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ABSTRACT

The three muscles within the triceps surae have large differences in volume, architecture and
activation, resulting in distinct muscle behaviors. Even though the functional differences
between the biarticular gastrocnemii and the monoarticular soleus are well established, the
differences between the gastrocnemius medialis and gastrocnemius lateralis have been much
less studied. Furthermore, the large majority of previous research on these two muscles has
focused on their ankle plantar flexion role. Therefore, their behavior during their secondary
role, i.e. knee flexion, remains poorly understood. The aim of this thesis was to provide a deeper
understanding of muscle coordination between the gastrocnemius medialis and gastrocnemius
lateralis. We used an approach that combines experimental measures and basic muscle
modelling to explore muscle coordination across multiple scales, from the individual motor unit
to the whole muscle. In this thesis, we performed three studies in healthy young individuals.
Study #1 aimed to determine whether the differences in muscle activation between the
gastrocnemius medialis and gastrocnemius lateralis during walking translate into differences
in their contractile behavior. Study #2 aimed to estimate the individual distribution of force
within the gastrocnemii during walking using an experimentally-informed Hill-type model.
Study #3 aimed to determine whether the neural control of the gastrocnemius medialis and
gastrocnemius lateralis differs between knee flexion and ankle plantar flexion. Four main
results can be derived from this thesis. First, these two muscles have distinct neuromuscular
behavior during walking. This results in a much higher production of force in the gastrocnemius
medialis compared to the gastrocnemius lateralis. Second, our results highlight that a large
inter-individual variability can be observed across multiple scales of the production of
movement. Third, we present an approach combining subject-specific experimental measures
with a muscle model that aims to consider the individual variability in muscle coordination.
Fourth, the neural strategies to control the gastrocnemius medialis and gastrocnemius lateralis
are robust across knee flexion and ankle plantar flexion. Together, these results demonstrate
that the two muscles are distinct at the neural and biomechanical level, which results in distinct

force outputs and highly inter-individual variable muscle coordination.

KEYWORDS
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GENERAL INTRODUCTION




General introduction

“To move things is all that mankind can do, and for this task, the sole executant is a muscle,

whether it be whispering a syllable or felling a forest”

Charles Sherrington, 1924



General introduction

Almost a century ago and a few years before receiving the Nobel prize, the famous British
physiologist Charles Sherrington highlighted the omnipresence of movement in mankind.
Extrapolating this beyond human life, we can say more generally that the ability to produce
movements to interact with the environment is a key behavior for all animals. The need for
efficient, maximal, rapid, adjustable or reliable movements likely plays a major role in driving
the evolution of animals. For example, locomotion is the behavior that most conditions an
animal’s morphology and physiology (Dickinson et al., 2000). Muscles are the executing

element of the motor system and are therefore central in animal movement.

The primary function of skeletal muscle is to enable animals to move. To do so, skeletal muscles
convert chemical energy, i.e. energetic substrate, into mechanical force and work through cross-
bridge cycling. The generated forces are then transmitted to bones, most often via tendons and
the translational muscle force is then converted into rotation through joint moments. This
essential, yet seemingly simple role hides a huge complexity. In reality, force production relies
on the interaction between neurophysiological and biomechanical factors. Despite the fact that
many of these factors were discovered several decades ago (Gordon et al., 1966; Hill, 1938;
Huxley, 1974; Huxley & Niedergerke, 1954; Huxley & Simmons, 1971), they are still not fully
understood today (Herzog, 2017).

The production of force is complex at the level of an individual muscle but even more complex
when considering the level of the joint. Several muscles span each joint and numerous
combinations of forces produced by the individual muscles are possible to achieve a motor task
(Bernstein, 1967; Prilutsky & Zatsiorsky, 2002). Even a simple motor task such as a heel raise
results from the complex coordination of many individual agonist and antagonist muscles
(Crowninshield & Brand, 1981a), each with its own anatomical features and neuromechanical
properties. Moreover, muscles can have more than one function if they span more than one
joint. The central nervous system thus has to coordinate the behavior of muscles with different
functional roles. This leads to the concept of muscle coordination that, in the scope of this thesis,
we will define as the distribution of force among the muscles involved in a given motor task
(Hug & Tucker, 2017). Although recent evidence has suggested that some muscle coordination
patterns may favor performance (Avrillon et al., 2018) or be linked to the development and
persistence of musculoskeletal disorder (Crouzier et al., 2019b; Hug & Tucker, 2017), the
coordination of individual muscle forces still remains poorly understood (Herzog, 2017). This
lack of knowledge is partly due to the absence of an experimental method to non-invasively

measure individual muscle force in vivo.



General introduction

Given this methodological limitation, a way to study muscle coordination is to indirectly
estimate, rather than measure, the forces produced by muscles using models (Blemker et al.,
2007; Buchanan et al., 2004; Delp et al., 2007; Zajac, 1989). However, models are often used
with generic data which fails to consider the well-known inter-individual variability in muscle
coordination and limits the accuracy of force estimation (Passmore et al., 2017). An option to
overcome this limitation is to inform muscle models with personalized experimental data
regarding activation and muscle architecture from measurement techniques such as
electromyography (EMG), B-mode ultrasound or magnetic resonance imaging (MRI). Subject-
specific muscle models are becoming an increasingly powerful tool to estimate individual
forces (Blemker et al., 2007; Bolsterlee et al., 2015a; Charles et al., 2020; de Oliveira &
Menegaldo, 2010; Passmore et al., 2017).

In this thesis, we focus on the triceps surae as it is a key muscle group for locomotion (Anderson
& Pandy, 2003; Hamner & Delp, 2013). The triceps surae is composed of the biarticular
gastrocnemius medialis (GM) and gastrocnemius lateralis (GL) and the monoarticular soleus.
These three muscles have distinct volumes, architectures and therefore maximal force-
generating capacity that likely lead to different functional behaviors. Although the
neuromechanical differences between the biarticular gastrocnemii and the monoarticular soleus
have been already investigated, differences between the GM and GL remain poorly understood.
In many cases, the GM and GL are considered as similar muscles (Neptune et al., 2001), even
though differences in muscle architecture and muscle activation, suggest that they may have
different functional roles. Furthermore, nearly all studies on the triceps surae muscles have
focused on their role in ankle plantar flexion. As a consequence, the behavior of the GM and

GL during their secondary function, i.e. knee flexion, remains poorly understood.

The overall aim of this PhD thesis is to provide a deeper understanding of muscle coordination
between the GM and GL, two muscles from the same anatomical group with the same function
(i.e. knee flexion and ankle plantar flexion). For this purpose, we used a framework that
combines experimental and modelling approaches and integrates neurophysiological and
biomechanical measures. Throughout this work, we pay particular attention to the inter-
individual variability as it is often overlooked by previous works examining muscle

coordination.

This thesis contains four main chapters. Chapter 1 presents a literature review about (i) the
production of muscle force, how to measure it and how we can get close estimations of it in

vivo; (ii) the study of muscle coordination and (iii) the application of muscle coordination to a
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muscle group, namely the triceps surae. Chapter 2 contains the overall experimental methods
used for the three studies. Chapter 3 provides our contribution through the three studies that
were performed during this PhD thesis. Chapter 4 consists of a general discussion about the

implications and future perspectives derived from this work.






CHAPTER 1: REVIEW OF LITERATURE




Review of literature — Part 1

Part 1: Individual muscle force

The force generated by skeletal muscle results from the interaction between the central nervous
system and the muscular system. The production of active force requires the activation of the
muscle by the central nervous system. To this end, information is conveyed, in the form of
chemical and electrical signals from the central nervous system to the muscle (Loeb & Ghez,
2000). Then, the transmission of this information to the muscle results in the formation of cross-
bridges between the actin and myosin filaments at the sarcomere level (Huxley, 1957; Huxley
& Niedergerke, 1954). The length (Gordon et al., 1966) and the velocity (Hill, 1938) at which
the muscle fibers operate, determines the number of cross-bridges attached and thereby the
amount of active force that is generated. The active force transmitted from these cross bridges
to the skeleton via elastic tissue finally depends on the number of muscle fibers activated by
the central nervous system and their contractile properties. This section describes (i) the factors
that contribute to individual muscle force production including the neural command, the
maximal force-generating capacity, the force-length and force velocity relationships and (ii)

methods to experimentally measure or to estimate muscle force.

1. Determinants of individual muscle force

1.1. Neural command

1.1.1. Motor unit organization and function

As stated above, the production of active force originates from the actin-myosin cross-bridges.
However, to enable the actin and myosin to link together, the central nervous system must excite
the smallest functional neuromuscular units, i.e. the motor units (Sherrington, 1906). A motor
unit consists of a motor neuron and the muscle fibers that it innervates. A motor neuron controls
between a few to thousands of muscle fibers (Feinstein et al., 1955; Loeb & Ghez, 2000).
Excitation of a single motor unit is an all-or-none event, such that when the central nervous
system sends enough synaptic input to exceed the membrane potential of the spinal motor
neuron body cell, a motor neuron action potential is generated. The motor neuron action
potential propagates along the axon of the motor neuron towards the muscle fibers it innervates
(Figure 1). It then reaches the neuromuscular junction at each innervated muscle fiber, where it

induces an acetylcholine release. The acetylcholine stimulates the receptors of the muscle

8



Review of literature — Part 1

fibers, which depolarizes the sarcolemma and consequently generates a muscle fiber action
potential on each muscle fiber innervated by the motor neuron. The muscle fiber action potential
propagates along the muscle fiber, from the neuromuscular junction to both ends of the fiber.
Finally, the muscle fiber action potential causes an outflow of positive calcium ions from the
sarcoplasmic reticulum which allows the formation of myosin and actin cross-bridges. The
central nervous system controls the level of active force within a muscle via two mechanisms:
(i) varying the number of motor units recruited, and (ii) regulating the discharge rate of the
motor units (Duchateau & Enoka, 2011). Of note, as one motor neuron action potential results
in one muscle fiber action potential in healthy individuals, the motor unit discharge rate

provides direct information about its motor neuron excitation.

Motor units are often classified on the basis of their structure and contractile properties. Such
classification is questioned as the motor unit properties are distributed continuously rather in
distinct categories. However, for clarity purposes, in this thesis we consider two types of motor
units. The slow motor unit produces lower forces and is more fatigue-resistant compared to the
fast motor unit, which produces higher forces and is less fatigue-resistant (Duchateau & Enoka,
2011; Winter, 2009). These different types of motor units are generally orderly recruited as
described by the size principle (Henneman, 1957). This principle states that to generate small
force levels, the central nervous system recruits preferentially motor units with lower
recruitment threshold (Figure 1). As the required force increases, the central nervous system
progressively recruits motor units with higher recruitment threshold. Despite the size principle
characterizing the motor unit recruitment well during progressively increasing voluntary
contraction, it is less able to explain the motor unit recruitment in several other contexts such
as ballistic and rapid movement (Desmedt & Godaux, 1977) or in the presence of pain (Tucker
etal., 2009).
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Figure 1: The motor unit structure and recruitment. A represents the general organization
of a motor unit. Three motor units are represented in red, orange and blue. B: the top panel
represents the motor neuron excitation and the individual threshold of the three motor units.
The middle panel is a schematic representation of the motor units recruited depending on the
motor neuron excitation. The bottom panel represents the production of muscle force which
results of the motor units recruitment. From Uchida and Delp (2021).

