and
limited to moderate evidence have been reported.”
Moreover, it has been stated that increased long-
term spinal excitability with limited effect sizes and
strong evidence were present in patients with ACL
injury®  Neuromuscular alterations have been
found to be bilateral and indifferent of surgical
or conservative treatment in various functional
tasks.?? “4 However, these studies are limited to
cither reconstructed or conservatively treated
ACL patients and may vary greatly in their included
measurement time points. We could confirm the
reported findings regarding alterations in neuro-
muscular control in acutely injured patients with an
ACL rupture,” but also in patients one year after
the injury with different treatments at full clearance
regarding RTS (Study 3a). In addition, we analyzed
subgroups for sex and treatment, and made leg
comparisons within and between groups with the
same methodological approach (Study 3b). In all
these patient subgroups, mainly lower neuromuscular
activation levels were present compated to the
control group, as well as bilateral deficits were

confirmed.

Ultimately, the cerebral cortex is planning and
regulating motor control. It is known that reactive
muscle activation is associated with involuntary
muscular reflexes that can be pre-planned, modulated
or even distinguished by corticospinal regions.'” *
After ACL-R, an increased excitability of the spinal-
reflex pathways and decreased excitability of the
corticospinal pathways was found.” These changes
were accompanied by decreased strength and
voluntary activation of the quadriceps.” Howevet,
increased spinal reflex activity of the leg muscles may
assist the recovery of central feed forward control.”

Therefore, the afferent pathways of the hamstring

reflex and their influence on muscle stiffness seem
to be part of developing central feed forward control
which is crucial for a protective knee stiffness.” *!
As a consequence, it is recommended to address these
impairments during rehabilitation by focusing on
neural pathways to target quadriceps inhibition after
ACL-R.* Furthermote, the brain activation profile
found after ACL-R in relation to neuroplasticity
might indicate a shift from a sensory-motor strategy
towards a visual-motor strategy to engage in knee
movement.”” Therefore, a specific rehabilitation
program for all patients after ACL injury is needed
to target those impairments. This can be done by
implementing multidimensional ~ exercises  with
impaired visual feedback as it has been reported
before.** In addition, unplanned, complex, multi-
directional movements, cognitive-visual-motor intet-
actions, changing tasks and environments, exercises
for adaptability, and variation in progression should
be included as well.** 32 Even though these recom-
mendations are based on findings after ACL-R, it
can be assumed that patients with ACL deficiency
would benefit as well from that specific rehabilitation

program.

It has been reported previously that patients with
a deficient ACL showed different neuromuscular
strategies during walking.* In the acute phase after
ACL rupture or reconstruction, the combination of
both low quadriceps and high hamstrings activation
in the involved leg compared to the matched leg of
the healthy control group could be advantageous as
this strategy improves dynamic stability of the knee
joint.® These findings could be confirmed by our
research group in the cross-sectional study with
acutely injured patients (Chapter 4),'° and in patients
with chronic ACL deficiency after one year (Chapter
5 &6).

Conservatively treated individuals at different time
points from ACL injury, did not show any differences
in EMG activity or latency in compatison to healthy
controls.” In contrast, our findings in patients with

acute and chronic ACL deficiency revealed that
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neuromuscular control of patients differed from
matched healthy controls."” This increased hamstring
activity can be interpreted as a protective mechanism
after acute ACL injury as the hamstrings act as

synergists to the ACL.Y%

There is evidence for bilateral biomechanical
changes and neuromuscular alterations in both

legs after a unilateral ACL injury,®

as confirmed by
our results in patients with acute and chronic ACL
deficiency (Chapter 4 & 6),' but also after ACL-
R one year after the injury (Chapter 6) . As a
consequence, widely used limb symmetry indices
may overestimate the actual state and performance
of the non-injured, but nevertheless affected
leg®? © Therefore, it is necessary to compate
ACL  patients to a healthy control group
instead of using the contralateral limb of injured
participants as teference only.” Howevert, it is rarely
the case to have pre-injury data as reference
in “normal” patients. Norm or baseline data are
difficult to generate in clinical settings with non-

professional athletes or patients.

It is probably not realistic to reach the same level
of performance as before the injury because sensori-
motor competence is influenced by the injury itself,
the management of injury (surgical treatment or
rehabilitation alone) as well as type, quality, and
quantity of interventions during rehabilitation.
Short- and long-term consequences of neuromuscular
control regarding strength, voluntary activation,
cortical and spinal excitability, timing and control of
muscle force production have been found in patients

after knee injury”’

These long-term alterations
may be specific for patients after ACL injury as no
evidence was found for other knee injuries.” Further-
more, it remains unclear whether full restoration of
neuromuscular control will be achieved. In addition,
it might not be realistic to reach 100% of pre-injury
state as most of the patients as presented in daily
clinical practice do not have pre-injury data. There-

fore, the aim should be to increase neuromuscular

control of the injured side as highly as possible as the
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contralateral side gets worse, too. These alterations
in neuromuscular control are not restored one year
after injury or reconstruction as found in Study 3a
and 3b."

7.2 Limitations and
strengths

Several limitations must be considered.

As recruitment was quite challenging, especially for
conservatively treated patients and during Covid
pandemic, we included participants not only from
our co-author and collaborator MD Philipp Henle
but also from other orthopedic surgeons. As it is
common in Switzerland to go to a physiotherapist
by own choice or on recommendation by the treating
surgeon, the heterogeneity regarding amount and
quality of rehab was large. We recruited via P. Henle
but also via private physiotherapy and clinic
networks. Likewise, we had several physiotherapy
practices and ambulatories with different profes-
sional background of the physiotherapists in terms
of specialization, knowledge, experience, sports-
specific knowhow, or equipment etc. A cross-
sectional study analyzing outcomes of an online
survey among US American physiotherapists found
considerable variation in practice regarding rehabili-
tation following ACL-R.® This variability in practice
may contribute to suboptimal outcomes in patients
after an ACL-R.* However, as we were aware of
potential heterogeneity of the patient group and
rehabilitation protocols, we only recruited patients
from specialized sports physiotherapy practices to
guarantee a certain level of knowledge and further
education of treating physiotherapists. Consequently,
we did not prescribe any rehabilitation protocol
or standardized treatment for Study 3a and 3b. We
did not analyze any treatment protocols provided by
the physiotherapists but only asked the patients about
frequency, type, intensity, and other training variables.

This anamnestic data collection is likely prone to

recall bias by the patients as at the time point of
measurements (one-year after ACL-R or ACL
rupture), most patticipants had finished rehabilitation
already months ago. Although all patients had full
clearance for RTS, some presented with quadriceps
atrophy, which was still evident after one year. It
is possible that these patients had different neuro-
muscular activation patterns and were more likely
to use neuromuscular compensatory mechanisms as
it has been reported even years after the injury or
post-ACL-R.” This may have had an influence on our
measurement results and may be partly responsible

for the large heterogeneity of the data.

Meniscal injuries occur in approximately 64% to
77% of ACL injuries.”® If a patient needed surgical
repair for a meniscal tear, alteration of the reha-
bilitation program was warranted, according to the
recommendations of Wilk and Artigo?” In contrast,
an arthroscopic partial meniscectomy does not
significantly influence the rehabilitation protocol
after ACL injury with or without reconstruction.
However, running or jumping may be allowed at a
later time point in rehabilitation.?” Consequently, this
delay in progression together with a less accelerated
rehabilitation might have altered neuromuscular
control in included patients with concomitant
injuries. Nonetheless, all participants in Study 3a
and 3b had received full clearance for RTS and had
returned to the preferred sport before testing. In
addition, the measurement time point of 11 -
14 months after injury or ACL-R assumed that
participants could perform all tasks in the laboratory
without restriction.

In summary, the heterogeneity within and between
patient groups regarding age, physical state, as
well as choice of graft, type and duration of reha-
bilitation, could have influenced the results and limits
the generalizability. Finally, the presented methods
to assess neuromuscular control are complex and
not yet teady to be easily included in physical
performance test batteries or used in clinical settings
for therapy progression, RTS or follow-up assessment.

For the cross-sectional studies, we don’t have

any baseline measurements which could give insight
in potential preexisting differences between humans
regarding neuromuscular control. This was a
question, MD Philipp Henle raised regarding
individual interlimb-differences: ,,Couldn‘t it also
be that the differences between the two treatment
groups and ACL-I is not a result of the injury,
but that these people simply have a different neuro-
musculat pattern that may increase their risk for
ACL injury?“. To answer the question, preinjury
data would be needed as being the best reference.
In an ideal world — maybe possible in professional
soccer teams — data are assessed before injury occurs
to set an individual risk profile and to target these
deficits by established, effective and evidence-based
prevention programs. However, in clinics and for
patients who are normally seen and treated in
physiotherapy practice, it is not realistic to have
measurements as baseline data before injury occurs.
Our best reference for all cross-sectional studies
(Chapters 4 — 6) was the matched, healthy control
group. Therefore, we can conclude that the closer
the patients® values are to the reference values of the
healthy control group, the better the sensorimotor
competence of the patients is. This would signify
that the closer the values for neuromuscular control
to the reference data of healthy controls are reached,
the better - the more the neuromuscular control of
the affected limb is restored towards the healthy

reference group.

A strength of this PhD was that unlike many
published studies including only professional or
semiprofessional athletes after ACL ruptures, we
allowed participants with a wide range of sports
and levels. In this regard, our study population
represents the reality of the patient population that
many physical therapists see in practice. Accordingly,
our results represent the average athletic patient,
which may be an advantage in translating the results
into clinical practice. In addition, all patients should
have resumed desired activities and sports 12 months
after ACL rupture, regardless of the type of conco-

mitant injury, treatment management and type and
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level of activity. Consequently, our study sample
represents real daily patients for most, clinically active

physical therapists in practice.

Another strength is the selection and assessment
of acutely injured patients for Study 2 (Chapter 4)
who had very narrow in- and exclusion criteria.
So far, studies assessing ACL deficient patients
described neuromuscular asymmetries but within
seven months after injury,” investigated the influence
of different factors on knee stability®” or the choice
of surgical techniques.®® Only one study was found
which reported on muscular activity and altered
movement patterns in acutely injured ACL patients.”’
However, time since ACL rupture in those patients
was on average 11 weeks, compared to three weeks
in our patients. In Study 2, we were able to show
that deterioration of the neuromuscular control of
contralateral limb is present already within the

first weeks after injury (Chapter 4).1°

Moreover, our method is a direct approach to
measure muscle physiology by established EMG-
related outcomes for neuromuscular activation for
reflex answers and ADL. So far, current RTS testing
assess physical function but fail to include neuro-
muscular aspects in relation to muscle physiology
and cortical alterations, as stated recently.”” These
measurements, as included in our studies, are used
to assess active knee stability directly by analy-
zing neuromuscular answers to physical activity or
artificial induced tibial translation. They are
advantageous to indirect measures by video analysis
of leg alignment during landing or hop performance
as surrogate for active knee stability. Those currently
used assessments may mask the actual state of knee
stabilizing muscles by overestimating function as
they do not measure close to the injury mechanism.
In contrast, we could assess timing and amount of
(pre-)reflex responses by eliciting anterior tibial
translation. Therefore, we have a deeper insight in
what happens at neuromuscular level as we measure

directly and close to one of the injury mechanisms.
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7.3 Practical
implications and
future perspectives

Practical implications

Regardless of the treatment chosen, physiotherapy
plays an important role in patients with an ACL
rupture whether as conservative treatment, as pre-
habilitation before sutgery and/or rehabilitation
directly after ACL-R.""

Bilateral neuromuscular alterations are present
in both legs after a unilateral ACL injury.!® ¢
Consequently, widely used limb symmetry indices
may overestimate the actual state and performance
of the non-injured, but nevertheless affected leg.””
© When comparison between limbs is made, LSI
should not be used alone to assess readiness for RTS.
As the contralateral, non-involved limb gets worse as
well, it might not be helpful to aim at reaching the
level of the “healthy” side as we have demonstrated
with the research projects involving ACL patients at

the Bern Movement Lab.

Monitoring rehabilitation progress is key, not only
for care providers but especially for the patients.
In addition, physiotherapist would benefit from
additional knowledge about neuromuscular control
and state of fatigue while exercises are monitored
with EMG to target risk factors as fatigue induces
higher levels of neuromuscular activation.

Rehabilitation after ACL  rupture should target
neuromuscular activation to improve strategies for
active joint stability during all kind of tasks. The
often-mentioned neuromuscular training to be
included in rehabilitation after ACL rupture is
defined as a training to enhance unconscious motor
responses by stimulating afferent signals and central
mechanisms tesponsible for dynamic joint control.”
These exercises are designed to induce compensatory
changes in muscle activation patterns and facilitate

dynamic joint stability.”> “Train the brain, not only

the knee, the lower leg or other bodily parts — efficient
rehabilitation after ACL injury should address all
levels of sensorimotor control and be as individual,
sport-specific and impairment-centered as possible”,
was stated by Dr. Bart Dingenen, sports physical
therapist and researcher, at the Swiss Sportfisio
Symposium, held online in November 2020.
Consequently, neuromuscular training should be
integrated and include e.g, perturbation, and multi-
dimensional exercises with impaired visual feedback
as it has been reported before.”** Therefore, the
following aspects should be mandatorily included
during rehabilitation: unplanned, complex, multi-
directional movements, cognitive-visual-motor inter-
actions, changing tasks and environments, exercises
for adaptability, and variation in progression.* 3%
This induces that detecting and monitoring neuro-
muscular deficits early after injury, assessing and
evaluating rehabilitation progress with direct insights
into muscle physiology as done in our studies ,'* ™
and providing adequate feedback to the patient (e.g.,

via real-time surface EMG-biofeedback) is important.

