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Abstract

1. Abstract

This thesis addresses the question of whether spinal cord’s monosynaptic circuitry can be altered
due to long-term motor skill acquisition. We researched functional organization and skill-related
adaptation in muscle spindle feedback distribution. In study 1 we examined reciprocal inhibition of
lower limb’s extensor and flexor muscles and the underlying reflex arcs. After examining the
interplay of lower limbs’ extensor and flexor muscles, we aimed to investigate the effects of long-
term motor skill training in a group of martial artists (study 2) and Yoga practitioners (study 3),
compared to moderately active control groups. We approach these effects by investigation of neural

input of 1, afferent fiber onto spinal cords motoneuron pool.

Since several decades, resulting adaptations with regard to long-term motor skill acquisition are
researched with intracellular recordings in model organisms and in humans. This brought up
evidence to concept experiments with a non-invasive approach to analyze motor unit activity via H-
reflex measurements. The technique of Hoffmann-reflex (H-reflex) allows standardized excitation of
In afferent fibers while analyzing large populations of motor units. The technique of high-density
electromyography-recording and H-reflex gives opportunity to evaluate high counts of firing

motoneurons. This gives us the opportunity to analyze their firing behavior.

Within study 1 we found significant differences in lower limb’s extensor (M. soleus and M.
gastrocnemius) and flexor (M. tibialis anterior) muscles’ reciprocal inhibitory reflex amplitudes. Our
findings support the hypothesis that lower limb’s extensor and flexor muscle interplay is distributed
asymmetrically; triceps surae muscles inhibit reflexes of M. tibialis anterior strongly. Furthermore we
found significant differences in lower limb’s extensor muscles’ excitatory H-reflex amplitudes
between groups of long-term trained martial artists and a moderately active control group (study 2).
Our findings in a group of long-term trained yoga practitioners (study 3) were not significant, but
indicate a trend with regard to neuromuscular and functional adaptations due to training

experience.
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2. Introduction

2.1 Scientific Background

2.1.1 Significance and General Background
Body movement in everyday life requires fast adaptations in particular tasks to interact with changes
of the environment. Motor behavior itself is modified due to musculoskeletal adaptations, at cortical
and spinal level, and refines particular movements by changing the connectivity between neural
assemblies (Casabona et al., 1990; Nielsen et al., 1993 b; Carp et al., 1995; Augé et al., 2000; Koceja
et al., 2004; Adkins et al., 2006; Ogawa et al., 2009). These adaptations persist long-term, enabling

the organism to adapt to its environment.

Extensive research on cortical plasticity in the context of motor learning has been performed in the
last decades (Pascual-Leone et al., 1993; Carp et al., 1994, 1995; Remple et al., 2001; Wolpaw, 2007;
Schubert et al., 2008; Vila-Cha et al., 2012). Animal studies show evidence that skill training alone
induces changes of neural assemblies in the cortex and synaptogenesis (Adkins et al., 2006).
Furthermore, it was shown that these changes in the motor cortex are evident only as a function of
skill acquisition (Klintsova et al., 2004). Insights into neural plasticity of the human motor cortex due
to skill training were gained with transcranial magnetic stimulation (Pascual-Leone et al., 1993; Ty¢
et al., 2005); reflex studies investigated changes in human reflex circuitry as a result of motor skill
acquisition (Casabona et al., 1990; Nielsen et al.,, 1993 b; Augé et al., 2000; Koceja et al., 2004;
Ogawa et al., 2009; Hirano et al., 2015; Chen et al., 2016). Acquisition of motor skill is thought to
change feedback input gain; cortical plasticity is altered in terms of long-term motor skill training

(Adkins et al., 2006).

The amount of contraction force is controlled by reflex loops (Kandel et al., 2012). By sensing the
length of muscle fibers and tendons, information is provided about the body position in physical
space and tactile information about the objects and the environment enclosing our body. Voluntary
motor control is modulated by integration of sensory information of many different receptors to

provide safe and desired movements (Kandel et al., 2012).

Postural muscles exhibit the highest amount of muscle spindles (Prochazka et al., 2012) and, with
complexity of the task, the gain of afferent muscle spindle is affected, which makes the muscle
spindle feedback to the main contributor of fine muscle interplay and dexterity (Pierrot-Deseilligny
et al.,, 2012). The acquisition of skill related neuromuscular adaptations is thought to be mainly

achieved by muscle spindle feedback (Thompson et al., 2009). The studies within this thesis aimed to
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examine functional organization and skill based adaptation in muscle spindle input to individual

motor units (MU).

Insights on how skill related neural plasticity alters neural structures on cortical level were achieved
with several approaches. We know that the primary motor cortex is built up by neural assemblies
that are heavily interconnected. This interconnectivity leads to precise movement of different and
multiple joints (Adkins et al., 2006). Long-term motor skill training seems to change synaptic
strength, synapse number by synaptogenesis and topography of stimulation evoked movement
representations (Adkins et al., 2006); skill training is thought to affect the neural structures in a way
that leads to reorganization of movement-representing neural assemblies (Adkins et al., 2006).
Targeting spinal cord’s neural plasticity, with regard to long-term motor skill training, we have
chosen an investigation method which allows examination of reflex amplitudes of individual motor
units; this approach gives us the possibility to investigate, in a simple reflex arc, neural drive during

H-reflex (Yavuz et al., 2015, 2017).

Our approach provides the possibility to analyze the mutual distribution of reciprocal inhibitory
input of lower limb’s extensor and flexor muscles; the excitability of the motoneuron pool and
subsequent reciprocal inhibition is thought to be determined by synaptic input distribution and
intrinsic properties of a-motoneurons (Yavuz et al., 2018). Direct investigation of the reciprocal
inhibitory pathway is only possible by analyzing discharge timings of individual motor units and

sequent statistics of a large number of motor units (Yavuz et al., 2018).

2.1.2 State of the art
Hoffmann reflex (H-reflex) has been utilized as a probe to estimate the excitability of the
motoneuron pool (Pierrot-Deseilligny et al., 2000; Misiaszek, 2003; Knikou, 2008; Oliveira et al.,
2012; Yavuz et al., 2014, 2015). H-reflex amplitudes indicate the excitability level of motoneurons
and are therefore used to estimate muscles’ neural drive by motoneurons; they demonstrate spinal
plasticity in neural circuitries (Knikou, 2008). The H-reflex amplitude is defined as difference in
height between first deflection of PSF-CUSUM (considered as reflex-response-onset) and subsequent
peak (Yavuz et al., 2015). It represents the monosynaptic reflex activity in the spinal cord and is used
to measure the response of the nervous system to various neurologic conditions, musculoskeletal
injuries, application of therapeutic modalities, pain, exercise training and performance of motor
tasks (Palmieri et al., 2004). An increase in H-reflex amplitude due to training experience, compared

to a control group, represents a higher central gain of the monosynaptic stretch reflex, determined
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by transmission across the synapses of the |, afferents and by excitability of the motoneuron pool

(Nielsen et al., 1993 b).

From a technical point of view, we must consider that a reduction in H-reflex amplitude can be
caused by high stimulation values. Afferent fibers are cutaneous electrically excited according to
their size: from largest to smallest (Table 1). The threshold for type Il fibers is around 2 - 5 times
higher compared to type | fibers (Kandel et al., 2012). The resulting surface electromyography
(sEMG) recording shows a relation of direct motor response (M-wave) to H-reflex. Low stimulation
intensities excite mostly |, afferents and lead to orthodromic propagation along afferent fibers,
which in turn causes excitation of a-motoneurons of the homonymous muscle on spinal level
(Pierrot-Deseilligny et al., 2012). Ortho- and antidromic propagation occur with high stimulation
intensities, leading to direct excitation of a-motoneurons (direct motor response) (Knikou, 2008).
Since both I, afferents and a-motoneurons are excited in this scenario, the physiologically elicited
signal by the spinal cord collides with the elicited signal by electrical stimulation of a-motoneurons
which in turn causes extinction (Knikou, 2008). Amplitude modulation of clear H-reflexes without
direct motor response (M-wave) is a sign of a change in neural drive which can derive from different
synaptic input (Nielsen et al., 1993 b; Knikou, 2008; Yavuz et al., 2014); the onset of the H-reflex
amplitude in dependency of time after the stimulation is considered as latency and correlates with
the leg lengths (Falco et al., 1994). On the other hand, M-wave recordings by supramaximal electrical
stimulation intensities can be used to analyze differences in the temporal onset of M-wave

amplitude between subjects (Cavanagh et al., 1979; Yavuz et al., 2010).

Since the H-reflex is a useful tool to represent the excitability of the monosynaptic reflex circuitry
after a proceeded excitation of peripheral afferents, it gives us insight into spinal neuroplasticity by
information of muscle spindle afferents. Nielsen et al. (Nielsen et al., 1993 b) showed that H-reflex of
M. soleus (SOL), due to long-term adaptation, differs significantly between a group of dancers of the
Royal Danish Ballet and well-trained athletes. The amount of Hp./Mmax (Maximum H-reflex
amplitude divided by maximum M-wave amplitude) is significantly larger in trained athletes but
smaller in ballet dancers (Nielsen et al., 1993 b). Previous studies show a decrease in SOL H-reflex
amplitude and bisynaptic reciprocal inhibition (Nielsen et al., 1993 b; Perez et al., 2007) as well as an
increase in H-reflex amplitude (Schneider et al., 2002; Ogawa et al., 2009) caused by adaptations
with regard to motor-skill training. Perez et al. (Perez et al., 2007) showed that a co-contraction
training exercise of 30 min leads to a decrease in H-reflex amplitude, which is thought to derive from
changes in corticospinal and reflex excitability. In 2009, Ogawa et al. (Ogawa et al., 2009) showed,

with respect to long-term swimming training, an increased gain of SOL stretch reflex as well as
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increased H-reflex compared to a non-trained control group. Findings by Schneider & Capaday
(Schneider et al., 2002) showed an increase in H-reflex amplitude in different phases of walking
backwards due to training. Their results indicate that daily training in walking backwards causes
more security in walking backwards, leading to a decrease in SOL H-reflex in mid-swing phase of

walking backwards (Schneider et al., 2002).

7w

We focused on spinal plasticity in skill acquisition since the spinal cords’ “comparative simplicity,
accessibility and its well-defined connections with the brain facilitate explorations of activity-
dependent plasticity, and of the ways in which multiple sites of plasticity interact to produce a new
skill”  (Wolpaw, 2007). Prior investigations of neuromuscular changes in long-term motor skill
trained martial artists revealed only differences in kinetics and global surface EMG measurements
(Serensen et al., 1996; Zehr et al., 1997; Sforza et al., 2002; Arus, 2013; Zaggelidis et al., 2013). With
the presented approach it is also possible, due to differences in electro-mechanical delay (EMD), to
define a time-difference in muscle activation; EMD is similar between gender, but longer in elderly

compared to younger human (Yavuz et al., 2010). Differences in EMD are thought to be caused by

the required time to stretch muscles’ serial elastic components (Cavanagh et al., 1979).

2.1.3 Aim of this thesis
Since it is accepted that skill training leads to refinement of neural assemblies (Adkins et al., 2006),
we aimed in study 1 and study 2 to investigate spinal plasticity in long-term experienced athletic
martial artists assessing the distribution of afferent inputs to motoneurons; long-term skill training
results in adaptations of the neuromuscular system (Adkins et al., 2006). Various approaches were
used to show differences between skilled and control group, but all investigations are based on
global surface EMG (sEMG) recordings (Capaday et al., 1990; Nielsen et al., 1993 b; Augé et al., 2000;
Ogawa et al., 2009). While using the technique of high-density electromyography-recording
(HDSEMG), the behavior of a large amount of motor units can be estimated (Yavuz et al., 2014, 2015,
2017); the main advantage of HDsSEMG-recordings and subsequent statistical analysis is the
measurement of a large count of activated motoneurons (Yavuz et al.,, 2015). The technique of
HDsEMG-recordings provides us unique possibility to demonstrate the behavior of a large amount of
motor units as well as changes in the neuromuscular system between a group of long-term skilled

participants and a control group.

We studied HDSEMG recordings from lower limb postural muscles, i.e. M. soleus and M.
gastrocnemius (GM) (Farina et al., 2010; Holobar et al., 2014; Yavuz et al., 2014, 2015). Wire

electrodes (i.e. iEMG) are highly selective; due to the small actively measuring tip of the electrode,
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only a few muscle fibers are ‘hooked’ (Yavuz et al., 2015) and, in dependency of the insertion depth
(Henriksson-Larsén et al., 1983; Schmidt et al., 2007; Milnik, 2012), different muscle fibers are
recorded. In contrast, sEMG-recordings provide only information about the summation of all
electrical signals, which propagate over the muscle belly. The variation of identified motor units
through different recording sessions with HDSEMG is very small compared to iEMG-recording (Yavuz
et al., 2014, 2015); the count of analyzed MUs in HDSEMG compared to iEMG is very high. With this
approach, we are able to estimate neural drive of the motoneuron pool, and therefore it provides us
the possibility to demonstrate the behavior of a large count of motor units, as well as differences in
the neuromuscular system (Yavuz et al., 2015) between (i) lower limb’s extensor and flexor muscle

and (ii) a group of long-term skilled participants and a control group.

Recorded electrical information of HDSEMG electrodes represents mainly the activity of muscle
fibers located in the near or on the muscle belly, whereas iEMG provides information about muscle
fibers depending on the insertion depth; it must be taken into account that the surface of the muscle
is rich in oxygen and contains more oxidative fibers (Henriksson-Larsén et al., 1983), whereas the
inside of the muscle contains more glycolytic fibers (Schmidt et al., 2007; Milnik, 2012). Another
advantage of HDSEMG recordings compared to intramuscular recordings is that participants are not

affected by any discomfort or painful events due to a needle insertion.

Neuromuscular adaptations influenced by motor skill training occur in afferent as well as in efferent
fibers. Muscle spindle responsiveness may be adjusted by motor learning (Pierrot-Deseilligny et al.,
2012); y-motoneurons seem to adapt to a learnt co-contraction with increased firing, and to changes
in muscle length (Nielsen et al., 1994). All movements are learnt, and afferent input feeds not only
spinal cord but the sensorimotor cortex; it should be taken into account that y-motoneurons’ input
to supraspinal centers maintain coherence of sensory input (Pierrot-Deseilligny et al., 2012). y-Drive
is thought to contribute with great significance to muscle spindle endings during slow contractions,

like walking, that involve co-contraction (Pierrot-Deseilligny et al., 2012).

Afferent input by Iy-afferents to a-motoneurons is altered by motor skill training, as several studies
revealed (Casabona et al., 1990; Nielsen et al., 1993 b; Augé et al., 2000; Adkins et al., 2006; Perez et
al., 2007; Ogawa et al., 2009; Pierrot-Deseilligny et al., 2012). Since I, afferent fibers project directly
onto a-motoneurons of the homonymous muscle, as well as onto interneurons of antagonistic
muscles, muscle interplay is highly modified by skill acquisition; even sensorimotor cortex plays an
important role for motor program planning (Kandel et al., 2012), which is modifiable by |, afferent

input (Pierrot-Deseilligny et al., 2012).
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Iz input onto interneurons was thought to play a role in autogenic protective reflex, but further
investigation led to the assumption that Il inhibition contributes to various pathways (Pierrot-
Deseilligny et al., 2012); they connect with a-motoneurons, y-motoneurons, other |z interneurons
and I, afferents. Input of interneurons is received by Iz and |, afferents interposed by interneurons
from group ll, cutaneous, joint and interosseous afferents and are thought to contribute to feedback
control (Pierrot-Deseilligny et al., 2012). While performing motor tasks, lg inhibition is altered, likely
due to presynaptic inhibition of I afferents, and is suppressed during homonymous contractions

(Pierrot-Deseilligny et al., 2012).

Type Il fibers are difficult to investigate, since they travel along the same fiber bundle as type | fibers;
if they are activated, for instance by muscle stretch, primary endings are excited as well, due to their
lower thresholds (Pierrot-Deseilligny et al.,, 2012). Secondary endings project weakly onto
motoneurons of the homonymous muscle but mainly onto interneurons (Pierrot-Deseilligny et al.,
2012). Spatial and temporal summation in excitatory postsynaptic potentials (ESPS) of interneurons
is very little and transmission very effective; type Il efferents contribute to a- and y-motoneurons
and descending tracts (Pierrot-Deseilligny et al., 2012). They seem to contribute to ‘automatic’
human walking by homonymous and heteronymous group Il discharges (Pierrot-Deseilligny et al.,

2012).

In this thesis we first aimed to investigate differences in reciprocal inhibitory reflex amplitudes
between the lower limb muscle TA and triceps surae (TS) muscle group (Yavuz et al., 2018). The
motor neuron pool’s excitability is determined by intrinsic properties of a-motoneurons and
distribution of synaptic inputs (Miles et al., 1986; Kandel et al., 2012; Yavuz et al., 2018). |, afferent
fibers of the homonymous muscle are activated monosynaptic if muscle fibers are stretched (Pierrot-
Deseilligny et al., 2000; Knikou, 2008); we know that I, afferents’ input onto motoneurons depends
on the amount of proprioceptive feedback (Knikou, 2008; Kandel et al., 2012), that it is depending on
training-experiences (Nielsen et al., 1993 b; Schneider et al., 2002; Adkins et al., 2006; Mazzocchio et
al., 2006; Vila-Cha et al., 2012; Sawers et al.,, 2015), and that it can be altered with operant
conditioning (Wolpaw, 2006; Thompson et al., 2009, 2014). Co-contraction of muscles provides
possibility to brace joints (Nielsen et al., 1992, 1993 a, 1994; Perez et al., 2007); fine muscle interplay
enables the neuromuscular system to perform fine and coordinated movements (Schubert et al.,
2008; Chvatal et al., 2013; Sawers et al., 2015). Within our studies, the participants performed
sustained plantar flexion at different percentiles of their maximum voluntary contraction force. In
this thesis we aimed first to study the interplay, i.e. reciprocal inhibition, between the calf muscles

SOL & GM (extensor muscles) and TA (flexor muscle), since asymmetry was found in investigations of

10
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single MUs in human (Crone et al., 1987; Nielsen et al., 1992). In our second and third study we
compared two groups with different motor experiences; we expect differences in excitatory H-reflex
amplitudes between both groups, since previous studies strongly support our hypothesis for
differences in SOL H-reflex amplitudes due to training experience (Nielsen et al., 1993 b; Mazzocchio
et al., 2006; Perez et al., 2007; Vila-Cha et al., 2012). H-reflex is elicited by repetitive low intensity
stimulation of tibial nerve (TN) in the popliteal fossa (Knikou, 2008; Yavuz et al., 2015). With this
method we are able to estimate neural drive for excitatory and inhibitory neural circuits (De Luca et
al., 2006; Farina et al., 2010; Yavuz et al., 2015, 2018); the large amount of identified MUs from the
HDsSEMG represents the motoneuron pool more accurate compared to single MU recordings (Yavuz

et al., 2015).

In this light, we hypothesize that the excitatory and inhibitory postsynaptic potentials (EPSP and

IPSPs) elicited from |, afferent fibers are distributed to motoneurons differently

e between lower limb’s extensor and flexor muscles TA and TS muscles (study 1),

e between experienced athletes and a moderately active control group (study 2 and study 3),

This differential distribution is thought to be the result of a functional and neural re-organization of
sensory input due to long-term motor skill training (Adkins et al., 2006); In this sense, differences
between skilled and unskilled participants result in enhanced proprioceptive feedback and balance
control (Schneider et al., 2002). We hypothesize that underlying neural circuitries adapted in a long-

term motor-trained group due to their training experience.

2.2 Muscle interplay of the lower limb

2.2.1 Muscle interplay - Agonist & Antagonist
Since a skeletal muscle is attached to the skeletal system with tendons which mostly traverse over
joints, there are different types of contractions a muscle can perform. The different types of
contraction are described as isotonic, isometric and auxotonic (Schmidt et al., 2007; Widmaier et al.,
2013); eccentric contraction appears when the contracted muscle is lengthened; isotonic concentric
contraction describes the shortening of muscle length while the muscle is already contracted (Arus,
2013). Subjects in all presented studies performed sustained isometric contractions for the

estimation of reflex responses and associated examined parameters.
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The agonist is functionally, respectively anatomically, defined as the muscle which contracts through
its own excitation, where on the other hand the antagonist is the muscle which undertakes control
for the opposite movement of the joint (Schiebler et al., 2007; Schmidt et al., 2007). Physiologically,
agonist and antagonist are defined as muscles’ interplay accomplished by neural circuits of afferent
and efferent fibers via excitation and inhibition of muscles (Kandel et al., 2012). Since some tasks
require rapid switch between agonist and antagonist activation or necessitate co-activation (Nielsen
et al.,, 1993 b), the repertoire of recruiting strategies is broad (Kandel et al., 2012). Different
pathways exist which base on activation and on reciprocal inhibition of the antagonistic muscle
(Crone et al., 1987; Capaday et al., 1990; Yavuz et al., 2014, 2017). The terms for agonistic and

antagonistic muscles exist due to their functionality in motion and show no intrinsic property itself.