Muscle force

The size of the motor unit, which is defined by the number of muscle fibers innervated by its
motor neuron, varies greatly between motor units. Slow motor units are smaller, i.e. contain
less muscle fibers than fast motor units (Duchateau & Enoka, 2011; Winter, 2009). A large
diversity of motor units size is observed within a single muscle (Enoka & Fuglevand, 2001).
For example, the size of motor units in the first dorsal interosseous muscle in humans varies
between few tens to more than 1500 muscle fibers (Enoka & Fuglevand, 2001). This wide
variety of motor unit size within a muscle results in a non-linear relationship between the
number of motor neuron action potentials and the number of muscle fiber action potential
(Enoka & Duchateau, 2015). The number of motor units, regardless of the motor unit size,
varies also greatly between muscles (Feinstein et al., 1955). As a consequence, the relationship
between the number of motor neuron action potentials and the number of muscle fiber action
potentials is muscle-specific. Motor neuron action potentials and muscle fiber action potentials
give two different pieces of information about the neural command. Neural drive refers to the
sum of motor neuron action potentials (Enoka & Duchateau, 2019). It characterizes the strength

of the motor command. Muscle activation refers to the sum of muscle fiber action potentials
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(Enoka & Duchateau, 2019). In other words, muscle activation corresponds to the number of

muscle fibers activated and their discharge rates (Besomi et al., 2020).
1.1.2. Electromyography

Active muscle force production originates from the neural command. Therefore, the
measurement of this force determinant has long been and still is a key issue in biomechanics
and motor control field (Adrian & Bronk, 1929; Besomi et al., 2019, 2020; De Luca, 1997,
Martinez-Valdes et al., 2023; McManus et al., 2021). The easiest way to access the neural
command is to measure the electrical activity from the muscle using EMG. Specifically, the
EMG records the electrical activity of muscle fiber action potentials and therefore provides
information about muscle activation. Different EMG methods exist. For example, intra-
muscular EMG consists of inserting electrodes directly into the muscle. Intra-muscular EMG
enables to directly identify the muscle fibers action potentials of some motor units. However,
intra-muscular EMG signal informs only on the behavior of a small number of motor units from
a small region of the muscle. Here, we present in more detail surface EMG, which is a non-
invasive method that provides more representative information about the whole muscle

activation compared to selective intra-muscular recordings (Besomi et al., 2019).
1.1.2.1. Estimation of muscle activation using conventional surface EMG

As explained previously (Part 1, section 1.1.1), the muscle fiber action potential is generated at
the level of neuromuscular junction and then propagates from the neuromuscular junction to
both ends of muscle fibers. Although subcutaneous tissues reduce its amplitude, by acting as a
natural low-pass filter, the action potential diffuses through these tissues to the skin. Surface
electrodes placed over the skin of the target muscle are able to measure muscle fiber action
potentials located within the detection volume of these electrodes (Figure 2). Therefore, Surface
EMG records interferential signals from populations of motor units rather than individual motor
units and provides information about global muscle activation from the region of interest.
Thereby, this method is best suited for superficial and relatively large muscles (Besomi et al.,
2019).
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Figure 2: Illustration of the muscle fiber excitation and electromyography recording. The
figure represents a motor unit composed of three muscle fibers. A muscle fiber action potential
propagates along muscle fibers and through the subcutaneous tissue (A). Surface electrode
records the surface action potential (B). The detected signal is amplified (C). All the detected
action potentials are summed which results in the EMG signal (D). AP, muscle fiber action
potential, MU, motor unit, N, number of motor unit, t, time. Adapted from Merletti etal. (2001).

Different configurations of surface electrodes exist. In monopolar mode, the signal from an
individual electrode is compared to a reference electrode. In bipolar mode, the EMG signal is
constructed from the difference between two electrodes placed over the targeted muscle. From
EMG signals, researchers often extract information on the timing, the amplitude, or the time-

varying profile of muscle activation to study muscle coordination.

Although surface EMG is relatively easy to implement, some factors can influence the EMG
measurement and should be carefully considered. The factors that affects surface EMG can be
non-physiological or physiological, (Farina et al., 2004a; Merletti et al., 2001). Non-
physiological factors include (i) the detection system (e.g. skin-electrode contact, electrodes
location, size, shape and inter-electrode distance); (ii) anatomical features (e.g. thickness of the
subcutaneous tissue layers, size and distribution of the motor units); (iii) geometrical features

(i.e. muscle fibers shortening or the shift of the muscle relative to the detection system); and
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(iv) physical features (i.e. conductivities of the tissues and crosstalk from surrounding muscles).
The physiological factors that affect EMG signals are either related to the fiber membrane
properties (e.g. the muscle fiber conduction velocity and its distribution among the motor units
or the shape of the muscle fiber action potentials) or the motor unit properties (e.g. the number
of recruited motor units, the distribution of discharge rate or motor unit synchronization; Farina
etal., 2004a). Methodological precautions could be used to limit the influence of some of these
factors and improve the interpretability of the EMG signals (Besomi et al., 2020). However,
some factors are intrinsic to the EMG method such as crosstalk and amplitude cancellation.
These two factors are particularly important to consider when inferring neural strategies from

surface EMG signals and are discussed below.

Crosstalk refers to the part of the recorded signal that is actually generated by surrounding
muscles (De Luca & Merletti, 1988). The amount of crosstalk depends on the electrode location,
the detection system (De Luca & Merletti, 1988), the thickness of the subcutaneous tissue
(Solomonow et al., 1994) and the extinction of the muscle fiber action potential at the end of
the muscle fibers (Farina, et al., 2004b). Some studies have suggested that crosstalk between
calf muscles exists during walking (Campanini et al., 2007; Péter et al., 2019). For example,
Péter et al. (2019) compared EMG amplitude from intra-muscular EMG and surface EMG.
Intra-muscular EMG is known to be less prone to crosstalk contamination compared to surface
EMG (Besomi et al., 2019) and was used as reference. Their results showed that surface EMG
signals from the soleus and tibialis anterior muscles exhibited significant activity during
specific phases of the gait cycle while intra-muscular EMG indicated inactivity (Figure 3). They
also revealed that surface EMG appears to be suitable for the GM and GL. Although crosstalk
is difficult to quantify, it can be reduced by a low skin-electrode impedance combined with a
proper placement of the electrodes (Hug, 2011). Guidelines relative to the electrode placement
are available and can be considered (Hermens et al., 2000; Stegeman & Hermens, 2007).
However, these guidelines do not account for the inter-individual variability in the anatomy of
muscles. To ensure a proper electrode placement for each participant, the determination of
muscle boundaries using ultrasonography imaging is increasingly used (Crouzier et al., 2018;
Crouzier et al., 2019a; Lacourpaille et al., 2017). This enables placement of the electrode in the
center of the target muscle belly and away from the other muscles to limit the detection of their

muscle fiber action potentials.

Amplitude cancellation corresponds to the reduced EMG signal due to the cancellation of

positive and negative phases of muscle fiber action potentials (Farina et al., 2004a). Muscle
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fiber action potentials are asynchronous as muscles fibers have different innervation zones,
conduction velocities and discharge times. The large number of muscle fiber action potentials
recorded by surface EMG increases the likelihood of action potential summation and therefore
amplitude cancellation. Keenan et al. (2005) conducted a modelling study to assess the extent
of amplitude cancellation on the EMG signal. They simulated a surface EMG signal and then
compared two processing methods. The first method, where a large amount of amplitude
cancellation is expected to occur, summed and then rectified the EMG signal. On the contrary,
the second method rectified and then summed the EMG signal. Results highlighted that
amplitude cancellation in the EMG signal can exceed 60% at maximal activation. Nevertheless,
the amplitude cancellation can be reduced to less than 5% by normalizing the EMG signal with
respect to maximal voluntary contraction (MVC; Keenan et al., 2005). Nevertheless, this
normalization procedure can also induce a small (<13%) overestimation of muscle activation
at intermediate levels of activation (Keenan et al., 2005). Despite crosstalk and amplitude
cancellation, surface EMG has proven to be a suitable method to study muscle activation if

methodological precautions are considered (Besomi et al., 2019, 2020; Hug, 2011).

Of note, as conventional surface EMG records an interferential signal, it does not provide
information about individual muscle fiber action potentials; and therefore it cannot provide
information about the neural drive sent to the muscle. Yet, neural drive estimation is useful to

determine how the neural control of muscles is organized.
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Figure 3: Methodological considerations of surface electromyography. A represents the
intra-muscular electromyography (Intra. EMG) and electromyography EMG (Surf. EMG) from
the soleus (left graph) and from the tibialis anterior (right graph) during walking. The red area
represents the period where a statistical difference was found between intra-muscular EMG and
surface EMG surve. The authors interpreted this difference as a crosstalk surface EMG activity.
B represents the amplitude cancellation of EMG signal. An EMG signal is simulated after the
action potential are summed and then rectified (cancellation) or rectified and then summed (no
cancellation). au, arbitrary unit; EMG, electromyography; MU, motor unit. A adapted from
Peter et al. (2019) and B from Keenan et al. (2005).
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1.1.2.2. Estimation of neural drive using high-density surface EMG