Derived from our findings and concerning clinical
practice, guidelines for rehabilitation after ACL injury
should be more specific regarding treatment and sex
due to potentially different neuromuscular activation.
In addition, rehabilitation guidelines should allow for
individualized therapy with a patient- or person-/
athlete-centered approach which integrates the
domains of the biopsychosocial model.” It is
mandatory to consider not only the patient and
the ACL injury with its physical consequences but
also consider psychological, social and contextual
factors.” The latter could be socioeconomic status,
sport environment or perceptions shaped by
cthnicity.” A patient-centered approach would be
facilitated by a close interprofessional and inter-
disciplinary collaboration (e.g., orthopedic surgeon,
physiotherapist, — psychologist, athletic  coach),
however, this is rarely the case in an every-day
setting for average athletic patients. In addition, a
better understanding of these patient-related factors

at the time of injury and during rehabilitation could

support to optimize injury management, achieving
RTS, and long-term HRQoL."

Further evidence to optimize
rehabilitation and RTS in relation

to our findings

It is important to bring physiotherapy in rehabilita-
tion to a superior level, such as from experience-led
to evidence-based to data-driven methods by
translating research into practice. Therefore, further
aspects related to our findings should be considered

to optimize rehabilitation and RTS of ACL patients.

A systematic review concerning clinical practice
guidelines and their applicability found good quality
of rehabilitation guidelines for ACL-R.”” Howevet, all
six included clinical practice guidelines showed poor
applicability. In summary, immediate mobilization of
the knee joint, strength and neuromuscular training
should be included, continuous passive motion and
functional bracing should be omitted.” 7" Therefore,
it is important for all involved health professionals
to respect current clinical rehabilitation guidelines
and follow evidence-based recommendations. As
we heard from our included patients in Study 2, 3a
and 3b, content, quality and RTS criteria were broad
and might contribute to the high risk of recurrence
or re-injury after ACL rupture. This underpins that
often used clinical guidelines for RTS atre designed
for athletes in a professional setting or patients in an
“ideal world” and not for non-professional athletes
or non-athletes, but (highly) physically active people
such as most of our included patients. This aspect
could influence quality of rehabilitation, length
of rehabilitation, quality or even applicability of
criteria for return to activity, RTS or even return
to competition. In addition, patients as non-
professional athletes are expected to be back to work
soon leading to less time for rehabilitation besides
occupational activities. Moreover, Swiss insurances
agencies are not willing to pay as much physio-
therapy sessions as needed and mainly rely on time-
based criteria for RTS clearance. This could partly

be solved by us, clinically working physiotherapist,
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who should shift from a strict supervised therapy
using all prescribed sessions to a more person-
centered approach with shared-decision making
and home-based exercises, eventually supervised by
telerchabilitation or app-based approaches. The
patient could profit from educational resources and
coping strategies to take over more responsibility
during the rehabilitation process. For instance,
the patient can train him-/herself with supervised

sessions at a later stage of rehabilitation.

It is essential “not to forget the brain”, not only to
target deficits in neuromuscular control but also to
think of psychological bartiets for successful RTS.”
Assessing psychological factors such as fear of
movement (kinesiophobia) ot self-efficacy/readiness
for RTS could be helpful in these patient groups
after ACL rupture. It is known that psychological
factors have a significant impact on the physical
factors and on RTS.”® Therefore, it is recommended
to complement the test batteries for physical
petformance with assessments of psychological
readiness to RTS.** However, psychological factors
should not only be assessed for RTS but even more
important throughout the rehabilitation process to
identify psychological factors and their influence on
recovery.”! The Antetior Cruciate Ligament-Return
to Sport Injury Scale (ACL-RSI) and the Tampa
Scale for Kinesiophobia (TSK) questionnaire are
assessments for psychological factors in patients after
ACL rupture.

The ACL-RSI is a recommended, valid and reliable
PROM for psychological readiness after ACL injury
during rehabilitation.”® It is easy to use, translated
into different languages, also to Dutch,® French™
and German.*® Since 2018, there is also a short form
of the ACL-RSI available.® Physical function and
psychological readiness for RTS after ACL-R seem
to be correlated: Patients with a cut-off value of
60 points and above in the ACL-RSI had significantly
higher knee flexor strength, better outcomes in the
Y-Balance test in anterior ditection, a motre favorable

hamstrings-quadriceps strength ratio and higher limb
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symmetry indices (LSI) of single-leg-hop tests in
lateral and medial direction.®

The TSK is available as original version with
17 questions” and short version containing 11 questions
(TSK-11).8%The TSK-11 has been used in patients
after ACL-R.”"”* However, despite adequate reliability,
the TSK-11 has low validity in examining psycho-
logical readiness regarding RTS after ACL surgery.”
Additionally, low significance of the TSK-11 compared
with the ACL-RSI was teported.” Therefore, the
TSK-11 should better be used to elicit pain-related
kinesiophobia™ instead of psychological readiness in
these patient population. This is important as a lower
activity level, decreased strength of the hamstring
muscles, lower performance in hop tests and lower
self-assessment of knee function after ACL-R are

related to pronounced kinesiophobia.”

Preoperative rehabilitation (so-called prehabilitation,
short “prehab”) is known under the term “Better
in, better out”.”® There is evidence, albeit of low-
quality, that prehab including muscular strength
training, balance and perturbation training improve
partly quadriceps strength and single leg hop scores
three months after ACL-R compared to no prehab
done.” However, there is no consensus so far on
the optimum content, frequency, and length of such
prehabilitation programs, but it is recommended to
include psychosocial factors and relevant assessments
for psychological readiness and RTS.” Prehab could
efficiently target strength deficits of the quadriceps
before surgery as it is known that those patients will
likely suffer from decreased knee function post-
surgery, even two years after reconstruction.”” %
In addition, quadriceps strength levels have been
found to be predictive for self-reported knee
function 6 months after ACL-R.” Therefore, prehab
is an important field for physiotherapists, and can
be used just as usefully for ,surgery yes/no‘
decision-making time. Unfortunately, however,
prehab still does not receive much approval from

health insurance companies.

To target bilateral consequences after ACL injury
as reported as our findings in acutely injured,
conservatively and sutgically treated patients, cross-
educational training is often recommended and used
in practice. However, there are discussions ongoing:
After ACL-R, cross-education showed beneficial
effects and improved quadriceps = strength

recovery. 100 101

and attenuated muscle performance
loss.!”? In contrast, it was stated that contralateral
training did not accelerate the rehabilitation of neuro-

muscular functions,'®®

or that early and late-phase
rehabilitation outcomes did not improve after ACL-
R.' in summary, there is moderate to high quality
of evidence that the addition of unilateral training
to standard rehabilitation improves significantly
the cross-education of quadriceps strength after

ACL-R.'%

After ACL-R with hamstring autografts, it is
important to choose the most efficient exercises to
target weakness and muscular retraction of medial
hamstrings. Nordic Hamstring exercises and
Kettlebell Swing with initial movement from the
hip joints (knees fixed closed to full extension)

are proven to be adequate for impaited hamstrings

function in those patients.'” "

Future perspectives and
research

In Study 3a and 3b, we collected data regarding
neuromuscular control one year after the injury or
reconstruction, at time point when patients are
expected to be back to sport respectively. However,
we were not checking for readiness towards
RTS or investigating RTS. As stated before, current
RTS testing assesses and quantifies physical function
but fails to detect important neural compensations.”
Consequently, assessments for neuromuscular
control and neural compensations are needed,
not only in reseatch but also in a clinical setting,
Recently, it has been recommended “to evaluate

athletes’ neurocognitive reliance by augmenting RTS

testing with combined neurocognitive and motor
dual-task challenges”.%” Therefore, future research
should compare physiologic aspects, such as neuro-
muscular control assessed by EMG, to outcomes as
used in current physical performance test batteries.
This could be done in patients at the end of the
rehabilitation to decide whether RTS is safe, but also
as longitudinal study assessing patients several times
during rehabilitation. Consequently, further research
projects should aim at transferring our findings into
practice and define valid and reliable outcomes for
successful rehabilitation and restoration of neuro-
muscular control. Our research group will start a new
ACL project, funded by the Swiss National Science
Foundation, in autumn 2023. The aims of this new
research project are twofold: 1) to investigate sensoti-
motor deficits throughout current standard rehabi-
litation (longitudinal diagnostics) and 2) to evaluate
an intervention addressing deficits of neuromuscular
control with usual therapy content (intervention

study).

In addition, long-term observational studies over
10 to 15 years could be helpful to see whether the
level of restoration of neuromuscular control is
sufficient. This should be done by elaborating not
only EMG outcomes (aspect of physiology) but also
multiple outcomes for successful rehabilitation and
restoration to have a multidimensional picture of
the patent after his/her ACL injury. To cover more
dimensions, other aspects such as patient’s view
(e.g., satisfaction, PASS, HRQoL), psychologi-
cal aspects (fear of movement, readiness to RTS),
physical performance, biomechanics (gait patterns,
compensation strategies through altered recruitment),
socioeconomic  evaluation and other aspects
(occupation, club/federation if professional athlete)
could be included. Furthermore, cut-off values and/
or minimal important differences are needed to
assess rehabilitation progress, optimize individual
rehabilitation and safe RTS. In addition, reaching
a certain value could be a predictor of good QoL

for a patient in the long run after ACL injury. Future

207




research should also assess neuromuscular control
as long-term follow-up over several years after
injury or reconstruction as it is not clear whether full
restoration after ACL rupture is realistic to achieve.”
Furthermore, comparison of test batteries with
results from assessments for neuromuscular control
(such as reflex answers and neuromuscular control by
surface EMG) should be made to evaluate the most

important parameters or criteria for a safe RTS.

Analysis of neuromuscular control should ideally be
on an individual patient level, and not for a whole
group of females and males with different grafts
or treatments. This could support a more person-
centered assessment and rehabilitation and help to

% Person-centered

guide individual RTS process.”
rehabilitation is reflexive and adaptive to the
situation, collaborative, empowering and enabling,
focuses on meanings, hope and strengths, and
includes a person-health professional relationship
which is respectful of and tailored to the person.'®
However, larger, and more homogenous groups
regarding sex and treatment are needed in research
to support current evidence regarding differences
in neuromuscular control as seen in our studies.
It is important to consider the selection of graft
as the graft harvesting site has consequences for
neuromuscular activity and strength. It has been
shown that medial hamstrings contribute to
rotational stability and retract after being harvested
with long-term consequences for muscle length,
cross-section and neuromuscular activation.!? 1% 10
As both limbs show neuromuscular and bio-
mechanical alterations after ACL rupture, it is
necessary to compare ACL patients to a healthy
control group instead of using the contralateral limb
of injured participants as reference only. However,
reference data is usually not available. Therefore, we
should also consider attaining values that “guarantee”
a safe RTS with a maximum HRQoL after an
economically  sound  rehabilitation  program.
Moreover, patient groups should be controlled
for differences in rehabilitation, ideally follow

standardized protocols under the supervision of
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well-trained and experienced physiotherapists and
other health professionals in an interprofessional

and interdisciplinary setting;

The test batteries should include psychological
assessments for readiness to RTS and kinesiophobia
to see if impaired neuromuscular control is linked
to lower scores in theses questionnaires. In addition,
role of rehabilitation (structured, criterion-based,
specific) and prehab in post-operatively outcomes
and long-term follow-up should be investigated. As
rehabilitation after ACL injury is criterion-based,
clearance for RTS should be as well. Furthermore,
RTS should be based on neuromuscular strategies,
e.g., side-cutting maneuvers with EMG outcomes and
3-D motion capture should be analyzed to identify
risk factors.'"” The setting and chosen exercises are
preferably close to the injury mechanism, assessed
with surface EMG in combination with 3-D motion

capture.

In the future, it is desirable to have affordable, casy
applicable, valid, and reliable assessments for neuro-
muscular control, which are ready for on-field use,
for screening, monitoring, and assessing. This means
that also quick, easy-accessible EMG processing
should be available for clinical practice. Additionally,
patients could benefit from real-time biofeedback
to better understand, acquire, and apply different
neuromuscular strategies to improve neuromuscular
control and active stability for the whole-body. Since
2001, development of garments with textile EMG
clectrodes are reported, however despite proven

111

validity and reliability in special settings''! and similar

level of sensitivity to force variation as gel-based

112 113

electrodes, surface EMG included in garments

has not yet become established.

In future studies, the effect of proposed, novel
training strategies on neuromuscular control®’ 3
could be assessed with our device and analyzed
whether sensorimotor competence increased in
ACL patients. This is planned with a new ACL-

related project from our research group, starting in

autumn 2023. With this new research project, we
aim 1) to investigate sensorimotor deficits throug-
hout current standard rehabilitation (longitudinal
diagnostics) and 2) to evaluate an intervention
addressing deficits of neuromuscular control with

usual therapy content (intervention study).