2.2.2 Muscles of the lower limb
The muscles of the lower limb can be assigned into three categories (Schiebler et al., 2007):

e Ventral branch (extensors): These muscles include the M. tibialis anterior, extensor hallucis
longus, extensor digitorum longus and fibularis (peroneus) tertius

e lateral branch: These muscles are the M. fibularis (peroneus) longus, fibularis (peroneus)
brevis

e Dorsal branch (flexors): the superficial layer consists of M. gastrocnemius, soleus and
plantaris whereas the deep layer consists of M. popliteus, flexor digitorum longus, tibialis

posterior and flexor hallucis longus

M. gastrocnemius (GM) is part of the dorsal branch of the leg. It is a skeletal muscle and consists
of two heads with two origins that unite in a single tendon (c.f. Figure 1 and Figure 2). The
medial head originates from the medial epicondyle of the femur. It is stronger and longer,
compared to lateral head. It springs from the lateral epicondyle of the femur. The deeper layer
and lower part of the muscle is composed of aponeurotic fascia for each section of the muscle
and inserts to the calcaneus. The mutual tendon of GM and SOL is the Achilles’ tendon. The calf
muscles work synergistic and, since both muscles share the same tendon, different perspectives
evolved (Schiebler et al., 2007), whether it is an isolated muscle or part of the triceps surae (TS)
muscle group. The function of GM is plantar flexion of the ankle and assistance of knee flexion.
Muscle fibers are longer compared to SOL which provides speed and short-lasting contractions.

It is innervated by the tibial nerve (TN) (Schiebler et al., 2007).

12



Introduction

40 N. tiblalis

M. gastrocnemius, Caput laterale N. fibularis communis

M. fibularis

[peroneus] longus - Lig. patellae

M. gastrocnemius,
Caput mediale

& N. fibularis communis

M. plantaris
M. soleus

M. soleus A. tibialis anterior

M. fibularis ‘
[peroneus] longus |

M. gastrocnemius M. tiblalis anterior

Figure 1: Depicts dorsal view of Regio cruris  Figure 2: Depicts dorsal view of Figure 3: Depicts ventral view of
posterrior and Fossa poplitea right side. Regio cruris posterrior and Fossa Regio cruris anterior, right side,
Fascia cruris removed and M. gastrocnemius  poplitea right side. M. containing M. tibialis anterior (by
dissected (by Sobotta et al., 2017, modified.)  gastrocnemius and M. soleus Sobotta et al., 2017, modified).
dissected (by Sobotta et al., 2017,
modified).
M. soleus (SOL) is, as well as GM (and M. plantaris), part of the dorsal branch. It is a skeletal muscle
with its origin at the dorsal face of the fibula and on the tibia’s soleal line. It is inserted on Calcaneus’
dorsal surface together with GM’s tendon (c.f. Figure 1 and Figure 2). Its function is plantar flexion of
the ankle and maintenance of vertical erect position of the body. It is, as well as GM, innervated by

the tibial nerve. Muscle fibers are shorter compared to GM. This provides enduring contractions and

force (Schiebler et al., 2007).

M. tibialis anterior (TA) is part of the ventral branch and is a skeletal muscle. It is situated directly
lateral next to the shin (Figure 3). It originates from the lateral condyle and the lateral shaft of the
tibia or the upper two-thirds, the interosseus membrane and from the lateral intermuscular
septum’s deep fascia of the thigh. Tibialis muscle is the most powerful muscle that achieves ankle’s
dorsiflexion and achieves foot’s inversion. It is innervated by deep peroneal nerve (common
peroneal nerve, CPN). TA is partial agonist of M. tibialis posterior and antagonist of the M. peroneus

longus (Schiebler et al., 2007).

2.2.2.1 Posterior chain
As posterior chain, a functional assembly of muscles is meant (Myers, 2013). This assembly consists
mainly of the calf muscles, hamstrings, m. glutei, M. latissimus dorsi and the erector spinae muscle
group; these muscles are big in appearance and can produce high amounts of constant force; the
function of this muscle group is quite numerous (Schiebler et al., 2007; Arus, 2013). They contribute

for example in running, jumping and changes of movement direction. They are anatomically taking

13



Introduction

part in stabilization of knee, hip and spine (Schiebler et al., 2007). Muscles of the posterior chain are
most often involved in lower back pain (Williams et al., 2005, 2009; Tilbrook et al., 2011; Dupeyron
et al.,, 2013).

Besides our approach of gaining insights into neural adaptations induced by long-term motor skill
training on physiological level, we also accessed kinetics to examine underlying changes for different

performance in tests between skilled subjects and control group (c.f. chapter 4.4).

2.3 Central and peripheral nervous system
The central nervous system (CNS) is the part of the human nervous system, which consists of the
brain itself and the spinal cord. The peripheral nervous system (PNS) consists of all nerve fibers
which are not part of the CNS. Both are heavily connected with each other, but the PNS is
subordinated to the CNS (Kandel et al., 2012). By definition nerve fibers in the CNS are myelinated by
oligodendrocytes whereas in the PNS Schwann cells undertake the task of myelination (Schmidt et
al., 2007). The task of the spinal cord can be generally described as the integration of sensory stimuli
via afferents, coordination of involuntary motor functions such as reflexes and some regulation of
vegetative processes. Voluntary movement, complex regulation of inner organs and integration of
different sensory input involve higher brain functions. The interplay between brain and spinal cord is

of great importance for complex movements (Kandel et al., 2012).

2.3.1 The fundamental role of CNS and PNS in mammalian movement
Kandel et al. (Kandel et al., 2012) describe the role of CNS in PNS in mammalian movement as

follows:

The brain can be divided into different sections: brainstem, cerebellum, diencephalon and cerebrum.
The brainstem’s medulla represents an extension of the spinal cord. The medulla contains, beneath
cranial nerve nuclei, the apneustic center and other core areas of neural control. The medulla
composes together with pons and midbrain the brainstem. The cerebellum connects with all three
parts of the brainstem. The diencephalon is defined anatomically or functionally whereby various
definitions exist that include or exclude the hippocampus. Pons and midbrain have great importance
in linking areas of the brain, in breathing, sleeping and taste (pons) and in visual and auditory

(midbrain) signal processing. The cerebellum is located behind the pons. It is mainly involved in
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movement coordination and control of posture. This structure coordinates the adaption of
movement as well as specialization and perfection. The diencephalon contains the structures of
thalamus and hypothalamus. Incoming signals via the PNS are sorted and integrated in this brain
area. The hypothalamus is the area of primitive feelings like hunger and thirst. The largest visual part
of the brain is the cerebrum with the cerebral hemispheres. Its function can be depicted as
responsible for motor planning, perception, memory and emotion. The cortex of the cerebrum has

great importance for planning and carrying out movement tasks.

Motor cortex describes a definable region of the cerebral cortex. The motor cortex itself is involved
in execution of voluntary movements, motor control and motor planning. It is functionally
subdivided into three areas: (i) The primary motor cortex responsible for movement execution
creates the main drive together with other motor areas. Its neurons project directly onto a-
motoneurons in the spinal cord; (ii) The premotor cortex plays a main role in motor control,
especially movement preparation, regarding dimensional and sensory planning and integration; (iii)
The supplementary motor area (SMA) is less involved in direct planning of movements but in the
planning and coordination of commands of the premotor cortex (Kandel et al., 2012) (c.f. Figure 4).
Moreover, bi-manual planning and coordination is accomplished by the SMA. Further areas of the
motor cortex are the posterior parietal cortex and the primary somatosensory cortex. Basal ganglia
contribute to control of voluntary movement. The complex function of these core areas remains still
unclear but is thought to contribute by selection and processing, respectively by inhibition or
suppression, to motor tasks; another important role is its gating function in a control loop between
thalamus, frontal lobe and cerebral cortex (Kandel et al., 2012). Midbrain is closely associated with
the motor system. It is a part of the brainstem and located between pons and diencephalon. It is
responsible for passing on of proprioceptive information of sensory fibers to the cerebrum
(telencephalon). Also, sensory information is redirected onto motoneurons by the midbrain (Kandel

et al., 2012).

The cerebellum supports movement by integration of impulses of the sensory system by the spinal
cord. Sensory information of the spinal cord is processed and integrated in the cerebellum. By this,

timing, precision and coordination of motor actions are improved (Kandel et al., 2012).

The spinal cord (Medulla spinalis) is the part of the CNS in vertebrates which spreads out from the
brainstems’ medulla oblongata to the lumbar region of the vertebral column. It is localized in the
spinal canal and, as the brain itself, surrounded by the meninges. A major share of the peripheral
system connects with the spinal cord via dorsal and ventral roots of the spinal canal (Kandel et al.,

2012). It consists of grey and white matter (c.f. Figure 4).
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Figure 4: Explanation of the levels of motor control (forebrain, brain stem and spinal cord). Green arrows depict direct
activation by motor areas or indirect by brain stem’s descending systems issuing into spinal cord. Afferent input is
received at all levels. Orange arrows show influence of cerebellum and basal ganglia, green arrows show direct motor
commands by motor areas onto spinal interneurons and motoneurons., blue arrows indicate integration of information in
basal ganglia (by Kandel et al., 2012, modified).

The CNS can be divided morphologically into the grey matter and white matter. While white matter
contains the fibers, only a few myelinated axons are located in it; grey matter is one of the major
components of the CNS, containing nerve cell bodies, dendrites, non-myelinated axons, glia cells and
capillaries. In the spinal cord, grey matter is surrounded by white matter and an anterior and

posterior horn of lateral ventricle forms a butterfly-like structure (Kandel et al., 2012), c.f. Figure 4.

On the contrary, white matter is composed mainly of myelinated axons that are bundled into tracts.
The myelination of these surrounding glia cells and myelin sheaths appear optical white. Within
spinal cord it surrounds grey matter and can be distinguished as an anterior, lateral and posterior
branch (funiculus). In the cerebral cortex localization of matter is vice versa, compared to the spinal

cord; here, white matter is surrounded by mainly grey matter (Kandel et al., 2012).
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2.3.2 Peripheral nerve

A nerve is a bundle of axons outside the central nervous system, which contains efferent axons
projecting to effectors and/or afferent axons from sensory cells. Peripheral nerves contain nerve
fascicles and connective tissue. Each fiber is surrounded by endoneurium, whereas epineurum
surrounds nerves and adipocytes. Some up to hundreds of nerve fibers are grouped by the perineum

to bundles. These bundles are grouped by fascicles and form up the epineurum surrounded mixed

nerve (Kandel et al., 2012).
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Figure 5: Popliteal fossa depicting stimulation area of the peripheral nerve (by Schmidt et al., 2007, modified).

In general, the afferent fibers are responsible for sensing in- and extrinsic properties, whereas
efferent fibers lead to activation of target muscles. The neural pathways involved in postural control
are quite complex and linked with each other. We know that these pathways can be altered due to
long-term motor skill training (Rochcongar et al., 1979; Augé et al., 2000; Schneider et al., 2002;
Adkins et al.,, 2006; Ogawa et al., 2009; Vila-Cha et al., 2012). It is of great necessity to deeply
examine occurrence of neural adaptations on the level of single motor units, to determine which

neural structures are altered with regard to short-, mid-, as well as long-term motor skill training.

2.3.3 Myelinated and unmyelinated nerve fibers

Table 1: Afferent fiber groups in peripheral nerves (by Kandel et al., 2012, modified). Classification of sensory afferents in
muscle by their diameter, whereas sensory nerves in cutaneous nerves are classified according their conduction velocity:

Muscle Cutaneous nerve Fiber diameter Conduction
nerve [um] Velocity [m/s]
Myelinated Large | Aa 12-20 72-120
Medium Il AB 6-12 36-72
Small 1] Ab 1-6 4-36
Unmyelinated \Y) C 0.2-1.5 0.4-2.0
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As shown in Table 1, nerve conduction velocities differ in a broad range between unmyelinated and
myelinated fibers and even between myelinated nerve fibers. Unmyelinated nerve fibers are very
slow in conduction velocity due to the missing of myelin sheaths; propagation of the depolarization
of the membrane potential continues until it abates along the nerve fiber or reaches the axon’s
terminals (Kandel et al., 2012). This kind of slow information flow occurs for instance in pain

perception.

On the other hand, nerve fibers myelinated by Schwann cells (c.f. Figure 6) support fast conduction
of the depolarizing membrane potential. This is accomplished by formation of myelinated non-
conducting areas on nerve fibers. This shape repeats over the nerve fiber until axon terminals. An
action potential propagates saltatory over the nerve fiber and is always regenerated at ion channel

containing nodes of Ranvier.

nodes of Ranvier

layers of myelin

Schwann cell

nucleus

inner tongue
axon

Figure 6: Myelination of an axon by Schwann cells (internode distance is about 1 mm), each sheath is formed by an
individual Schwann cell (by Kandel, 2012, modified).

2.4  Physiology

2.4.1 Motoneuron and Motoneuron Types
A motoneuron is described as the neuron with its cell body located in the spinal cord and its axons
projecting onto effector organs (Kandel et al.,, 2012). The axons’ terminals transmit via
neurotransmitters action potentials of the motoneuron to the muscle fiber. In the case of the
skeletal muscles, the neurotransmitter acetylcholine leads to a chemical cascade that causes the
muscle fibers to contract, which is called neural drive. The cascade leading to muscle contraction is

highlighted in chapter 2.4.6 and chapter 2.4.7.

Motoneurons can be classified as upper and lower motoneurons; the first (or upper) motoneuron

projects via the corticospinal tract on spinal motoneurons. One primary motoneuron innervates
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several secondary (or lower) motoneurons. With the principle of divergence, the signal is spread to
several spinal motoneurons. On the contrary, several primary motoneurons converge on one
secondary motoneuron. The principle of divergence and convergence is a fundamental principle in
neural circuitries to achieve neural interplay. Polysynaptic reflex arcs enhance their information
spread with interneurons massively and span a network between up to six spinal segments per

interneuron (Kandel et al., 2012).

In invertebrates, the response of the muscle fiber by motoneurons can be excitatory or inhibitory,
depending on the released neurotransmitter and the receptor type it binds to; on the contrary, in
vertebrate’s response to the binding neurotransmitter (acetylcholine) is exclusively excitatory
(Schmidt et al., 2007). This means that interplay between agonist and antagonist must be

accomplished by inhibition of the motoneuron itself.

2.4.2 Motor Unit
A motor unit (MU) is defined as a motoneuron and all by its axon terminals innervated muscle fibers
(Kandel et al., 2012). Motor units are categorized in various ways. Since thresholds for a clear
categorization are difficult to meet, the frame for each category is not that strict. From a
physiological point of view, we can categorize motor unit types depending on differences in speed,
contraction strength and fatigability, as in the following Table 2, modified from Burke et al. (Burke et
al., 1974):

Table 2: Common categorization of motoneuron types according to contraction speed and fatigability (Schmidt et al., 2007,
modified):

Name Corresponding fiber type Properties

Fast fatigue-resistant Type lla Relative high force, fast twitch
Fast intermediate Type Il Between Il and llg

Fast fatigable Type llg High force, fast twitch

Slow Type | Low force, slow twitch

Besides this physiological and biochemical classification, also immunohistochemical and gene

characterized classifications exist, but these classifications will not be discussed here in detail.

In general, fast fatigable MUs can produce relatively high forces, whereas fast fatigue-resistant MUs
only cause a fraction of the force produced by fast fatigable MUs (c.f. Figure 7). Slow MUs produce a
fraction of force of the fast-fatigue-resistant MUs. The fast intermediate fibers are with their

properties in between Il and llg (Kandel et al., 2012; Pape et al., 2014).
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Morphologically, two types of muscles can be discriminated: red and white muscle. Red muscles are
composed of slow-twitch fibers, called type | fibers, which rely mostly on oxidative catabolism for
ATP regeneration and contain high amounts of mitochondria, oxidative enzymes and myoglobin
(Schmidt et al., 2007). They are surrounded by an extensive network of capillaries. They produce
relative low amount of force but they are able to contract over a long period of time. This is for
example of great importance to maintain erect posture over the day. On the other hand, white
muscles consist of mostly fast twitch type Il fibers. These fibers have different properties compared
to type | fibers. The cross-bridges can produce force more effectively. They can be categorized into
two different types: type ll, and type llz. Fast fatigable MUs are called type llg fibers. They are
dependent on anaerobic catabolism. The fibers contain relatively large pools of glycogen to transfer
ADP into ATP while glycogen is converted into lactic acid. These fibers can produce high forces in a
very short period of time (brief bursts) but they need up to hours to fully recover (Kandel et al.,
2012). The fast fatigue-resistant fibers of type Il, do not fatigue that rapidly (over several minutes)
and are relatively fast-twitching (Kandel et al., 2012; Pape et al., 2014). Slow-twitch muscle fibers are
generally innervated by slow-twitch motoneurons, whereas fast-twitch muscle fibers are in general

innervated by fast-switch motoneurons (c.f. Table 1).
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Figure 7: Comparison by Purves et al. (Purves et al., 2001) of three different motor unit types (fast fatigable [blue], fast
fatigue-resistant [orange] and slow [purple]). Single motor unit responses are shown. The x-axis shows individual time
course, y-axis represents force development (A, B) and percentage of force (C). (A) According to single motor unit action
potential muscle tension changes. (B) Muscle tension in respect of repetitive subsequent stimulation. (C) Tetanic
stimulation evokes maximum tension (Burke et al., 1974, modified).

2.4.3 a- and y-Motoneuron interplay
a-Motoneurons represent about 70 % of all motoneurons (Kandel et al., 2012). They are cells of the
CNS which innervate skeletal muscles via neuromuscular junctions and by their action cause

contraction of muscle fibers. These cholinergic neurons belong to the lower motoneurons. Cell
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bodies are localized in the nuclei of the brainstem and the anterior horn of the spinal cord. Extrafusal

muscle fibers are innervated by a-motoneurons (Schmidt et al., 2007).

On the other hand, an actively controlled y-motoneuron serves as fusimotor (Pierrot-Deseilligny et
al., 2000; Knikou, 2008) by controlling muscle spindle sensitivity. By actively maintaining muscle
spindle length, it ensures the system possibility to work within physiological properties. y-
Motoneurons represent about 30 % of all motoneurons (Kandel et al., 2012). Their efferents
innervate the intrafusal muscle fibers of muscle spindles; as well as a-motoneurons, their cell bodies
are located in the anterior horn. Axons of y-motoneurons are smaller in diameter compared to a-
motoneurons and extinct either dynamic or static y-fibers (Pierrot-Deseilligny et al., 2012) (c.f. Figure
8, Figure 15 and Figure 16). |, afferent fibers are located like a spiral in the central region of an
intrafusal muscle fiber. Type Il fibers are located in the adjacent. Dynamic nuclear bag fibers receive
information from |, afferents and are innervated by dynamic y-motoneurons, which can in turn alter
I afferents’ sensitivity. By providing information about the muscles dynamic properties, dynamic y-
fibers adjust the depolarization rate of a-motoneurons to achieve accurate contraction, especially if
there is a mismatch between the intended and the achieved movement (Pierrot-Deseilligny et al.,
2012). Static y-motoneurons are part of the intrafusal muscle spindle fibers and innervate nuclear
bag and nuclear chain fibers. They mainly contribute to stretch reflexes’ static sensitivity. Static y-
fibers seem to provide an increase in background discharge to support active muscles (Kandel et al.,

2012; Pierrot-Deseilligny et al., 2012) (c.f. Figure 15 and Figure 16).

Axons of y-motoneurons also appear to innervate intrafusal fibers. This is useful to prevent the
sensory fiber of the spindle from falling silent by keeping the central region of the spindle loaded;
this phenomenon only appears during co-activation of alpha and gamma motoneurons (Kandel et
al., 2012). If only a-motoneurons are activated in an experimental setup, firing of the spindle pauses
(Kandel et al., 2012). In many voluntary movements, an a-/y-co-activation takes place. The activation
of y-motoneurons provides muscle contraction itself and, with sensing of fiber’s tension, it supports
optimal contraction of muscle fibers. Sensory I, afferent fibers build a control loop with actively
controlled intrafusal muscle fibers for online control (Pierrot-Deseilligny et al., 2012). A spinal reflex
can be altered by afferent fibers’ presynaptic terminals, by interneurons and by a- or y-
motoneurons. Since involuntary postural motor control is based on reflex arcs of the spinal cord,
these types of motoneurons are very important (Schmidt et al., 2007; Kandel et al., 2012; Pierrot-

Deseilligny et al., 2012).
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Figure 8: Neural circuitry of homonymous muscle left: cross-section of spinal cord; middle: afferent and efferent
innervation of M. soleus; right: lower limb muscles (by Schmidt et al., 2007, modified).