To estimate the neural drive sent to a muscle, intra-muscular EMG or high-density surface EMG
is required. High-density surface EMG refers to a matrix of at least four small-diameter
electrodes that are closely spaced over the muscle, usually in the form of a linear array or an
electrode grid (Gallina et al., 2022). The different electrodes enable to record the EMG signal
from different locations (Figure 4). Although high-density surface EMG can also be used to
assess muscle fiber properties (Merletti et al., 2003) and regional muscle activation (Watanabe
et al., 2021a), it is a powerful technique to provide information on individual motor units
activity (Holobar et al., 2010; Holobar & Zazula, 2007). As with intra-muscular EMG, the
signal from the high-density grid of electrodes must be decomposed to observe individual motor
unit activity. Compared to intra-muscular EMG, decomposition of high-density surface EMG
signals is advantageous because it is less selective, non-invasive and it provides information on
motor unit activity for a larger population of motor units per recording. The decomposition
process consists of the separation of the muscle fiber action potentials from individual motor
units that are contained within the overall high-density surface EMG signal (Farinaetal., 2016).
To decompose the high-density surface EMG signals into motor unit spiking activity, several
methods exist however the most common is the blind source separation method (Holobar &
Farina, 2014; Negro et al., 2016a). This method uses a semi-automated approach for detecting
motor units, followed by manual editing of the individual each motor unit spike trains (Del
Vecchio et al., 2020). The neural drive can be estimated at the muscle scale by calculating the

cumulative spike train, i.e. the sum of the discharges of all the identified motor units.
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Figure 4: [lllustration of the information provided by high-density surface

electromyography. Motor neuron action potentials (M,AP) propagate throught three motor
units to excitate a muscle. The high-density surface EMG recorded the sum of all the muscle
fiber action potentials. This high-density surface EMG signal informs on the muscle activation.
The high-density surface EMG signal can be decomposed into individual motor unit (MU)
activity to inform on the neural drive.
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The information provided by the decomposition of high-density surface EMG signal, i.e.
individual motor unit activity, can be used to study how the central nervous system controls the
motor units within a muscle or between muscles. For example, the simultaneous control of
different muscles through motor modules is often proposed as a plausible option to reduce the
dimensionality of motor control, i.e. the number of degree of freedom that need to be controlled
by the central nervous system (Bizzi et al., 2008; Dominici et al., 2011). According to this
concept, the central nervous system controls several muscles via a single command, i.e. a
common neural drive. This motor module theory has been supported by animals studies where
cortical (Overduin et al., 2012) or spinal microstimulation (Tresch & Bizzi, 1999) resulted in
the generation of complex movement and multi-joint moment. Recent advancements in high-
density surface EMG enable this theory to be tested, non-invasively in humans. The level of
common neural drive can be estimated through the assessment of the common fluctuations of
motor unit discharge rates in a low-frequency bandwidth (De Luca & Erim, 1994; Negro, et al.,
2016b). The common neural drive can also be estimated by cross-correlating the smoothed
discharge rate of individual motor units (De Luca & Erim, 2002; Rodriguez-Falcesetal., 2017).
Evidence suggests that motor units from the same muscle generally receive a high proportion
of common neural drive (Negro, et al., 2016b). A high level of common neural drive can also
be observed between motor units from different muscles such as vastus lateralis and vastus
medialis (Avrillon et al., 2021; Laine et al., 2015). It has been suggested that the more that
muscles are anatomically and functionally related, the more common neural drive they share
(Gibbs et al., 1995; Kerkman et al., 2018). Nevertheless, this appears to depend on the muscle
group studied, as a low level of common neural drive has been found within triceps surae
muscles (Hug et al., 2021b).

1.2. Biomechanical factors

The force produced by a muscle also depends on several biomechanical factors such as maximal
force-generating capacity, force-length relationship and force-velocity relationship. These
factors are related to the highly organized structure of skeletal muscle. Sarcomeres are the basic
force-generating units of muscle. They consist, in part, of the thin filament of actin proteins, the
thick filament of myosin proteins and the titin protein. Sarcomeres are arranged in series to
form a myofibril (Figure 5). Myofibrils are bundled, mostly in parallel, to make up muscle
fibers which are themselves grouped into muscle fascicles. Finally, the different muscle

fascicles make up the skeletal muscle (Barrett, 1962). Each substructure is enveloped by a
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connective tissue. The aforementioned microscopic arrangement of the muscle appears very
consistent within an organism and across skeletal muscles (Lieber & Fridén, 2000). Conversely,
the macroscopic arrangement of the skeletal muscles, often referred to as muscle architecture,
is highly variable between muscles. A wide diversity of muscle shapes and sizes, fascicle
lengths and pennation angles (i.e. the angle between the muscle fascicles and the aponeuroses)
can be observed within the human body (Lieber & Fridén, 2000). Importantly, the architecture
of a muscle is intimately linked to its function. This section describes the influence of
biomechanical factors on muscle force including: maximal force-generating capacity, force-
length relationship and force-velocity relationship. We also discuss the methods that exist to

experimentally measure these biomechanical factors in vivo.

Cross-bridge Sarcomere Fascicle

Muscle

nm pm mm cm

Figure 5: Hierarchical organization of skeletal muscle. The skeletal muscle is composed of
different hierarchical structures from the sarcomere to the fascicle. The main proteins that
compose the sarcomere are also represented. The cross-bridge between actin and myosin
proteins is displayed on the left panel. From Uchida & Delp (2021).

1.2.1. Maximal force-generating capacity

1.2.1.1. Volume

The amount of muscle force produced depends on the maximal force-generating capacity. This

refers to the force produced by a muscle maximally activated during isometric condition at its
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optimal length. Maximal force-generating capacity is directly related to the number of muscle
fibers arranged in parallel. Theoretically, when all other parameters are kept constant, the larger
a muscle, the more muscle fibers it contains. As a consequence, for a given muscle architecture
(i.e. same fascicle length and pennation angle), a given amount of intra-muscular fat and a given

specific tension, a larger volume results in greater maximal force-generating capacity.

Muscle volume can be obtained either from cadaveric studies or from in vivo imaging.
Cadaveric studies are often limited to small sample sizes and on older specimen (Ward et al.,
2009). Therefore cadaveric data is often used as generic data to inform models or make
predictions about function, it does not account for inter-individual variability in muscle volume
that exists. For example, Albracht et al. (2008) reported soleus volumes ranging from 400 cm?
t0 600 cm? in 13 young males. The use of in vivo imaging techniques to measure muscle volume
overcomes these problems. MRI is the gold-standard technique to measure volume (Albracht
etal., 2008; Engstrom et al., 1991; Figure 6)). This technique provides a series of images with
different contrast that are due to the specific molecular properties of each tissue. These different
contrasts can be segmented on a series of transversal image to reconstruct muscle volume
(Yushkevich et al., 2006). Although MRI remains the gold-standard technique, it is expensive
and has a long acquisition time, and more affordable and portable alternatives have been
developed such as freehand 3D ultrasound. The latter combines conventional B-mode
ultrasound and synchronous tracking of the ultrasound transducer using 3D motion capture to
image the muscle in 3D (Barber et al., 2009; Franchi et al., 2018). Although semi-automated
segmentation procedures exist, the segmentation of MRI and freehand 3D ultrasound remains

time-consuming.

Figure 6: Illustration of muscle volume measures. A represents the 3D muscle volume of the
lower limb from magnetic resonance imaging. Cross-section of the thigh (A1) and shank (A2)
are depicted. An anterior view (A3) and a posterior view (A4) of the 3D reconstruction are also
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depicted. B represents a transverse scan image (B1), an entire 3D reconstruction of (B2) and a
sagittal view of the reconstruction (B3) of the tibialis anterior volume from freehand 3D
ultrasound. A from Handsfield et al. (2014) and B from Franchi et al. (2018).

1.2.1.2. Muscle architecture

Muscle architecture refers to the macroscopic arrangement of muscle fibers. Fascicle length
and pennation angle are often use to quantify muscle architecture (Lieber & Fridén, 2000).
Muscle architectures are very diverse, even within the human body. Muscle fibers can be
arranged in designs that are parallel, unipennate, bipennate or multipennate. Muscle architecture
is closely related to the muscle function (Figure 7). For a given volume, muscles characterized
by relatively high pennation angles and thus shorter fascicle lengths pack more muscle fibers
in parallel. This design is therefore best suited for the production of high amounts of muscle
force. On the contrary, if in the same volume the muscle fascicles are less pennate and therefore
longer, the number of muscle fiber decreases. In this case, the muscle can support larger
excursions and higher shortening velocities but the muscle is less capable of producing large
amounts of force. A wide variety of fascicle lengths, ranging from several mm to several
hundred of mm, and pennation angles, ranging from 0° to 30° at rest can be observed within
the human body (Lieber & Fridén, 2000). For example, the triceps surae muscles have
relatively short and highly pennate fascicles, compared to other muscles such as the knee
extensor muscles (Lieber & Fridén, 2000; Ward et al., 2009). On the contrary sartorius is

designed for important movement excursion with its long and parallel fascicles.
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Figure 7: The functional implication of different muscle architectures. The left panel of the
figure represents two muscles that have the same volume but different muscle architectures.
The right panel of the figure represents the functional implication of the muscle architecture in
terms of force and length (top graph) and in terms of force and velocity (bottom graph). Adapted
from Lieber et Fridén (2000).
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The most frequently used technique to measure human muscle architecture non-invasively is
ultrasonography in B-mode configuration (Rutherford & Jones, 1992). This method uses the
transmission of echo pulses from an ultrasound transducer placed on the skin. The amount of
echo reflected back to and recorded by the transducer depends on the acoustic impedance. The
muscle contractile tissue is mostly hypo-echoic (i.e. seen as dark) whereas connective tissues
are hyper-echoic (i.e. seen as white). The connective tissue surrounding muscle fascicles
combined with the hyper-echoic aponeuroses therefore allows us to obtain clear B-mode images
of muscle architecture. From such an image, one or more fascicles can be traced to calculate
the fascicle length and pennation angle relative to the aponeurosis (Figure 8). Measurements
can be affected by the transducer orientation (Klimstra et al., 2007), the operator experience
(Kwah et al., 2013) and the analysis method (Franchi et al., 2018). Nevertheless, suitable
training for the operator and for analyses diminishes these issues and leads to reproducible
(Aeles et al., 2017; Franchi et al., 2018) and valid measures (Bolsterlee et al., 2015b; Kwah et
al., 2013). The main limitation of conventional B-mode ultrasound is its relatively small 2D
field-of view, i.e. typically 4-6 cm, which is dependent on the transducer size. Although this
field-of view is sufficient for some muscles such as the triceps surae, B-mode ultrasound is
unable to completely image fascicles of other muscles that typically have long fascicles, such
as the vastus lateralis. Extrapolations are then necessary to calculate the fascicle length when
the fascicle extends beyond the field-of-view. However, the curvature of aponeurosis and
fascicles may lead to inaccuracy in the extrapolated measure (Franchi et al., 2018). To address
this limitation, the use of two transducers rigidly attached in series has been developed (Brennan
et al., 2017). However, B-mode ultrasonography, whether using a single transducer or two
transducers placed in series, captures only a limited part of the muscle and does not account for

the muscle architecture regional variability.

Extended-field-of-view ultrasonography has been developed to take into account the spatial
variability through the muscle (Weng et al., 1997). However, extended-field-of-view
ultrasonography, as B-mode ultrasound, is a 2D technique which is unable to provide
information about muscle architecture in 3D. Due to their ability to image the entire muscle in
3D, diffusion tensor imaging (DTI) and 3D freehand ultrasound are becoming increasingly
popular. Here, we elaborate more on DTI as it is the technique that we used in this thesis. DTI
is based on the fact that the Brownian motion of molecules, mostly water molecule, in the
tissues are constrained by anatomical obstacles such as cell membrane. Water diffusion in our

anisotropic muscles depends on the arrangement of the muscle fibers. DTI tracks the primary
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diffusion gradient which is along the fiber length (Damon et al., 2002). This method exhibits
reliable and robust measurements of the 3D muscle architecture (Bolsterlee et al., 2019).
Although DTI allows for non-invasive 3D measures of in vivo muscle architecture, it remains
limited to measuring muscle at rest or during very low level of contraction. B-mode
ultrasonography remains the only method to dynamically image muscle architecture non-

invasively in vivo.