7.4 General conclusion

Consequences after an ACL injury can be severe and
include reduced ROM, impaired physical activity,
pain and long-term joint degeneration like post-
traumatic knee osteoarthritis.""* ACL injury may lead
to instability, secondary meniscal injury or even knee
osteoarthritis in the long run.!>"® Consequently,
this injury means several weeks or even months of
physical impairment with wide consequences for
the patients concerning return to work, RTS or even
return to competition. Furthermore, the recurrence
rates even after successful surgery and subsequent
rehabilitation are high, with an injury of the
opposite leg after successful rehabilitation of first
ACL injury, muscle injuries following ACL repair/
rehabilitation on the ipsilateral side, bilateral
consequences or even an increased risk for post-

traumatic knee osteoarthritis.!'®

The prevalence for
posttraumatic osteoarthritis is reported to be as high
as 80% 10 years or longer after an ACL injury.” This
undetlines the need for not only for primary but also

for secondary prevention measures.

It is known that ACL ruptures induce altered
kinematics and kinetics'"” - these changes ate referred
to neuromuscular adaptations due to altered sensori-
motor control.”’ Howevet, current assessments,
such as widely used surgical scores, patient-
reported outcome scores including health-related
quality of life, psychosocial aspects, as well as
physical performance tests do not adequately reflect
the level of knee stability needed for a safe return
to activity ot even RTS. In addition, the rates for

re-injury after ACL rupture are high despite

apparently fulfilled criteria for RTS. Meaningful,
reliable, valid, and accurate diagnostic tools for ACL
patients are needed and may aid clinical decision-
making to optimize sports participation following
ACL-R.

Neuromuscular control is rarely directly assessed
by surface EMG in test batteries for RTS nor
monitored during rehabilitation. However, bio-
mechanical and neuromuscular characteristics are
modifiable risk factors for non-contact knee injury
mechanisms.'” Therefore, this PhD project provided
first an overview of currently used, EMG-related
assessments for neuromuscular control in patients
after ACL injury to judge upon readiness for RTS.
Secondly, neuromuscular control in patients with
an acute ACL rupture was compared to healthy
individuals during stair descent and reflex measure-
ments during stance. Thirdly, the same tasks were
used for patients after ACL-R or rehabilitation alone
to investigate effects of treatment and sex on neuro-
musculat control in comparison to a healthy control
group. Fourthly, neuromuscular control of both, the
injured and non-injured leg, of the two patient groups
was assessed, analyzed, and comparisons made to
the matched leg of controls with an intact ACL.
In summary, we found out that neuromuscular
alterations were present not only in the injured but
also in the contralateral leg shortly after the injury.
Furthermore, we could show that the impairments
and alterations of neuromuscular control persist in
both legs, even one year after the injury or ACL-R
regardless of treatment and sex. As both legs are
affected, widely used limb symmetry indices should
not be used in isolation to decide upon a safe RTS.
We concluded that standard rehabilitation protocols
might not be able to restore normal neuro-
muscular control as former patients do not reach
the level of neuromuscular control in comparison to
healthy matched controls. However, due to missing
baseline data as reference, we do not know whether
different neuromuscular activation patterns and
levels were present in patients before ACL rupture

has occurred.
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Future research should aim at more homogenous
groups including adequately matched healthy subjects,
evaluate sex differences, and use sport-specific tasks.
As neuromuscular alterations were found in both
legs of acutely injured patients, the potential role
of prehabilitation needs to be further studied. In
addition, further studies should assess both lower
limbs and rely more on other outcomes than limb
symmetry indices alone to decide upon a safe RTS.
Furthermore, it is necessary to evaluate evidence-
based, standardized rehabilitation programs targeting
neuromuscular deficits for reconstructed and
conservatively treated patients. Current standard
rehabilitation protocols may not be able restore
neuromuscular control of ACL patients to the level
of healthy controls, despite treatment chosen.
Therefore, those programs should include neuro-
muscular, biomechanical, sensorimotor, and neuro-
cognitive factors to restore movement quality and
performance. This is addressed with a new study
being conducted by our research team. Moreover,
investigations regarding neuromuscular control
should include long-term follow up with assessments
for muscle physiology by EMG, patient’s perspective
(HRQoL) but also psychological, social, and
contextual factors. In addition, use of rehabilitation
programs with neuromuscular exercises focusing
on restoring bilateral neuromuscular function at
best is highly recommended. Based on our findings,
future rehabilitation guidelines may be adapted
to treatment and sex, leading to a more specific
rehabilitation plan to include an individual’s physical,
psychological, social and contextual factors. With this
individualized, patient-centered rehabilitation plan,
the needs, wishes and plans for future activities and
(sports) participation of patients with ACL injury can

hopefully better be targeted.
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CHAPTER 8

SUMMARY /

SAMENVATTING

Abstract

The whole PhD project is summarized regarding background, methods, results, and conclusions and provided

in English and in Dutch.

Het hele doctoraatsproject wordt samengevat wat betreft achtergrond, methoden, resultaten en conclusies en

verstrekt in het Engels en het Nedetlands.

8.1 Summary

Background

A rupture of the anterior cruciate ligament (ACL) is a
frequent injury in physically active people with young
females at highest risk. The reasons for sex-related
differences in injury rates for ACL ruptures are
multifactorial, but altered neuromuscular control is

stated to be the most important factor.

ACL ruptures are treated either surgically or non-
surgically, conservatively respectively. Physiotherapy
comes into play either directly in non-surgical
treatment approaches or in rehabilitation after
reconstructive  surgery. Regardless of treatment
modality, the consequences after ACL rupture are
often poor knee related quality of life, decreased
knee function, lower activity level, detrimental effects
on adjacent structures, or even posttraumatic knee

osteoarthritis in the long run.

Most (80%) of all ACL injuries are non-contact
episodes happening during deceleration and acce-
leration  motions  with  excessive  quadriceps
contraction or insufficient hamstrings activation at
or near full knee extension. Thereby, the tibia is t
ranslated anteriorly relatively to the femur and stres-

ses the ACL. Normally, the hamstring muscles

act synergistically to this translational movement,
whereas the quadriceps muscles are antagonists
to the ACL and the hamstrings. It has been
shown  that  non-contact ~ ACL  ruptures
happen within the first 60ms after initial contact,
leaving a short time frame for mechanosensory
feedback (e.g, reflex response). Pre-activity and
reactive neuromuscular responses regulate muscle
and joint stiffness, which is influencing dynamic joint
stability, consequently influencing ACL (re-)injury risk.
Monitoring neuromuscular control of ACL-synergists
and antagonists during exactly this time window from
preactivity to perturbation onset and after perturbation
give insight into sensorimotor control mechanisms

for knee joint stability.

Almost all patients return to sport (RTS) after ACL
rupture, however, not every athlete returns to the pre-
injury level of physical activity or to competition
despite successful achievement of clinical and surgical
outcomes. In addition, the recurtrence rates to sustain
an ACL rupture in the contralateral knee, a re-rupture
of the autograft or muscle injuries sums up to 20 —
40%. Currently, RTS decisions are mainly based

on subjective clinical assessments (passive stability),
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patient-reported outcome measures (e.g, questionnaires)
and physical performance test batteries (e.g., hop tests).
Many guidelines and test batteries are published, but
most tests show a lack of psychometric properties
and do not adequately reflect the level of knee
stability needed for a safe return to sport or even
return to competition. This is because surrogate
parameters, such as dynamic knee valgus during
landing from a jump, are used to assess active knee
stability that are not close enough to muscle physiology.
Another gap is the lack of basic knowledge concerning
neuromuscular control of the knee for functional
stability during activities of daily life, at work or in
doing sports. It is known that ACL ruptures induce
altered kinematics and kinetics - these changes are
referred to neuromuscular adaptations due to altered
sensorimotor control. However, evidence regarding

neuromuscular alterations is sparse.

Therefore, the aims of this PhD thesis were to give an
overview of assessments for neuromuscular control,
to assess neuromuscular control of the knee in acutely
injured ACL patients, and to evaluate treatment-, sex-,
and leg-related differences of neuromuscular control
one year after ACL rupture or reconstruction. As the
comparison with the contralateral, non-involved leg
leads to an overestimation of current neuromuscular
control, healthy matched participants were assessed
additionally.

Methods and results

Thirty-eight mainly cross-sectional, case-controlled
studies were included for qualitative analysis in the
systematic literature review. Most studies provided
EMG outcomes of thigh muscles during jumping,
running or squatting, and described neuromuscular
control in domains of time, amplitude or activity.
Risk of bias (assessed with Downs and Black checklist)
was medium to high due to an unclear description
of participants and prior interventions, confounding
factors and incompletely reported results.

In the cross-sectional studies, patients were assessed
cither within three weeks after ACL or one year after

rupture, with surgical reconstruction or conservative
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treatment alone. Matched healthy participants served
as control group. The same methods were used at
the Bern Movement Laboratory (Bern University of
Applied Sciences): Patients were assessed during stair
walking (functional task, activity of daily life) and
during artificially induced tibial perturbation (reflex
activity, simulation of injury mechanism) in
upright standing position. Surface EMG of four
thich muscles vastus medialis and lateralis, biceps
femoris and semitendinosus wete recorded and

normalized to level walking on a treadmill.

In the acute phase after an ACL ruptute, neuro-
muscular alterations (increased activity) were found
mainly in the hamstrings of both limbs during stair

descent and reflex activity.

One year after an ACL rupture, neuromuscular
alterations are still present, regardless of treatment
and sex. However, differences were present between
females and males, between patient groups and
compated to healthy participants but not for all
muscles and phases of tasks. Regarding inter-limb
differences, bilateral neuromuscular alterations were
found in both tasks one year after unilateral ACL

rupture, regardless of treatment option.

Conclusions

Further research should aim at more homogenous
groups including matched healthy subjects, evaluate
sex differences, and use sport-specific tasks. As neuro-
muscular alterations were found in both legs of
acutely injured patients, the potential role of prehabi-
litation needs to be further studied. Moteover, current
standard rehabilitation protocols may not be able to
restore neuromuscular control to the level of healthy
controls as they are not specific enough. Future
research should include long-term follow up, assess
neuromuscular control directly and not by surrogates,
and use standardized rehabilitation programs focusing
on testoting bilateral neuromuscular function.
Furthermore, future rehabilitation guidelines may be

adapted to treatment and sex.

Achtergrond

Voorste kruisband (VKB) ruptuur is een frequent
letsel bij fysiek actieve mensen, waarbij jonge
vrouwen het grootste risico lopen. Meerdere
factoren spelen een rol bij gender-gerelateerde
verschillen in letselpercentages voor VKB-rupturen;
veranderde neuromusculaire controle wordt als de

belangrijkste factor beschouwd.

VKB-rupturen worden operatief of conservatief
behandeld. Kinesitherapie speelt een rol bij de
niet-operatieve behandeling of bij de revalidatie na
reconstructie. Een slechte levenskwaliteit van de
knie, een verminderde kniefunctie, een lager activi-
teitenniveau, nadelige effecten op aangrenzende
structuren of zelfs posttraumatische knieartrose op
lange termijn zijn gevolgen van een VKB-ruptuur,

ongeacht de type behandeling,

De meeste (80%) VKB-letsels gebeuren zonder
contact, en doen zich voor tijdens vertragende en
versnellende bewegingen met overmatige contractie
van de quadriceps of onvoldoende activering van
de hamstrings in (bijna) volledige knie extensie.
Daarbij wordt de tibia ten opzichte van het femur
naar voren verplaatst en wordt de VKB belast.
Normaal werken de hamstring spieren synergetisch
op deze translatiebeweging, terwijl de quadriceps-
spieren antagonisten zijn van de VKB en de hams-
trings. Er is aangetoond dat VKB-rupturen zonder
contact plaatsvinden binnen de eerste 60 ms na het
eerste contact, waardoor er weinig tijd overblijft voor
mechanosensorische feedback (bv. reflexrespons).
Pre-actieve en reactieve neuromusculaire reacties
reguleren spier- en gewrichtsstijtheid, wat de
dynamische  gewrichtsstabiliteit ~ beinvloedt  en
bijgevolg het risico op VKB (her)letsel beinvloedt.
Het monitoren van de neuromusculaire controle
van VKB-synergisten en -antagonisten gedurende

dit exacte tijdsinterval van pre-activiteit tot het begin

van de perturbatie en na de perturbatie geeft inzicht
in sensomotorische controlemechanismen voor de

stabiliteit van het kniegewricht.

Bijna alle patiénten keten na een VKB-ruptuur
terug naar de sport, maar niet elke sporter keert terug
naar het niveau van voor het letsel of naar volledige
sportparticipatie, ondanks succesvolle klinische en
chirurgische resultaten. Bovendien bedraagt het
recidiefpercentage van een VKB-ruptuur in de
contralaterale knie, een re-ruptuur van het autograft
of spietletsels 20 tot 40%. Momenteel zijn RTS-
beslissingen voornamelijk gebaseerd op subjectieve
klinische beoordelingen (passieve stabiliteit), door de
patiént gerapporteerde uitkomstmaten (bv. vragen-
lijsten) en testbatterijen voor fysicke prestaties (bv.
hoptests). Er zijn veel richtliinen en testbattetijen
gepubliceerd, maar de meeste tests vertonen een
gebrek aan klinimetrische eigenschappen en weer-
spiegelen niet adequaat het niveau van kniestabiliteit
dat nodig is voor een veilige RTS of zelfs terugkeer
naar volledige wedstrijdparticipatie; omdat actieve
kniestabiliteit beoordeelt wordt door middel van
surrogaatparameters - zoals de dynamische knie
valgus tijdens de landing - die niet dicht genoeg bij de
spierfysiologie liggen.