2.4.4 Spindle loading and fusimotor drive
y-Motoneurons appear as dynamic (y4) and static (ys), primary and secondary endings respectively.
Static y-motoneurons possess a very low background activity in a relaxed muscle, which is not high
enough to affect afferent spindle discharge or response to muscle stretch (Pierrot-Deseilligny et al.,
2012). In a relaxed muscle, the response to tendon tap or muscle stretch is not altered. This gives
evidence, that there is no relevant drive of dynamic MNs to resting muscles; but nevertheless it

cannot be ruled out, that there may be some background activity (Pierrot-Deseilligny et al., 2012).

It can be assumed that fusimotor drive is task-dependent. In blindfolded, erect standing subjects
without any support, a volley of five stimulations applied to the ipsilateral sural nerve, caused
spindle activation (measured with microelectrodes in CPN) but no EMG signal was generated in the
silent TA (Aniss et al., 1990). It produced a reflex response in SOL and a forward body sway. This
forward sway would have unloaded the spindle endings but an activation of SOL’s spindle was
measured. Thus, fusimotor drive seems to support mainly moment-to-moment control of movement

(Aniss et al., 1990; Pierrot-Deseilligny et al., 2012).

We know, that in contraction, muscle spindles’ active endings have increased discharge, and silent
endings are activated when movement is prevented (Pierrot-Deseilligny et al., 2012). This is thought
to be mediated by activation of y-motoneurons (Pierrot-Deseilligny et al., 2012). Turchick states

(Pierrot-Deseilligny et al., 2012) that “the fusimotor-driven inflow from primary and secondary
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endings during a voluntary contraction has an autogenic excitatory effect at spinal level”. Gamma-
drive in motor learning is thought to be of great importance, and there is evidence that a greater
fusimotor drive to co-contracting muscles exists, probably due to the need to perform smooth
movement trajectories and for support with sensory cues; this is thought to lead to a refined

voluntary drive, since spinal cord integrates those cues (Pierrot-Deseilligny et al., 2012).

Skill acquisition of new discrete motor tasks requires often co-contractions of antagonistic muscles
to brace joints (Pierrot-Deseilligny et al., 2012). While an enhanced gamma drive is present in the
contracting muscles, there is also evidence of enhanced fusimotor drive to co-contracting muscles
(Nielsen et al., 1994; Pierrot-Deseilligny et al., 2012). The development of a new motor task also
depends on information of re-afferent information and the executing lower motor centers which
rely on the information. By this, gamma drive plays an important role in motor learning.
Furthermore, an altered gamma drive implies neurological syndromes, for example in spasticity and
gait disturbances in Parkinson’s disease (Pierrot-Deseilligny et al., 2012).

y-Motoneurons contribute to learning and execution of accurate movement and are therefore of
great importance when studying the potential adaptations of spinal circuitries induced by (long-

term) motor training.
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Figure 9: The figure shows generation of APs by changes in membrane-conductance for sodium and potassium, resulting
depolarization and repolarization phase; achieved by patch clamp technique by Hodgkin and Huxley, 1952 (figure by Kandel
et al., 2012, modified).The depolarization of the membranes potential is followed by an avalanche-like opening of sodium
channels which in turn leads to opening of potassium channels, followed by repolarization according to equilibrium
potentials of the involved ions.

2.4.5 Action potential
Action potentials are fast depolarizations of the membrane’s resting potential. After depolarizing to

positive potentials, driven by Na'-influx into the cell, it repolarizes fast in dependence of the cell-

23



Introduction

type typical course of time to its resting potential (c.f. Figure 9). The duration of an AP is about 1 ms
for myelinated fibers, about 10 ms for muscle fibers and about 200 ms for heart muscle cells; the
duration depends on the target muscle, causing propagation along fiber and transmitter release at

the axon’s terminals.

The AP development starts with a very fast increase in the membrane potential. This rise lasts 0.2 -
0.5ms and usually zero volts are exceeded. After the peak of the depolarization phase, the
repolarization of the membrane begins and the cell returns to its resting potential. Some types of
cells possess after-polarizations that can be depolarizing (muscle) and hyperpolarizing (spinal). As
described below and depicted in Figure 10, cells possess after their excitation above threshold and
generation of an AP an absolute and a relative refractory period. These time intervals hinge on gated

ion-channels and are cell-specific.

Depending on the all-or-none-law, APs are only generated if a cell-specific threshold is exceeded,
which is usually a depolarization from its resting potential up to -50 mV (Cole et al., 1939). By patch
clamp techniques the membranes resting potential and following processes are determined
(Hodgkin et al., 1952). The excitation of the membrane lasts mostly less than 1 ms and the
depolarization phase itself actuates processes which in turn lead to repolarization. The course of APs
with regard to the cell’s excitability — which is a crucial property of muscle and nerve cells — is cell-
specific and time courses are very stable. Membrane properties that lead to an elicited AP can be
described as follows: the equilibrium potential of K" ions is mainly responsible for the membrane’s
resting potential since conductivity is highest for potassium at rest; Na'-influx is the driving force of
the depolarization of the membrane potential due to voltage-gated sodium channels that open in
the depolarization phase avalanche-like; the conductivity for sodium raises volatile and is dependent

on the amount of initial depolarization (Kandel et al., 2012).

In the repolarization phase, K'-channels contribute to the AP when membrane potential is
repolarizing to membrane’s resting potential. The equilibrium potential for potassium is about -
100 mV, resulting in K™-efflux between -60 mV and +60 mV. This means that opening of potassium
channels already begins in the depolarization phase, but sodium conductivity veneers the effect of

potassium in this phase (Kandel et al., 2012) (c.f. Figure 9).

Due to ion-channel specific properties, cells can generate series of APs depending on the relative
refractory period. A long-lasting excitation for example leads to an inhibition of new APs, whereas
cells that possess, due to drugs or disease, more positive resting membrane potential than -50 mV

up to -60 mV, are not excitable (Schmidt et al., 2007).
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Figure 10: For a short period of time depolarizations of the axon cannot elicit a new AP. After ~2.5 ms depolarizations far
above threshold can elicit a new smaller AP, whereas after ~4.5 ms an AP with similar size like the first developed AP can
be generated (by Schmidt et al., 2007, modified).

Depending on the all-or-none law muscle fiber contractions appear in a rate-coded manner. Slow
frequency causes single muscle fiber contractions, whereas, with increasing frequency, fibers
respond with multiple contractions until tetanic contraction. In this sense, we speak of a frequency
or rate coding of information. The rate in which a motor unit discharges and the number of motor

units recruited determine the amount of exerted force (Duchateau et al., 2014).

It is important to understand the mechanism of information coding and how electrical signals
propagate along different fibers. The organism accomplishes, by sensing of its position in space and
intrinsic properties (upward information flow), the optimal adjustment according to the actual
circumstances. By driving motoneurons and finally recruiting muscle fibers (downward information
flow), to achieve a proper position, the interplay between up- and downward information flow

becomes important (Kandel et al., 2012).

2.4.6 Neuromuscular junction and propagation
As neuromuscular junction, the formed structure by a chemical axon terminal of a motor unit and
the adjoining muscle fiber is meant. The axons’ terminal builds up a structured shape with the
muscle fibers’ membrane. The emerging synaptic cleft in between has a diameter of 10 - 50 nm (c.f.

Figure 11). Surface extension is present on pre- (invagination) and postsynaptic side (basal lamina).

Presynaptically the neurotransmitter acetylcholine is released, which in turn binds on the
postsynaptic membrane. On the presynaptic side of the synapse, an incoming AP leads to an opening
of voltage-gated Ca”**-channels; this causes a migration of synaptic ACh-containing vesicles to the

axons’ terminals. After docking to the terminals, exocytosis causes the release of ACh into the
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synaptic cleft. ACh diffuses to the postsynaptic side, binds, and opens ionotropic, receptor-gated
channels which are permeable for Na*, K" and Ca*. Acetylcholinesterase splits ACh into choline
(which is presynaptic resumed) and acetate (which passively diffuses out of the synaptic cleft). The
rate-coded transmitter-release at the neuromuscular junction translates incoming information of the
nerve fiber into muscle contraction; this is called electrochemical transduction. By this, in
electromyography techniques, only currents that occur in fibers can be analyzed, but no direct
measurement of motoneuron behavior is possible. Detection of motoneuron currents involves

invasive techniques (Schmidt et al., 2007).

Figure 11: Cross section of neuromuscular junction, T: axon terminals, M: muscle fiber, arrow: junctions with
basal lamina scale: 0.3 um (by Wikimedia Commons, originally uploaded to en.wikipedia on 10™ March 2006;
originally source: Synapse Web at the National Institute of Mental Health, National Institutes of Health,
accessed 1% June 2018).

The resulting postsynaptic current is mainly carried by Na*- and K'-ions. This sequent depolarization
from the post-synaptic side’s resting membrane potential is called endplate potential (EPP).
Conductance of ACh-gated ion channels is very variable for different muscle fiber types. For
Example, white fibers possess a high conductance for cations compared to red fibers. In humans, the
EPP of excitatory synapses represents a depolarization of the muscle fiber. The resulting membrane
potential from an excitatory synapse spreads out passively over the muscle fiber's membrane
(sarcolemma) (c.f. Figure 12). If the receptor potential exceeds the muscle fibers threshold potential,
Na‘-channels cause the generation of a muscle AP. Sequent, the AP spreads over the membrane,
enters the transverse tubules and activates Ca**-sensitive dihydropyridin and ryanodine receptors
inside of the muscle fiber. Ca** is released from the sarcoplasmic reticulum into the cytosol. Calcium

initiates thereby the contraction of myofibrils in the cross-bridge cycle (Schmidt et al., 2007).
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synaptic current
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Figure 12: Elicited synaptic current caused by transmitter release of motor neuron terminals decays along the muscle fiber.
Current propagates in the interior of the muscle fiber and since the electric circuit must be closed, it flows back in the
exterior of the muscle fiber (by Kandel et al., 2012, modified).

This further opening of voltage-gated Ca**-channels of the transversal tubule system, and the
activation of the ryanodine system, lead to the release of Ca** from the sarcoplasmatic reticulum,
resulting in a fast and massive increase in intracellular concentration of Ca®* that finally induces
muscle contraction. This coupling of transmitter (ACh) binding and the stepwise release of Ca®,

which leads to muscle contraction, is called electro-mechanical coupling (Schmidt et al., 2007).

For the generation of higher contraction force, more muscle fibers must be recruited (Kandel et al.,
2012). In order to recruit more muscle fibers, neural drive increases, compared to low forces,
resulting in more APs per time, that appear on a muscle at once, elicited by the activation of more
motoneurons (Kandel et al., 2012). These APs propagate over the muscle and are detectable. With
these techniques, also the mapping of muscle activity in terms of its spatial orientation and time is

possible.

2.4.7 Emergence of force
The cross-bridge cycle is the accepted model to explain repetitive muscle activation as well as
resulting phenomena like fatigue. The underlying accepted model of muscle contraction itself is the
sliding filament theory (Huxley et al., 1954 a; b). It can be concluded that thick myosin filaments
possess ‘heads’ which bind under the influence of Ca* to thin actin filaments. Myosin filaments are
at their basis attached to titin filaments which are, as well as actin filaments, anchored with Z-discs.
By a change in conformation, i.e. by execution of a stroke of the myosin’s head lever arm, shortening
of the sarcomere is achieved and turns into the emergence of force. Subsequently binding of ATP
leads to return to resting state. While the muscle is at rest, actin- and myosin filaments possess an
ideal overlap to produce force via shortening. This contraction itself is effect of the electrical
stimulus evoked at the neuromuscular junction and the sequent release of Ca®* (Schmidt et al.,

2007).
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The Actomysoin ATPase cycle (Goldman, 1987; Fitts, 2007; Webb et al., 2011; Kandel et al., 2012)
tries to complete the above theory by explaining more detailed the change in configuration of

myosins’ heads.
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Figure 13: Actomyosin ATPase cycle (by Fitts 2008, modified). Different configurational states (a - f) of myosin heads and
corresponding configurations of the lever arm are shown. Motor domain is colored in metallic gray (free form), purple
(weakly bound) and violet (strongly bound); converter shown in blue, lever arm in orange. Actin monomers are shown as
golden spheres.

As depicted in Figure 13, different configurational states are described by consecutive letters (a-f):
e a:myosin is strongly bound (rigor complex): actomyosinemyosin

b: by binding of ATP and dissociation of the complex, the lever arm is rotated to the pre-

power stroke position

c: hydrolysis follows leading to binding of myosine ADPeP; weakly to actin

d: followed by strongly binding

e: by binding to actin, P; dissociates and causes the power stroke

e f: the swing of the tail completes and lead to the rigor complex (a)
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These two underlying principles of muscle contraction are of great importance to understand
intrinsic muscle properties and the appearance of fatigue, and why we are able to classify muscle

fibers with regard to their physiological and intrinsic properties.
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2.5 Motor Control

2.5.1 Hierarchy of motor control
Processing of sensory afferent input and efferent motor commands is organized in areas that are
hierarchically interconnected. These areas are spinal cord, brainstem and forebrain. Motor tasks as
reflexes, rhythmic as well as voluntary movements, are controlled by these areas. Neural circuitries

are capable of regulating complex motor responses (Kandel et al., 2012).

In the following, a summary of Kandel’s description of hierarchy of motor control is outlined (Kandel
et al.,, 2012): Movement related sensory information is processed simultaneously in different
hierarchically organized structures and systems. Neural circuits located in the spinal cord control
reflex mediation and rhythmic circuits. In contrast, reflexes of face and mouth are controlled by
systems located in the brainstem. Interneurons carry out transmission of information to other nerve
cells. The simplest reflex arc is the monosynaptic reflex arc. The monosynaptic stretch reflex, for
instance, is mediated without any interneuron and displays a control loop of the homonymous
muscle. The spinal cord appears, due to its structure and function, as lowest in hierarchy. Higher
centers of the brain provide downstream flow of information to facilitate interneurons and/or
motoneurons and thereby refine movement patterns. This leads to facilitation or inhibition of
reflexes and is present in smooth muscles’ interplay. Bending of a joint is accomplished by a control
loop that leads to facilitation of the flexor muscle and inhibition of the extensor muscle. Medial and
lateral brainstem neurons project processed information from the cerebral cortex, the cerebellum
and subcortical nuclei to the spinal cord. Two descending systems are present: the medial
descending system that integrates somatosensory, visual and vestibular information to refine
posture control; and the lateral descending system that regulates goal-directed movements of more
distal limb muscles. The highest level of motor control, with regard to neural representation, is
present in the cortex; it is structured into the primary motor cortex with its MNs projecting directly
to secondary MNs of the spinal cord via the Tractus corticospinalis. Several premotor areas
contribute to motor control as well; they contribute to planning of complex motor sequences and

information from the posterior parietal and prefrontal association cortices are integrated.

Besides this, two other parts of the brain alter planning and execution of the performed task: basal
ganglia and cerebellum. They are capable to alter cortical and brainstem motor areas by feedback
circuitries. This process is achieved by involvement of thalamic structures. Loop circuits flow through
different regions of the thalamus. Basal ganglia access information of the cortex and project, after
integration of information, back to the cortex, building open- and closed-loop control systems (c.f.

chapter 2.5.2).
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It is known that cerebellum and basal ganglia regulate and refine posture and smooth movements,
i.e. muscle interplay. Parkinson’s and Huntington‘s disease, both degenerative disorders of the basal
ganglia, result in anomalous posture and involuntary movements (Kandel et al., 2012). The function
of basal ganglia appears as cognitive processing of adaptive motor planning and motivation of motor
tasks, whereas damage of the cerebellum results in discoordination and loss of accuracy for
especially limb motor tasks. Neural circuits located in the cerebellum are responsible for timing,

coordination and learning of motor tasks (Kandel et al., 2012).

2.5.2 Open and closed loop systems
Motor control of movements is achieved by control and support of motor systems. Early
examinations led to the assumption that motor behavior is controlled in an open loop (feed-
forward) system. This theory describes that movement representations are saved as motor
programs in the brain and can be loaded by need (Kandel et al., 2012). By this, nerves are driven by
the primary motor cortex without any possibility to interfere and refine movements while they are
performed. Alteration of joint trajectories and overall task-performance can only be achieved after
execution of the task for subsequent task iterations. This approach evolved as common opinion since
ballistic movements are performed too fast to for any intervention or refinement process while the
task is performed; optimization of movements can only be accomplished after completion of the

movement task (Ehrlenspiel et al., 2010).

On the other hand, the theory of a closed loop (feedback) system was developed. Within this theory
it is possible to study the state of different intrinsic parameters and properties to adjust neural drive
while the movement is performed. This theory describes the control of slow movement like reaching

tasks (Ehrlenspiel et al., 2010).

Since both, open and closed loop control, need time to measure, process, integrate and drive
nerves, and implement thus refinements in the motor task, the time takes too long for a real-time
(online) measuring process without any measurable latency. The actual approach is finding and

defining neural structures that are capable to provide the possibility to measure online.

Usually, for the performance of a motor task, entire programs of motor behavior are loaded and
executed. These programs rarely drive single muscles. Mostly their motor programs lead to the
execution of a movement accomplished by the activation of several synergistic, interrelated groups

of muscles. It can be considered that muscle synergies are supporting fine muscle interplay and that
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these facilitate the execution of learned and saved motor patterns (Ting et al., 2007; Chvatal et al.,

2011, 2013; Oliveira et al., 2012; Pierrot-Deseilligny et al., 2012; Sawers et al., 2015).

2.5.3 Feed-forward inhibition and feedback inhibition
To achieve fine muscle interplay between synergistic and antagonistic muscles, there must be a way
to inhibit muscles from being activated. Since the underlying control mechanism in human is
achieved exclusively by excitatory nerve fibers (Schmidt et al., 2007), two ways of inhibition must be

explained (c.f. Figure 14).

The feed-forward inhibition of a flexor muscle is achieved by projection from extensor muscle’s
afferent fibers onto inhibitory interneurons, leading to inhibition of efferent fibers of the flexor
muscle. Vice versa, feedback inhibition of motoneurons is achieved by a control loop of the extensor

muscle itself containing inhibitory interneurons.

Feed-forward inhibition Feedback inhibition
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Figure 14: Feed-forward inhibition (left) and feedback inhibition (right) (by Kandel et al., 2012, modified). Muscle depicted
reddish, cells yellowish; axon activity in dark yellow shows high activity, light yellow shows less activity achieved by
inhibition.

2.54 Neurons’ sensory and proprioceptive feedback system
Neurons can be classified as unipolar, bipolar, or multipolar neurons; depending on growth of axons
and dendrites. The sensory system provides the possibility to learn by vision, hearing, feeling,
tasting, smelling and pain (classical classification) and by temperature, itch, proprioception and
vestibular sense of balance (modern classification) (Kandel et al., 2012). Input of cells, receiving a
stimulus, is described in three steps: (1) the physical stimulus itself, (2) transformation of the

stimulus into electrical event and (3) the response to the sensation which can be seen as perception
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of the stimulus. Perceptions are constructions of our nervous system and our brain, depending on
the sum of our experiences. Research suggests evidence of a complex repertoire of neural
representations beginning with birth. This stock is highly modifiable from birth to age (Lohmann et

al., 2014).

The basis of all sensory systems is identical in their organization between the single systems. By
stimulation, all systems convey information about modality, location, intensity and timing of a
stimulus; the combination and integration of these four components causes sensation (Kandel et al.,

2012).

Somatosensory neurons, located in the dorsal root ganglia of spinal nerves, outline efferent nerve
fibers, i.e. axons of the bipolar cells, towards the CNS. One neuron receives its input from several
afferent fibers that send proprioceptive and nociceptive information towards the CNS. Thereby,
these neurons process and select proprioceptive information before transmitting them to the CNS
(Schiebler et al., 2007). This is called upstream of information, as mentioned above. Sensory cells
appear in different types, depending on the stimulus they are designed to receive; whereas cells
sensing input information are present for various types of stimuli (Kandel et al., 2012). A summary of
these types of receptors active in somatic sensation, and their innervation and functionality, is

shown in Table 3.

Depending on the quality of the stimulus, this causes excitation or inhibition of the sensory neuron,
depending on time and spatial changes in membrane potential. Integration of this information is
carried out by neurons and is achieved by higher centers of the brain. In the sensory system, the
reaction to a stimulus is the cell’s depolarization; in contrast, rod cells in the human eye react to a
stimulus with hyperpolarization. Graded receptor potentials are primarily generated by sensory

input (Schmidt et al., 2007).