Figure 8: Illustration of the measure of the muscle architecture. A represents a B-mode
ultrasonography image from the vastus lateralis. Two orange lines are drawn on the
aponeuroses. Two muscle fascicles are represented by the orange arrows. The pennation angle
(B) between a muscle fascicle and the deep aponeurosis is also depicted. B represents a 3D
reconstruction of the GM and GL muscle fibers from diffusion tensor imaging. A is from
Franchi et al. (2018) and B is from Bolsterlee et al. (2019).

1.2.1.3. Physiological cross-sectional area

The number of muscle fibers arranged in parallel and therefore the maximal force-generating
capacity depends on muscle volume and muscle architecture. These two parameters can be
combined to estimate the physiological cross-sectional area (PCSA). Theoretically, the PCSA
is defined as the sum of the cross-sectional areas of all muscle fibers in a whole muscle (Lieber
& Fridén, 2000). Practically, the PCSA is often considered as the cross-sectional area of the
whole muscle, perpendicular to its fibers (Lieber & Fridén, 2000; M. Narici et al., 2016). The
latter definition is considered in this PhD thesis. For a parallel-fibered muscle, the PCSA is
equal to the cross-sectional area. However, for pennate muscle, the cross-sectional area is
smaller than the PCSA. The PCSA is calculated from muscle volume and fascicle length as

described in the Equation 1:
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volume

PCSA =
fascicle length

Equation 1

Where PCSA is expressed in cm2, volume in cm?, fascicle length in cm. However, for pennate
muscle, all of the force is not produced in the force-generating axis of the muscle (Haxton,
1944; Narici et al., 2016). A component of force is produced non-parallel to the force-
generation axis. Therefore, the amount of functional force transmitted to the tendon can be

estimated by the effective PCSA which takes into account the pennation angle:

Effective PCSA = PCSA X cos (pennation angle)

Equation 2
Where the effective PCSA is in cm2and pennation angle in radians. The effective PCSA appears
to be a key factor to estimate muscle force-generation capacity (Lieber & Fridén, 2000). Powell
et al., (1984) reported a strong positive relationship between the in vitro measures of maximal
force-generating capacity and the maximal force-generating capacity estimated using PCSA in
10 guinea pig hindlimb muscles (Figure 9). The relationship between the PCSA and the
maximal force-generating capacity was also indirectly studied in humans. Results suggested a
positive and moderate correlation between the sum of the four quadriceps muscles effective
PCSA and knee extension maximal voluntary torque (r = 0.519; p = 0.047; Massey etal., 2015).
Nevertheless, this human study measured the torque rather than the force which likely explains

the lower correlation compared to the study of Powell et al. (1984) on guinea pig muscles.
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Figure 9: Diversity of physiological cross-sectional area across human muscles and the
relationship between physiological cross-sectional area and force. A represents the wide
diversity of muscle architecture within the human muscle system. B represents the relationship
between muscle force estimated from physiological cross-sectional area (PCSA) and muscle
force measured in 10 guinea pig muscles. AB, adductor brevis; AL, adductor longus; AM,
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adductor magnus; BFI, biceps femoris, long head; BFs, biceps femoris, short head; EDL,
extensor digitorum longus; EHL, extensor hallucis longus; FDL, flexor digitorum longus; FHL,
flexor hallucis longus; GL, gastrocnemius lateralis; GM, gastrocnemius medialis; GR, gracilis;
PB, peroneus brevis; PEC, pectineus; PL, peroneus longus; PLT, plantaris; POP, popliteus;
RF, rectus femoris; SAR, sartorius; SM, semimembranosus; SOL, soleus; ST, semitendinosus;
TA, tibialis anterior; TP, tibialis posterior; VI, vastus intermedius; VL, vastus lateralis; VM,
vastus medialis. A from Lieber & Fridén (2000) and B adapted from Powell et al. (1984).

1.2.1.4. Specific tension

The PCSA is an area which can indirectly estimate the number of muscle fibers arranged in
parallel. However, the consideration of PCSA alone is unable to directly provide information
about the amount of force. To estimate the level of force, PCSA should be multiplied by the

force that each muscle area unit is able to produce, i.e. the specific tension:

FEnax = PCSA X Specific tension
Equation 3

Where E,,,, is the maximal force-generating capacity in N, PCSA in cm? and specific tension
in N.cm, Specific tension refers to the maximal amount of force generated by muscle tissue
for a given area. Specific tension can only be directly measured using invasive methods either
at the individual muscle fiber scale or at the whole muscle scale. For an isolated muscle fiber,
the specific tension corresponds to the peak force divided by the cross-sectional area of the
fiber. In vitro studies suggest that the specific tension of individual fibers depends mainly on
the contractile properties of the fiber (Bottinelli et al., 1999; Bottinelli & Reggiani, 2000). Fast
muscle fibers have generally higher specific tension, i.e. between 15 and 30 N.cm, compared
to slow muscle fiber, i.e. between 10 and 20 N.cm (Bottinelli et al., 1996; Larsson & Moss,
1993; Stienenetal., 1996). Bottinelli & Reggiani (2000) suggested that this difference is related
to the myosin properties of the muscle fibers.

The specific tension at the whole muscle scale is not necessarily proportional to the specific
tension of the isolated fibers that compose the muscle. Muscle contains also non-contractile
elements such as connective tissues and intra-muscular fat that affect the whole muscle specific
tension. For example, older adults have higher levels of intra-muscular fat in triceps surae
muscles despite similar muscle volumes compared to younger adults (Pinel et al., 2021). The
higher level of intra-muscular fat in older adults is associated with lower muscle shear modulus
during maximal isometric ankle plantar flexion contractions. Moreover, the consideration of

the intra-muscular fat content in the PCSA enables to slightly increase the relationship between
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PCSA and maximal plantar flexion torque. Taken together, these results suggest that whole
muscle specific tension cannot simply be extrapolated from isolated muscle fibers specific

tension.

The study of whole muscle specific tension in vivo in human is rare due to the difficulty to
directly measure individual muscle force. Few studies have estimated individual muscle force
during controlled contractions and derived the specific tension from the PCSA, the moment
arm and the maximal isometric voluntary torque (Maganaris et al., 2001). However, such
studies are based on questionable assumptions (Herzog, 2017). For example, this approach
assumes an isometric behavior of the muscle fascicles during fixed-end maximal voluntary
contraction whereas it is known that they have concentric behavior (Kelp et al., 2021).
Moreover, this approach does not consider the contribution of antagonist muscles to the
recorded torque. It remains experimentally impossible to directly measure whole muscle
specific tension in vivo in human. As a consequence, the specific tension commonly used in the
literature is taken from a single in vitro study on 10 hindlimb guinea pig muscles (Powell et al.,
1984). Interestingly, this in vitro study reported similar specific tension, i.e. 22.5 N.cm2, for
the different muscles, except for the soleus which had a specific tension of 15.7 N.cm. In this
PhD thesis, acknowledging its limitations, and as commonly done, we consider a specific
tension of 22.5 N.cm?2. PCSA and specific tension define the maximal force-generating
capacity at optimal length and near-zero velocities. However, the length and velocity at which

muscle operates also influence the production of force.
1.2.2. Force-length relationship and force-velocity relationship

When activated by the central nervous system, muscles generate active force through the
interaction of actin and myosin proteins. The cross-bridge theory suggests that active force is
generated by the cyclic action of actin and myosin forming cross-bridges (Huxley, 1957, 1974;
Huxley & Niedergerke, 1954). The greater the number of cross-bridges, the greater the force
generated. The cross-bridge formation is directly related to the sarcomere structure. A
sarcomere is composed of a parallel arrangement of actin proteins that insert on Z-discs at the
extremities of the sarcomere, and myosin proteins that originate from M-line in the middle of
the sarcomere (Figure 10). Myosin proteins are also attached to the Z-discs via the elastic titin
protein, which plays an important role in passive force generation (Wang et al., 1979). The
cross-bridge theory explains most of the well-known properties of muscle such as the observed
variation of force induced by a variation of muscle length (Gordon et al., 1966). Furthermore,

this model is also able to explain why the velocity of muscle contraction influences the
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interaction between actin and myosin and therefore the production of force (Hill, 1938). In this

section, we introduce the force-length and the force-velocity relationships of muscle and

describe approaches to measure time-varying changes in fascicle length and velocity in vivo.
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Figure 10 : The sarcomere structure. A myofibril is represent on the top panel. The magnified
inset depicts a microscopic image of a sarcomere. The bottom panel represents a schematic
structure of the sarcomere with the main proteins that contribute to the force production. From
Uchida et Delp (2021) and based on (Huxley, 1957, 1974).

1.2.2.1. Force-length relationship

The cross-bridge theory is also called the sliding filament theory owing to the fact that actin
and myosin proteins slide past each other as the sarcomere changes length. The amount of
overlap between actin and myosin, and thus the number of potential cross-bridge formations,
depends on the sarcomere length (Gordon et al., 1966). As a consequence, the force that can be
produced is directly affected by sarcomere length (Figure 11). More recently, we have learned
that sarcomere length also affects the lattice spacing between actin and myosin, which in turn
has an effect on the force (Rockenfeller et al., 2022; Williams et al., 2013). When muscle fibers
shorten, they must expand radially to maintain a quasi-constant volume. This radial expansion
increases the distance between actin and myosin and thereby reduces the ability to form cross-
bridges (Williams et al., 2013). The force-length relationship is typically divided into three
regions: (i) the ascending region where an increase in sarcomere length results in an increase in

force due to excessive initial overlap of the thin actin elements which prevents the formation of
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many cross-bridges; (ii) a small plateau region where the sarcomere length is considered
optimal and where the force remains at its maximum; and (iii) the descending region where the
force decreases with an increase in sarcomere length which decreases the amount of overlap
between actin and myosin (Gordon et al., 1966; Rassier et al., 1999). Due to the hierarchical
organization of skeletal muscle, the force-length relationship can be observed at all

organizational scales, i.e. the sarcomere scale, muscle fiber scale and whole muscle scale.

In addition to the active component described above, the force-length relationship has a passive
component. Even without any activation, muscle generates passive force exponentially when it
is stretched beyond its optimal fiber length (Figure 11). The passive component of the force-
length relationship mostly arises from the titin protein at the microscopic sarcomere scale and
from the elastic properties of the connective tissue surrounding the muscle fibers, fascicles and
entire muscle. For example, titin has low stiffness when the sarcomere is short, but when the
sarcomere lengthens, titin stretches and its stiffness increases (Labeit et al., 2003). Moreover,
recent evidence has shown that titin stiffness and force are regulated by activation (Powers et
al., 2014). The total force produced by a muscle corresponds to the sum of active and passive

component (Figure 11).
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Figure 11 : Schematic representation of the force-length relationship. The figure represents
the relationship between the muscle fiber length and the passive (orange), active (green) and
total (blue) forces. The figure displays also three schematic representations of the sarcomere at
three different lengths. Adapted from Gordon et al. (1966).