Een ander hiaat is het gebrek aan basiskennis
over de neuromusculaire controle van de knie voor
functionele stabiliteit tijdens activiteiten in het
dagelijks leven, op het werk of bij het sporten. Het
is bekend dat VKB-scheuren een veranderde kine-
matica en kinetica veroorzaken - deze veranderingen
worden neuromusculaire aanpassingen genoemd
ten gevolge van een veranderde sensomotorische
controle. Het bewijs voor neuromusculaire verande-

ringen is echter schaars.

Daarom waren de doelstellingen van dit proefschrift:
1) het geven van een overzicht van beoordelingen
voor neuromusculaire controle; 2) het beoordelen van
neuromusculaire controle van de knie bij patiénten
met een acute VKB-letsel; 3) het evalueren van

behandel-, geslachts- en been gerelateerde verschillen
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van neuromusculaite controle één jaar na VKB-
ruptuur of reconstructie. Aangezien de vergelijking
met het contralaterale, niet-betrokken been leidt tot
een overschatting van de huidige neuromusculaire

controle, werden aanvullend gezonde deelnemers

beoordeeld.

Methoden en resultaten

Achtendertig studies (voornamelijk cross-sectioneel
en case-controlled) werden geincludeerd voor
kwalitatieveanalyseindesystematischeliteratuurstudie.
De meeste studies gaven EMG-uitkomsten van
dijspieren tijdens het springen, rennen of hurken, en
beschreven neuromusculaire controle op het gebied
van tijd, amplitude of activiteit. Het risico van
vertekening (beoordeeld met de checklist van Downs
en Black) was gemiddeld tot hoog door een ondui-
delijke beschrijving van deelnemers, voorafgaande
interventies, verstorende factoren en onvolledig

gerapporteerde resultaten.

In de cross-sectionele studies werden patiénten
beoordeeld binnen drie weken na VKB of één jaar
na ruptuut, met chirurgische reconstructie of alleen
conservatieve behandeling. Gezonde deelnemers
met een gelijkaardig profiel dienden als controleg-
roep. Dezelfde methoden werden gebruikt in het
bewegingslaboratorium van Bern (Bern University
of Applied Sciences): patiénten werden beoordeeld
tijdens traplopen (functionele taak, activiteit van het
dagelijks leven) en tijdens kunstmatig geinduceerde
tibia-perturbatie (reflexactiviteit, simulatie van het
letselmechanisme) in staande positie. Oppervlakte-
EMG van vier dijspieren Vastus Medialis, Vastus
Lateralis, Biceps Femoris en Semitendinosus werden
geregistreerd en genormaliseerd voor het lopen op
een loopband. In de acute fase na een VKB-ruptuur
werden neuromusculaite veranderingen (verhoogde
activiteit) voornamelijk gevonden in de hamstrings
van beide ledematen tijdens het afdalen van de trap

en reflexactiviteit.
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Een jaar na een VKB-ruptuur zijn de neuromusculaire
veranderingen nog steeds aanwezig, ongeacht de be-
handeling en het geslacht. Er waren echter verschillen
tussen vrouwen en mannen, tussen patiéntengroepen
en in vergelijking met gezonde deelnemers, maar niet
voor alle spieren en taakfasen. Wat de verschillen
tussen de ledematen betreft, werden een jaar na een
unilaterale VKB-ruptuur bilaterale neuromusculaire
veranderingen gevonden in beide taken, ongeacht de

behandelingsoptie.

Conclusies

Verder onderzoek moet zich richten op meer homo-
gene groepen, waaronder gezonde proefpersonen
met een gelijkaardig profiel, om geslachtsverschillen
te evalueren en sport specificke taken gebruikt
worden. Aangezien neuromusculaire veranderingen
werden gevonden in beide benen van acuut
geblesseerde patiénten, moet de mogelijke rol van
pre-revalidatie verder worden bestudeerd. Bovendien
zijn de huidige standaard revalidatieprotocollen
mogelijk niet in staat de neuromusculaire controle
te herstellen tot het niveau van gezonde controles,
omdat zij niet specifick genoeg zijn. Toekomstig
onderzoek moet een langdurige follow-up omvatten,
de neuromusculaire controle rechtstreeks beoordelen -
niet met behulp van surrogaten - en gestandaardi-
seerde revalidatieprogramma‘s gebruiken die gericht
zijn op het herstel van de bilaterale neuromusculaire
functie. Bovendien kunnen tockomstige revalidatie-
richtlijnen worden aangepast aan de behandeling en

het geslacht.

ACL-D anterior cruciate ligament deficiency

ACL-I healthy participants with an intact ACL.

ACL-R ACL patients with reconstruction (surgical treatment)
ACLISS ACL Injury Severity Scale

ADL activities of daily life

AE athletic exposure

ALL antero-lateral ligament

AMB anterior-medial bundle of the ACL

ANOVA analysis of variance

BE Belgium

BF biceps femoris muscle

BFH Bern University of Applied Sciences (in German: Berner Fachhochschule)
BMI body mass index

BPTB bone-patella-tendon-bone graft for ACL reconstruction
CH Confoederatio Helvetica (Switzerland)

CI confidence interval

CMJ countermovement jump(ing)

CNS central nervous system

CRF case report form

DK Denmark

DE Deutschland (Germany)

EMG electromyography

ES effect size

ESP European Network for Sports Physiotherapy

GCP Good Clinical Practice

HRQoL health-related quality of life

HT hamstrings tendon graft (for ACL reconstruction)

Hz Hertz

1CcC Intraclass Correlation Coefficient

ICF International Classification of Functioning, Disability and Health
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IE Northern Ireland
IKDC International Knee Documentation Committee 2000 Subjective Knee Form
IT Italy
JP Japan
km/h kilometer per hour
KOOS Knee injury and Osteoarthritis Outcome Score
LCL lateral (fibular) collateral ligament
LLR long latency response (60-95 ms after onset of tibia translation)
LU Luxembourg
m meter
MC Monaco
m/s meter per second
MCL medial collateral ligament
MIC minimal important change
MID minimal important difference
MLR medium latency response (40-60 ms after onset of tibia translation)
mm millimeter
MRI magnetic resonance imaging
ms milliseconds
mv millivolts
MVC maximum voluntary contraction
MVIC maximum voluntary isometric contraction
N Newton or number of participants
NL The Netherlands
PASS Patient Accetable Symptom State
Porp p-value
PCL posterior cruciate ligament
PEDro Physiotherapy Evidence Database
PL Poland
PLB posterior-lateral bundle of the ACL
PO push-off phase during stair descent
post after the measurements
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pre before the measurements started

PRE pre-activity phase before initial contact during stair descent

PRE_50 pre-activation (-50 — Oms background activity before onset of tibia translation)
PRISMA Preferred Reporting of Items for Systematic reviews and Meta-Analyses
PROM patient-reported outcome measure

PROSPERO international prospective register of systematic reviews

QF quadriceps femoris muscle

QT quadriceps tendon graft for ACL reconstruction

RMS root mean square

RoB risk of bias

ROM range of motion

RTS return to sport

s second

SART Swiss Working Group for Rehabilitation and Training

SD standard deviation

SENIAM Surface ElectroMyoGraphy for the Non-Invasive Assessment of Muscles Project
SG Singapore

SLHD single-leg hop for distance test

SLR short latency response (20-40 ms after onset of tibia translation)

ST semitendinosus muscle

TAS Tegner Activity Score

TSK Tampa Scale for Kinesiophobia

USA United States of America

VAS visual analogue scale

VKB voorste kruisband (in English ACL: anterior cruciate ligament)

VL vastus lateralis muscle

VM vastus medialis muscle

WA weight-acceptance phase during stair descent

WHO World Health Organization

ZA South Africa

%subMVC percentage of submaximal values of maximum voluntary contraction
3-D three-dimensional
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Patient care traineeship, Regional Hospital Emmental, Langnau (CH)

Referee and Linesman in ice hockey, on a national (Swiss Ice Hockey Federation)

and international level (International Ice Hockey Federation)

2018 - present

2012 - 2015

2005 - 2008
2008

2001 - 2002
1996 - 2000
1995 - 1996

1991 - 1995

PhD in Medical Sciences

University of Antwerp, Wilrijk (Belgium)

Supervisors: Prof. Ditk Vissers, PhD, PT (University of Antwerp,

Faculty of Medicine and Health Sciences) and Prof. Heiner Baur,

PhD (Bern University of Applied Sciences, School of Health Professions)

Master of Science in Physiotherapy

Bern University of Applied Sciences, Bern (CH)

Master of Physiotherapy Sciences

University of Maastricht, Maastricht (NL)

Bachelor of Science in Physiotherapy (subsequent acquisition of title)

Bern University of Applied Sciences, Bern (CH)

Diploma in Sport Physiotherapy
European Network for Sports Physiotherapy (ESP),
Education Center, Zurzach (CH)

Diploma in Physiotherapy (Swiss Red Cross approved)
School for Physiotherapy, Leukerbad (CH)

Studies in Human Medicine

University of Bern (CH)

Academic High School (Gymnasium),
Matura Typus B (Latin and English) Gymnasium Burgdorf (CH)



2018 - present

2015
2008

2000
Grant
2018 - 2020

PhD thesis: Evaluation of neuromuscular control after

anterior cruciate ligament rupture: Development of objective criteria to assess
sensorimotor competence

University of Antwerp (BE), Faculty of Medicine and Health Sciences
Promotors: Prof. Dr. D. Vissers, PD Dr. H. Baur

Counsellors: Dr. 1. Baert, PD Dr. med. P. Henle

Navicular Rise — a possibility to describe dynamic foot function during
stance? A descriptive, cross-sectional laboratory study.

Bern University of Applied Sciences, Bern (CH)

Promotors: PD Dr. H. Baur, Dr. P. Eichelberger

Translation, cross-cultural adaptation, reliability and validity of the
German version of the Hip Osteoarthritis Outcome Score.
Maastricht University, Maastricht (NL)

Promotors: Prof. Dr. S. Wood-Dauphinee, Prof. Dr. B. Staal

[Regenerative procedures in Swiss ice hockey leagues]. German.
School for Physiotherapy, Leukerbad; today:
Haute Ecole de Santé Suisse Occidentale (HES-SO), Leukerbad (CH)

Promotor: H.R. Steuri, Co-author: M. Spiess

Grant for non-tenured staff, Bern University of Applied Sciences,

School of Health Professions (former Department of Health Professions)

Prizes and awards

2023
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1. GOTS-Spotlastic Poster Prize at the 38" Annual Congtess of GOTS in
Luxembourg (LU) as first/presenting author for the poster: Bilateral neuro-

muscular control one year after anterior cruciate ligament reconstruction or

conservative treatment. (Co-authors: Busch, A., Henle, P, Bruhn, S., Vissers, D.,

Baur, H.)

2022 Travel Award 2022 for PhD students, issued by the journal “Sports”

2017 Nominated for the Swiss Olympic Science Award during the coaches’
conference of Swiss Olympic in Magglingen (CH): Blasimann, A.,
Henle, P, Busch, A., Boesch, L., Baur, H. (2017). [Neutomuscular control
of patient with an anterior cruciate ligament tear during stair walking]

(Poster presentation, peer-reviewed). German.

2015 Boday Bulloni Prize for best Master thesis of the study program
MSc Physiotherapy at the Bern University of Applied Sciences, Bern, Switzerland

Prize of the Physiotherapy Sciences Foundation for best Master thesis in

physiotherapy, class of 2012

Prizes and awards for co-authorship

2022 Two BSc physiotherapy students, Jan Rothenbuehler and Syra Schmid,
supervised by A. Blasimann, were among the three finalists for the
Young Scientist Award of the Swiss Association for Sports Physiotherapy
with the Bachelor thesis [Influence of supplemental Pilates training in
adolescents and young adults on jump height in volleyball and basketball.

A systematic review with meta-analysis| German.

Heiner Baur won the 2. GOTS-Spotlastic Poster Prize at the 37" Annual
Congtress of GOTS in Betlin (DE) as fitst/presenting author for the poster:
Baur, H., Busch, A., Boesch, L., Schmidt, A., Henle, P., Blasimann, A.
[Changes in reflex activity of hamstring muscles during rehabilitation

after rupture of the anterior cruciate ligament (ACL)] German.

2021 Master student Sabrina Imhof, supervised by A. Blasimann was nominated
for poster prize at 36" Annual Congtess of the GOTS online, 01.-02.07.2021 as
first/presenting author: Imhof, S., Hanusch, K.-U., Neuenschwander-Blaset, S.,
Baur, H., Blasimann, A. [Validity of the test protocol for ACL patients of

the Emmental Hospital] German.