Two diverse mechanisms exist for the coordination of reflex pathways: convergence and divergence.
Divergence leads to enhanced sensory inputs in reflex pathways and is responsible for coordination
of muscle response; divergent distribution of information 1, afferents appears in the spinal cord to
the homonymous muscle even to synergistic muscles (Kandel et al., 2012). As stated by Kandel
(Kandel et al., 2012): “[...] stretch reflex pathways provide a principal mechanism by which
contractions of different muscles can be linked together in voluntary as well as reflex actions” which
makes neurophysiological investigations on this level to the optimal target area to research spinal

plasticity via stretch reflex measurements.
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Table 3: Receptor types active in somatic sensation (by Kandel et al., 2012, modified):

Receptor type Fiber group  Fiber Modality
name

Cutaneous and subcutaneous mechanoreceptors Touch

Meissner’s corpuscle Aa, B RA Stroking, fluttering

Merkel disc receptor Aa, B SAl Pressure, texture

Pacinian corpuscle Aa, B PC Vibration

Ruffini ending Aa, B SAll Skin stretch

Hair-tylotrich, hair-guard Aa, B G1, G2 Stroking, fluttering

Hair-down D Light stroking

Field Aa, B F Skin stretch

|

Thermal receptors Temperature

Cool receptors Ab I Skin cooling (25 °C)

Warm receptors C v Skin warming (41 °C)

Heat nociceptors Ab Il Hot temperatures (> 45 °C)

Cold nociceptors C v Cold temperatures (< 5 °C)
Nociceptors

Mechanical Ab I Sharp, pricking pain

Thermal-mechanical Ab I Burning pain

Thermal-mechanical C v Freezing pain

Polymodal C v Slow, burning pain
Muscle and skeletal mechanoceptors

Muscle spindle primary Aa la Muscle length and speed

Muscle spindle secondary AB Il Muscle stretch

Golgi tendon organ Aa Ib Muscle contraction

Joint capsule AB Il Joint angle
mechanoceptors

Stretch-sensitive free Il Excess stretch or force
endings

In contrast, convergent input of interneurons enhances the versatility of reflex responses. This
strategy can be optimally described by the example of muscle’s I afferents, which receive input
from Golgi tendon organs. Stimulation of these fibers leads to autogenic inhibition (inhibition of
homonymous motoneurons) by bi- or trisynaptic inhibition (Kandel et al., 2012). The interneurons’ I
afferents are projecting to the CNS to form synapses with muscle spindle I, afferents, diverse
cutaneous receptors and afferent fibers from joints, plus they receive excitatory and inhibitory input
from different descending pathways (Kandel et al., 2012). The connections of the spinal cord with
the axons of tendon organs are thought to participate in the spinal reflex network coordinating
lower limb motor tasks (Kandel et al., 2012). Centrally generated descending motor commands alter

properties of spinal reflex pathways by modifying their properties.
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2.5.5 Muscle spindle and its role in motor control
Muscle spindles’ afferents represent muscles’ sensory fibers and are named by their shape. They are
small intramuscular encapsulated sensory receptors which sense changes in length of its connected
muscle fibers and provide therefore proprioceptive feedback information for the CNS; this system is
elementary necessary to maintain posture and also to react adequately to external and internal

stimuli (Kandel et al., 2012).

As depicted in Figure 15 and Figure 16, muscle spindle afferents project with der fibers towards the
CNS. By this, depending on the necessity, how fast information must be received, fibers are mainly
myelinated. For our investigation of neural drive of lower limb muscles, Figure 15 and Figure 16

describe important structures to understand the physiological background.

A muscle spindle consists of three main components: (1) intrafusal muscle fibers with noncontractile
endings, (2) myelinated sensory endings that appear in large diameter originating from the central
region of the intrafusal fibers and (3) myelinated motor endings that appear small in diameter and
innervate the polar, contractile region of intrafusal fibers. Muscle spindles are arranged in parallel to
the fibers of the skeletal muscle, and if skeletal muscle fibers and intrafusal fibers are stretched (i.e.
“spindle loaded”), sensory endings are stretched as well, resulting in an increased firing rate. If the
muscle changes its length, intrafusal muscle fibers change in length as well. Due to this, the activity
of sensory endings increases if the muscle is stretched. On the other hand, a shortened muscle leads
to decreased activity of sensory endings. Gamma motoneurons innervate intrafusal fibers, whereas
large-diameter alpha motoneurons innervate extrafusal muscle fibers (Kandel et al., 2012). The

behavior and properties of these motoneurons are explained in chapter 2.4.3.

Figure 16 depicts a muscle spindle located for example in the muscles of the lower limb. Afferent
fibers are colored in blue (type I, fibers) and red (type |l fibers), efferent fibers in yellow (axon of y-
motoneuron). Intrafusal muscle fibers contain dynamic y-fibers at their end poles and are wrapped
by 1, afferents. Static nuclear bag fibers are wrapped by type Il fibers and |, fibers as well.
Furthermore, static nuclear bag fibers possess static y-fibers. Both fibers are grouped side by side
and are surrounded by the capsule. Monosynaptic stretch reflex is a suitable physiological pathway
to explain the underlying concept (c.f. Figure 15). If the muscle is stretched (for instance by a
stimulus on the stretched knee tendon) I, and Il afferent fibers are projecting proprioceptive
feedback towards y-motoneurons, arising an AP on the homonymous muscle. Interneurons in the
central pathway provide the system possibility to receive further input from antagonistic muscles or
higher cortical areas. Higher cortical areas can project on a- and y-motoneurons as well. After

afferent information is processed, the muscoskeletal system must be driven to enable motor
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behavior. This is accomplished by the efferent system. In the PNS efferent fibers possess axons,
originating a-motoneurons of the spinal cord, which project over large distances from the CNS

toward the peripheral effector organs (Schmidt et al., 2007; Kandel et al., 2012).
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Figure 15: Depiction of a control loop with feedback Figure 16: Structural design of muscle spindles (by
inhibition showing cortical drive and circuitry in spinal cord Schmidt et al., 2007, modified).

level (by Schmidt et al., 2007, modified).

Type | and type Il fibers differ in properties and their physiological purpose; types refer to primary (l)
and secondary (IlI) endings of the afferent nerve fibers. Type | sensory fibers are divided into type I,
and type lg. Type I5fibers sense the rate how fast a muscle stretch changes by sensing changes in
muscle length and velocity, whereas type Iz fibers (Golgi tendon organ) sense changes in muscle
tension. Type Il sensory fibers are highly myelinated, provide very fast transmission of information

and do not adapt. They are connected to nuclear chain and bag fibers.

The y-motoneuron serves as an actively controlling fusimotor, which controls muscle spindle
sensitivity. Static fibers of y-motoneurons innervate nuclear bag and nuclear chain fibers. Static
gamma motoneurons increase firing of muscle spindles; dynamic fibers of y-motoneurons are
capable of enhancement through I, afferent fibers. We can conclude that a-motoneurons represent
a type of efferent fibers that innervate muscle fibers at the neuromuscular junction. On the contrary
y-motoneurons are actively controlled sensing elements that contribute to motor control (Kandel et

al., 2012).

Investigation of I, muscle spindle afferents is of great importance for us since it is a good tool to

research spinal plasticity due to long-term motor skill training (Capaday et al., 1990; Nielsen et al.,,
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1993 b; Adkins et al., 2006; Perez et al., 2007; Knikou, 2008; Ogawa et al., 2009; Thompson et al.,
2009; Pierrot-Deseilligny et al., 2012). Research of I, afferent fibers is purposeful, since these lowest
neural circuitries are affected by long-term motor skill training as well as motor programs of higher

neural structures.

2.5.6 Reflexes
Reflexes depict fast involuntary changes of the muscle’s state as a reaction to a perceived stimulus
(Kandel et al., 2012). A stimulus is transmitted from the periphery via the peripheral nervous
systems to the spinal cord. Afferents project directly on efferents or interneurons (c.f. Figure 15).
Depending on the involvement of interneurons in the reflex arc, reflexes can be distinguished as

monosynaptic (direct projection on a-motoneurons) or polysynaptic (interneurons involved).

The tendon-jerk reflex is an example for a proprioceptive muscle reflex where the monosynaptic
reflex arc affects the homonymous muscle. Sherrington was the first scientist who stated that a
muscle contraction is accomplished by relaxation of the antagonistic muscle in the year of 1897
(Enoka, 2008) and called the behavior “reciprocal inhibition” (Pierrot-Deseilligny et al., 2012). A
reciprocal inhibition of agonist muscles involving monosynaptic reflex testing was first designed by
Lloyd in the year 1941 and published later on with colleagues (Laporte et al., 1952). It led to the
assumption that due to the very short latency of the reflex, the circuitry is designed monosynaptic
(Laporte et al., 1952; Pierrot-Deseilligny et al., 2012). Later, intracellular recordings showed that one

interneuron is involved in the la inhibitory pathway (Eccles et al., 1956).

As depicted in Figure 15, 1, afferent fibers directly project onto a-motoneurons of the homonymous
muscle. Excitation or experimental stimulation of afferents causes neural drive to the homonymous
muscle (which in turn causes contraction). Experimental standardization for research of H-reflex
(Hoffmann, 1910) is achieved by an adjustment of electrical stimulation intensity, build on
Henneman’s postulation regarding the size principle of motoneurons according to their excitability

(Henneman et al., 1965). For this purpose H.«/Mmax tuning curves are recorded (c.f. Figure 18).

Polysynaptic reflexes provide an organism with the possibility to react on a stimulus in a fast,
unconscious way, involving the integration of information by sensory organs and structures. This
pattern is often found in protective behavior. Motor behavior as an outcome of a polysynaptic reflex
arc is modified in various ways (Perl, 1962). These reflexes occur in diverse ways with equally various
complexities of involved neural circuitries. Interneurons mediate this information between neural

circuitries. Microscopic findings indicate that about 30 interneurons are connected to one
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motoneuron. Interneurons can be grouped into several subtypes: (1) local interneurons have a
limited spatial effect, (2) propriospinal interneurons appear with a long-range effect, (3) commissural
interneurons ensure bilateral information coordination and (4) interneurons that traverse over large

ascending axons to higher parts of the CNS (Kandel et al., 2012).

Kandel et al. (Kandel et al., 2012) describe, that polysynaptic reflex circuits occur in various shapes.
For instance, an unconscious protective reflex is the blink reflex, where differently involved neural
structures transmit information that leads finally to contraction of the M. orbicularis oculi and
subsequent to shut of the eye lid; since the eyelid does not possess any supporting muscles and
muscle contraction takes place via several neural circuitries, this reflex is also mentioned as
polysynaptic reflex (Kandel et al., 2012). An example for a conditioned reflex is found in Pawlow’s
dog experiments where dogs were conditioned to ringing of a bell according to food granting; also
higher brain centers are involved in the learning process which affect motor behavior according to
the learned stimulus. Other types of reflexes involve more muscle groups to achieve an adequate
reaction to a stimulus. This is found in primitive reflexes, for instance. These reflexes describe a
reproductive reaction pattern of, for example, protective motor behavior. This type is found in

rooting, sucking, palmar, plantar, swimming and other reflexes (Kandel et al., 2012).
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2.5.7 The spinal circuitry between lower limb extensor and flexor muscles

In order to perform different types of movement, fine muscle interplay as well as co-contractions,
the lower limbs’ extensor and flexor muscles must be able to achieve neuromuscular adaptations
according to the needed function for the entire system. In the case of locomotion, a continuous
interplay of extensor and flexor muscle by excitation and inhibition is of fundamental importance to
allow movements of muscles, joints and the execution of the desired movement. Motoneurons in
vertebrates are exclusively excitatory and cholinergic. Therefore, the organism must accomplish
active muscle relaxation by information flow via interneurons, which serves as a mechanism to

actively control muscle contraction or relaxation (Kandel et al., 2012).
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Figure 17: Schematic overview of inter-connectivity of lower limb afferent and efferent fibers to asure smooth muscle
interplay. Reciprocal inhibition of TA by TS shown exemplary. Afferents colored in blue, efferents colored in red.

Figure 17 depicts the neural circuitry of the lower limb muscles we examined in our experiments
(Yavuz et al., 2017, 2018). The lower limbs’ calf muscles are shown as SOL and GM, which build up
the TS muscle group together with the M. plantaris. These muscles contribute to plantar flexion and
supination of foot and ankle. Dorsal extension as well as knee stabilization is accomplished by TA
located near the shin. The big muscle group of TS and TA are interconnected to provide online

control and crosstalk between both.

During voluntary movement, a-motoneurons are activated reciprocally via la-afferents (Knikou,
2008). It was found that least one neuron serves as interneuron in animals (Eccles et al., 1956) and in
human (Crone et al., 1987; Katz et al., 1991) to connect the partial agonistic muscles. Later on, it was

shown that excitatory and inhibitory interneurons provide the possibility to achieve smooth gait
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(Katz et al., 1988; Capaday et al., 1990). Investigations focused on the reciprocal inhibition itself but
not on the mutual distribution of inhibitory reciprocal input. With our approach, we analyzed the
excitability of the motoneuron pool and the distribution of synaptic inputs and intrinsic properties of
a-motoneurons. Extensor and flexor muscles of the lower limb differ in a vast way from each other,
i.e. number of muscle subgroups, anatomy, physiological character, synaptic input distributions etc.
We can assume an asymmetric reciprocal inhibition between extensor and flexor muscles, as former
studies indicated, using SEMG and single motor unit analysis (Crone et al., 1987; Nielsen et al., 1992).
But these studies do not answer the question, if the asymmetric reciprocal inhibition arises from
different mutual distribution of reciprocal inhibitory input. To examine this gap, we designed our
experiments with measurement of standardized input on timings of discharge of individual motor
units and by sampling a large count of activated motor units (Nielsen et al., 1992; Yavuz et al., 2015).
Our study 1 investigated the interplay between extensor and flexor muscles of the lower limb and
we found a non-symmetrical distribution of inhibitory reciprocal reflex responses (Yavuz et al., 2017,

2018).

It should be mentioned as well, that long-term motor skill training leads to particular refinements
and adaptations of neural structures; this is thought to arise from plasticity of involved afferent and
efferent fibers (Nielsen et al., 1993 b; Adkins et al., 2006; Mazzocchio et al., 2006; Wolpaw, 2007). By
learning a new motor task afferent and efferent fiber’s drive is refined to accomplish smooth

movement trajectory (Pierrot-Deseilligny et al., 2012).

2.5.8 Motor modules
The term of motor modules (i.e. synergies) should be briefly introduced to provide the
neuromuscular context of motor behavior. Muscle synergies are thought to represent motor
modules, that are recruited by the nervous system to perform motor-subtasks, which are necessary

for movement (Safavynia et al., 2011).

Walking and running, which build up the repertoire of two types of human locomotion, are
controlled by shared, pattern-generating networks (Cappellini et al., 2006). The measurement of
EMG activity of different muscles, using multi-electrode arrays in locomotion, enables the
investigator to examine the activity of synergistic muscles that lead to the performance of a specific
movement. As described for gait, several motor modules are described (Oliveira et al., 2012). Since
human locomotion consist of different phases of walking, it went to great interest to understand the
underlying control mechanisms of those motor modules (lvanenko et al., 2005; Cappellini et al.,

2006; Lacquaniti et al., 2012; Oliveira et al., 2013).
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Since this branch of physiology and kinesiology represents an entire field of research, it should be
mentioned and briefly introduced since the importance for neuromuscular control is very evident. It
should also be taken into account for observations in terms of neuromuscular adaptations and in
regard of long-term motor skill training. In our experimental setup we analyzed rather the behavior

of motor modules but focused on the underlying physiological behavior of single motor units.

2.6 Spinal plasticity affects neuromuscular properties
Due to long-term motor skill training, the spinal cord shows neuroplasticity in a sense of change in
neural drive, which is mainly associated with synaptogenesis (Adkins et al., 2006). It is known that
reflex amplitudes and therefore muscle interplay in skilled long-term trained ballet dancers is
significantly different from control (Nielsen et al., 1993 b). Functional and neural changes according
to long-term motor skill training like martial arts (Seérensen et al., 1996; Zehr et al., 1997; Sforza et
al.,, 2002; Gatts, 2008) were investigated, as well as body arts like Yoga (Williams, 2009; Ni et al.,
2014), as well as passive or active stretching exercises (Avela et al., 1999 a; Guissard et al., 2006;
Robertson et al., 2012; Dupeyron et al., 2013; Balle et al., 2015; Behm et al., 2015; Zotz et al., 2016).
Results are indicating that neuromuscular adaptations take place at different stages of development
in various neuromuscular structures as muscle properties, afferent and efferent excitability, neural

drive, interneuron pathways etc.

We accept these adaptations to take place in a group of regular long-term trained Ninjutsu
participants since literature indicates differences in motor behavior due to training experience
(Nielsen et al., 1993 b; Augé et al., 2000; Schneider et al., 2002; Adkins et al., 2006; Ogawa et al.,
2009). These changes must underlie different neuromuscular control mechanisms, since the
outcome of these mechanisms is defining how motor actions are (functionally) performed. This
makes a group of skilled long-term trained martial artists, as well as a group of Yoga skilled
practitioners, to an ideal object of study to analyze underlying neuromechanical differences in

relation to the proprioceptive feedback system involving I, afferent fibers.

2.6.1 Investigation of motoneuron excitability and spinal plasticity
By usage of monopolar recorded reflexes as a probe, we are able to get insight into motoneuron
excitability and spinal plasticity (Knikou, 2008). Recording of electrically evoked H-reflexes allows the

investigator to record and investigate the signal by filtering electrical noise. The experiment’s
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outcome is the amount of voltage which spreads over the muscle belly (i.e. EMG recording). This is
used to make a statement about the global firing event, resulting in an electrical volley evoked by all
activated motoneurons (Hoffmann, 1910; Knikou, 2008). This technique allows investigation of
neural plasticity on spinal level and is a robust, relying and accepted way of investigation (Hoffmann,

1910; Capaday et al., 1990; Nielsen et al., 1993 b; Avela et al., 1999 a; Wolpaw, 2007; Knikou, 2008).

In our experiments we investigated with a standardized amount of current, applied to TN in the
popliteal fossa, and with a differential measurement method, the amount of voltage between two
electrodes (out of 64 available electrodes on the array). The resulting direct motor response (M-

wave), respectively the elicited reflex in the homonymous muscle (H-reflex), is depicted in Figure 18.

2.6.2 M-wave and H-reflex
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Figure 18: Explanation of excitation of the mixed nerve TN. Shown is the time curve of EMG 100 ms before and after the
stimulation. Upper trace (red) depicts direct motor response (M-wave), lower trace (green) depicts reflex in the
homonymous muscle (H-reflex); excitatory stimulus applied at time mark 0 ms.

High electrical stimuli cause direct motor response (M-wave) by direct excitation of motoneurons
and afferents, whereas low electrical stimuli only stimulate afferent fibers (H-reflex) (Knikou, 2008).
Direct motor response occurs immediately after the excitation; H-reflex staggered about 50 ms later
(c.f. Figure 18 and Figure 19). Direct motor response is elicited if the electrically applied stimulus is
strong enough to excite a-motoneurons directly (c.f. Figure 20). If so, |,-afferent fibers are excited as
well. But since the electrical signal propagates orthodromic (elicited by I, afferent fibers) and
antidromic over the motoneuron, it collides with the AP generated at the spinal cord on the
homonymous motoneuron leading to an elimination of the physiologically generated AP. Only the

part of the signal propagating from the excitation area to the muscle (orthodromic) causes muscle
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contraction. This measureable direct motor response is called M-wave and appears between 5 to
10 ms after the excitation in the popliteal fossa (Schmidt et al., 2007). The time-interval between the

direct motor response and the onset of force development is called electromechanical delay (EMD)

(Yavuz et al., 2010).

Besides this, also the voluntary drive (V-wave) from cortex should be mentioned. The voluntary drive
appears during maximal contractions with supramaximal stimuli and is mentioned as a variant of H-
reflex (Fimland et al., 2009); V-wave is thought is represent the magnitude of efferent neural drive,
which can be altered by the execution of training (Fimland et al., 2009).

By lowering the cutaneous applied excitation intensity, motoneurons with smaller diameter are
excited first (Henneman et al., 1965). On the contrary, afferent type | and type |l fibers are activated

from largest to smallest, due to their lower threshold (Kandel et al., 2012).
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Figure 19: Depiction of reciprocal action in the increase in  Figure 20: Depiction of the relation between size of H-reflex
stimulation intensity between the size of motor responses of H-  and size of M-wave (by Knikou, 2002, modified).

reflex (black) and M-wave (grey) as multiples of motor

threshold, caused by excitation of the peripheral mixed nerve

TN (by Knikou, 2008, modified).

2.7 Context of the study

2.7.1 Motor behavior and environment

Motor behavior describes the behavior of an organism in respect of its motor control and motor
system (Kandel et al., 2012). This is present in very different areas of everyday life. It is crucial for the

organism to live and interact with the environment, develop and spread.

Every organism enters the world at birth with a repertoire of modifiable motor behavior. This

repertoire is for example present in the animal kingdom when we observe quadrupeds getting on
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their feet as their very first task to accomplish. But also humans have impressive abilities at the stage
of a newborn. Several reflexes are present, for example: palmar grasp reflex, sucking reflex, plantar
reflex, swimming reflex etc. (Schmidt et al., 2007; Kandel et al.,, 2012). Most of these reflexes
disappear during the first months after birth, getting replaced by motor behavior from higher levels
since synaptoplasticity is highest in the first days after birth. From the stage of birth continuing over
the lifespan to elder organisms, neural plasticity is reduced, but it is still present (Lohmann et al.,
2014). This makes learning new tasks and implementing motor programs more challenging, but it is

still possible.