1.2.2.2. Force-velocity relationship

The force produced by a muscle depends not only on its length but also on the rate at which the
length is changing, i.e. the velocity (Hill, 1938). Similar to the force-length relationship, the

force-velocity relationship is related to the attachment and detachment of cross-bridges
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(Huxley, 1974). To generate force, myosin heads cyclically bind with and pull on the actin
protein. The myosin needs time to execute this process. Therefore, when the shortening velocity
increases, the number of cross-bridges that can be formed, and thus the force generated in the
sarcomere, decreases. Theoretically, at maximal shortening velocity, no active force is
generated because the actin and myosin proteins slide past each other faster than the myosin
head is able to form cross-bridges (Huxley, 1974; Piazzesi et al., 2007). As a consequence, for
a given activation level and a given length, there is an inverse relationship between force and
velocity whereby higher shortening speeds are associated with lower forces (Figure 12).
Conversely, during eccentric contractions, sarcomeres are stretched. The lengthening strains
the cross-bridges before the myosin heads fully detach from the actin and this then also results

in the production of force (Huxley, 1974).

Force
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-— —_
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Figure 12: Schematic representation of the force-velocity relationship. The figure
represents the change in muscle fiber force depending on the shortening or lengthening velocity.
At the theoretical maximal velocity (Vmax), @ muscle fiber does not produce force. Adapted from
Huxley (1974).

1.2.2.3. Measure of dynamic muscle length and velocity

The force-length and force-velocity relationships have been widely investigated in vitro
(Bottinelli et al., 1996; Bottinelli & Reggiani, 2000; Piazzesi et al., 2007). However, in vivo
studies are less common, primarily because of the challenge to measure these relationships non-
invasively (Herzog, 2017). The in vivo determination of force-length and force-velocity
relationships require the simultaneous recording of length or velocity and muscle force.

However, there is a lack of non-invasive methods to measure individual muscle forces. As a
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consequence, most of the in vivo human studies examining the force-length and force-velocity
relationships have estimated individual muscle forces from joint torque. However, several
muscles contribute to a joint torque. An option to provide information on the individual muscle
force in human is to combine the joint torque with the moment arm and the relative PCSA of
the muscle within the muscle group (de Brito Fontana & Herzog, 2016; Hauraix et al., 2017;
Hessel et al., 2021; Ichinose et al., 2000; Maganaris, 2003). For example, this method enables
to estimate the force of vastus lateralis at different lengths (de Brito Fontana & Herzog, 2016)
and velocities (Hauraix et al., 2017) through the use of B-mode ultrasonography. Rubenson et
al. (2012) used similar methods to study the force-length relationship of the human soleus. In
this study B-mode ultrasound was further used to image the fascicle contractile behavior during
locomotion. The authors reported that the soleus operates on the ascending region of the force-
length curve during both walking and running (Rubenson etal., 2012). Nevertheless, in a similar
way to the in vivo measure of specific tension, such measure of force are based on assumptions
that are debated. For example, different activation between the muscles spanning the joint or
antagonist muscle activity could influence the force-length or force-velocity relationships but

are not considered.

Although it remains challenging to measure in vivo force-length and force-velocity properties,
the assessment of muscle operating lengths and velocities does provide information about
muscle function. For example, fascicle velocity measurements during locomotion revealed that
the walk to run transition enables the GM fascicles to operate at slower velocities where they
can theoretically produce more force (Farris & Sawicki, 2012). To non-invasively measure the
dynamic muscle architecture, B-mode ultrasound is the best suited method (Cronin &
Lichtwark, 2013; Franchi et al., 2018; Loram et al., 2006). B-mode ultrasound has been first
used to measure the muscle architecture changes during isometric contraction (Fukunaga et al.,
1997) and then during shortening and lengthening contraction (Reeves & Narici, 2003). Later,
B-mode ultrasound has been widely used to study the muscle fascicle contractile behavior
during locomotion (Farris & Raiteri, 2017; Fukunaga et al., 2001; Ishikawa et al., 2005; A. Lai
et al., 2015; Lichtwark & Wilson, 2006). The recent development of automatic and semi-
automatic tracking software has made the fascicle tracking process during movement less time-
consuming and more objective (Farris & Lichtwark, 2016; Seynnes & Cronin, 2020). These
software packages allow valid and reliable measurement of the fascicle length and pennation
angle during different tasks (Gillett et al., 2013; Kwah et al., 2013).
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2. In vivo measure and estimation of muscle force

2.1. Measures of muscle force from invasive experimental

techniques

Although there have been studies that measure muscle force in vivo, these experiments are
highly invasive and not common in most biomechanics laboratories today. Walmsley et al.
(1978) pioneered the use of buckle-type transducers for measuring in vivo time-varying muscle
forces in animals. Buckle transducers consist of a strain gauge surgically implanted onto the
tendon of interest (Figure 13). The tendon force informs directly on the muscle force due to the
in series arrangement of the muscle and tendon. Buckle transducers are able to provide reliable
tendon force measurements (Ginn et al., 1993) and their use has advanced our knowledge on
basic muscle function (Daley & Biewener, 2003; Roberts, 1997), muscle-tendon interactions
and the role of elastic energy (Biewener et al., 1998a; Biewener & Blickhan, 1988) or muscle
coordination (Biewener & Corning, 2001; Herzog et al., 1993). Although less common, studies
using buckle-type force transducers in human do exist. Komi and colleagues developed the use
of buckle-type transducers in the human Achilles tendon (Komi, 1990; Komi et al., 1984).
Using this method, Komi et al. (1990, 1992) observed that the Achilles tendon undergoes a very
high amount of force during running, around 12 times the body weight,. The Achilles tendon
force measurement from buckle-type force transducer has also been applied to human walking

(Komi et al., 1992), cycling (Gregor et al., 1987) and jumping (Fukashiro et al., 1995).
A
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Figure 13: Illustration of the buckle-type force transducer. A represents the shape of a
buckle-type force transducer. B represents a X-ray side view of an Achilles tendon with a
buckle-type force transducer. A from Herzog et al. (1999) and B from Komi (1990).

29



Review of literature — Part 1

Later, optic fiber techniques were developed to avoid the considerable surgical procedure
inherent to the buckle-type force transducer method (Finni et al., 1998; Komi et al., 1996). To
measure the forces, an optic fiber is inserted in the tendon of interest. The geometric properties,
and thereby the intensity of light within the optic fiber is mechanically changed when force is
applied to the tendon providing information about force. This method was first validated on the
calcaneal tendon in rabbits (Komi et al., 1996) and later used to measure Achilles tendon forces
in humans during walking (Finni etal., 1998) and jumping (Finni etal., 2000) as well as patellar

tendon forces during jumping (Finni et al., 2000).

However, both the buckle-type force transducer and the optic fiber technique are invasive
methods and have several drawbacks. First, they require a medical intervention to insert the
sensor, which results in ethical consideration. Second, the invasive intervention induces pain
and healing reactions that probably affect motor function. Third, they need either in vitro
calibration or complex calibration procedures that are challenging to maintain during the in vivo
measurement. Finally, they are unable to provide individual muscle force information when
tendons from different muscles are merged such as in the human Achilles tendon. Yet, to our
knowledge, there are no studies that have used these techniques on a tendon from an individual
muscle. Taken together, these limitations explain why in vivo individual force measurement has
not been performed in human. This has led researchers to use alternative methods to indirectly

estimate individual muscle forces.

2.2. Estimation of muscle force from non-invasive imaging

techniques

Non-invasive imaging methods have been used to estimate muscle forces. For example, B-
mode ultrasound can be used to estimate the tendon force from tendon length changes during
contraction. To this end, the muscle-tendon junction needs to be tracked during contraction.
This method was used to investigate the Achilles tendon force during one-legged hopping
(Lichtwark & Wilson, 2005) and cycling (Dick et al., 2016). Both studies combined tendon
length changes, a subject-specific determination of the Achille tendon stiffness and a moment
arm estimation to calculate the Achilles tendon force. Using this technique, Lichtwark and
Wilson (2005) revealed that the Achilles tendon undergoes forces around 3000 N to 5000 N
during single leg hopping depending on the individual. Shear wave tensiometry is another
method to indirectly estimate force applied on a tendon. A shear wave tensiometer consists of

a mechanical tapping device and accelerometer array in series (Keuler et al., 2019). The tapping
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device generates a shear wave, which propagates along the tendon length. The accelerometer
array is then able to detect the shear wave propagation. The fundamental basis of this method
is the proportional relationship between the squared tendon wave speed and the axial stress in
tendinous tissue (Martin et al., 2018). The tendon force can be calculated using the ratio
between the measured tendon stress and the tendon cross-sectional area. However, these two
methods based on tendon properties require time-consuming calibration procedures and are
limited to superficial tendons. Furthermore, these tendon-based techniques are often applied to
tendons that merge several individual muscles. For example, tendon length changes and shear
wave tensiometry have been mainly use to estimate the Achilles tendon force (Dick et al., 2017;
Ebrahimi et al., 2020; Lichtwark & Wilson, 2005; Slane et al., 2017). These techniques, as the
invasive techniques described above, are unable to inform on the individual contribution of

each muscle attached to the tendon.

Shear-wave elastography has also been proposed to estimate individual muscle force (Bouillard
et al., 2011; Hug et al., 2015c). This method relies on the linear relationship between muscle
stiffness and muscle force (Hug et al., 2015c). Bouillard et al (2011) showed a strong
relationship between the torque produced during isometric contraction and the shear elastic
modulus with a R? of, in average, 0.986 £ 0.007 for the human first dorsal interosseous and
0.977 £ 0.016 for the human abductor digiti minimi. However, shear wave elastography cannot
provide information on the absolute level of force. It only estimates the relative changes in
muscle force. Moreover, this method has a limited temporal resolution which limits its use in
several contexts such as locomotion. As a consequence, the three techniques described above
provide interesting information on the force produced by a group of muscles, but are not able

to estimate individual muscle forces.

2.3. Estimation of muscle force from biomechanical modelling

Biomechanical modelling remains the most widely used method to estimate time-varying
individual muscle forces. Modelling is a powerful approach to gain insights on parameters that
researchers cannot measure. Different biomechanical approaches exist to estimate muscle force.
A first approach combined musculoskeletal models with either inverse dynamics or forward
dynamics to estimate joint moment and individual muscle force. For the musculoskeletal
models that used inverse dynamics, the latter enables to calculate a net joint moment from
external force measurements such as ground reaction force. The net joint moment calculated

represents the sum of all the moments from individual muscles crossing the joint. Then, the
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individual muscle force can be calculated using static optimization techniques (Penrod et al.,
1974; Seireg & Arvikar, 1973, 1975). Optimization techniques consist of minimizing an
objective function such as the muscle stress (Crowninshield & Brand, 1981b) or the metabolic
cost (Prilutsky & Zatsiorsky, 2002). However, combining inverse dynamics and optimization
techniques has a high computational cost (Challis, 1997; Erdemir et al., 2007). To address the
limit of optimization-based inverse dynamics, a second computational approach called forward
dynamics can be used. On the contrary to inverse dynamics, forward dynamics rely on
kinematics. This approach consists of estimating the individual muscle activation from the
experimental kinematics data. Forward dynamics iteratively updates the muscle activation to
find the solution that best reproduce the kinematics data. Even though the forward dynamics
approach is computationally more affordable compared to the inverse dynamics approach, both
methods have crucial limitations such as inaccuracies or a lack of validation (Ait-Haddou et al.,
2004; Challis, 1997; Herzog & Leonard, 1991). As a consequence, the ability of
musculoskeletal models associated to inverse dynamics or forward dynamics appears limited

to estimate individual muscle force.