2018 Aglaja Busch won the GOTS-Spotlastic Poster Prize at the 1% German
Olympic Congtress for Sports Medicine Specialists in Hamburg (Germany)
as first/presenting author for the poster: Busch, A., Henle, P, Boesch, L.,
Blasimann, A., Baur, H. [Neuromuscular control in patients with acute

ACL injury during stair ascent - a pilot study|] German.

2015 Two BSc physiotherapy students, Simon Eberle and Manuel Megert,
supervised by A. Blasimann, won the Young Scientist Award of the
Swiss Association for Sports Physiotherapy with the Bachelor thesis
[Effect of core strengthening programs on injury rates of male adult soccer

players: a systematic review] German.
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2023

2022

2021 - 2022

2021

2020

2018

2017

2016

2015

2013
2011
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Internal training on REDcap software - Bern University of Applied Sciences in
collaboration with University of Applied Sciences Western Switzerland (CH)
Training course ,,Social Media: LinkedIn® - Bern University of Applied Sciences (CH)

Good Clinical Practice (GCP) Refresher course online — Clinical Trial Unit,
University of Bern (CH)

Online course «Back Health: Short course rehearsal” — art of motion Switzerland
Guest lecture “Rehabilitation and return to sport after muscle injuries of the lower

extremity”, Bern University of Applied Sciences (CH), online

Certificate of Advanced Studies “Neuromuscular Function — Movement Analysis

and Training”, University of Freiburg i.Br. (DE), online and on campus

Short Course “Research Data Management” online —

Bern University of Applied Sciences, Bern (CH)

Organization of webinar in cooperation with BFH Centre for Health Technologies,
Swiss Federal Institute of Sport Magglingen and Swiss Society for Sports Sciences;
topic: ,,Wearables Technologies for Sports®, online and on site in Magglingen (CH)
Webinar «Fascia-focused movement & functional anatomy” —

art of motion Switzerland

Ultrasound for musculoskeletal problems, Sonoskills Switzerland (inhouse)
Webinar “Masterclass Slings in Motion combined with temporary Pilates” —

art of motion Switzerland

Good Clinical Practice: Refresher course, University of Bern (CH)
Practical course “Rehabilitation after ACL injury”, Center for further education,

Bern Cantonal Association for Physiotherapy, Bern (CH)

Diploma Slings Myofascial Training®, certified as Slings Myofascial Practitioner -
art of motion Switzerland

Slings in Motion 3 — art of motion Switzerland

Slings in Motion 2 — art of motion Switzerland
Slings in Motion 1 — art of motion Switzerland

Anatomy Trains in Motion — art of motion Switzerland

Slings Essentials — art of motion Switzetland

Good Clinical Practice: Advanced course, University of Bern (CH)
Good Clinical Practice: Basic course, University of Bern (CH)

Pilates during pregnancy and after birth — art of motion Switzerland
Pilates props (Magic Circle) — art of motion Switzerland
Pilates props (Toning balls) — art of motion Switzerland
Pilates props (Foam Roller) — art of motion Switzerland

Adaptations of the skeletal muscles — SART, Basel (CH)

2010

2009

2008

2007

2006

2005

2004

2003 - 2004
2003
2002
2001

Pilates Flow matwork — art of motion Switzerland
Surface Electromyography course — University of Applied Sciences of
Southern Switzetland (SUPSI), Manno (CH)

Certificate Pilates Essentials Matwork — art of motion Switzerland
Pilates Essentials matwork — art of motion Switzerland

Leukotape K Basics — Simon Keller AG, Burgdorf (CH)

Lymphological treatment of postoperative and post-traumatic oedema —

Lymphbildung A. Sonderegger, Zurich (CH)

ESP Update “Sports and Movement for children and adolescents”,

rehastudy Zurzach (CH)

ESP Update ,,Sports and Movement for eldetly people®, rehastudy Zurzach (CH)
Basic Life Support refresher course for health professionals —

corconsult GmbH, Bern (CH)

Basic Life Support refresher course for health professionals —
corconsult GmbH, Bern (CH)

Nordic Walking instructor course —
Swiss Nordic Fitness Organisation (SNO), Olten (CH)
Basic Life Support refresher course for health professionals —

corconsult GmbH, Bern (CH)

Basic Life Support basic course for health professionals —

corconsult GmbH, Bern (CH)

Diploma Spiraldynamics® practicioner — Spiraldynamics Academy, Thalwil (CH)
Spiraldynamics® basic course 1 for physiotherapists —

Spiraldynamics Academy, Thalwil (CH)

Mobilization of the peripheral neural system 1 —

Zurich University of Applied Sciences, Winterthur (CH)

Rehabilitation in physiotherapy practice —
Center for Further Education Emmenhof, Derendingen (CH)

ESP Update ,,Applied performance physiology®, rehastudy Zurzach (CH)
Course “Strengthening with the Swissball” — EHSM Magglingen (CH)
Course “From foot to back” — FEUSI Physiotherapy School, Bern (CH)

Sport Physiotherapy Course PRT Level A —
International Academy for Sportscience (IAS)/Education Centet, Zurzach (CH)
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2000 Diploma Aquafit Instructor — Ryffel Running Bern, Leukerbad (CH)
Med Coach 2 advanced level — Jack Eugster Med Coaching, Zurich (CH)

1999 Med Coach 1 basic level — Jack Eugster Med Coaching, Zurich (CH)

1998 Taping course — Regional Hospital Martigny (CH)
Manual therapy for petipheral joints — SAMT/Physiotherapy School,
Leukerbad (CH)

Peer-reviewed scientific articles

Blasimann, A., Busch, A., Henle, P, Bruhn, S., Vissers, D., Baur, H. (2023). Neuromuscular control in males and
females 1 year after an anterior cruciate ligament rupture or reconstruction during stair descent and artificial tibial
translation. Sci Rep 13, 15316. https://doi.org/10.1038/s41598-023-42491-6

Steiner, M., Baur, H., Blasimann, A. (2023). Sex-specific differences in neuromuscular activation of the knee
stabilizing muscles in adults - a systematic review. Arch Physiother, 13(1), 1-15.

Grand-Guillaume-Perrenoud,].A.,Geese, ., Uhlmann, K., Blasimann, A., Wagner, EL.,Neubauer, EB., Huwendiek,
S., Hahn, S., Schmitt, K.-U. (2023). Mixed methods instrument validation: Evaluation procedures for practitioners
developed from the validation of the Swiss Instrument for Evaluating Interprofessional Collaboration. BMC
Health Serv Res 23, 83. Epub 2023 January 25th. https://doi:10.1186/512913-023-04090-3

Blasimann, A., Busch, A., Henle, P,, Bruhn, S., Vissers, D., Baur, H. (2022). Neuromuscular control during stair
descent and artificial tibia translation after acute anterior cruciate ligament injury. Orthgp | Sports Med, 2022;10(10).
https://doi:10.1177/23259671221123299

Blasimann, A., Koenig, I, Baert, I., Baur, H., Vissers, D. (2021). Which assessments are used to analyze neuro-
muscular control by electromyography after an anterior cruciate ligament injury to determine readiness to return
to sports? A systematic review. BMC Sports Sci Med Rebabill3, 142. Epub 2021 November 8. https://doi.
org/10.1186/513102-021-00370-5

Busch, A., Blasimann, A., Mayer, F, Baur, H. (2021). Alterations in sensorimotor function after ACL recons-
truction during active joint position sense testing. A systematic review. PLaS Oze. Epub 2021 June 25. https://doi.
org/10.1371/journal.pone.0253503

Busch, A., Henle, P, Boesch, L., Blasimann, A., Baur, H. (2019). Neuromuscular control in patients with acute
ACL injury during stair ascent — A pilot study. Sporzs Orthop Traunmatol 35:158-165.

Busch, A., Blasimann, A., Henle, P, Baur H (2019). Neuromuscular activity during stair descent in ACL recons-
tructed patients: A pilot study. Knee. 2019 Mar;26(2):310-316. doi: 10.1016/j.knee.2018.12.011. Epub 2019 Feb 4.

Kénig, L., Eichelberger, P, Blasimann, A., Hauswirth, A., Bayens, ].P.,, Radlinger, L. (2018). Wavelet analyses of
electromyographic signals derived from lower extremity muscles while walking or running: A systematic review.
PLoS One 13(11): €0206549. https://doi.org/10.1371/journal. pone.0206549

Blasimann, A., Eichelberger, P, Lutz, N., Radlinger, L., Baur, H. (2018). Intra- and interday reliability of the
dynamic navicular rise, a new measure for dynamic foot function: A descriptive, cross-sectional laboratory study.

Foot Dec 2018;37:48-53. https://doi.org/10.1016/.foot.2018.08.002
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Faes, Y., Banz, N., Buscher, N., Blasimann, A., Radlinger, L., Eichelberger, P, Elfering, A. (2018). Acute effects
of partial-body vibration in sitting position. Warid | Orthop 2018 Sep 18;9(9):156-164. doi: 10.5312/wjo.v9.19.156.
cCollection 2018 Sep 18.

Eichelberger, P, Blasimann, A., Lutz, N, Krause, F, Baur, H. (2018). A minimal markerset for three-dimensional
foot function assessment: measuring navicular drop and drift under dynamic conditions. | Foor.Ankle Res 2018 Apr
18;11:15. doi: 10.1186/513047-018-0257-2. eCollection 2018

Blasimann, A., Eberle, S., Scuderi, M.M. (2018). [Effect of Core Muscle Strengthening Exercises (Including
Plank and Side Plank) on Injury Rate in Male Adult Soccer Players: A Systematic Review]. Sporterletz Sportschaden
2018 Mat;32(1):35-46. doi: 10.1055/a-0575-2324. Epub 2018 Mar 20. German.

Bachem, R., Metzler, P, Blasimann, A., Baur, H. (2018). [Helmet therapy — therapy of choice for babies with
plagiocephaly or bradycephaly? A retrospective study]. &inderirzte.schweig NEWS.. 2018;1:38-40. (e-papet) http://
epapet.vsdruck.ch/kinderaerzteschweiz/kis201801/ German.

Baur, H., Grebner, S., Blasimann, A., Hirschmuller, A., Kubosch, E.J., Elfering, A. (2016). Work-family conflict
and neck and back pain in surgical nurses. Inz ] Occup Saf Ergon. 2016:1-23.

Eichelberger, P, Ferraro, M., Minder, U., Denton, T., Blasimann, A., Krause, F, Baur, H. (2016). Analysis of ac-
curacy in optival motion capture - A protocol for laboratory setup evaluation. | Biomech. 2016 Jul 5;49(10):2085-8.
doi:10.1016/j.jbiomech.2016.05.007. Epub 2016 May 10.

Juchler, 1., Blasimann, A., Baur, H., Radlinger, L. (20106). Effect of kinesio tape on neuromuscular activity of the
petroneus longus during downhill running. Physiother Theory Pract. 2016;32(2):124-9.

Blasimann, A., Eichelberger, P, Briilhart, Y., El-Masri, 1., Fliickiger, G., Frauchiger, L., Huber, M., Weber, M.,
Krause, FEG., Baur, H. (2015). Non-surgical treatment of pain associated with posterior tibial tendon dysfunction:
study protocol for a randomized clinical trial. | Foor Ankle Res, Aug 14;8:37. doi: 10.1186/513047-015-0095-4.
cCollection 2015.

Blasimann, A., Fleuti, U, Rufener, M., Elfering, A., Radlinger, L. (2014). Electromyographic activity of back
muscles during stochastic whole body vibration. | Musculoskelet Neuronal Interact, 14(3); 311-317.

Blasimann, A., Wood Dauphine, S., Staal, ].B. (2014). Translation, cross-cultural adaptation, and psychometric
properties of the German version of the Hip Osteoarthritis Outcome Score. | Orthop Sports Phys Ther, Nov 13:1-
24. [Epub ahead of print]. 44(12); 989-997.

Rogan, S., Blasimann, A., Nyffenegger, D., Zimmerli, N., Radlinger, I.. (2013). Die Bedeutung der Rumpfkraft
im Eishockey: eine Machbarkeitsstudie. [The relevance of core muscles in ice hockey players: a feasibility study].
Sportverletz, Sportschaden, 27(4); 212-218. German.

Elfering, A., Zahno, J., Tacymans, J., Blasimann, A., Radlinger, R. (2013). Acute Effects of Stochastic Resonance
Whole Body Vibration. World | Orthop 2013: October 18, 4(4); 291-298.

Blasimann, A., Klingler, R., Leuenberger, S., Radlinger, L. (2013). [Diurnal variation in Fingertip-to-Floor Test in
young, healthy females: observational study|. manuelletherapie, 17, 232- 238. German.

Rogan, S., Blasimann, A., Steiger, M., Torre, A., Radlinger, L. (2012). [Acute effects of fast dynamic stretching on
rate of force development in ice hockey players: a pilot study]. Spormverletz Sportschaden, 2012: 26; 207-211. German.