Motor action is the most important factor in the development of animals and humans. Without
motor actions we would not be able to live in and interact with our environment. Motor behavior is
the main driving force of art and therefore for emergence of human culture in written word,
painting, body arts etc. All expression of human mood and transmission of social topics and history
are accomplished by motor behavior. This genesis would not have been possible without the
development, altering and execution of motor tasks. If we take a look not in past but in present and
future, the planning of movements and learning new skills comes up to us. Even when dreaming the
motor cortex is highly active (De Carli et al., 2016). This makes sense, if we take into account that all

dreams are in action and not a still life.

2.7.2 The effect of training on spinal plasticity
Since the interest of this study is the plasticity of the spinal cord, we investigated a group of skill
trained martial artists and compared them with a group of moderately active people. The training of
the martial arts group consists of three different training areas, with regard to the allocation Adkins
et al. made (Adkins et al., 2006). Training usually involves all three mentioned areas of skill, power
and endurance training, no matter which task is preferably performed (c.f. Error! Reference source
ot found.). But when it comes to groups which specifically train for one parameter, the two other
are usually shortened in training, but they are still evident. However, Adkins et al. (Adkins et al.,
2006) defined the neural results for those three types of training on the spinal cord level for skill,

strength and endurance training. These training types are explained in the following.

2.7.3 Skill training
By operant conditioning of the spinal stretch reflex (H-reflex), Wolpaw and colleagues made the

finding that spinal plasticity persists in monkeys (Carp et al., 1995), rats (Chen et al., 2001) and
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human (Segal et al., 2000) and even after transection in primates (Wolpaw et al., 1989; Wolpaw,
2007). H-reflex changes are a common parameter to investigate spinal plasticity with regard to long-
term training (Rochcongar et al., 1979; Nielsen et al., 1993 b; Augé et al., 2000; Mazzocchio et al.,
2006; Ogawa et al., 2009) as well as to 10 days of training exercise in walking backward (Ung et al.,
2005). A conditioned decrease in H-reflex size occurs due to increasing motoneuron firing threshold,

whereas a reduced inhibition of a motoneuron results in an increase (Adkins et al., 2006).

Since skill training affects spinal reflexes, which occur entirely in spinal cord pathways, the spinal
cord itself is the ideal region to perform research on neural plasticity with regard to skill training
(Thompson et al., 2014). By taking these findings into account, re-organization and synaptoplasticity

takes place in the spinal cord as a result of skill training.

2.7.4 Strength training
While comparing power-trained athletes with endurance trained athletes (Maffiuletti et al., 2001), it
was found, that a reduced H-reflex excitability is present in the power-trained group, where on the

other hand the maximum voluntary contraction level is increased in this group.

Power training, i.e. strength training, is thought to increase overall participating motor units and the
output of force; also it seems to compensate the lower efficacy of the reflex transmission between I,

spindle afferent input and a-motoneuron of SOL (Maffiuletti et al., 2001).

The V-wave (c.f. chapter 2.6.2) represents the corticospinal drive. Experiments show evidence that
the corticospinal drive increases within 3 weeks of strength training (Vila-Cha et al., 2012) and after
9 -21 weeks (Sale et al., 1983). By comparing skill with strength training Remple et al. found
evidence, that skill training but not strength training induces changes in spinal plasticity (Remple et
al., 2001). Taking this into account, strength training seems to reinforce existing synapses and leads

to increased excitability of motoneurons.

2.7.5 Endurance training
Endurance training leads to an increase in H-reflex size as well as Achilles tendon and patellar tendon
reflex activity compared to control (Koceja et al., 2004). Findings by Walton et al. point out that
endurance-trained athletes perform with a higher reduction in H-reflex amplitude compared to

sedentary while executing a fatiguing protocol (Walton et al., 2002).
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2.7.6 Ninjutsu
We have chosen a group of regularly training martial artists of Ninjutsu. Ninjutsu is an eastern
martial art with its origin in province of Iga, Japan. The system of Bujinkan Budo Taijutsu, also called
Bujinkan Ninjutsu, is a martial art system which combines six samurai schools with three ninja

schools. Emergences of schools reach back in time until around 1000 AD (Hatsumi et al., 2008).

We focused on the outcome of nowadays training of Ninjutsu in terms of physical and neural
aspects. In general, training involves physical training for building up stamina and fatigue, as well as

training how to fall and break falls and the technique training itself.

The following parts of training are mainly performed in solo training. Physical training leads to more
skill, power and endurance. Learning how to fall (break falls, leaping, dodging) provides the
executioner possibility to sense how the movement is bodily performed in an accurate and proper
way. Technique training is usually performed in postures or stances. These stances are performed
with a lowered center of mass (CoM) by standing with knees slightly bend. All techniques require a
lowered CoM compared to normal walking or standing. Besides this, appropriate kicking and
punching is trained to improve control itself and control of the expected result (Arus, 2013). Training

with a partner is usually performed to train techniques of self-defense (c.f. chapter 2.7.6.2).

2.7.6.1 Explanation of the concept
The concept of Ninjutsu leads to a refinement of movements itself due to training, achieved by
conscious or unconscious improvement of sensing the body in terms of position, force and motion in

space — similar to the Feldenkrais Method (Feldenkrais, 1972).

2.7.6.2 Training in martial arts
A common training session of two hours is designed as follows: 30 min warm-up, 30 min break-falls
and 60 min technique training. In all parts of the session standing in lowered body positions (Figure
21) — and therefore frequent activation of the lower limb muscles — is demanded. Subjects examined
in this study are training at least in two or three of these sessions each week, in at least the last

three years until now, and are holding a black belt.

The warm-up consists of typical cardio training (walking, running) combined with moderate power
and strength training (squats, sit-ups, push-ups etc.). This unit is followed by learning of break-falls.

For instance, subjects are standing in adequate lowered body positions while moving into a roll (for
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Figure 21: Photograph of Ninjutsu grandmaster and founder PhD Masaaki Hatsumi, performing the a stance of the system
Bujinkan Budo Taijutsu (from https://shugyoudojo.files.wordpress.com/2011/02/soke-kamae.jpg accessed 1% June 2018).

dodging or evading), standing up and adopting a stance with lowered CoM again, therefore
accessing muscles of knee and ankle stabilization (i.e. GM and SOL). In the following unit, the
technique training, appropriate moving, as well as techniques of self-defense is trained (partner
training). Since techniques of self-defense are only executable with success, if a lowered CoM
compared to the opponent’s CoM is taken up as a stance, lower limb muscle are heavily accessed

throughout the entire training session, especially while technique training (Hatsumi et al., 2008).

2.7.7 Training in stretching and Yoga
It is commonly known and reinforced by scientific and medicinal research, that long-term Yoga
training leads to an improvement in well-being and alleviation of lower back pain (Williams, 2009).
Practitioners of Yoga usually train in a way where lower limb, rear and lower back muscles are
strengthened as well as stretched. A typical training session of one hour consists of a light warm-up
by adopting postures which access a few connected structures, followed by more complex positions
accessing more body structures (c.f. Figure 22).
In this type of training, skill is practiced as well as in in the group of martial artists. Training

techniques in different Yoga styles vary from each other, but with motor skill training neuromuscular
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structures and neural drive are altered in general (Nielsen et al., 1993 b; Carp et al., 1995; Adkins et

al., 2006).

Figure 22: Photograph of B. K. S. lyengar, founder of the style lyengar Yoga, performing a basic stretch technique (called
Supta-Padangushthdsana) accessing are mainly muscles of the posterior chain (from http://www.liveyoga.nl/wp-
content/uploads/

2.8 Materials and Methods

2.8.1 Experimental setup

In the three presented studies the following setup and equipment was used.

2.8.2 Subject position
The Biodex System 3 Pro® (Biodex Medical Systems Inc., NY, USA) can be applied for broad types of
investigations (isometric and isokinetic) at different parts of the body (like knee, ankle, hip, shoulder,
elbow, forearm and wrist). We used the system to determine isometric contraction force of the
participant, while providing optical feedback of torque output. This gives us possibility to standardize
the voluntary contraction level of each participant in respect of their individual maximum voluntary

contraction force (Yavuz et al.,, 2014, 2015, 2018).

Seated on a chair, the participant’s ankle was provided a reference electrode (WS2, OTElettronica,
Torino, Italy) and the joint was fixed in the anatomical resting position. Knee angle was 120 ° for SOL,
GM and TA activation, respectively 170 ° for GM activation. Torque development was recorded with
a dynamometer. Stimulation electrodes were placed with metal pin anode and cathode on the
popliteal fossa (for stimulating TN) and on the head of the fibula (for stimulating CPN). Conductive
gel (AC CREAM250V®, spes medica, Genova, Italy) was used to improve contact between metal pins

and skin.
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Figure 23: Schematic overview of the subjects’ right leg while seated in Biodex System 3 Pro® during H-reflex
measurement; explanation and abbreviations in floating-text.

Figure 23 depicts a performed measurement at the Biodex System 3 Pro® while the subject performs
sustained contraction and H-reflex is measured. The participant’s foot will rest on the footplate (F)
with a fixing belt (B) to keep the ankle in its resting position. The footplate is attached to a
dynamometer (D) to measure torque development for plantar flexion (Ty) and dorsal extension (Tge)
which is proportional to the developed force levels. Three HDSEMG electrodes are mounted on the
lower limb muscles M. soleus, M. gastrocnemius and M. tibialis anterior (Eso;, Egas, Eta). Knee angle
(a) is 120 °, respectively 170 °, stimulation electrode (Sy) is mounted in the popliteal fossa next to

the tibial nerve (c.f. Figure 5); respectively on common peroneal nerve (Scpy).

2.8.3 Stimulation
The Digitimer DS5® (Digitimer Ltd., Hertfordshire, UK) is an isolated bipolar constant current
stimulator which is used to investigate clinical nerve excitability. This system allows us to generate
repetitive square pulses with duration of 0.003 ms. Controlled by a MatLab-script, power output is
defined to achieve proper stimulation intensities in the range of 12 - 16 mA. We use this system to
apply stimuli to TN located in the popliteal fossa (c.f. Figure 5, Figure 23), and CPN, located at the
outer side of the knee (c.f. Figure 23). TN, either for reciprocal inhibition of TS muscle group or for
excitation of the homonymous muscle, and CPN, for reciprocal inhibition of TA, were stimulated in
different sessions. A minimum of 150 pulses (square-wave pulse, 0.3 - 0.5 ms pulse duration, 1-2's
random inter pulse interval) were delivered to the mixed nerve of TN, respectively CPN. Sessions

were randomized. Anatomically, these stimulation points are easy to locate. CPN was stimulated by
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placing the stimulation electrode’s anode and cathode on the anterior and posterior part of fibula’s
head, whereas for stimulation of TN the stimulation electrode was placed in the popliteal fossa. H-
reflex/M-wave-recording (c.f. Figure 18) of the desired muscles provided us information to adjust
and standardize stimulation intensities to H-reflex size of 10 % of the maximum direct motor

response size (Yavuz et al., 2015).

2.8.4 Electrode preparation and EMG recording
Before placing the EMG surface electrodes, the regions of the expected mounting position were
prepared by shaving hairs, cleaning the skin with abrasive gel (EVERI160SPE®, spes medica, Genova,
Italy) and alcohol pads (B. Braun, Melsungen, Germany). After alcohol evaporated, the electrodes,

coated with conductive gel (NEURGEL250V, spes medica, Genova, Italy), were mounted.

Reducing the multichannel-recording, by exclusion of channels, into a bipolar sSEMG measurement
was only performed when decomposition into single MUs was not necessary; Laplace operator was

used for this purpose.

Shape and amplitude of the M-wave/H-reflex by excitation via l,-afferents on the homonymous
muscle can be investigated by using single SEMG electrodes as control to tune stimulation intensities
accordingly (Adkins et al., 2006). For this purpose we used either single channel Ambu® Neuroline
720 (Ambu, Bad Nauheim, Germany) surface electrodes (c.f. Figure 24), if no further calculation of
this muscle into single MUs is needed, or displayed the output of a single electrode of high density
multichannel surface Adhesive Matrix ELSCHO64NM2 (Bio Elettronica, Torino, Italy) density surface

electrodes (c.f. Figure 25).

For the recordings and further calculation of single MUs we used high density multichannel surface
electrodes. The inter-electrode distance between each electrode is 0.8 mm; layout of pins is 5 x 13
electrode grid. Electrodes were placed as shown in Figure 23 on the muscle belly of SOL, GM and TA.

Measurements were performed in differential mode.
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Figure 24: Single channel sEMG electrode of type Ambu® Figure 25: Multichannel sEMG electrode of type Bio
Neuroline 720 (from http://www.ambu.de/Files/Billeder/ Elettronica®ELSCHO64NM2
Product%20Images/720Large.jpg accessed 1** June 2018). (from http://www.otbioelettronica.it/images/prodotti/

Elettrodi/ELSCHO64NM2.png accessed 1% June 2018)

2.8.5 Data acquisition
We used for bipolar measurements preamplifier AD2x8JD (OTElettronica, Torino, ltaly), for
multichannel HDSEMG electrodes preamplifier AD1x64SD5 (OTElettronica, Torino, Italy). The signal
was amplified using a multichannel EMG data acquisition system (EMG-USB2 amplifier,
OTElettronica, Torino, Italy). Amplified signals were band-pass filtered at 20 - 500 Hz and recorded
with a Microsoft Windows® PC with OT Elettronica® recording software. Sampling rate for trigger
and force signal with 12 bps was 10240 Hz, as well as EMG data. The signal was provided for the
participant as optical feedback of torque, which represents the exerted amount of force. This we did,
to perform the sustained contraction at 10 % or respectively 20 % of their MVC. For this purpose we
used a custom made MatLab® (The MathWorks, Inc.) script as well as acquiring M-wave/H-reflex-
tuning-curve to elicit henceforth H-reflexes with a size of 10 % of the maximum direct motor
response. By tuning the stimulation intensities in respect to the excitation of la-afferents only, trials
with clear H-reflexes and no appearance of M-wave were analyzed. Trials contaminated with M-

waves were discarded.

For further data examination the recorded data at 10240 Hz were downsampled to 2048 Hz and
divided into intervals of 60 s with 10 s overlap and decomposed separately (c.f. chapter 2.9.1). Spike-
trains were merged if the cross-correlation coefficient was greater than 90 % (Yavuz et al., 2015). We
calculated PSF-CUSUM 400 ms around the stimulus (200 ms). For the examination of reciprocal
inhibition (study 1), the PSTH was used to confirm the onset of inhibition, whereas the strength of
inhibition was analyzed with PSF-CUSUM. In study 2 the PSTH was used to determine the onset of
the excitation of the homonymous muscle. Mean discharge rates (study 1) were calculated
individually in the pre-stimulus time interval (500 ms); maximum PSF-CUSUM deviation in peri-

stimulus time frame was used to determine the significance of inhibition strength. We only accepted
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troughs that exceeded significance threshold as genuine responses (Yavuz et al., 2018). In study 3 we
used a goniometer to define the differences in stretching angle. EMG data were either recorded
using HDSEMG electrodes or bipolar sEMG electrodes. HDSEMG data were digitally converted for
further analysis, using Laplace operator, into bipolar electrodes. For the analysis of MUDR, pooled
data of all reliable MUs between groups were used. We accepted only those MUs as reliable, which
fire in physiological ranges (Kandel et al., 2012). EMD was calculated from HDSEMG recordings, using

the time-interval between the application of a supramaximal stimulus and the exertion of force.

2.8.6 Force recording and feedback system
The participant was asked to perform voluntary sustained plantar flexion with a certain amount
(10 or 20 %) of their MVC. Force was recorded with a dynamometer allowing measurement of force
as a function of torque development, which is part is the Biodex system. Force feedback was
provided by a self-conceptualized MatLab-script via a monitor. The settings were chosen in a way to
allow visualization of the double amount of force exerted by the subject to ensure that ramp parts

are displayed and executed properly.

2.9 Data analysis

2.9.1 Motor unit decomposition
For signal processing, a test H-reflex in the homonymous muscle was recorded (c.f. Figure 7) during
sustained contraction. The HDSEMG signal of the homonymous muscle was recorded with

corresponding trigger pulses (c.f. Figure 26).
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Figure 26: lllustration of HDSEMG recording from M. soleus during experiment; dashed vertical line represents end of ramp-
part and beginning of application of trigger pulses.

Figure 26 depicts the recorded excitatory signal of SOL of a HDSEMG electrode in differential mode
with 63 channels displayed (top). Since we used 64-channel electrodes and recorded in differential
mode to reduce background noise, all available 63 channels are shown. One channel is examplary
plottet (middle) to visualize EMG activity just before the experiment starts, ramp-parts and effect of

incoming trigger pulses (bottom), triggered by the excitation electrode in the popliteal fossa.

Recorded data were checked manually with a custom made MatLab (The MathWorks, Inc.) script for
signal quality and broken channels in HDSEMG recordings. Broken channels were excluded from
further analysis. Data for HDSEMG electrodes were down-sampled from 10240 to 2048 Hz and

Butterworth-filtered between 20 and 500 Hz. HDSEMG signals were decomposed, using a gradient-
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based convolution kernel technique (Holobar et al., 2007 a) providing fully automatic decomposition,

to extract the activity of single motor units from the HDSEMG recording.

For this purpose we used DEMUSEtool® (Holobar et al.,, 2007 b; a). The tool works with a blind
source separation technique (Holobar et al., 2007 a; b; Negro et al.,, 2016) and provides fully
automatic decomposition. Its reliability is proven in several studies (Holobar et al., 2007 b, 2012;
Farina et al., 2010; Negro et al., 2016) and it allows us, depending on the specific individual discharge
rate of each MU, to separate individual motor units from global EMG recording; this procedure is
called decomposition. In the decomposition of HDSEMG signals, the convolution kernel
compensation method was used to deal with the mixtures of motor unit innervation pulse trains in
low-quality and noisy EMG-signals (Holobar et al., 2007 b). Signals were manually divided into
epochs of 60s with an overlap interval of 10s. After decomposing epochs into individual spike
trains, the common motor units between epochs were estimated computing cross-correlation. The
matches with correlation coefficient > 90 % were assumed as the same motor unit and merged

through epochs (Yavuz et al., 2015).

2.9.2 PSTH, PSF and CUSUM calculation
In this chapter we highlight peristimulus time histogram (PSTH), peristimulus frequencygram (PSF)
and cumulative sum (CUSUM) calculation (c.f. Figure 27). PSTH is a reliable tool to analyze the
probability of occurrence of MU discharges in neurosciences (Katz et al., 1988; Capaday et al., 1990;
Nielsen et al., 1993 a; Rogasch et al., 2012). It is used to analyze extracellularly recorded action
potentials; it appears as a correlogram of stimulus and discharge pulse trains, built up by a number
of trials (Ellaway, 1978). The underlying bin-width depends on how detailed information will be

accessed.

It turned out that the cumulative sum technique applied to PSTH (PSTH-CUSUM, not shown in Figure
27), yields information with less contamination, compared to PSTH (Awiszus et al., 1991). Sequent
research revealed even more robust and reliable information of MU-behavior with information of
the frequency a MN discharges with (Turker et al., 1994; Yavuz et al., 2015) (compared to the all-or-

none-event depicted in PSTH), again built up by a number of trials, which builds up PSF.

PSF is of great importance to analyze the instantaneous discharge rates of motor units, since rate-
coding of the motoneuron defines the motor unit’s firing rate (Kandel et al., 2012), ranging from
single twitches to tetanic contraction of muscle fibers. Applying the technique of CUSUM to PSF

provides information of MU-discharge, depending on the discharge-frequency. For building up PSF-
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CUSUM, a period of stable activity is required to calculate an average baseline; the differences
between averaged frequency and the frequency of each bin (derived from differences between sum
of changes in frequency and baseline) are then summed up and displayed in PSF-CUSUM (Tirker et
al., 1996). The cumulative sum derived from the PSF provides information about even small changes

between data points and is more robust to random fluctuations in counts (Davey et al., 1986).

We mainly used the PSF-CUSUM (Davey et al., 1986; Awiszus et al., 1991; Turker et al., 1994; Yavuz
et al.,, 2015) during reflex responses, but PSTH to confirm, if inhibition, respectively excitation,
occurs. In general we can say that PSF-CUSUM is constructed by MU discharging with a certain
frequency, whereas the PSTH-CUSUM relies on the rhythmic discharge of MUs only; information
retrieved from PSF-CUSUM is normalized to the number of stimulations received by the nerve (Yavuz

et al., 2015).