An alternative approach to estimate muscle force consists of combining experimentally-
determined EMG with forwards dynamics (Piazza & Delp, 1996) or, most often, both inverse
dynamics and forward dynamics (Amarantini & Martin, 2004; Buchanan et al., 2004). The
inverse dynamics is used to determine the joint moment. Then, forward dynamics calculate the
moment produced by each muscle from (i) the activation dynamics based on experimental
EMG,; (ii) the contraction dynamics based on muscle model; and (iii) the muscle-tendon
geometry determined by a musculoskeletal model based on experimental kinematics. Finally,
the resultant joint moment predicted by the forward dynamics is compared to the reference joint
moment determined by inverse dynamics. This approach has three main advantages. First, its
computational cost is limited. Second, these EMG-driven models use information from
experimental EMG to estimate individual muscle force. Therefore, these models do not require
the optimization of objective functions and are free from any assumption. Third, the subject-

specific EMG input enables to consider the individual differences in muscle activation strategy.

Forwards dynamics and EMG-driven models use muscle model to predict force. Different
muscle models exist, all based on the neuromechanical determinant previously described. For
example, the Huxley-type cross bridge model simulates the dynamics of cross-bridge cycling
(Huxley & Niedergerke, 1954; Lemaire et al., 2016). This model has been mainly used to study

phenomena at the sarcomere or single fiber level and is particularly powerful to assess the
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relationship between metabolic cost and mechanical behavior. The Hill-type model predicts
whole muscle force using few parameters based on sarcomere to muscle simplifications. The
muscle behavior has been also modelled using continuum mechanics and finite element to
mainly characterized the force-length relationship (Dao & Tho, 2018; Heidlauf et al., 2017;
Rohrle et al., 2012). Recently, titin clutch models have also integrated an activation-dependant

spring to consider the contribution of titin to the production of force (Nishikawa, 2020).

Among these different existing muscle models, the Hill-type model is the most popular. The
Hill-type model has a lower computational cost compared to the Huxley-type cross-bridge
model, the titin clutch model or the continuum model. Despite its computational and conceptual
simplicity, the Hill-type model is able to capture with enough accuracy the dynamic biological
complexity of force production (Schmitt et al., 2019). As a consequence, the Hill-type model is
often considered as the best suitable compromise between model complexity and accuracy
(Buchanan et al., 2004; Perreault et al., 2003). Moreover, this model is embedded in user-
friendly biomechanical simulation software such as Opensim (Delp et al., 2007), which makes

it even more accessible.

Various arrangements of the Hill-type model exist. The more conventional Hill-type model
represents the whole muscle-tendon unit with a contractile element that produces active force
and two linear springs that are responsible for passive force. One of these springs, is arranged
in series to the contractile element, i.e. the series elastic element, and the other is arranged in
parallel to the contractile element, i.e. the parallel elastic element. The contractile element
represents the active force generated from the actin-myosin cross-bridges. The series elastic
element corresponds to the tendon and aponeuroses whereas the parallel elastic element refers
to the other connective tissues within and surrounding the muscle and the microstructures that
generate passive forces such as the titin protein. The combination of contractile element,
parallel elastic element and series elastic element is generally represented as shown in Figure
14:

F, «—/\\\—
SEE
Figure 14: The schematic representation of a conventional Hill-type model. The contractile

element (CE) produces the active force. The parallel elastic element (PEE) and the series elastic
element (SEE) generate the passive force. 8 represents pennation angle. Frn and F represent the
resultant force in the muscle and tendon, respectively.
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The Hill-type model includes all the main determinants of force described above, i.e. activation,
maximal force-generating capacity, force-length relationship and force-velocity relationship

(Zajac, 1989). The most common form of the Hill-type model is formulated as follow:

Fn = Fmax[d(t)ﬁz(lf)ﬁzz(v) + F;)(lf)] cos B
Equation 4

Where the muscle force F,, in N depends on maximal force-generating capacity F,,, in N,
normalized level of activation a(t), normalized active Iz(lf) and passive @(lf) forces as

determined from the force-length relationship and normalized force F, (v) as determined by the
force-velocity relationship. The muscle force generated by the contractile element and parallel
elastic element is then multiplied by the cosine of the pennation angle £ to obtain E,, which

corresponds to the effective force.

Hill-type models have been widely used to study individual muscle force during walking
(Anderson & Pandy, 2003) and running (Hamner et al., 2010). Although Hill-type models are
ubiquitous in biomechanics, there are only few studies that have compared the accuracy of the
model prediction to measured muscle forces in situ in animal (Lee et al., 2013; Perreault et al.,
2003; Sandercock & Heckman, 1997) or to in vivo force estimated from tendon length changes
in human as described above (Dick et al., 2017). For example, Lee et al. (2013) assessed the
Hill-type model accuracy by comparing the predicted force to in vivo measured force from
buckle-type force transducer inserted on the GM and GL tendons of goat during walking,
trotting and galloping. They observed that the Hill-type model captures the force changes well

and reported root mean square errors between 9% and 17% during walking (Figure 15).
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Figure 15: Comparison of predicted force from a Hill-type model to measured force using
buckle-type force transducer in goat. A represents the force profiles of the gastrocnemius
lateralis (GL) measured using buckle-type force transducer (grey), estimated from a
conventional Hill-type model (one-element model; black) or estimated from a Hill-type model
that accounts for slow and fast motor units (two-element model; red). B represents the root
mean square error (RMSE) between the measured force and the estimated force from the Hill-
type models for the gastrocnemius medialis (GM) and GL. From Lee and al. (2013).

One of the drawbacks of the Hill-type models, used for example in forwards dynamics, is that
it is often informed with generic data (Blemker et al., 2007). Although the Hill-type model has
been informed with experimentally determined muscle activation in EMG-driven models for
two decades (Ai et al., 2016; Amarantini & Martin, 2004; Buchanan et al., 2004; Perreault et
al., 2003), the other muscle parameters are often based on mean values provided in the literature.
For example, maximal force-generating capacity is often calculated from muscle volume and
muscle architecture based on literature values. The use of generic inputs enable to simplify the
experimental data collection but it also conceals the inter-individual variability and leads to
inaccuracies in the individual muscle force prediction (Passmore et al., 2017). To address this
limitation, researchers have recently added more subject-specific inputs based on experiments
to inform Hill-type models (Charles et al., 2020; Dick et al., 2017; Gerus et al., 2015; Modenese
et al., 2016). For example, Gerus et al. (2012 & 2015) used B-mode ultrasound to determine

subject-specific series elastic element properties by determining the aponeurosis and tendon
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force-strain relationships. They demonstrated that the integration of these subject-specific series
elastic element properties into the Hill-type model led to a better agreement between force
predictions and measured ankle torques when compared to generic data (Gerus et al., 2012).
Later, the same authors added the subject-specific muscle architecture to calibrate the Hill-type
model and further improve the accuracy of the prediction (Gerus et al., 2015). Dick et al. (2017)
personalized the Hill-type model with subject-specific time-varying fascicle lengths, fascicle
velocities and pennation angles recorded during a cycling task (Figure 16). They reported
satisfying RMSE values (between 8% and 22%) when comparing predicted force from the Hill-
type model to forces estimated from ultrasound-based measures of tendon strains and tendon
mechanical properties (Dick et al., 2017). Even though the Hill-type model has limitations such
as the inability to account for history-dependent phenomena, it currently remains a key method

to estimate individual muscle forces, especially when it is informed with subject-specific data.
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Figure 16: Illustration of the inclusion of ultrasound-based subject-specific input in a Hill-
type model. The force was estimated during a cycling protocol illustrated with the left image
(A). The participants pedalled on a stationary bike while the authors measured tendon lengths
from tracked muscle-tendon junctions, fascicle lengths (lf) and pennation angles (B) from
ultrasound images, and activation patterns (&) derived from surface electromyography from the
gastrocnemius medialis and gastrocnemius lateralis (B). The subject-specific time-varying
activation and muscle architecture was then used into a Hill-type model. Adapted from Dick et
al. (2017).
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Individual muscle force

Summary

The production of force arises from the interplay between the neural command sent to
a muscle and several biomechanical factors. Specifically, once excited by the neural
command, a muscle produces active force, the magnitude of which depends on several
biomechanical determinants. First, the muscle force is determined by the muscle’s
maximal force-generating capacity which is related to its volume, architecture and
specific tension. Second, the length and the velocity at which muscle operates

influence the muscle force production.

Although we are able to collect rich sources of neurophysiological and biomechanical
data with modern tools, there remains no technique to measure individual muscle
force. Invasive buckle-type force transducers and optic fibers have been used to
measure muscle force in humans, but these techniques are not common practice and
do not differentiate individual muscle forces from those measured in a common

tendon.

Alternatively, muscle models can be used to estimate muscle force. However, most
musculoskeletal models rely on generic inputs, which limits the accuracy of their
predictions. Later, studies extended the possibilities of modelling by using muscle
models informed with subject-specific inputs. This improves the accuracy of model
predictions while accounting for the inter-individual variability in muscle force
production. Muscle models informed with subject-specific inputs appears to be a key

approach to estimate individual muscle force.
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Part 2: Muscle coordination

Muscle coordination refers to the distribution of muscle force among the muscles involved in a
given motor task (Hug & Tucker, 2017), and is therefore equivalent to the notion of muscle
force-sharing strategy. The large number of muscles that cross a joint results in numerous
possible muscle coordination strategies to produce the required joint moment. The reasons
underlying the use of specific muscle coordination among the numerous possibilities remain
poorly understood. Muscle coordination has been studied using animal models or using
alternative approaches to estimate individual muscle force. This section first outlines the
theoretical concepts underlying the study of muscle coordination, and second, describes the

different methods that have been used to study muscle coordination.