Rogan, S., Blasimann, A., Steiger, M., Torre, A., Radlinger, L. (2012). [Acute effects of fast dynamic stretching on
rate of force development in ice hockey players: a pilot study]. Spormerletz Sportschaden, 2012: 26; 207-211. German.
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Non-peer reviewed scientific articles

Schmitt, K.-U., Geese, E,, Grand-Guillaume Perrenoud, J.A., Linhart, M., Hahn, S., Uhlmann, K., Ritschard,
K., Blasimann, A., Stricker, D., Wagner, F, Huwendick, S. (2020). [Application and optimization of the Swiss
Interprofessionality Evaluation Instrument SIPEIL Final report] German. Rettievable from https:/ /www.bag,
admin.ch/bag/de/home/das-bag/publikationen/forschungsberichte/forschungsberichte-interprofessionali-
tact-im-gesundheitswesen/ forschungsberichte-interprofessionalitact-M7-SIPELhtml

Blasimann, A., Luginbuehl, H. (2021). Nachhaltige Partnerschaften férdern das doppelte Kompetenzprofil.
[Sustainable partnerships promote dual competence profile.]| German. frequeng 2021, 1:21-22. “frequenz’:
magazine of the Department of Health Professions (today School of Health Professions), Bern University
of Applied Sciences. Retrievable from http:/ /www.bfh.ch/gesundheit/de/aktuell/magazine/ frequenz/

Blasimann, A. (2016). [Read and comment on: Patient education and physiotherapy before total knee arthro-
plasty: is it worth it? A systematic literature review] physioscience 2016; 12: 35-36. German.

Blasimann, A. (2016). [Read and comment on: Patient education and physiotherapy before total knee arthro-
plasty: is it worth it? A systematic literature review] physioscience 2016; 12: 35-36. German.

Manuscripts under consideration

Blasimann, A., Busch, A., Henle, P,, Bruhn, S., Vissers, D., Baur, H. (202x). Neuromuscular control during
stair descent and artificial tibia translation: Neuromuscular control of both legs in surgically and conservative-
ly treated patients one year after unilateral ACL rupture. A cross-sectional study. submitted

Gentsch, A., Blasimann, A., Busch, A., Henle, P, Alfuth, M., Baur, H. (202x). Neuromuscular activity during
volitional tasks differs from reflex responses. submitted

Abaecherli, K., Blasimann, A., Busch, A., Henle, P.,, Baur, H. (202x). Neuromuscular activity during stair
descent in conservatively and surgically treated ACL-injured participants - a cross-sectional study. submitted

Koecker, S., Blasimann, A., Busch, A., Boesch, L., Henle, P, Bruhn, S., Baur, H. (202x). Hamstrings stretch
reflex activity in healthy, ACL reconstructed and conservatively treated ACL participants. A cross-sectional-
study. submitted

Peer-reviewed published abstracts

Blasimann, A., Busch, A., Henle, P,, Bruhn, S., Vissers, D., & Baur, H. (2023). Bilateral neuromuscular cont-
rol one year after anterior cruciate ligament reconstruction or conservative treatment. Sports Orthop Traumatol.
39(2), 208-209. http://dx.doi.org/10.1016/j.0rthtr.2023.03.041

Baur, H., Busch, A., Boesch, L., Schmidt, A., Henle, P, Blasimann, A. (2022). Verinderungen der Reflex-
aktivitdt der Hamstring-Muskulatur im Verlauf der Rehabilitation nach Ruptur des vorderen Kreuzbandes
(VKB). Sports Orthop Traumatol. 38, 220-221 (2022). http://dx.doi.org/10.1016/j.0rthtr.2022.02.055

Kocker, S., Blasimann, A., Busch, A., Boesch, L., Henle, P, Bruhn, S., Baur, H. (2022). Hamstring Reflex
Aktivitit bei gesunden, VKB konservativ und VKB operativ behandelten Probanden. Sports Orthep Traunmatol.
38, 220-221 (2022). http://dx.doi.otg/10.1016/j.0rthtr.2022.02.055

Blasimann, A., Koenig, I, Baert, 1., Baur, H., Vissers, D. (2021). 192 Assessments for neuromuscular control
after an anterior cruciate ligament injury to decide upon return to sports. Br | Sports Med Nov 2021, 55 (Suppl
1) A75; http://dx.doi.org/10.1136/bjsports-2021-I0C.177

Steiner, M., Blasimann, A., Baur, H. (2021). 211 Gender-specific differences in neuromuscular activation
in the knee stabilizing muscles in adults — a systematic review. Br | Sports Med Nov 2021, 55 (Suppl 1) A82;
http://dx.doi.org/10.1136/bjsports-2021-I0C.194
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Blasimann, A., Gisler, D., Schwammberger, H. (2018). Effect of activity trackers on weight reduction
and movement behavior of overweight adults. A systematic literature review. Swiss Sports & Exerc Med
2018;66(4):43

Schmidt A., Blasimann, A., Boesch, L., Henle, P, Baur, H. (2018). Comparison of neuromuscular hamstring
activity of people with acute anterior cruciate ligament rupture and at one-year follow-up - a pilot study. Swiss
Sports & Exerc Med 2018;66(4):44

Busch, A., Henle, P,, Boesch, L., Blasimann, A., Baur, H. (2018). Neuromuscular control in patients with
acute ACL injury during stair ascent — a pilot study. Deut Z Sportmed 2018;68(5):159.

Blasimann, A., Busch, A., Boesch, L., Henle, P, Baur, H. (2017). Muscle activity in patients with ACL tear
during stair descent. Phys Ther Sport 28 (2017) el-e25.

Baur, H., Busch, A., Boesch, L., Blasimann, A., Henle, P. (2017). [Neuromuscular control in patients with
acute ACL injury during stair ascent - a pilot study.] Kinesither Rev, December 2017:17(192);34-35. http://
dx.doi.org/10.1016/j.kine.2017.09.050. French.

Blasimann, A., Freiburghaus, S., Marolf, M., Busch, A., Boesch, L., Henle, P, Baur, H. (2017). [Altered
muscle activity in patients with ACL tear compared to healthy controls during stair descent.] Kinesither Rev
December 2017:17(192);36. http://dx.doi.org/10.1016/j.kine.2017.09.051. French.

Blasimann, A., Burgener, S., Taraschewski, K. (2017). [Effects of Pilates on physical symptoms in pa-
tients with multiple sclerosis: a systematic review.] Kinesither Rev, December 2017:17(192);43. http://dx.doi.
org/10.1016/j.kine.2017.09.06. French.

Eichelberger, P,, Blasimann, A., Woodtly, S.I., McEvoy J.C., Bohnenblust, M., Kaufmann, E., Krause, F,
Baur, H. (2017). [Coupling of navicular mobility and foot length change during walking,| Kinesither Rev
December 2017:17(192);39-40. http://dx.doi.org/10.1016/j.kine.2017.09.057. French.

Koénig, I., Blasimann, A., Hauswirth, A., Eichelberger, P, Baeyens, ].P.,, Radlinger, L. (2017). [Wavelet analysis
of muscle activity of lower extremities and pelvic floor muscles in women while walking or running: a sys-
tematic review.] Kinesither Rev, December 2017:17(192);22-23. http:/ /dx.doi.org/10.1016/j.kine.2017.09.024.
French.

Eichelberger, P, Lutz, N., Blasimann, A., Krause, E, Baur, H. (2016). [Reliability of a new foot model for
dynamic navicular drop measurement.| Kinesither Rev, June 2016:16(174);34-35. French.

Blasimann, A., Eichelberger, P, Lutz, N., Radlinger, L., Baur, H. (20106). [Navicular Rise: a possibility to
describe dynamic foot function during stance?| Kinesither Rev, June 2016:16(174);32. French.

Ebetle, S., Scuderi, M.M., Blasimann, A. (2016). [Effect of core muscle strengthening for injury preven-
tion in male adult soccer players: a systematic review.] Kinésithérapie la Revue, May 2016:54. respectively June
2016:16(174);54. http://dx.doi.org/10.1016/j.kine.2016.02.004. French.

Blasimann, A., N6tzli, A., Schaffner, L., Baur, H. (2015). Non-surgical treatment of pes planovalgus associa-
ted pain - a systematic review. World Conference for Physiotherapy in Singapore, 05.2015 (Poster presenta-
ton, peer-reviewed), | Physiother 2015;101:¢130-131. http://dx.doi.org/10.1016/j.physio.2015.03.273

Blasimann, A., Wood-Dauphinee, S., Staal, B. J. (2011). Translation, cross-cultural adaptation, reliability
and validity of the German version of the Hip Osteoarthritis Outcome Score. | Physiother. 2011; 97(Supple-
ment):eS139-140.
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National conferences

Blasimann, A., Koénig, 1., Baert, 1., Baur, H., Vissers, D. (2021). Assessments for neuromuscular control for
return to sport after an antetior cruciate ligament tear. 2* Cooperation Congtess reha schweiz & Physioswiss

online 06./07.05.2021 (oral presentation, peet-reviewed)

Blasimann, A., Eichelberger, P, Lutz, N., Radlinger, L., Baur, H. (2016). [Naviculat Rise — a possibility to de-
scribe dynamic foot function during stance?] 11" Clinical Research Forum in Zurich (CH), 29.10.2016 (teaser

platform presentation & Poster). German.

Blasimann, A., Eichelberger, P, Lutz, N., Radlinger, L., Baur, H. (2016). Navicular Rise - a possibility to
describe dynamic foot function during stance? physiocongress 2016 (Swiss Association for Physiotherapy) in

Basel (CH), 17./18.06.2016 (oral platform presentation, peet-teviewed)

Blasimann, A., Wood-Dauphinee, S., Staal, B. J. (2012). [Translation, reliability and validity of the Hip
Osteoarthritis Outcome Score.] physiocongress 2012 (Swiss Association for Physiotherapy) in Geneva (CH),

10./11.05.2012 (oral podium presentation, peet-reviewed). German.

International conferences

Blasimann, A., Busch, A., Henle, P, Bruhn, S., Vissets, D., Baur, H. (2023). Bilateral neuromusculat control
one year after anterior cruciate ligament reconstruction ot conservative treatment. 38" Annual Congress of

GOTS in Luxembourg (LU) 15.-17.06.2023 (oral presentation, peer-reviewed).

Blasimann, A., Baur, H. (2019). Kann die Evaluation der neuromuskuliren Kontrolle nach Vetletzungen des
vorderen Kreuzbandes zu besseren Return-to-Sport-Entscheidungen beitragen? [Does the evaluation of neu-
romuscular control after ACL injuries contribute to better return-to-sport decisions?] physiokongress West in

Essen (DE), 28.09.2019 (oral presentation, invited keynote speaker).

Blasimann, A., Abgottspon, C., Schwab, C. (2019). Effect of different movement velocities during resistance
training on strength gain — a systematic review. World Conference for Physiotherapy in Geneva (CH), 10.-

13.05.2019 (oral presentation “classic platform”, peer-reviewed).

Blasimann, A., Fleuti, U., Rufener, M., Elfering, A., Baur, H., Radlinger, L. (2014). Electromyographic activi-
ty of back muscles during stochastic whole-body vibration. AHFE International (5* International Conference
on Applied Human Factors and Ergonomics, 3" International Conference on Human Factors and Ergono-

mics in Health Care) in Krakow (PL), 19.-23.07.2014 (oral podium presentation, peer-reviewed)
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First/presenting author

Blasimann, A., Busch, A., Henle, P, Bruhn, S., Vissers, D., Baur, H. (2023). Bilateral neuromusculat control

one year after anterior cruciate ligament reconstruction or conservative treatment. 38" Annual Congtess of

GOTS in Luxembourg (LU) 15.-17.06.2023 (poster presentation, peer-reviewed).

Blasimann, A., Busch, A., Henle, P, Bruhn, S., Vissers, D., Baur, H. (2023). Neuromuscular control one year

after ACL rupture: Influence of sex and treatment in comparison to healthy controls. A cross-sectional study.
Scandinavian Sports Medicine Congress in Copenhagen (DK) 02.02. — 04.02.02.2023 (poster presentation,

peer-reviewed)

Blasimann, A., Busch, A., Henle, P,, Bruhn, S., Vissers, D, Baur, H. (2022). Acute anterior cruciate ligament
rupture: neuromuscular control during stair descent and anterior tibia translation. 4 World Congress of
Sports Physical Therapy — IFSPT in Nyborg (DK) 26./27.08.2022 (poster presentation, peet-reviewed)

Blasimann, A., Koenig, I, Baert, I., Baur, H., Vissers, D. (2021). Assessments for neuromuscular control
after an anterior cruciate ligament injury to decide upon return to sport. IOC World Conference (Prevention

of injury and illness in Sport) in Monaco (MC) 25. — 27.11.2021 (poster presentation, peer-reviewed)

Abgottspon, C., Schwab, C., Blasimann, A. (2021). Effect of muscle time under tension on strength gain —
A systematic literature review. 2™ Cooperation Congtess reha schweiz & Physioswiss online 06./07.05.2021

(poster presentation, peer-reviewed)

Glaettli, J., Reinhard, C., Blasimann, A. (2021). Strength tests after anterior cruciate ligament repair
for return to sports — a systematic review. 2™ Cooperation Congtess reha schweiz & Physioswiss online

06./07.05.2021 (poster presentation, peet-reviewed)

Hug, F, Muri, G., Blasimann, A. (2021). Assessments for psychological readiness for return to sports after
anterior cruciate ligament injury. 2" Cooperation Congress reha schweiz & Physioswiss online 06./07.05.2021

(poster presentation, peer-reviewed)

Hug F, Muri G., Blasimann, A. (2020). Assessments for psychological readiness for return to sports after

an anterior cruciate ligament injury. Scandinavian Sports Medicine Congress in Copenhagen (DK) 30.01. —

01.02.2020 (poster presentation, peer-reviewed)

Blasimann, A., Glittli, J., Reinhard, C. (2019). Strength testing after anterior cruciate ligament repair for
return to sports — A systematic literature review. World Conference for Physiotherapy in Geneva (CH), 10.-

13.05.2019 (poster presentation, peer-reviewed).