The CUSUM in bin i is expressed as following:
j=i
CUSUM; = E(xj - X) 1)
=1

where x; is the number of counts in bin j of PSTH, x is the mean value, calculated in a control period u
before the stimulus (Davey et al., 1986) (c.f. Figure 27).
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Figure 27: Explanation of data analysis (by reference to homonymous excitation) showing motor unit decomposition in
peri-stimulus diagrams of three different types: PSTH, PSF and PSF-CUSUM; standard deviation shown as red lines in PSF
and PSF-CUSUM; vertical dotted line represents trigger signal (0 ms) and onset of excitatory reflex (approx. 42 ms);
horizontal dotted line represents strength of excitatory reflex; green arrow depicts reflex amplitude [Hz].

2.9.3 Estimation of recruitment threshold and reflex distribution
Elicited reflexes in the homonymous muscle (c.f. Figure 27) as well as bisynaptic inhibition (Yavuz et
al., 2018) in the antagonistic muscle, were investigated in a 400 ms frame, 200 ms before and after
the stimulation, using peri-stimulus time histogram (PSTH) [count], peri-stimulus frequencygram
(PSF) [Hz] and peri-stimulus frequencygram’s cumulative sum (PSF-CUSUM) [Hz]. The PSTH shows
the count of instantaneous discharge occurrence in a particular bin-width around the stimulus,
whereas the PSF describes the instantaneous discharge rate around the stimulus (Awiszus et al.,
1991; Turker et al., 1994); PSF is a more robust estimation of reflex responses (Yavuz et al., 2015)

and PSTH was used to confirm the onset of either inhibitory or excitatory reflex.

In PSF-CUSUM, the difference between minimum and onset of reflex response was defined as
strength of reciprocal inhibition. For H-reflex measurement in the homonymous muscle, the

difference between minimum before and maximum after reflex-onset was defined as (excitatory)
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reflex amplitude. Maximum PSF-CUSUM deviation from pre-stimulus time window was defined as
significance of inhibition strength (Yavuz et al., 2018). Only those troughs that exceed significance
thresholds were used to calculate excitatory and inhibitory reflex responses. Normalization to the
number of stimulations gave information about extra discharge reduction per stimulation during the
inhibitory protocol (Yavuz et al., 2018). Low-pass filtered rectified EMG provided us information
about motor unit recruitment thresholds, whereas reflex distribution was estimated after finding the
best fitting distribution for each muscle (normal, gamma, exponential), in accordance to the highest

goodness of fit value (Yavuz et al., 2018).

The thresholds of recruited MUs define the amount of activation that is needed to recruit
corresponding MUs during voluntary muscle contraction. It has been proposed that motor unit
recruitment happens in size-dependent order: excitatory postsynaptic potentials (EPSP) result in
depolarization, leading to recruitment of small-diameter motoneurons at first and large-diameter
motoneurons at second (Henneman et al., 1965); this is thought to depend on the lower membrane
potentials of small-diameter fibers compared to large-diameter fibers, resulting in higher thresholds
for large-diameter MUs (Henneman et al., 1965; Henneman, 1977). The investigation of excitatory
or inhibitory reflex inputs to the motoneuron pool depicts how this input is distributed for TA and TS
muscles. Detailed information about the underlying procedure is shown in the subsequent chapter

2.9.4.

2.9.4 Statistical analysis
Study 1 (Yavuz et al., 2018): By normalization of H-reflex amplitudes to M-waves and comparison
across subjects using t-test for normally distributed data, we checked whether the amount of reflex
input was standardized. Low decomposition accuracy MUs (SIL < 0.9) (Negro et al., 2016), as well as
MUs showing coefficient of variation of inter spike interval greater than 35 % were excluded from
the analysis. Mann-Whitney-U-test was used to estimate differences between reciprocal inhibition
strength, recruitment thresholds across motor unit populations and reflex amplitudes since data was
not normally distributed. The test compares interquartile ranges as well as median distribution. By
usage of all trials (10and 20% MVC dorsi-extension and plantar-flexion) probability density
distributions of single motor unit responses were estimated. Estimation of bin size for probability
density histogram was based on Freedman-Diaconis’ rule and on interquartile ranges. The best
fitting curve for each muscle among normal, gamma and exponential distribution, depending on the
highest goodness of fit value, was selected. The goodness of fit value is defined by the discrepancy

between distribution of empirical data and theoretical distribution model (D’Agostino et al., 1986).
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Median, interquartile (Q1 - 1.5 * IQR) and absolute range of selected distributions between muscles
were compared. Bivariate Spearman correlation analysis provided associations between motor unit
recruitment threshold and reciprocal inhibition amplitude. To determine whether the portion of
responsive motor units was different between muscles, since data were not normally distributed,
modified t-test was used. A significance level of p < 0.05 was chosen since no repetitive testing was

performed in this study.

Study 2: Leaned on the statistical analyzes by Yavuz et al. (Yavuz et al., 2015, 2018), we investigated
our data statistically. We checked normalized H-reflex amplitudes to M-waves across subjects (using
t-test) to check whether the amount of excitatory reflex input was standardized. We excluded low
decomposition accuracy MUs (SIL < 0.9). To analyze differences in reflex amplitudes between the
group of skilled martial artists and control, we examined MUs of SOL and GM with Mann-Whitney-U-
test, since data were not normally distributed. We compared median and interquartile (Q1 -
1.5 * IQR) and absolute range of reflex amplitudes. To estimate differences in global EMG (sSEMG)
we compared median activity [mV] between groups in SOL and GM at 20 % MVC. Investigation of
recruitment thresholds was accomplished by assigning the first 5 % of MVC as early recruited, while
performing sustained ramp contraction, and the latest 5 % before reaching the desired amount of
force as lately recruited. By comparing the mean between groups, we analyzed differences in reflex

amplitudes in dependency of recruitment thresholds.

Study 3: In this study, we decided to focus on analyses of average force output, mean MU discharge
rate, stretching angle and global EMG (sEMG) activity. Due to sample size, t-test failed and we
compared means for the above mentioned parameters. For the estimation of electromechanical
delay (EMD) we used the time difference between so onset of M-wave and the exertion of force. For

this purpose we averaged data from EMG and force around the stimulus (£100 ms).
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3. Studies

3.1 Study 1 - Reciprocal Inhibition

Study 1 - Reciprocal inhibition

Sustained 120°and 170° Sustained
plantar flexion knee angle; dorsal extension

(CPN stimulation) 10 and 20 % MVC (TN stimulation)

Preparation
HDsSEMG mounting (GM, SOL, TA)
MVC determination

I

Stimulation electrode mounting
M-Wave / H-Reflex tuning

N7

v

Reflex estimation

N7

24
Data analysis

Figure 28: Flowchart showing most relevant stages during the experiment in study 1.

3.1.1 Methods
In this study we aimed to examine, with the technique of H-reflex, lower limb’s muscle interplay in

terms of reciprocal inhibition targeting TA and triceps surae muscle group.

Seven healthy, male subjects, age 25 + 4 years, gave written informed consent according to the
Declaration of Helsinki before the experiment started. The experimental study protocol was
approved by the Human Ethics Committee of the University Medical Center, Georg-August-

Universitat Gottingen (approval number 1/10/12).
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Subjects were asked to perform the following procedure (c.f. Figure 28). They were seated on a chair
of the Biodex System 3 Pro®. Their right leg was fixed with a fixing belt to the footplate. HDSEMG
recording electrodes were mounted on M. gastrocnemius, M. soleus and M. tibialis anterior and
stimulation electrode was either mounted on common peroneal nerve or, respectively, on tibial
nerve. In different sessions we stimulated TN in the popliteal fossa (for reciprocal inhibition of TA)
and CPN on the fibula’s head (for reciprocal inhibition of triceps surae muscle group). The subjects’
knee angle was 120 ° for measurements of TA and SOL, and 170 ° for GM measurement. Sessions
were randomized. The participants were asked to perform sustained plantar flexion (for triceps
surae reciprocal inhibition) and dorsal extension (for TA reciprocal inhibition). Recording parameters

were set as described in Material and Methods 2.8.

To determine the subjects’” maximum voluntary contraction force, we asked the subjects to perform
three times plantar flexion, respectively dorsal extension, with their maximum amount of force.
Resting interval between trials was 2 min. As maximum voluntary contraction level for each
participant the maximum peak of three consecutive contractions was chosen. Each subject
performed randomly at 10 % MVC, respectively 20 %, plantar flexion, respectively dorsal extension.
While this, the innervating nerve of the antagonistic muscle was stimulated: while plantar flexion,
CPN was selectively stimulated to elicit reflexes in TA; while dorsal extension, TN was selectively
stimulated to elicit reflexes in Triceps surae muscles. M-wave/H-reflex tuning curve was recorded
and provided us the correct stimulation intensities to elicit clear H-reflexes, free of M-wave, for
reciprocal inhibition in the antagonistic muscle to follow. For standardization, stimulation intensities
to elicit H-reflexes with amplitude size of 10 % of maximum M-wave were set. After determining
these stimulation intensities for each subject, a minimum of 150 pulses (square-wave pulse, 0.3 -
0.5ms pulse duration, 1-2s random inter pulse interval) were applied for each sustained
contraction level and for dorsal extension and plantar flexion. Each trial started with 30 s of ramp
contraction, starting at zero amount of force and increasing to the double amount of according MVC
force (20 and 40 %) and reducing again to the according amount of MVC force (10 % and 20 %) the

trial is performed with.

3.1.2 Results Study 1
Mean stimulation intensities to elicit H-reflexes for TA were 10.3 £ 1.9 mA, for SOL 8.8 + 2.9 mA.
Trials contaminated with M-wave response were excluded from calculations. In total, 788 MU were

recorded in the three accessed muscles in seven subjects at two contraction forces, where the reflex
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amplitude in the reciprocal inhibition was significant for 376 of the identified MUs. T-test showed

significantly higher responsiveness of MUs for both contraction levels (p<0.05).
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Figure 29: Empirical probability density histogram for reflex amplitudes of TA, GM and SOL with fitted gamma distribution
for TA, GM and SOL at 10 and 20 % MVC (by Yavuz et al., 2018); absolute range of probability density histograms
[Hz/Stimuli] was approximately four times greater for TA.

Figure 29 shows empirical probability density histograms with fitted gamma distribution for TA, GM
and SOL at 10 and 20 % MVC. For TA the absolute range of probability density histograms was
approximately four times greater (0.13 - 2.33 Hz/stimulus and 0.09 - 2.75 Hz/stimulus) at 10 % and
20 % MVC, respectively) compared to SOL (0.03 - 0.59 Hz/stimulus, 0.03 - 0.28 Hz/stimulus) and GM
(0.06 - 0.48 Hz/stimulus, 0.4 - 0.38 Hz/stimulus).

In Figure 30 the cumulative probability curve for the targeted muscles are depicted. Median and
range of reciprocal inhibition amplitude distribution was for both MVC levels greater for TA (Mann-

Whitney-U-test), showing no significant differences between contraction force levels.
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Figure 30: A: cumulative probability between distributions of reflex amplitudes; B: significance of reflex amplitudes
through median and range values; median reflex amplitudes indicated by dashed vertical lines (A) and red lines in box
nlots (B) (bv Yavuz et al.. 2018).

After normalization of the signal MU recruitment, thresholds were estimated from low-pass filtered
rectified EMG. TA showed greater thresholds in 20% MVC (13.5+4.4% MVC for GM,
14.9+1.1 % MVC for SOL and 18.8 + 7.2 % MVC) compared to 10 % MVC (6.3 + 1.6 % MVC for GM,
7.6+1.1% MVCforSOLand 7.1 + 2.1 % MVC for TA, p>0.05).

Recruitment thresholds were used to calculate reflex amplitude distribution. We found that reflex
amplitudes were negatively correlated with recruitment threshold for TA (bivariate Pearson
correlation test, Pearson correlation value p =-0.27, significance p = 0.03). Whereas correlation was
not significant for TA at 10 % MVC, and for GM and SOL at 10 and 20 % MVC (p: 0.14 for GM, 0.09 for
SOL and -0.08 for TA at 10 % MVC; 0.06 for GM, -0.11 for SOL at 20 % MVC; p>0.05 for all

correlations); shown in Figure 31.
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Figure 31: Correlation of recruitment thresholds used to calculate reflex amplitude (by Yavuz et al., 2018)

Reciprocal inhibitory response amplitudes for MUs with similar baseline DRs were compared to
separate the effect of discharge rate (range 5 - 11 Hz for 10 % MVC and 5 - 13 Hz for 20 % MVC) in all
investigated muscles (at 10 % MVC for nyy = 100, ngo, = 68 and ngy = 37; at 20 % MVC for n;, = 66,
NsoL = 48 and ngy = 22). Matt-Whitney-U test was used to calculate differences between groups,
since normality test failed. TA (0.45 + 0.24 Hz/stimulus, 0.49 + 0.31 Hz/stimulus at 10 and 20 % MVC)
motor units showed significantly (p<0.05) higher response compared to GM
(0.16 £ 0.25 Hz/stimulus, 0.14 + 0.08 Hz/stimulus at 10 and 20 % MVC) and SOL
(0.12 £ 0.09 Hz/stimulus, 0.12 + 0.05 Hz/stimulus at 10 and 20 % MVC); shown in Figure 32.
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Figure 32: Reciprocal inhibitory reflex amplitudes [Hz/N.Stim] for GM, SOL and TA, by Yavuz et al., 2018, modified;
red lines indicate median reflex amplitudes, + indicates the average reflex amplitudes.

3.1.3 Author contributions
Published paper: Utku S. Yavuz, Francesco Negro and Dario Farina conceived and designed
experiment and research. Experiments were performed by Utku S. Yavuz, Francesco Negro and
Robin Diedrichs. Utku S. Yavuz and Robin Diedrichs analyzed data. Those data were interpreted by
Utku S. Yavuz, Francesco Negro and Dario Farina. Figures were prepared by Utku S. Yavuz (modified
for this thesis by Robin Diedrichs). Figure 28 prepared by Robin Diedrichs. The manuscript was
created by Utku S. Yavuz, Francesco Negro and Dario Farina (discussion for this thesis by Robin
Diedrichs). All authors edited and revised the full manuscript and all approved final version of

manuscript. Robin Diedrichs joined the lab for his PhD thesis while this study was conducted.
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3.2 Study 2 - Martial arts / Ninjutsu

Study 2 - Homonymous Excitation

Sustained 120°and 170° Skilled group and
plantar flexion knee angle; control group

(TN stimulation) 10 and 20 % MVC

Preparation
HDSEMG mounting (GM, SOL, TA)
MVC determination

l

Stimulation electrode mounting
M-Wave / H-Reflex tuning

ﬂ

Reflex estimation

l

Data analysis

Figure 33: Flowchart showing most relevant stages during the experiment in study 2.

3.2.1 Methods
The subjects defined as skilled group, were chosen according to their experience and regular training
activity in the martial art of Ninjutsu. Skilled subjects were moderately athletic, participated and
trained at least two times a week and participated in training for at least three years and wear a
black belt. Control group subjects were moderately active but without regular engaging in sports.
Pooled subjects’ age was 31 + 7 years. All subjects gave written informed consent according to the
Declaration of Helsinki before the experiment started. The experimental study protocol was
approved by the Human Ethics Committee of the University Medical Center, Georg-August-

Universitat Gottingen (approval number 24/2/16).
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The subjects were seated in a chair of the Biodex System 3 Pro®. Subjects were asked to perform the
following procedure (c.f. Figure 33). Right leg was fixed with a fixing belt to the footplate. HDSEMG
recording electrodes were mounted on SOL and TA, stimulation electrode was mounted on TN. We
stimulated TN in the popliteal fossa for excitation of the homonymous muscle. The subjects’ knee
angle was 120 ° for measurement of SOL, for GM measurement an angle of 170 ° was set (knee not
entirely straight, not locked). Sessions were randomized. The participants were asked to perform
sustained plantar flexion for the estimation of H-reflexes in the homonymous muscle. Recording
parameters were set as described in Material and Methods 2.8; resting periods between trials were
at least 120 s. Determination of the subjects’ maximum voluntary contraction force was performed
as described for study 1 in chapter 3.1.1. . Each trial started with 30 s of ramp contraction, starting at
zero amount of force and increasing to the double amount of according MVC force and reducing
again to the according amount of MVC force (10% = 20% = 10% MVCand 20% 2> 40% = 20%
MVC) the trial is performed with. Then a minimum of 150 pulses (square-wave pulse, 0.3 - 0.5 ms
pulse duration, 1 -2 s random inter pulse interval) were applied at each contraction level. Sessions

were randomized; resting period in between trials was 300 s.

3.2.2 Results Study 2

The applied mean stimulation intensities to elicit H-reflex within both groups were

12.0 mA £ 5.1 mA. Trials with M-wave response were excluded from further calculations.

0,35 -

20% MVC 0,25 1 20% MVC
=z 0,3 - s
> y 02 o
g 3

50,25 - r
s | 80,15 -
T 0’2 ® control E H control
20115 1 m skilled E 011 1 o skilled
5 017 50,05 -
20,05 - =

0 - 0 -

GM soL

Figure 34: Median root mean square (RMS) [mV] from GM at
20 % MVC during sustained contraction

Figure 35: Median root mean square (RMS) [mV] from SOL
at 20 % MVC during sustained contraction

Table 4: Root mean square (RMS) [mV] and median from GM and SOL at 20 % MVC during sustained contraction:

Group GM RMS+STDEV SOL RMS+STDEV GM median RMS SOL median RMS
[mV] [mV] [mV] [mV]

Control 0.187+0.121 0.146+0.090 0.178+0.123 0.126+0.094

skilled 0.156+0.103 0.125+0.044 0.115+0.101 0.126+0.040
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We analyzed the root mean RMS (Hug et al., 2006; Fukuda et al., 2010) at 20 % MVC during ramp
part of SEMG by digitally converting the HDSEMG electrode into a bipolar SEMG electrode using
Laplace operator. Calculated median RMS does not differ significantly between groups while
subjects perform sustained plantar flexion with 20% MVC (controlgy =0.18+0.12 mV,
skilledgm = 0.13 £ 0.09 mV, controlsg, =0.12 + 0.10 mV, skilledsg, =0.13 £ 0.04 mV), results for GM
are plotted in Figure 34, respectively for SOL in Figure 35. Data were acquired from SOL and GM
(Nskied = 8; Ngieg = 9). Differences at 10 % MVC are not shown since data acquisition was not

sufficient to provide statistically significant results.

Further investigating neural properties, we estimated reflex amplitudes at 10 % and 20 % MVC while
subjects performed sustained plantar flexion (Figure 36 and Figure 37). Since normality test failed,
we used Mann-Whitney-U test. It confirmed significant differences in the size of reflex amplitudes

between both groups in both corresponding muscles (p<0.05).
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Figure 36: Reflex amplitudes (PSF-CUSUM Figure 37: Reflex amplitudes (PSF-CUSUM
peak/num. of. stim.), 10 % MVC for GM and SOL, p < 0.05 peak/num. of. stim.), 20 % MVC for GM and SOL, p < 0.05
for all medians within muscle groups, * depicts outlier. for all medians within muscle groups, * depicts outlier.

In total we detected 743 MUs (499 in SOL and 244 in GM). Median reflex amplitudes with median absolute deviation were
significantly different (p < 0.05) for GM and SOL at 10 % and 20 % MVC (

Table 5).