1. Distribution problem

1.1. Muscle redundancy

The contribution of individual structures crossing a joint to the joint moment, i.e. the
“distribution problem”, is a fundamental issue in biomechanics and motor control (Herzog,
2017). Although it was established more than 50 years ago (Bernstein, 1967) and has been
extensively studied ever since, the distribution problem is still not fully understood. The
distribution problem emerges from the muscle redundancy. The number of muscles (>600)
contained within the human body largely exceeds the number of degrees of freedom (244)
offered by our joints meaning that our musculoskeletal system is redundant (Bernstein, 1967,
Prilutsky & Zatsiorsky, 2002). This large redundancy of the musculoskeletal system implies
that numerous combinations of individual muscle forces are theoretically able to achieve a
given joint moment. Moreover, most of the muscles span more than one joint and therefore
produce moments at multiple joints. This further increases the complexity of motor control.
Crowninshield and Brand (1981a) illustrated muscle redundancy at the knee joint. They
highlighted that this joint has three degrees of freedom (flexion-extension; internal rotation-
external rotation; abduction-adduction) whereas 14 muscles (rectus femoris, vastus lateralis,
vastus medialis, vastus intermedius, biceps femoris, semi-membranosus, semi-tendinosus,
tensor fascia latae, sartorius, gracilis, popliteus, GM, GL, plantaris) span the knee and

contribute to its moment (Figure 17; Crowninshield & Brand, 1981a). Similar redundancy is
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observed at the ankle which has also three degrees of freedom: plantar flexion-dorsal flexion;
inversion-eversion; abduction-adduction. However, 13 muscles (Tibialis anterior; Extensor
digitorum longus; Extensor hallucis longus; Fibularis longus; Fibularis brevis; Fibularis
tertius; Tibialis posterior; Flexor digitorum longus; Flexor hallucis longus; GM; GL; Soleus;
Plantaris) span the ankle and are able to contribute to its moment. Therefore, from a motor
control perspective, the numerous muscles spanning a joint constitutes a complex system for

the central nervous system.

Figure 17: Hlustration of the different forces acting on the human knee. Muscle force (F™),
ligament force (F') and bony contact force (F°) influence the joint moment (Mo). From Herzog
et al. (2017) based on Crowninshield and Brand (1981a).

1.2. Individual muscle force and the joint moment

A joint moment corresponds to the sum of the moments produced by each structure that spans
this joint. The contribution to the joint moment of blood vessels, nerves, joint capsule, ligament
and bony contact force are typically assumed to be low (Andrews, 1974; Herzog, 1996, 2017).
Moreover, the central nervous system does not control these structures. As a consequence, for

a sake of clarity, in this section we considered that the joint moment can be computed as:

MO = i(flm x ™)
i=1

Equation 5
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Where M? is the joint moment; f™ designates the force in the i"" muscle; ™ represents the

moment arm of the the i muscle; m is the number of muscles spanning the joint.

Even this simplified equation that considers only the muscle structures is an indeterminate
system which, theoretically, has an infinite number of solutions. In other words, an infinite
number of muscle coordination can produce the same joint moment. This raises the question of
why the central nervous system selects a particular muscle coordination among all the possible
alternatives. Although the fact that the central nervous system has to choose between several
solutions remains unquestioned, recent studies highlighted mechanical and neural constraints,

which drastically reduce the number of solutions.

1.3. Feasible force set

1.3.1. Mechanical constraints

The feasible force set refers to the space that contains all muscle coordination possibilities
(Kutch & Valero-Cuevas, 2011). This feasible force set theoretically has an infinite number of
muscle coordination strategies. However, when taking into account the mechanical and neural
constraints that act on muscles involved in a specific task, this feasible force set is reduced
(Kutch & Valero-Cuevas, 2011). First, mechanical constraints limit the muscle coordination
strategies that can physiologically be used to reach a given joint moment. In a cadaveric study,
Kutch and Valero-Cuevas (2011) determined the feasible force set for an isometric abduction
contraction of the index finger. They resected cadaver arms and connected the proximal tendons
of all 7 muscles controlling the index finger (i.e. flexor digitorum profundus, flexor digitorum
superficialis, extensor indicis, extensor digitorum communis, first lumbricals, first forsal
interosseous and first palmar interosseous) to motors. This set up allowed the authors to control
the individual muscle force and to simultaneously measure the resultant joint moment. The
results showed that when the task required a mechanical constraint such as a specific force
direction, the set of feasible coordination strategies is greatly limited. Specifically, the 7
muscles must be activated in a very restrained range of activation. The authors extended these
results to multi-joint tasks such as walking using computational simulation (Figure 18). They
found that 84% of the feasible force set area was vulnerable to the loss of any one muscle. For
example, the gastrocnemii seemed to be necessary to produce a vertical force to support the
body weight during walking whereas the hamstrings were necessary to produce a force oriented
posterior (Kutch & Valero-Cuevas, 2011).

40



Review of literature — Part 2

gastroc

Robust \ rectfem

hamstring

———

Sagittal Plane Sample muscle Feasible force set Robust and Muscle necessary for
Leg Model action vectors vulnerable regions to force region
single muscle loss

Figure 18: Illustration of the mechanical constraints that can limit the muscle
redundancy. A represents the model considered with 14 muscles groups (only 8 are represented
for a clarity purpose). B represents the force vector of each muscle group. C represents the
feasible force set generated by these vectors. D displays the regions that are robust or vulnerable
to the loss of any muscle. E displays the regions vulnerable to the loss of only one muscle.
Gastric, gastrocnemii; gmax, gluteus maximus; rectfem, rectus femoris; tibant, tibialis anterior;
tibpost, tibialis posterior; vasti, vastii. From Kutch & Valero-Cuevas (2011).

1.3.2. Neural constraints

Neural constraints also limit the muscle coordination possibilities. Synergist muscles within a
muscle group generally receive a certain amount of common neural drive (De Luca & Erim,
1994). The muscles that share a high level of common neural drive cannot be controlled fully
independently by the central nervous system which influence the muscle coordination
possibilities. Hug et al. (2014) studied the neural constraints within the quadriceps muscles. In
this work, participants were asked to voluntarily reduce the activation of vastus medialis or
rectus femoris while maintaining a knee extension torque of 20%. Participants succeeded to
voluntarily reduce the activation for rectus femoris, by increasing the force produced by the
vastii. However, they failed to reduce the vastus medialis activation while maintaining the
required knee extension torque. These results are likely explained by the fact that rectus femoris
is controlled mostly independently from the vastus lateralis and vastus medialis, whereas the
vastus lateralis and vastus medialis receive a high level of common neural drive (Laine et al.,
2015). The shared neural command between muscles therefore reduces the number of possible
muscle coordination strategies. Taken together, the mechanical and neural constraints suggest

that the muscle redundancy initially established by Bernstein (1967) is more limited than
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previously suggested. Nevertheless, several muscle coordination strategies are still possible,

and the central nervous system has to solve the distribution problem.

2. Study of muscle coordination

2.1. Insights from animal studies

Muscle coordination has been studied in animals using buckle-type force transducers placed on
the tendon of the muscles of interest (Biewener & Corning, 2001; Herzog et al., 1993; Kaya et
al., 2003; Walmsley et al., 1978). Using this approach, Walmsley et al. (1978) quantified the
force produced during locomotion by implanting two buckle-type force transducers on the GM
and soleus tendons in cats. They observed that the soleus produces more force than the GM
during normal walking and slow trotting. Moreover, the force production of the soleus appeared
to be consistent across speed and locomotor tasks whereas the GM force varied according to
the mechanical demands of the task. The authors suggested that these between-muscle
differences are likely due to the muscle fiber composition of each muscle. The cat soleus is
mainly composed of slow muscle fibers whereas cat GM has a more mixed muscle fiber
population. The soleus may be preferentially activated during low intensity tasks to take
advantage of its fatigue-resistant muscle fibers. The GM activation was instead modulated to
match the intensity of the task (Walmsley et al., 1978). This pioneering work was later extended
by additionally measuring the plantaris muscle, whose shape, structure and muscle fiber
composition are similar to those of the GM (Herzog et al., 1993). In this study, muscle
coordination between the GM, soleus and plantaris was measured in freely moving cat during
various tasks and locomotion speeds. They showed that plantaris force, similarly to the GM
force, increased with the movement intensity whereas the soleus force remained similar across
tasks. Surprisingly, muscle coordination across the different tasks that were studied covered a
wide spectrum of possibilities. For example, during quiet standing, the cat soleus produced
substantial force whereas the GM was not active. On the contrary, when paw-shaking or
jumping, cats exhibited substantial GM force and small if no soleus force (Figure 19). Between
these two extremes cases, the different gaits and speeds have a specific muscle coordination

strategy (Herzog et al., 1993).
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Figure 19: lllustration of muscle coordination between the gastrocnemius medialis and
soleus of cat. The authors reported a large flexible in the muscle coordination depending on the
task. Different tasks were examined: standing still (st); paw shake (ps); jumping (j); 0.4, 0.7
and 1.2 are the speeds of walking in m.s, 2.4 is the speed of trotting. Gastroc, gastrocnemius
medialis. From Herzog (2017).

Muscle coordination between the GM and GL has also been studied, namely in the mallard
duck during swimming and terrestrial locomotion. The results showed that GM generated half
the force of the GL during swimming (5 N and 10 N, respectively) whereas terrestrial
locomotion was associated with more balanced muscle force distribution whereby the relative
contribution of GM increased (GM and GL generated 14 and 20 N respectively; Biewener &
Corning, 2001). Taken together, these animal studies revealed that muscle coordination is
flexible, and varies with the mechanical demands of the task. The central nervous system might
consider the muscle properties such as the muscle fiber composition when distributing the force

among synergists muscles.

2.2. Insights from human studies

2.2.1. Experimental estimation of muscle coordination strategies

In the absence of non-invasive methods to directly measure individual muscle force, an
alternative strategy has been developed to experimentally study muscle coordination in humans.
This approach consists of combining muscle activation from EMG and experimentally-
determined biomechanical features to estimate muscle coordination during controlled tasks. As
described in Part 1, section 1., the main determinants of muscle force are muscle activation,
PCSA, specific tension, and the force-length and force-velocity relationships. During isometric
contractions, especially at relatively low submaximal intensities, the fascicle velocity is low
and the influence of the force-velocity relationship on force production is therefore limited.
Moreover, specific joint angles can place different synergist muscles at similar length relative

to their specific force-length relationships. The use of these specific joint angles could therefore
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minimize the impact of the force-length relationship on muscle coordination. Furthermore, if
the muscles considered have similar muscle fiber composition such as the gastrocnemii
(Johnson et al., 1973), we can assume that their specific tensions are similar. More generally,
as specific tension cannot be experimentally determined, this parameter is often passed over by
considering a similar specific tension across muscles. As a consequence, during isometric
contractions at specific muscle length, the distribution of force between synergist muscles can

be estimated using an index of force based on experimental activation and PCSA.