Blasimann, A., Gisler, D., Schwammberger, H. (2018). Effect of activity trackers on weight reduction and

movement behavior of overweight adults. A systematic literature review. 1st Swiss Sports Med & Sportfisio

Conference in Bern (CH), 15./16.11.2018 (poster presentation, peet-reviewed).
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Blasimann, A., Henle, P, Busch, A., Boesch, L., Baur, H. (2017). [Neuromuscular control of patient with an

anterior cruciate ligament tear during stair walking.]. Nominated for the Swiss Olympic Science Award during
the coaches’ conference of Swiss Olympic in Magglingen (CH), 25.10.2017 (poster presentation, peer-revie-

wed). German.

Blasimann, A., Freiburghaus, S., Marolf, M., Busch, A., Boesch, L., Henle, P., Baur, H. (2017). Altered

muscle activity in patients with ACL tear compared to healthy controls during stair descent. 1% Cooperation

Congtess ,,Rehabilitation in the future, Swiss Association for Physiotherapy, Davos (CH), 19./20.10.2017

(poster presentation, peer-reviewed)

Blasimann, A., Burgener, S., Taraschewski, K. (2017). [Effects of Pilates on physical symptoms in patients

with multiple sclerosis: a systematic review:] 1st Cooperation Congress ,,Rehabilitation in the future®, Swiss

Association for Physiotherapy, Davos (CH), 19./20.10.2017 (poster presentation, peet-reviewed) German.

Blasimann, A., Busch, A., Boesch, L., Henle, P, Baur, H. (2017). Muscle activity in patients with ACL tear
during stair descent. 2™ World Conference on Sports Physical Therapy in Belfast (IE), 10.2017 (postet pre-

sentation, peer-reviewed)

Blasimann, A., Gigon, M. (2016). [Efficacy of a home-based program only versus ambulatory physiotherapy

in a 1:1-setting after total knee arthroplasty — a systematic review:] physiocongress 2016 (Swiss Association for

Physiotherapy) in Basel (CH), 17./18.06.2016 (poster presentation, peer-reviewed). German.

Dietiker, H., Ziircher, A., Blasimann, A. (2016). [Scapular kinematics in patients with limited glenohumeral
range of motion. A systematic review:] physiocongress 2016 (Swiss Association for Physiotherapy) in Basel

(CH), 17./18.06.2016 (postet presentation, peet-reviewed). German.

Ebetle, S., Scuderi, M.M., Blasimann, A. (20106). [Effect of Core Muscle Strengthening Exercises (Including
Plank and Side Plank) on Injury Rate in Male Adult Soccer Players: A Systematic Review] physiocongress
2016 (Swiss Association for Physiotherapy) in Basel (CH), 17./18.06.2016 (poster presentation, peet-revie-

wed). German.

Dietiker, H., Ziircher, A., Blasimann, A. (2015). Scapular kinematics in patients with limited glenohumeral

range of motion. A systematic review. Return to Play — 1% World Congress in Sports Physical Therapy in Bern

(CH), 20./21. November 2015 (poster presentation, peet-reviewed)

Blasimann, A., Juchler, I., Baur, H., Radlinger, L. (2015). The effect of kinesiotape on neuromuscular activity
of peroneus longus during downhill running, Return to Play - 1% World Congress in Sports Physical Therapy

in Bern (CH), 20./21. November 2015 (poster presentation, peet-reviewed)

Blasimann, A., Heuberger, M., Hofer, N. (2015). Pain relief through elastic tape - a systematic review. Re-
turn to Play - 1% World Congtess in Sports Physical Therapy in Bern (CH), 20./21. November 2015 (poster

presentation, peer-reviewed)

Blasimann, A., Notzli, A., Schaffner, L., Baur, H. (2015). Non-surgical treatment of pes planovalgus asso-
ciated pain - a systematic review. Wotld Conference for Physiotherapy in Singapore (SG), 05.2015 (poster

presentation, peer-reviewed)

Blasimann, A., Heuberger, M.S., Hofer, N., Baur, H. (2014). [Pain relief through elastic tape — a systematic

review.] physiocongress 2014 (Swiss Association for Physiotherapy) in Bern (CH), 13./14.06.2014 (poster

presentation, peer-reviewed). German.
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Blasimann, A., No6tzli, A., Schaffner, N., Baur, H. (2014). [Conservative interventions in patients with pos-

terior tibial tendon dysfunction referring to the outcome pain.] physiocongress 2014 (Swiss Association for

Physiotherapy) in Bern (CH), 13./14.06.2014 (poster presentation, peet-reviewed). German.

Blasimann, A., Diener, M., Mahnig, S., Radlinger, L. (2012). [Development and testing of the inter- and in-
trateter reliability of a measurement system for thoracic rotational capability.] physiocongress 2012 (Swiss As-

sociation for Physiotherapy) in Geneva (CH), 10./11.05.2012 (poster presentation, peet-reviewed). German.

Blasimann, A., Wood-Dauphinee, S., Staal, B. J. (2011). Translation, cross-cultural adaptation, reliability and

validity of the German version of the Hip Osteoarthritis Outcome Score. World Conference for Physiothera-

py in Amsterdam (NL), 20.-23.06.2011 (poster presentation, peet-reviewed)

Contributing author

Rogan, S, Luijckx, E., Zinzen, E., Blasimann, A. (2023). Evidence of multiple-choice questions in education
for health professionals - a review of the literature. International Conference on Medical Education ICME)
2023 in Baku (AZ) 09./10.10.2023 (oral presentation, peer-reviewed).

Kécker, S., Blasimann, A., Busch, A., Francik-Boesch, L., Henle, P., Bruhn, S., Baur, H. (2022). [Hamstring

reflex activity in healthy, conservatively and surgically treated subjects after ACL rupture.] 6™ Physiotherapy

Research Symposium in Freiburg i.Br. (DE) 30.09./01.10.2022 (poster presentation, peer-reviewed). German.

Baur, H., Busch, A., Boesch, L., Schmidt, A., Henle, P, Blasimann, A. (2022). [Changes in reflex activity of
hamstring muscles during rehabilitation after rupture of the anterior cruciate ligament.] 37th Jahreskongress
der GOTS in Betlin (DE) 19./20.05.2022 (poster presentation, peet-reviewed). German.

Kécker, S., Blasimann, A., Busch, A., Boesch, L., Henle, P,, Bruhn, S., Baur, H. (2022). [Hamstring reflex
activity in healthy, conservatively and sutgically treated subjects after ACL rupture.] 37" Annual Congress of
GOTS in Betlin (DE) 19./20.05.2022 (oral presentation, peet-reviewed). German.

Luginbuehl, H., Koenig, I., Rogan, S., Blasimann, A., Zuber, S. (2021). Transforming traditional physio-
therapy hands-on skills teaching to technology enhanced learning during the Covid-19 pandemic. AMEE
(An International Association for Medical Education) virtual conference 27. — 30.08.2021 (oral presentation,

peer-reviewed).

Imhof, S., Hanusch, K.-U., Neuenschwander-Blaser, S., Baur, H., Blasimann, A. (2021). Validitit des
Testprotokolls fiir VKB-PatientInnen des Spitals Emmental. 36™ Annual Congtess of GOTS online, 01.-

02.07.2021 (poster presentation, nominated for poster prize, peer-reviewed)

Wirth, S.U., Stucki, N., Blasimann, A. (2019). What effect do duration and speed of the foam roll have on
mobility? - A systematic review. World Conference for Physiotherapy in Geneva (CH), 10.-13.05.2019 (oral

presentation, peet-reviewed).

Busch, A., Blasimann, A., Henle, P, Baur, H. (2019). Neuromuscular activity during stair descent in ACL

reconstructed patients: a pilot study. World Conference for Physiotherapy in Geneva (CH), 10.-13.05.2019

(oral presentation “rapid five”, peer-reviewed).
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Schmidt A., Blasimann, A., Boesch, L., Henle, P, Baur, H. (2018). Compatison of neuromuscular hamstring

activity of people with acute anterior cruciate ligament rupture and at one-year follow-up - a pilot study.
Poster presentation at the 19 Swiss Sports Med & Sportfisio Conference in Bern (CH), 15./16.11.2018 (poster

presentation, peer-reviewed).

Busch, A., Henle, P,, Boesch, L., Blasimann, A., Baur, H. (2017). Neuromuscular control in patients with

acute ACL injury during stair ascent - a pilot study. German Olympic Sports Medicine Congress 2018 in

Hamburg (DE), 24.05.2018 (poster presentation, peer-reviewed).

Eichelberger P, Blasimann, A., Woodtly, S.I., McEvoy J.C., Bohnenblust, M., Kaufmann, E., Krause, E,
Baur, H. (2017). Coupling of navicular mobility and foot length change during walking. 1% cooperation cong-
ress ,,Rehabilitation in the future®, Swiss Association for Physiotherapy, Davos (CH), 19./20.10.2017 (poster

presentation, peer-reviewed)

Kénig, 1., Blasimann, A., Hauswirth, A., Eichelberger, P., Baeyens, ].P., Radlinger, L. (2017). Wavelet analysis
of muscle activity of lower extremities and pelvic floor muscles in women while walking or running: a sys-
tematic review. 1* cooperation congtess ,,Rehabilitation in the future®, Swiss Association for Physiotherapy,

Davos (CH), 19./20.10.2017 (oral platform presentation, peet-reviewed)

Eichelberger P, Blasimann, A., Woodtly S.I., McEvoy J.C., Bohnenblust M., Kaufmann E., Krause F, Baur
H. (2017). Coupling of navicular mobility and foot length change during walking. World Conference for
Physiotherapy in Cape Town (ZA), 02.-04.07.2017 (poster presentation, peer-reviewed)

Koenig 1., Blasimann, A., Hauswirth A., Fichelberger P, Baeyens ].-P, Radlinger L. (2017). Wavelet ana-
lysis of muscle activity of lower extremities and pelvic floor muscles in women while walking or running: A
systematic review. World Conference for Physiotherapy in Cape Town (ZA), 02.- 04.07.2017 (oral platform

presentation, peer-reviewed)

Baur, H., Boesch, L., Blasimann, A., Bruhn, S., Henle, P. (2016). [Sensorimotor control of the knee of

people with and without torn anterior cruciate ligament.] Research symposium for Physiotherapy in Bochum

(DE), 17./18.11.2016 (oral platform presentation, peet-reviewed). German.

Konig, 1., Blasimann, A., Hauswirth, A., Eichelberger, P., Radlinger, L. (2016). Wavelet analysis of musc-
le activity of lower extremities while walking or running and pelvic floor muscles in women: A systematic
Review. International Continence Society (ICS) Congtress 2016 in Tokyo (JP), 13.-16.09.2016 (oral podium

presentation, peer-reviewed)

Eichelberger, P, Lutz, N., Blasimann, A., Krause, F, Baur, H. (2016). A marker set for clinically focused 3D
dynamic foot function assessment. International Foot and Ankle Congress (i-FAB) 2016 in Berlin (DE), 23.-

25.06.2016 (poster presentation, peer-reviewed)

Eichelberger, P, Lutz, N., Blasimann, A., Krause, E, Baur, H. (2016). Reliability of a new foot model for
dynamic navicular drop measurement. physiocongress 2016 (Swiss Association for Physiotherapy) in Basel

(CH), 17./18.06.2016 (otal platform presentation, peet-reviewed)

Eberle, S., Scuderi, M.M., Blasimann, A. (2015). Effect of core muscle strengthening for injury prevention in

male adult soccer players: a systematic review. Return to Play — 1st World Congress in Sports Physical Thera-
py in Bern (CH), 20./21. November 2015 (winner of the Young Research Award of the Swiss Sports Physical

Therapy Association; poster & short oral podium presentation, peet-reviewed). German/English.

246

Leitner, M., Blasimann, A., Dubach, B., Baur, H. (2014). Effects of whole-body vibration on musculoskele-

tal complaints of surgery staff. AHFE International (5" International Conference on Applied Human Factors

and Ergonomics, 3rd International Conference on Human Factors and Ergonomics in Health Care) in Kra-

kow (PL), 19.-23.07.2014 (oral podium presentation, peer-reviewed)

Eichelberger, P, Baur, H., Ferraro, M., Minder, U,, Blasimann, A., Denton, T. (2014). Analysis of measu-
rement petformance in optical motion capturing, 13" International Symposium on 3D Analysis of Human

Movement 2014 in Lausanne (CH), 14.-17.07.2014 poster presentation, peet-reviewed)

Leitner, M., Blasimann, A., Baur, H. (2014). [Effect of stochastic whole body vibration on musculoskeletal

complaints in surgery nurses.| physiocongress 2014 (Swiss Association for Physiotherapy) in Bern (CH),

13./14.06.2014 (poster presentation, peer-reviewed). German.