Table 5: Values of boxplot of reflex amplitudes (PSF-CUSUM peak/num. of. stim.) at 10 % and 20 % MVC for GM and SOL:
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Mean reflex Median reflex . th . th
Muscle | Group amplitude+STD | amplitudetMAA Quartile 25 Quartile 75
— Control 4.31+3.86 3.38+0.01 0.821 7.121
Skilled 5.15%3.67 4.61+0.01 2.918 7.261
MVC10
o Control 2.07+1.88 1.31+0.01 0.772 2.963
Skilled 4.33+4.98 2.59+0.02 0.660 7.033
— Control 2.31+2.35 1.33+0.01 0.365 3.372
Skilled 3.38+1.87 2.60+0.01 0.957 5.204
MVC 20
soL Control 2.39+2.88 1.78+0.04 0.884 3.443
Skilled 2.72+1.43 2.61+0.01 1.534 3.262

Further examination of data showed differences in the recruitment thresholds of the previous
investigated motor units. These differences are not significant, since not all previous recorded reflex
amplitudes of motor units possessed matching recruitment thresholds. Overall, recruitment
thresholds of n =61 in the control and n=93 in the skilled group motor units were measured.
Results are shown in Figure 38 and Figure 39. In general, columns indicate that skilled participants
perform with higher reflex amplitudes in SOL muscle according to early (first 5% of MVC) and late
(amount of MVC during experiment minus 5 %) recruited MUs at 10 % and 20 % MVC. Mean reflex
amplitudes were not significantly different for early recruited MUs at SOL at 10 % MVC (controleany:
5.85 £ 0.59 Hz/num. of stim., skillede,y: 7.27 £ 1.10 Hz/num. of stim.) and late recruited MUs at 10 %
MVC (controli,: 7.57 £0.73 Hz/N.Stim., skilledj,e: 8.12 + 1.42 Hz/num. of stim.). Results are also
insignificant for early recruited SOL MUs at 20 % MVC (controlesny: 15.29 £1.04 Hz/num. of stim.,
skilledeany: 16.75 £0.94 Hz/N.Stim.) and late recruited MUs at 20 % MVC (controlje: 13.54 +2.32
Hz/num. of stim.., skilled,t: 20.37 + 2.53 Hz/num. of stim.).
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Figure 40: Scatter-plot of reflex amplitudes as a function of recruitment threshold of all recruited and analyzed motor units
during ramp part at 10 % MVC, Neontrol = 69, Ngiilieg = 76.
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Figure 41: : Scatter-plot of reflex amplitudes as a function of recruitment threshold of all recruited and analyzed motor
units during ramp part at 20 % MVC, N¢ontrol = 98, Ngyijleg = 50.
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Figure 40 and Figure 41 correlate with the distribution of reflex amplitudes in Figure 38 and Figure

39. Linear regressions are not plotted since differences are not significant:

10 % MVC: Pcontrol- -0.450x £ 15469, chontrol = 00374, Pskilled- 0.158x * 15889, stkilled = 00036,

20 % MVC: peontror: 0.1326x £ 5.9932, R? nirol = 0.0217, pyitied: 0.1266x  6.3426, R%j1eq = 0. 0.0229

3.2.3 Author contributions
Robin Diedrichs, Utku S. Yavuz and Dario Farina conceived and designed experiment and research.
Experiments were performed by Robin Diedrichs and Utku S. Yavuz. Robin Diedrichs and Utku S.
Yavuz analyzed data. Those data were interpreted by Robin Diedrichs and Utku S. Yavuz Dario Farina.
Figures 33 - 37 were prepared by Robin Diedrichs, figures 38-41 by Robin Diedrichs with support of

Utku S. Yavuz. The manuscript was created by Robin Diedrichs.
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3.3 Study 3 - Iyengar Yoga

Study 3 — Homonymous Excitation

Sustained Prone Skilled group
plantar flexion position and control
(TN stimulation) rou

Preparation
HDSEMG mounting (GM, SOL, TA)
MVC determination

ﬂ

Stimulation electrode mounting
M-Wave / H-Reflex tuning

N7

v
Pre-test: EMD, angle, force, discharge rate

Intervention:
stretching protocol

N7

A4
Post-test: EMD, angle, force, discharge rate

l

Data analysis

Figure 42: Flowchart showing most relevant stages during the experiment in study 3.

3.3.1 Methods

Figure 43: Flowchart showing most relevant stages during the experiment in study 3.

Figure 22 depicts a common stretching technique in lyengar Yoga, called Supta-Paddangushthdasana.
The subjects in the skilled group were chosen according to their experience and regular training
activity in Yoga. Skilled subjects were moderately athletic, participated and trained Yoga at least two
times a week and participated in training regularly in the last 12 months. Control group subjects
were moderately active but without regular engaging in sports, especially Yoga and other stretching

exercises. Pooled subjects’ age was 30 * 5 years, gender was female only. All subjects gave written
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informed consent according to the Declaration of Helsinki before the experiment started. The
experimental study protocol was approved by the Human Ethics Committee of the University
Medical Center, Georg-August-Universitat Gottingen (approval number 21/4/16). Results were

presented in a Master thesis (Prottel, 2017) but re-calculated for this PhD thesis.

Flowchart (Figure 43) shows the scheduled protocol, subjects were asked to perform. In this study,
subjects were laid on a lounger in prone position attached to Biodex System 3 Pro®. Left leg was
fixed with a fixing belt on the footplate during recordings and released for stretching protocol.
HDsSEMG recording electrodes were mounted on GM and TA; stimulation electrode was mounted on
tibial nerve. We stimulated TN in the popliteal fossa for excitation of the homonymous muscle. The
subjects’ knee angle in prone position was between 170 °and 180 °. The participants were asked to
perform sustained plantar flexion; homonymous muscle was stimulated, for the estimation of H-
reflexes in the homonymous muscle. Recording parameters were set as described in Material and
Methods. Determination of the subjects’ maximum voluntary contraction force was performed as

described for study 1 and study 2 in chapter 3.1.1.

After determining these stimulation intensities for each subject, they performed a pre-test with two
trials at 50 % MVC without stimulations for 60 s each, followed by a break of 60 s as well as between
and after trials. Sequent maximum M-waves were elicited and recorded (10 pulses) followed by
300 s of rest. Sequent a minimum of 150 pulses (square-wave pulse, 0.3 - 0.5 ms pulse duration, 1 -
2 s random inter pulse interval) were applied at 20 % MVC. Each trial started with 30 s of ramp
contraction, beginning at zero amount of force and increasing to the double amount of according
MVC force (40 %) and reducing again to the according amount of MVC force (20 %) the trial is
performed with. This is followed by an intervention, i.e. stretching protocol. Subjects were
disengaged of the Biodex System, moved to supine position and were asked to perform 45 s of
stretching at 10 ° hip angle, followed by 60 s break. After this, subjects performed 45 ° stretch,
followed by 60 s of break. After this subjects moved to their individual maximum stretch angle,
followed by 60 s of break. After this, subjects performed maximum stretch for 45 s, directly followed

by 15 s of absolute maximum stretch briefly beyond the angle subjects performed stretching before.

This procedure is followed by a post-test which is analogous to the pre-test.

3.3.2 Results Study 3
The applied mean stimulation intensities within both groups were 16.0 mA + 8.7 mA. Since H-reflex

recordings were contaminated with M-waves, no further estimation of motor units was performed.
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Figure 44 : Median relative force output comparing pre- and post-test in control and skilled group, pre-test set as 1.

The average force output before the stretching protocol was set to 1.00. After performing the
stretching protocol, the average median force exertion of control group was 0.916 + 0.071 and
average mean force exertion 0.930 £ 0.071 (n=4). Skilled performed with an average median

exertion force 0.875 + 0.194 and average mean exertion force 0.930 + 0.194 (n = 6) (Figure 44).
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Figure 45: Mean motor unit discharge rate in RMS [mV] for pre- and post-test at 20 % MVC for control and skilled in SOL.

Table 6: Mean motor unit discharge rate in RMS [mV] for pre- and post-test at 20 % MVC for control and skilled in SOL:

Mean MUDR Mean MUDR
Group RMS1STDEV [mV] RMS+STDEV [mV]
pre post
Control 8.317+3.927 10.405+7.142
+
MUDR£STDEV Skilled 7.145+2.519 9.162+5.849
Control 256 278
C t of MU
ount ot MBS 1™ skilled 212 291
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Overall, we measured and evaluated 1037 single motor units and calculated mean motor unit

discharge rate RMS during sustained plantar flexion (Table 6 and Figure 45). The mean motor unit

discharge rate RMS in the control group before the stretching protocol was mdr,, = 8.31 +3.93 mV

(n=6, 256 MUs) and after the protocol mdry. =10.41+7.14 mV (n=6; 278 MUs). For skilled

participants, mean motor unit discharge rate RMS before the protocol was measured as mdry.e = 7.

15+ 2.52 mV (n =6, 212 MUs) and after the protocol mdres = 9.162.41 + 5.85 mV (n = 6; 291 MUs).

relative stretching angle [%]

Figure 46: Mean average change in stretching angle, pre-test set as 1.
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Table 7: Exemplary data of one subject showing mean average change in stretching angle:

Resulting change Resulting change
M ° M ° M °
aX1[ ] aXZ[ ] axplus[ ] Maxplus'Maxl [O] Maxpluslmaxl [%]
Subject 101 100 119 18 117.8

The average stretching angle before the stretching protocol was set to 1.00. After performing the

stretching protocol, the mean stretching angle of control group was 1.052 + 0.0290 (n = 6); skilled

performed with 1.112 + 0.054 (n = 6) (Table 7 and Figure 46).
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Figure 47: Median global EMG activity [mV] for pre- and post-test at 50 % MVC for control and skilled in SOL.

Table 8: Mean and median of electromechanical delay [ms] for pre- and post-test at 20 % MVC for control and skilled in

SOL:
Median Median
LT ) L) EMD+STDEV EMD+STDEV
Group [ms] [ms]
re ost [mS] [mS]

; P pre post
Control 36.338 35.900 28.567+13.962 32.827+12.926
skilled 24.410 25.102 24.164+3.133 25.994+4.778

EMD calculated from M-wave recordings showed no significant differences for control and skilled

participants comparing pre- with post-test Table 8 and Figure 47). Control showed in pre-test a

median delay of EMDg. =28.57 £13.96 ms and in post-test EMD,. =32.83 + 12.93 ms. Skilled

performed in pre-test with a mean delay of EMD,.=24.16+3.13ms and in post-test

EMDgost = 26.00 £ 4.78 ms.
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Figure 48: Median global EMG activity [mV] for pre- and post-test at 50 % MVC [mV] for control and skilled in SOL.
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Table 9: Global EMG activity [mV] for pre- and post-test at 50 % MVC for control and skilled in SOL:

. . - Median Median
Mean EMG Activity | Mean EMG Activity EMD+STDEV EMD+STDEV
Group [mV] [mV]
re post [ms] [ms]
P pre post
Control 0.115 0.127 0.111+0.033 0.107+0.051
Skilled 0.097 0.073 0.097+0.044 0.079+0.029

The median global EMG activity in the control group was measured as gEMG = 0.111 + 0.033 mV
and gEMG. = 0.107 £0.051 mV; skilled performed with gEMG,.=0.097 +0.044 mV and
8EMG,,s: = 0.079 + 0.029 mV (Table 9 and Figure 48).

3.3.3 Author contributions
Robin Diedrichs and Beate Prottel conceived and designed experiment and research with support of
Utku S. Yavuz. Experiments were performed by Robin Diedrichs and Beate Préttel. Robin Diedrichs
analyzed data. Those data were interpreted by Robin Diedrichs. Figures were prepared by Robin

Diedrichs. The manuscript was created by Robin Diedrichs.
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4 Discussion

By planning and conducting the experiments presented in this thesis, we addressed the question of
whether differences in movement performance of skilled bodily motor tasks, visible from the
outside, are caused by neural adaptations on spinal cord level due to long-term motor skill training.
Muscle’s interplay is complex and still not fully understood, especially on the level of motor units.
Our approach of non-invasive investigation of myoelectric signals via HDSEMG, to access the
motoneuron pool instead of single MUs, allows us to investigate and examine neuromuscular control
(Yavuz et al., 2015, 2018). This comes along with the sequent task of processing MU-behavior from
HDsSEMG recordings with a reliable tool (Holobar et al., 2007 b; Yavuz et al.,, 2015; Negro et al.,
2016).

We found significant differences in distribution of reciprocal inhibitory reflex amplitudes, between
lower limb’s extensor and flexor muscle (study 1). Furthermore, we found that neural drive, i.e.
reflex amplitudes, of lower limb’s flexor muscle SOL and GM was significantly different in a group of
skilled martial artists compared to an unskilled control group (study 2). With a similar approach we
studied and found insignificant differences, but trends, in neural drive and functional aspects of
lower limb’s muscles between a group of skilled Yoga practitioners and an unskilled control group

(study 3).

4.3 Differences in neural drive of lower limb’s muscles - Study 1
In this chapter we discuss the differences in neuromuscular control of extensor and flexor muscles of
the lower limb. Triceps surae muscles (GM and SOL) and TA are the main muscles contributing to
posture as well as to the gait cycle by controlling ankle flexion and extension; GM also supports knee
extension. To provide muscles’ interplay during motor tasks, reciprocal inhibition supports
controlling this functional interplay. Previous studies focused on modulation of reciprocal inhibition
during gait in muscle of cat (Pratt et al., 1987) and in human (Capaday et al., 1990; Lavoie et al.,
1997; Petersen et al., 1999). We found this interplay is most likely based on differential reciprocal
inhibition. Our results support this hypothesis strongly since we measured a significant larger
median value for amplitudes of the reciprocal inhibition of TA motor unit’'s amplitudes. TA MUs
showed a 4-fold larger reflex amplitude range during reciprocal inhibition compared to MUs of GM

and SOL (Figure 32). It should also be taken into account that TA is the only muscle contributing to
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dorsal extension and that it traverses a remarkable distance. This makes TA a unique muscle with a

very diverse composition of type | and type Il muscle fibers along its length (Lexell et al., 1994).

Study 1: It was shown on a large population of motor units, that TS muscle group inhibits TA reflexes
strongly (Figure 32), but that this is not true vice versa (Yavuz et al., 2018). Our results are referring
to the accepted model of agonist and antagonist muscle interplay for lower limb muscles (Nielsen et
al., 1993 a) and it is in line with former experiments (Crone et al., 1987). Petersen et al. (Petersen et
al., 1999) investigated changes in the transmission of the I, inhibitory pathway in the walking-cycle,
more specific in swing and stance phase. It is very likely that I, input is non-uniformly distributed.
Referring to Figure 8 and Figure 17 we can expect at least one interneuron in the investigated
reciprocal inhibitory pathway between TA and TS muscle group. Nielsen and Kagamiharat (Nielsen et
al., 1992) investigated the disynaptic reciprocal inhibition of lower limb muscles during co-
contraction and found it to be depressed for both antagonistic motor unit groups (Yavuz et al.,
2018). By designing our experimental setup, we have chosen an approach, focusing on sustained
isometric contraction, to exclude modulatory effects (Nielsen, 2016) of other ascending and

descending pathways.

With regard to Henneman’s size principle and assuming a uniform reciprocal inhibition, early
recruited MNs are smaller in diameter and therefore excited earlier, presenting higher reflex
amplitudes (Henneman et al., 1965; Yavuz et al., 2018). We found that TA has a negative correlation
between reflex amplitude and recruitment threshold (Figure 31) (Yavuz et al.,, 2018). At low
contraction levels, as represented by 10 and 20 % MVC, mainly slow twitch motor units are activated
(Kandel et al., 2012; Yavuz et al., 2018). Innervation of fatigue-resistant muscle fibers provides
possibility to compare reflex responses of MUs from TA and TS muscle group. Only MUs with a
similar background discharge rate were used for further calculation (Yavuz et al.,, 2018). This
confirms our hypothesis for a differential transmission of reciprocal inhibitory input to MUs from TA

and TS muscle group (Yavuz et al., 2018).

Functionally, the diverse reciprocal inhibition between lower limbs extensor and flexor muscles
supports the different tasks for both. SOL is mainly tonically active in quiet standing, whereas GM
shows bursts of activations (Yavuz et al., 2018). The human body acts like an inverted pendulum, in
which SOL stabilizes human posture during micro-falls (Loram et al., 2011). Also modifiability of input
by y-MNs during the task has probably a great impact on the observed differential distribution;
fusimotor drive from muscle spindles’ active endings is higher, when movement is prevented
(Pierrot-Deseilligny et al., 2012). Furthermore, fusimotor drive seems to contribute to moment-to-

moment control of movement (Aniss et al., 1990; Pierrot-Deseilligny et al., 2012) and should
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therefore play an important role in sustained isometric contraction. Further studies supporting
HDsEMG recordings should be conducted at different points of the entire length of TA, to investigate
motor unit behavior of this heterogeneous muscle. Besides the result of differential distribution of
reciprocal inhibition between lower limb’s extensor and flexor muscles in a heterogeneous group of
individuals, it is of great interest if adaptations in the neuromuscular system lead to differences in
monosynaptic excitatory H-reflex pathway; this can be investigated in groups with long-term motor

training experiences and control groups (Nielsen et al., 1993 b; Adkins et al., 2006).

4.4 Effects of long-term motor skill training - Study 2 and Study 3
In this chapter we discuss how neural drive changes with regard to long-term motor skill training.
Neural drive differs between groups of regularly trained subjects and control (Nielsen et al., 1993 b;
Adkins et al., 2006; Ogawa et al., 2009). This difference is thought to arise, for example, from long-
term motor skill training. As previously mentioned, power and endurance training affect neural
plasticity as well (Adkins et al., 2006). Performing one type of training comes along with the other
two types of training, automatically. To study the evidence of neural plasticity in human directly on
spinal cord level, the approach would be to open the spinal cord surgically and investigate
innervations directly, take probes and further analyze them under physiological conditions. Since
this approach is precluded for human, researchers investigated in cat (Burke et al., 1974; Hultborn et
al., 1979), mouse (Almeida-Silveira et al., 1996; Chen et al., 2001) and monkey (Wolpaw et al., 1989;
Carp et al., 1994, 1995) the underlying neuromuscular properties that are assumed to be responsible
for the execution and planning of movements. For human experiments the approach of sEMG

became popular (Adkins et al., 2006; Knikou, 2008; Pierrot-Deseilligny et al., 2012).

Study 2: We examined differences in H-reflex amplitudes between groups of long-term skill trained
martial artists and a control group. We found significant differences (p<0.05) in H-reflex amplitudes
between skilled and control for SOL and GM at 10 % MVC (Figure 36), respectively 20 % MVC (Figure
37). These differences are thought to arise from different afferent muscle spindle input (Nielsen et
al., 1993 b; Adkins et al., 2006) and result in different neural drive of a-motoneurons with regard to
long-term motor skill training. It should also be mentioned that co-contraction training leads to

higher fusimotor drive (Pierrot-Deseilligny et al., 2012), which in turn affects excitability of a-MNs.

RMS of EMG reflects physiological activity of motor units during contraction (Fukuda et al., 2010). No
significant differences are found in RMS at 20 % MVC between groups for GM (Figure 34) and SOL
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(Figure 35). This indicates that overall electrical muscle activity does not differ between groups,

leading to the assumption that, in total, a similar count of muscle fibers is activated in both groups.

We further examined recruitment thresholds for control and skilled group at both contraction levels.
We illustrate this by early and lately recruited MUs for SOL at 10 % MVC (Figure 38) and 20 % MVC
(Figure 39) and as scatter plot for SOL at 10 % MVC (Figure 40) and 20 % MVC (Figure 41). Reflex
amplitudes, with regard to recruitment threshold for early (first 5 % while exerting the double
amount of MVC while performing ramp contraction) and lately recruited MUs (last 10 % while
exerting the double amount of MVC while performing ramp contraction), show no significant
difference. As a trend, we consider higher reflex amplitudes in lately recruited MUs come along with
increased amount of exerted force in-between groups (Adkins et al., 2006). Skilled subjects trended
to perform at both contraction levels with slightly higher recruitment thresholds. This could indicate
higher drive to and earlier activation of a-MNs with a larger diameter in the skilled group
(Henneman et al., 1965; Yavuz et al.,, 2018). It would be likely that this difference is a result of
neuromuscular adaptations, taken place by long-term motor skill training (Adkins et al., 2006). We
cannot say if the amount of activated a-MNs with a larger diameter is higher in the skilled group due
to a higher count of fibers of this type or by interconnectivity of neural inhibitory or excitatory
pathways; further analysis and recruitment of more subjects would be needed to statistically

strengthen our results.

Study 3: We used a similar protocol in pre- and post-test to investigate reflex amplitudes in H-reflex
in groups of long-term skilled trained Yoga practitioners and control before and after stretching
intervention. We have chosen this approach to analyze neural drive within the motoneuron pool
with regards to the effect of a stretching intervention, to analyze differences in neural drive due to

long-term motor skill training in a group of Yoga practitioners and a moderately active control group.

No complete H-reflex/M-wave tuning curve (Figure 18) was measured for each subject. We needed
to apply high stimulation pulses which mostly evoked direct motor responses instead of H-reflexes.
Since electricity propagates from anode to cathode, the tissue in between must be passed, leading
to stimulation of nerve fibers in a size-dependent order. Subjects in study 3 performed H-reflex
measurements in prone position, whereas in study 1 and 2 subjects were seated. Prone position
could be a reason for excitation of efferent fibers causing M-waves during stimulation. The knee is
slightly more bent, nearly locked (170 ° - 180 ° knee angle), compared to the sitting position (120 °
knee angle) in the other performed experiments (Yavuz et al.,, 2018). This could have led to a
situation where afferents could not be accessed by electrical stimuli. Furthermore, electrical

resistance between anode and cathode changes due to the underlying nerve and surrounding tissue;
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the tissue is pushed against the popliteal fossa, which could have led to higher excitation values and
resulted in excitation of efferent fibers. Due to differences in tissue organization and muscle ratio
between genders, the accessibility of TN in the popliteal fossa could have led to this outcome. Study
1 and 2 mostly investigated male subjects. Yavuz et al. (Yavuz et al.,, 2010) dealt only with
supramaximal stimuli to investigate differences in EMD between genders. In turn, we estimated the
direct motor response of the EMD before and after the intervention. We found no significant
differences (p>0.10) for EMD calculations for skilled and control group regarding pre- and post-test
(Figure 47), but a trend. We can assume the found difference of a 23 % shorter EMD for the control
group in pre-test and 30 % shorter in post-test. Since EMD also increases with age and fatigue (Yavuz
et al., 2010), both depending on changes in neuromuscular systems due to aging, we assume those
differences arose from neuromuscular adaptations due to long-term stretching-training in Yoga. It is
not clear, which structures or neural components support the shortened EMD in the skilled group.
One approach is to support the findings with an examination of the effect of stretching training
combined with muscle biopsy to analyze differences in muscle properties. Reflex sensitivity is for
example present even after prolonged, passive stretch (Avela et al., 1999 a) and reflex sensitivity is
reduced even days after stretch-shortening cycle (Avela et al., 1999 b). This supports our hypothesis
that both intrinsic changes, as well as altered excitability of neural structures involved in reflex arcs,
take place due to stretching training and are consolidated by long-term training. Further

examination of more subjects should be conducted.

Force output in both groups is smaller after intervention (Figure 44), which is in line with a former
study by Matsuo et al. (Matsuo et al., 2013). This can be interpreted by the following: the overlap of
actin and myosin filaments is at optimum while at rest, but not reestablished directly after the
stretch (Schmidt et al., 2007). We hypothesize that higher variance in skilled compared to control in
post-test could arise from long-term Yoga stretching-training, resulting in altered structural

adaptations on muscle fiber and sarcomere level.

Variance of MUDR RMS is lower in pre-test compared to post-test in both groups, but in general
lower in skilled (Figure 45); these results are statistically not powerful enough to support any
hypothesis. Calculating the RMS of discharge rate of all firing MUs (n=1037) provides neither
significant results, nor do they show a clear trend. This displays the necessity to plan and execute
further experiments and to evaluate clear conditions to exclude side effects and to study MU

discharge behavior.

The increase in stretching angle of 5.2 % + 2.9 % in control and of 11.2 + 5.4 % in skilled (Figure 46) is

in line with a former experiment by Matsuo et al. (Matsuo et al., 2013). We hypothesize that this is
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explained by short-term effects of stretch on tendons and ligaments, whereas the difference of 2-
fold higher increase in percentage of hip angle in skilled, regarding pre- and post-test, compared to

control, could be explained by long-term adaptations of the underlying (neuro-)muscular properties.

4.5 Subjects: influence of physical activity and training
Neural drive is also influenced by normal day-life activities like bicycling, walking, jogging etc. Since
training to walk backwards has an influence on reflex amplitudes during H-reflex of SOL (Capaday et
al., 1990), we hypothesize that bicycling has a great impact on the fine interplay of TS muscles and
TA (Pyndt et al., 2003). Pedaling seems to alter the interplay between extensor and flexor muscles in
a complex way, leading to fine muscle interplay, and therefore resulting in neuromuscular
adaptations. It must be taken into account that daily bicycling or walking to work and back for
example for 20 minutes will have a great impact on neural plasticity and neuromuscular properties

(Adkins et al., 2006; Pierrot-Deseilligny et al., 2012).

We can examine and display differences in neuromuscular control of a subject, achieved by training,
for a long period of time. Training at least two times a week, for a period of at least three years,
results in an significantly altered control of the lower limb muscles GM and SOL compared to control
group (study 2). This is thought to be a result of altered motor control on a neural level, since the
underlying reflex arc of H-reflex is monosynaptic and represents involuntary control of the
homonymous muscle (Hoffmann, 1910; Liddell et al., 1924). Training of specific motor tasks like
postures and stances in a conscious and aware way (Feldenkrais, 1972; Hatsumi et al., 2008; Arus,
2013), seems to have great impact on neuromuscular control and on internal communication and
integration of afferent information as well as on altered neural drive to extensor and flexor muscles.
It results in various improvements like pain reduction in movement, improvements in associated
diseases and better functionality with regard to injury or chronic diseases (Feldenkrais, 1972). The
resulting effects of training are present on spinal cord level, as well as in motor cortex even after a
short period of time and persist for a certain period of time, depending on the amount and time of
training experience (Adkins et al., 2006). Balance training seems to alter even higher neural

networks and evokes corticospinal adaptations (Schubert et al., 2008).

Both groups were asked to answer a verbal survey about their daily activity level, since we
concluded that the short form of International Physical Activity Questionnaire (Fogelholm et al.,

2006) does not give insight into our leading question. It should be discussed that the group of long-
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term trained martial artists is, due to their training, more physically active than the control group. It
can be assumed that both the groups of long-term trained martial artists as well as the group of
long-term trained Yoga practitioners are more athletic in general. We know that endurance and
strength training change the connectivity of neural networks and reflex arcs (Adkins et al., 2006;
Vila-Cha et al., 2012) with the result that power trained subjects show decreased H-reflex excitability
and increased V-wave compared to strength and endurance trained athletes. This suggests, that
power training is affecting less activated motoneurons, excited by the |, afferent volley, compared to
control group (Adkins et al., 2006); it has also been shown that several weeks of strength training

result in increased H-reflex and V-wave amplitudes (Adkins et al., 2006).

The impact of endurance training on spinal plasticity is thought to change not only one, but several
neural circuitries (Adkins et al., 2006). SOL H-reflex amplitude is decreased in ballet dancers, but on
the other hand H-reflex amplitudes are higher in extremely active people compared to moderate
and sedentary subjects (Nielsen et al., 1993 b). Furthermore endurance trained athletes show higher
excitability of reflex arcs for patellar and H. Achilles tendon (Koceja et al., 2004). Experienced
swimmers for example show enhanced reflex excitability of SOL compared to a non-trained control
group (Ogawa et al., 2009). Targeting M. infraspinatus, it has been shown that the underlying neural
reflex circuitry is altered due to glenohumeral instability of the shoulder comparing normal and

athletic shoulders (Augé et al., 2000).

It turns out that endurance training has no clear outcome, whether an increase or decrease of
excitability of reflex arcs on spinal level occurs. For that reason, an in- or decrease in reflex
excitability and H-reflex elicitation seems to be extremely task-dependent (Adkins et al., 2006;
Thompson et al.,, 2009; Pierrot-Deseilligny et al., 2012). The result is effective and fine muscle
interplay, resulting from the desired tasks. This is the reason for different results investigating even
the same muscle in different trained subjects in all named investigations. In animal experiments it
had been shown, that endurance training even affects organization on motor cortex level, resulting

in angiogenesis (Kleim et al., 2002; Swain et al., 2003).

In general, it can be concluded that skill training automatically involves endurance and power
training, since none of these aspects of training can be performed without the other. If the focus is
more on skill training, the effect on the results of strength and endurance training is less; if
endurance training is performed the impact on strength and skill is less; if subjects perform strength
training the resulting effect on skill and endurance is less. We can also assume that the effect of
training is a holistic one. To achieve optimization over-all, a conscious way of training with an holistic

approach, as stated and provided by Feldenkrais (c.f. chapter 5.3), should be trained (Feldenkrais,

83



Discussion

1972; Hatsumi et al., 2008; Arus, 2013). Since training of stances and postures in erect position has a
great impact on the stabilizing muscles of ankle and knee, it is reasonable that the group of skilled

martial artists perform with higher reflex amplitudes compared to non-trained control group.

We assume that neuromuscular adaptations have taken place in the group of trained martial artists
and in the group of trained Yoga practitioners. The assessed muscles in martial arts training
massively involve activation of lower limb muscles for a stable stance and lower back muscles for
proper alignment of hip and thigh. In Yoga, mainly the posterior chain is targeted by leg-stretching

techniques, resulting in neuromuscular adaptations.

Those adaptations can occur in afferent (1, Iz and Il), efferent (a- and y-motoneurons) motoneurons,
in muscle fibers (type la, lg, I, and Il) and intrinsic muscle properties can change as well (Pierrot-
Deseilligny et al., 2012). On the next higher levels, training experience extremely influences the
interplay of muscles for smooth and fine movements. Sequent motor tasks are only accomplished
with loading and executing motor programs, which themselves are built up by motor modules.
Cerebellum integrates afferent sensory information of spinal cord. Midbrain has a directing function
of those clues; basal ganglia seem to integrate information and contribute to voluntary movement;
motor cortex (primary- and pre-motor cortex, SMA) is responsible for execution, preparation and

coordination of motor tasks (Kandel et al., 2012).

As we see, modifiability can and does occur at every of these stages, giving the organism the
possibility to adapt its motor behavior according to its environment. Holistic investigations on the
underlying neural mechanisms seem crucial by technical limitations. Motor experiences depend on
the complex interplay of spinal circuities under the influence and modulation of several higher
centers (forebrain, cerebellum etc.). Therefore, several conditions influenced (our) data acquisition.

This must be taken in mind to properly interpret these data.

4.6 Technical considerations

4.6.3 iEMG, sEMG and HDSEMG
The main advantage of iEMG is that the measured spiking units are the ones that are grasped, i.e.
‘hooked’, with the electrode’s tip. By hooking several fibers, it is getting more difficult to extract
spiking events from a single motoneuron. On the other hand, only one hooked fiber gives an

extremely precise and reliable picture of the firing event (Milnik, 2012). sEMG shows big advantages
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for investigations of not only single muscle fibers but the entire muscle (Adkins et al., 2006). Not only
a few MUs are measured but the overall activity of the entire signal spreading over the muscle bulb
in a non-invasive way. But it must be mentioned that iEMG records internal muscle fibers, whereas
SEMG represents the discharges of fibers located on, respectively near, the outer muscle bulb. Since
muscle fibers located in the muscle are less oxidative and mostly fast-glycolytic and fibers near the
bulb are more dependent on oxygen (fast- and slow-oxidative) (Henriksson-Larsén et al., 1983). Also
rate of fatigue, muscle fibers diameter, MN diameter of the innervating axons are different between
muscle fibers (Kandel et al., 2012). This leads to the conjecture that results of studies, investigating

with different EMG approaches and techniques, are not directly comparable along each other.

HDSEMG comes to solve the problem of single identified MUs in iEMG recordings with
decomposition of the several firing events into single motor units (Holobar et al., 2007 b; Farina et
al., 2010; Yavuz et al., 2015). It should be mentioned as well, that this non-invasive approach leads to
less discomfort and pain compared to needle insertions used in iEMG recordings. Discomfort causes

change in the downward flow from CNS and alters excitability of spinal neurons (Kandel et al., 2012).

4.6.4 Force transducer
The force transducer we used was a built-in device of the Biodex System 3 Pro®. Since torque was
measured with a potentiometer as an electrical potential difference [V] for standardization of force
amounts, it is very difficult to transform these amounts of volts into an according amount of force
[N] accurately. Mean EMG discharge activity defines in a precise way MVC amounts to adjust

percentages of the maximum amount during experiments (Farina et al., 2017).
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5 Outlook

Motor behavior and learning due to motor experiences is present in every animal. Every kind of
learning is directly associated with motor behavior or with its support. It is needed for locomotion

itself but nevertheless for learning a skill, trade or speech and is even present in dreaming.

We accept that motor learning is important for the organism itself to interact with the environment
and for interaction with and in society. These are only a few examples that demonstrate the great
importance and necessity of researching motor control to understand the interplay and modifiability
of neural compounds; learning, consolidation, modifying and reconsolidation build the basis for
every kind of motor learning (Schiller et al., 2011; Schwabe et al., 2014). From an evolutionary point
of view the research of motor learning is of great interest since organisms are only able to develop
due to interaction with the environment and by social interaction. This interaction in everyday life
requires fast adaptations in particular tasks to accomplish tasks and react on changes in the
environment. A disturbance of motor behavior can be present due to internal developmental events
as Parkinson’s or Alzheimer’s disease (Kandel et al., 2012; Pierrot-Deseilligny et al., 2012), or due to
external events that cause persisting damage of functional components of movement and
locomotion or due to neural damage resulting in altered proprioceptive control, or due to altered
processing or integration of information caused by disease (Pierrot-Deseilligny et al., 2012). Finding

treatment for those types of dysfunctions is the field of rehabilitation and neurorehabilitation.

Physical rehabilitation can be accomplished in several ways and is offered in vast ways. The question
for a helpful treatment for example of common everyday life issues in our actual society like lower
back pain or cervical pain is quite old (Murray, 1939; Magnuson, 1944) and still of great importance
(Williams, 2009; Dideriksen et al., 2014; Vaisy et al., 2015). Physiotherapists offer guidance of
exercises and therapy itself for different types of functional misbehaviors. Also, the aware
performance of exercises is extremely important, and it supports healing and reduction of pain and
contributes to refinement of movements and thereby enhances quality of life (Feldenkrais, 1972).
One way thought to achieve this, is the performance of Yoga exercises, which became very popular
in the past decades and is accessed by a broad group of people. In the concept of lyengar Yoga a
posture is most often achieved with the co-contraction of extensor and flexor muscle (Williams,

2009; Ni et al., 2014).

Several studies wanted to point out the results of yoga training with respect to physical and mental
structures (Williams, 2009; Cox et al., 2010; Tilbrook et al., 2011; Michalsen et al., 2012; Cramer et

al., 2013; Myers, 2013; Prottel, 2017). On the one hand, the effects of long-term motor skill training
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are various; on the other hand the origin of, for instance, lower back pain or mental diverge from the
norm remains unclear. Nevertheless, lyengar yoga is thought as a treatment for spinal pain
(Eisenberg et al., 1998) and is considered as therapeutical, quasi ‘medical’ yoga (Crow et al., 2015).
Mid-term training of 16 (Williams et al., 2005) and 24 weeks (Williams et al., 2009) provides
significant reduction in lower back pain, function disability, and pain medication usage. Cox et al.
showed in a study a reduction in lower back pain after 4 weeks of training only (Cox et al., 2010).
Chronic neck pain is reduced by lyengar yoga after 10 weeks of training in rest and in motion
(Michalsen et al., 2012). Besides reduction of chronic neck pain, lyengar yoga practitioners report

less disability and better mental quality of life (Cramer et al., 2013).

For the protocol, a posture called Supta-Padangushthasana was performed where the name arrives
from supta from “lying down”, pada from “foot” and angushta from “big toe” performed in asana
Yoga. Performance of this exercise is thought to improve mobility of hip joints, to better sciatic pain
and to reduce the appearance of paralysis of the lower limb (lyengar et al., 2013). This posture is
experimental relatively easy to perform for the subjects and it provides stretching of all muscles of

our interest: GM, SOL, M. peroneus and M. semitendinosus.

5.3 Feldenkrais

Aiming for a holistic approach, the Feldenkrais method should be named. Feldenkrais shaped a
physical-oriented exercise therapy based on kinaesthesia and proprioception (Feldenkrais, 1972).
Kinaesthesia describes the sensation of motion and the possibility to control body parts unconscious.
Proprioception gives the performer mainly information about sense of position, sense of force and
sense of motion. This sensing is based on accessed information by inner organs (Feldenkrais, 1972).
This method is thought to improve bodily functions, awareness and health (Hillier et al., 2015). It is
also used in relaxation procedures and to reduce anxiety (Kolt et al., 2000), and to support stretching
by more muscle length in hamstring muscles (Stephens et al., 2006); it shows significant
improvement in dexterity of the dominant hand due to sensory awareness lessons (Bitter et al.,
2011), as well as significantly improved balance and gait speed (Vrantsidis et al., 2009). The resulting
positive physical and mental differences after a period of training are quite diverse (Ruth et al., 1992;
Laumer et al., 1997; Johnson et al., 1999; Gribel et al.,, 2003; Quintero et al., 2009; Hillier et al.,
2010).

The Feldenkrais method was developed to reduce pain, and to provide practitioners finer movement

quality and improved wellbeing (Feldenkrais, 1972). It is supposed, that reorganization and
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refinement of cortical and subcortical networks involved in motor control are responsible for the
effect of Feldenkrais training by reorganization of connections from the motor cortex to the body.
This theory takes into account, that learning processes, from baby to infant, still endure in children,
youngsters, adults, middle-aged and elderly persons (Feldenkrais, 1972) and neural plasticity is not
exclusively bound to the early stages of development. This approach is of extremely high
importance, since this kind of internal communication and refinement of circuitries on even higher
neural levels is achieved in many holistic approaches of movement training. When it comes up to
hard restrictions due to malformation of limbs or amputated limbs support, orthosis and prosthesis
are a way to re-achieve control of the limb and therefore the entire body including a re-gain of

personal freedom. This treatment is often supported with Feldenkrais training.

5.4 Further experiments - Consolidation and Reconsolidation
The conducted experiments in this thesis build the bottom line for further investigations. We
planned further studies investigating the behavior and neuromuscular control while standing and
performing stances, respectively postures, in detail. It is planned to apply HDSEMG electrodes to
lower limb muscles GM, SOL, and spine erector M. erector spinae to examine EMG activity and H-
reflex amplitudes while participants are standing and perform a martial arts stance. Since motor
learning is crucial for adaptation in an environment, it is of valuable significance and relevance to

research learning in general.

We know that learning and acquisition of new motor tasks takes place in a phase called
consolidation (Walker et al., 2003). After execution, a successfully learned task can still be altered;
this progress is called reconsolidation (Walker et al., 2003). Reconsolidation allows the organism to
modify present motor behavior (Schiller et al., 2011; Wymbs et al., 2016) to achieve customization
for specific tasks or to react to certain dysfunctions during lifetime. We also know that
reconsolidation relies on molecular mechanisms (Etcheberrigaray et al., 2007) and we know about
its clinical relevance (Schwabe et al., 2014). We planned a further experiment with a group of long-
term skilled martial artists and a control group. The subjects will stand on two adjustable force
plates. Subjects will be slightly deflected while performing the stance; differences in support of
stabilizing motor control shall be monitored with regard to neuromuscular control. HDSEMG signals
will be recorded for SOL, GM and M. erector spinae to investigate those expected differences
between both groups before a period of reconsolidation. A second test will be performed the next
day after a period of sleep. We expect the reconsolidation occurs in this period of sleep (Walker et

al., 2003; Schiller et al., 2011). On the second day, subjects will be deflected in the same way as on
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the day before and HDSEMG signals will again be recorded for SOL, GM and M. erector spinae. With
this approach we could be able to (i) monitor non-skilled group’s acquisition of a new posture and
(ii) study the neuromuscular learning process over night during consolidation. On the other hand,
the group of skilled martial artists provides us information about reconsolidation (iii). The stance is
already part of the movement repertoire of the skilled group but by disturbance movement

representations can be altered and re-wired, since reconsolidation occurs (Wymbs et al., 2016).
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6 Summary
By approaching the topics of lower limbs’ extensor and flexor muscle’s underlying neural circuitries
and neural plasticity on spinal level with HDSEMG recordings, also in relation to long-term motor skill

training, we found significant differences in motor unit behavior and neuromuscular control.

Study 1 showed significant differences in reciprocal inhibition of lower limb’s extensor (TS) and
flexor (TA) muscles. We found median reciprocal inhibitory reflex amplitudes for TS muscles GM and
SOL to be 4-times smaller compared to TA. The result points out that these reciprocal inhibitory
reflex amplitudes of lower limb’s extensor and flexor muscle are not symmetrically distributed, but

differentially. TS muscle group inhibits TA reflexes strongly, but this is not true vice versa.

In study 2 we examined the effect of long-term motor skill training on neural plasticity in terms of H-
reflex, reflecting neural plasticity on spinal level. We found median excitatory reflex amplitudes in
lower limb’s extensor muscles to be significantly higher in long-term motor skilled subjects

compared to moderately active control.

Study 3 showed insignificant results due to setup restrictions and subject number. As a trend, we
found long-term motor skill training shortens EMD of lower limbs extensor muscles, as the result of
long-term stretching training. In functional terms we found stretching training to improve mobility

and range of motion.
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8 Abbreviations

°C Degree Celsius

pm Micrometer

ACh Acetylcholine

AD Anno Domini

AP Action potential

bit Bit

bps Bits per second

ca®* Calcium ion

CNS Central nervous system

CoG Center of gravity

CoM Center of mass

CPN Common peroneal nerve
CUSUM Cumulative sum

DR Discharge rate

EMD Electromechanical delay

EMG Electromyography

EPP Endplate potential

EPSP Excitatory postsynaptic potential
GM Musculus gastrocnemius
HDsSEMG High density surface electromyography
H-reflex Hoffmann-reflex

Hz Hertz

IEMG Intramuscular electromyography
IPSP Inhibitory postsynaptic potential
IQR Interquartile range

K" Potassium ion

M. Musculus

m. Musculi

mA Milliampere

MAA Median absolute deviation
MDR Mean discharge rate

min Minute

MN Motoneuron

ms Milliseconds

MU Motor unit

MUAP Motor unit action potential
MUST Motor unit spike train

mV Millivolt

MVC Maximum voluntary contraction
MVC Maximum voluntary contraction
M-wave Direct motor response

Na* Sodium ion

nm Nanometer

PNS Peripheral nervous system
PSF Peri-stimulus-frequencygram
PSTH Peri-stimulus-time-histogram
Q Quartile

RMS Root mean square
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SEMG
SMA
SOL
STD

TA

TN

TS
V-wave

Second

Surface electromyography
Supplementary motor area

Musculus soleus

Standard deviation

Musculus tibialis anterior

Tibial nerve

Triceps surae

Voluntary input from higher brain areas
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