Eichelberger, P, Baur, H., Ferraro, M., Minder, U., Blasimann, A., Denton, T. (2014). [Optical 3D-measure-
ments of small movements in the foot.] physiocongress 2014 (Swiss Association for Physiotherapy) in Bern

(CH), 13./14.06.2014 (poster presentation, peer-reviewed). German.

Congress visits

2023 38" Annual Congtress of GOTS in Luxembourg (LU)

Scandinavian Sports Medicine Congress (SportsKongres) in Copenhagen (DK)

2022 Annual sportfisio Symposium in Bern (CH) -
Swiss Sports Physiotherapy Association, topic «Best Practice”
4" TFSPT Wortld Congtess for Sports Physical Therapy in Nyborg (DK) —
International Federation for Sports Physical Therapy
37" Annual Congtress of the Society for Orthopedics and Traumatology in
Sports Medicine GOTS hosted by GOTS Germany, Berlin (DE)

2021 10C Wortld Conference “Prevention of injury and illness in Sport” in
Monte Carlo (MC)
36™ Annual Congtress of the Society for Orthopedics and Traumatology in
Sports Medicine GOTS hosted by GOTS Switzerland, online
2™ Cooperation Congress physioswiss & reha Switzetland, online
1*virtual summit of the Isokinetic Conference Voyage:
“The ongoing ACL dilemma”, online
World Conference for Physical Therapy (WCPT), online

2020 34 Sports Medical Performance Day (Altius Clinic) in Rheinfelden (CH)
Annual sportfisio Symposium (in Bern (CH) - Swiss Sports Physiotherapy
Association, topic “knee”, online

Scandinavian Sports Medicine Congress (SportsKongtes) in Copenhagen (DK)
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2018

2018

2017

2016

2015

2014

2013

2012

2011
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Annual sportfisio Symposium in Bern (CH) -

Swiss Sports Physiotherapy Association, topic “Shoulder and Sports”
GOTS Switzerland Winter Congress in Basel (CH)

World Conference for Physical Therapy (WCPT) in Geneva (CH)
zfass — Zurich Forum for Applied Sports Sciences in Zurich (CH)
thiemekongress West, Sports Physiotherapy Day in Essen (DE)

2" Sports Performance Day, altius Sports Clinic in Rheinfelden (CH)

1% Swiss sportfisio & Sportsmedicine Conference in Bern (CH)
GOTS Switzerland Winter Congress in Basel (CH)

2MTFSPT Wotld Congtess for Sports Physiotherapy —

International Federation for Sports Physical Therapy (IFSPT) in Belfast (IE)
Annual sportfisio Symposium in Bern (CH) -

Swiss Sports Physiotherapy Association

1% Cooperation Congtress physioswiss & reha Switzerland, Davos (CH)

3" Bioelettronica Day EMG State of the Art — Bioclettronica, Torino (IT)
GOTS Switzerland Winter Congress in Basel (CH)

11* Clinical Research Forum in Zurich (CH) — Physiotherapy Sciences Foundation
Annual sportfisio Symposium in Bern (CH) - Swiss Sports Physiotherapy Association
zfass — Zurich Forum for Applied Sports Sciences in Zurich (CH)

Biannual Congress for Physiotherapy in Basel (CH) -

Swiss Association for Physiotherapy (Physioswiss)

1*World Congtress for Sports Physiotherapy in Bern (CH) —

International Federation for Sports Physical Therapy (IFSPT)

Annual sportfisio Symposium in Bern (CH) - Swiss Sports Physiotherapy Association
zfass — Zurich Forum for Applied Sports Sciences in Zurich (CH)

Annual sportfisio Symposium in Bern (CH) -

Swiss Sports Physiotherapy Association

Biannual Congress for Physiotherapy in Bern (CH) -
Swiss Association for Physiotherapy (Physioswiss)

zfass — Zurich Forum for Applied Sports Sciences in Zurich (CH)

Annual sportfisio Symposium in Bern (CH) -

Swiss Sports Physiotherapy Association

Annual sportfisio Symposium in Bern (CH) -
Swiss Sports Physiotherapy Association
Biannual Congress for Physiotherapy in Geneva (CH) -

Swiss Association for Physiotherapy (Physioswiss)

Symposium SwissDRG — University Hospital, Inselspital, Bern (CH)
World Conference for Physical Therapy (WCPT) in Amsterdam (NL)
zfass — Zurich Forum for Applied Sports Sciences in Zurich (CH)

2010 Biannual Congress for Physiotherapy -
Swiss Association for Physiotherapy (Physioswiss) in Basel (CH)
Congress “Function and Gait” — University Children’s Hospital of Basel (CH)

2009 4™ Clinical Research Forum — FIDOS Physiotherapy Database/
Zurich University of Applied Sciences, Winterthur (CH)
Annual sportfisio Symposium in Bern (CH) - Swiss Sports Physiotherapy Association
Sportmed Conference in Bern (CH) — Swiss Olympic Association
3 Interdisciplinary Sports Symposium — Sport Medical Base, Kerenzerberg Zurich (CH)
4™ International Football Medicine Congtess — IFOMEC, Basel (CH)

2008 Annual sportfisio Symposium in Bern (CH) - Swiss Sports Physiotherapy Association
2 Interdisciplinary Spotts Symposium — Sport Medical Base, Kerenzerberg (CH)
Current aspects in orthopedic surgery — Schulthess Clinic, Zurich (CH)

2006 Current aspects in orthopedic surgery — Schulthess Clinic, Zutich (CH)

2005 SART congtess “Stop and Go — Rehabilitation after sports injuries” — SART, Basel (CH)
Update treatment guidelines after orthopedic interventions — Schulthess Clinic, Zurich (CH)

2002 Biannual Congtess for Physiotherapy - Swiss Association for
Physiotherapy (Physioswiss) in Lucerne (CH)

Review activity for journals, associations, and conferences:
e Journal for Disability and Rehabilitation

* Journal for Health-Related Quality of Life Outcomes

* Journal of Orthopedic and Sports Physical Therapy

* World Conference of Physical Therapy (abstracts, posters)

* Royal Dutch Society for Physiotherapy (research grant)

* Physiotherapy UK Conference (abstracts)

* Congress of the Swiss Association for Physiotherapy (abstracts for biannual congress)

Memberships:

* physioswiss — Swiss Association for Physiotherapy

* sportfisio — Swiss Association for Sports Physiotherapy SASP
* SART - Swiss Working Group for Rehabilitation and Training

e SSSS - Swiss Society for Sports Sciences
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Coaching and supervising activities

Supervisor of Master thesis in Physiotherapy
(Bern University of Applied Sciences)

2023 - 2024
2022 - 2023
2021 - 2022
2020 - 2021
2018 - 2020

Philipp Koch: [Evaluation of the most relevant stressors and coping strategies
among students in Bachelor of Science in Physiotherapy| German,
co-supervision together with I. Koenig

Gabi Bihler: [Entrustable Professional Activities (EPA) —
Validation of EPA prototypes in physiotherapy] German, co-supervision together
with I. Koenig

Marc-Joél Blaser: [Evaluation of a pilot project to implement Entrustable
Professional Activities (EPA) in the BSc Physiotherapy program| German,
co-supervision together with I. Koenig

Susanne Neuenschwander-Blaser: “Is there an association between force,
function, and failure rate after isolated meniscal repair? A retrospective data

analysis of a test protocol of a Swiss regional hospital”

Raphael Ritz: [Predictors of prospective students for admission to the Bachelor
of Science in Physical Therapy program to be examined in the aptitude
assessment| German, co-supervision together with I. Koenig

Jonas Engel: “Force measurement of Knee Extensor and Flexor Using a Fixed
Handheld Dynamometer: A Reliability and Validity Study”

Martina Steiner: “Gender-specific differences in neuromuscular activation in
the knee stabilizing muscles in adults”

Sabrina Imhof: “Return to sport after antetior cruciate ligament rupture -
Validation study of the test protocol of a Swiss regional hospital”

Co-Supervisor of Master thesis in Psychology (University of Bern)

2015 - 2016
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Nora Banz, Nathalie Buscher und Yannik Faes: [Stochastic whole-body vibration
in a seated position] German, co-supervision together with Dr. P. Eichelberger
(Bern University of Applied Sciences) and Prof. A. Elfering (University of Bern)

Supervisor of Bachelor thesis in Physiotherapy
(Bern University of Applied Sciences)

2022 - 2023
2021 - 2022
2020 - 2021
2018 - 2020
2018 - 2019

Sarina Sommer & Sara Wiithrich: [Secondary Prevention for Athletes after ACL
Injury - An Evidence Summary] German

Katja Wasser & Lea Widmer: [Does surgical reconstruction or conservative
treatment of an anterior cruciate ligament ruptute lead to a higher overall KOOS
value? A retrospective data analysis] German

Lina Frank & Kim Jaeggi: [Pain-related fear of movement regarding performance
of a familiar physical activity after anterior cruciate ligament reconstruction.

Comparison of two surgical techniques] German

Simone Luethi & Sina Vogt: [Overview of objective clinical tests after rotator cuff
injuries and their physiotherapeutic relevance. An Evidence Summary| German

Jan Rothenbuehler & Syra Schmid: [Influence of supplemental Pilates training in
adolescents and young adults on jump height in volleyball and basketball. A
systematic review with meta-analysis] German

Dominik Graf & Manuel Megert: [Review of the effectiveness of prevention
programs to prevent ACL ruptures. An Umbrella Review] German

Melanie Bucher & Carina Hinni: [Pain and ADL questionnaires after rotator cuff

injuries. A systematic literature review with practice recommendations] German

Noemi Riedi & Laura Tischer: [The effectiveness of the FIFA 11+ prevention
program on knee injuties in football and futsal. A systematic review] German

Anja Eschermann: [What is the impact of preventive training on the wobble board
on the rupture rate of anterior cruciate ligament tears? A systematic review] German

Luca Marras & Jasmin Stoller: [Effects of open and closed chain strength training
related to anterior stability in early rehabilitation after anterior cruciate ligament
reconstruction] German

Sabrina Streit & Michal Weber: [Prevention of re-injury after supination trauma.
A systematic review] German

d’Allens Lilianne & Melanie Gonseth: [Effects of stretching in warm-up on
performance parameters in ice hockey - a systematic review] German

Fabienne Hug & Gina Muri: [Assessments to evaluate psychological readiness for
return to sport after ACL rupture. Psychometric properties and applicability in
practice] German

Giulia Jung & Leonie Ruch: [Comparison of surgical versus conservative follow-
up of anterior cruciate ligament rupture with respect to active knee stability.
A systematic review] German
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2017 - 2018

2016 - 2017
2015 - 2016
2014 - 2015
2013 - 2014
2012 - 2013
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Chantal Abgottspon & Charlotte Schwab: [Effect of muscle tension duration

on muscle gain. A systematic review] German

Jasmin Glittli & Chantal Reinhard: [A review of strength tests to assess return
to sport after anterior cruciate ligament reconstruction. A systematic review]
German

Nina Stucki & Salome Wirth: [What is the effect of fascia roller application
duration and speed on range of motion? A systematic review| German

Dominik Gisler & Helen Schwammberger: [The effect of activity trackers on
weight loss and physical activity behavior in overweight adults.

A systematic review] German

Cornelia Krummenacher & Catla Vogel: [Conservative follow-up after primary
traumatic patellar dislocation in adolescents. A review of the current evidence|
German

Marion Bohnenblust & Eveline Kaufmann: [The behavior of foot length change
and the navicular bone during walking with consideration of the reliability of a
3D measurement system. A retrospective data analysis] German

Annique Hari & Céline Schmidlin: [Use of foot and hip strategies on unstable
surfaces with different bases of support. A descriptive single-case study] German

Sabrina Burgener & Katharina Taraschewski: [Effect of Pilates on physical
symptom outcomes in multiple sclerosis. A systematic review] German

Hannah Dietiker & Annina Ziircher: [Scapular kinematics in patients with
glenohumeral movement restriction. A systematic review with practice

recommendations.] German

Manuela Gigon: [Effectiveness of a home-based program alone in patients
undergoing total knee arthroplasty. A systematic review| German

Simon Eberle & Manuel Scuderi: [Effect of trunk strength training on injury
susceptibility in adult soccer players. A systematic review| German

Ramona Bachem & Patricia Metzler: [Influence of treatment by head orthosis on
the course of head deformities in infants - a retrospective study] German

Seraina Ditbendorfer & Sandra Fillemann: [How do physiotherapists deal with
their own occupational musculoskeletal complaints?] German

Michaela Heuberger & Nina Hofer: [Pain relief with elastic tape - current state
of the evidence. A systematic review|] German

Annina Noetzli & Lisa Schaffner: [Conservative interventions for postetior tibialis
muscle tendon dysfunction related to the outcome pain. Systematic review]|
German

Ramona Hilpert-Barlocher & Nicole Etter: [Effect of strength and balance
training on fear of falling in the elderly as measured by the FES-I. A systematic
review] German, co-supervision together with J. Kessler

2011 - 2012 Alexander Baumgartner & Isabelle Juchler: [The influence of Kinesio Tape on
neuromuscular activity of the peroneus longus muscle in functional instability]

German

Ursula Fleuti & Meret Rufener: [Electromyographic activity of back muscles
during stochastic whole-body vibration] German

2010 - 201 Michelle Diener & Sara Mahnig: [Inter- and intrarater reliability of a measurement
system for thoracic rotational capability] German
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