Hug et al., (2015a) used this approach and determined the PCSA of the vastus lateralis and
vastus medialis muscle using measured muscle volumes and fascicle lengths from MRI and
freehand 3D ultrasound, respectively. They also recorded muscle activation during submaximal
isometric knee extension using bipolar EMG. Finally, they used the product of muscle
activation and PCSA as an index of force, which was used to assess the distribution of force
between the vastus lateralis and vastus medialis muscles. The results revealed that the vastus
lateralis produces in average higher force compared to the vastus medialis during a knee
extension of 20% and 50% of MVC. Interestingly, this study also reported a high level of inter-
individual variability in the distribution of force. For example, within the quadriceps at 20% of
knee extension MVC, some participants produced much more force with the vastus lateralis
compared to the vastus medialis whereas others used the reverse strategy (Hug et al., 2015a).
Furthermore, the observed individual distribution of activation was positively correlated to the
individual distribution of maximal force-generating capacity (Figure 20). In other words, the
greater the PCSA of vastus lateralis compared to vastus medialis, the stronger the bias of
muscle activation towards the vastus lateralis. This results aligns with a previous study
highlighting that the muscle activation was modulated to take advantage of biomechanical
characteristics such as moment arm (Hudson et al., 2009). The central nervous system might
bias the activation to the muscle with the greater maximal force-generating capacity, in order
to decrease the activation cost (Crouzier et al., 2018). However, this neuromechanical coupling

became moderate and non-significative for a knee extension of 50% of MVC.
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Figure 20: The neuromechanical coupling between the physiological cross-sectional area
and the muscle activation of the vastus lateralis and vastus medialis. The correlation was
strong and significant at 20% of maximal voluntary contraction (MVC; left graph) but only
moderate and non-significant at 50% of MVC (right graph). EMG, electromyography, PCSA,
physiological cross-sectional area, VL, vastus lateralis; VM, vastus medialis. From Hug et al.
(2015a).

A similar approach was used in the hamstrings (Avrillon et al., 2018, 2020). The authors were
interested in the torque-generating capacity of the muscle and therefore they additionally
experimentally determined the moment arm. Large inter-individual variability in muscle
coordination was observed within the hamstrings suggesting the presence of individual
strategies (Figure 21). Specifically, the contribution of biceps femoris, semimembranosus and
semitendinosus to the overall torque ranged from 20% to 55%, from 25% to 65% and from 5%
to 45%, respectively during a knee flexion at 20% of MVC (Avrillon et al., 2018). Moreover,
results suggested that individual muscle coordination strategies can be related to motor
performance (Avrillon et al., 2018). Specifically, the participants that had a more evenly
distributed muscle coordination within the hamstring muscles were able to sustain longer a
time-to-exhaustion exercise. The same researchers later showed that previous injury can also
affect muscle coordination. The contribution of the previously injured biceps femoris to total
knee flexion torque was lower compared to the non-injured leg and compensated by a greater
contribution of the semimembranosus (Avrillon et al., 2020). Of note, the neuromechanical
coupling, found earlier in the vastii, was not found between the torque-generating capacity and

activation within the hamstrings muscle group (Avrillon et al., 2018).
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Figure 21: Inter-individual variability in the distribution of torque within the hamstring
muscles. The contribution of biceps femoris (left panel), semimembranosus (middle panel) and
semitendinosus (right panel) to the overall hamstring torque are displayed. The dashed vertical
line represents the average torque ratio for each muscle. A large inter-individual can be
observed. BF, biceps femoris; Hams, hamstrings; SM, semimembranosus; ST, semitendinosus.

From Auvrillon et al. (2018).

The contribution of individual triceps surae muscles to plantar flexion moment is also highly
variable between individuals. The contribution of the GM, GL and soleus to the overall triceps
surae force ranged from 5% to 50%, from 5% to 15% and from 40% to 85%, respectively,
during an ankle plantar flexion at 20% of MVC (Crouzier et al., 2018). Furthermore, Crouzier
et al. (2018) observed an association between the distribution of activation between the GM
and GL and the distribution of PCSA between the GM and GL. This confirmed the
neuromechanical coupling previously observed between the vastii (Hug et al., 2015a). Later,
using similar approach, the same authors reported an association between musculoskeletal
disorders and altered muscle coordination in the triceps surae, which echoes the previously
mentioned work on hamstring muscles. Specifically, results revealed that the GL contributed
less to the triceps surae force in participants with Achilles tendinopathy compared to healthy

controls (Crouzier et al., 2019b).

Taken together, this series of studies revealed that muscle coordination varies between
individuals. Evidences suggest that this inter-individual variability emerges from the
neuromechanical coupling between the activation a muscle receives and its biomechanical
characteristics, such as PCSA. As a consequence, the central nervous system might consider
the muscle features to optimize the distribution of activation among synergist muscles.
Moreover, the large inter-individual variability observed seems to have functional
consequences. Specifically, the individual muscle coordination strategy was associated with
motor performance and the presence of musculoskeletal disorder. Although combining an
experimentally determined PCSA and muscle activation provides insights into muscle

coordination, this approach is limited to isometric contractions. During less controlled tasks
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such as locomotion, the influence of force-length and force-velocity relationships should be
considered. As a consequence, in these tasks, the estimation of muscle coordination requires

another approach.
2.2.2. Estimation of muscle coordination using biomechanical models

Since the distribution problem was established, researchers have used biomechanical modelling
to estimate muscle forces (Penrod et al., 1974; Seireg & Arvikar, 1973, 1975). The combination
of inverse dynamics and static optimization techniques was initially used to determine muscle
coordination. The relevance of the inverse dynamics-based prediction to study muscle
coordination seemed dependent of the objective function used. The first attempts using this
approach were unrealistic (Penrod et al., 1974; Seireg & Arvikar, 1973, 1975). For example,
during walking, models predicted that only a few synergist muscles were simultaneously
activated. Moreover, muscles with small PCSA such as tibialis anterior, produced high amounts
of force whereas larger muscles produced almost no force (Seireg & Arvikar, 1975). The use
of more physiological objective functions that considered the mechanical properties of muscle
(Crowninshield et al., 1978; Crowninshield & Brand, 1981a, 1981b) or the muscle fiber
composition (Dul et al., 1984) resulted in more reasonable predictions. Moreover, these later
study predictions agreed with empirical EMG recordings. The results from these studies
suggested that the central nervous system preferentially activates the muscles with the larger
PCSA and the higher proportion of slow muscle fiber to minimize the energetic cost and fatigue.
This is in agreement with the neuromechanical coupling found in the vastii and gastrocnemii
(Crouzier et al., 2018; Hug et al., 2015a). Studies using forward dynamics approaches to
determine the contribution of individual muscles are less numerous than inverse dynamics
studies (Erdemir et al., 2007). For instance, this approach has been used to determine that the
gastrocnemii and soleus had opposite energetic effects on the leg and trunk during the single-
leg stance phase to ensure support and forward progression (Neptune et al., 2001). Despite the
improvements made over the years, important limitations in these approaches remain such as a
lack of validity and accuracy (Ait-Haddou et al., 2004; Challis, 1997; Herzog & Leonard, 1991).
Although these two approaches use experimentally-determined external kinetics or kinematics,
none consider any subject-specific determinant of force as input. Taken together, these limits
has led researchers to use alternative models such as EMG-driven models that consider subject-

specific inputs.
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Traditional EMG-driven models have been used to determine individual muscle force. For
instance, Menegaldo & Oliveira (2011) observed that muscle coordination within the
quadriceps remained unchanged after 13 weeks of knee flexion strength training. This approach
was also used to suggest that muscle coordination was maintained with the aging process
(Oliveira et al., 2017). The lower limb muscle force was also estimated during walking for
healthy patients (Lloyd & Besier, 2003) and for stroke patients (Shao et al., 2009). Despite these
models used subject-specific EMG, the other parameter of the muscle model such as maximal
force-generating capacity, the dynamic fascicle behavior or the tendon properties are generic
and could lead to inaccuracies. Recent studies extended the possibilities of muscle models by
adding more experimental inputs than solely EMG. For example, the tendon-aponeurosis
properties (Gerus et al., 2012) and muscle architecture (Gerus et al., 2015) determined using B-
mode ultrasound enabled to improve the muscle force prediction of the Hill-type model.
However, these studies were performed in only one muscle (the GM), which does not provide
information on between-muscle coordination. Another study used time-varying fascicle length,
fascicle velocity and pennation angle to estimate individual force from the GM and GL during
cycling (Dicketal., 2017). The authors showed that GM and GL produced similar level of force
relative to their maximal force-generating capacity during cycling (Figure 22). As the GM had
higher maximal force-generating capacity, the distribution of force between GM and GL was
unbalanced towards the GM (Dick et al., 2017). Nevertheless, some parameters of the Hill-type
model remained generic such as the maximal-force generating capacity of muscle. Yet, recent
studies suggested that the use of subject-specific maximal-force generating capacity could
improve the accuracy of models (Charles et al., 2018, 2020). To our knowledge, there is no
study that used subject-specific EMG, fascicle contractile behavior and maximal force-

generating capacity inputs to investigate muscle coordination.
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Figure 22: Forces produced by the human gastrocnemius medialis and gastrocnemius
lateralis during cycling. The figure represents the time-varying forces estimated from
ultrasound measures of tendon strain (black), predicted by a conventional Hill-type model
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(grey), and predicted by a Hill-type model that accounts for the independent contributions of
slow and fast motor units (red). Muscle force (Fm) is normalized to the maximum isometric
force (Fmax). A represents the gastrocnemius medialis (GM) and gastrocnemius lateralis (GL)
forces during pedalling at 60 rpm cadence at 44 Nm crank torque. B represents the GM and GL
forces during pedalling at 100 rpm cadence at 26 Nm crank torque. From Dick et al., (2017).
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Muscle coordination

Summary

Muscle coordination refers to the distribution of force among individual muscles to
produce a given joint moment. The number of muscles that cross a joint largely
exceeds the number of degrees of freedom available at the joint. This means that the
musculoskeletal system is redundant. Thereby, numerous muscle coordination
strategies exist to produce a given joint moment. Even though muscle redundancy
means that there is theoretically an infinite number of muscle coordination strategies
available to produce a given joint moment, mechanical and neural constraints limit
these possibilities. Nevertheless, the central nervous system has to select particular

muscle coordination among the numerous alternatives.

Muscle coordination has been studied in various animals to understand the
mechanisms underlying the use of a particular muscle coordination strategy. Studies
in cats revealed that muscle coordination is highly flexible and depends on the
mechanical demands. Despite the lack of an experimental method to measure
individual muscle forces in humans, some studies have used alternative approaches to
provide information about the distribution of force across human muscles. Evidence
has shown that the human central nervous system preferentially activates muscles with
the larger PCSA. Nevertheless, information about muscle coordination in humans are
sparce and further studies are required to better understand muscle coordination,

especially during locomotion.
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Part 3: Application to the triceps surae

The triceps surae is a muscle group located in the posterior compartment of the lower leg. It
comprises the biarticular GM and GL and the monoarticular soleus. The three muscles have
independent origins, but distally, their respective tendons combine to form the common
Achilles tendon which inserts into the posterior calcaneus. The primary function of the triceps
surae is to generate ankle plantar flexion torque, thereby playing a fundamental role in
locomotion (Dorn et al., 2012; Hamner & Delp, 2013). Nevertheless, the triceps surae contains
biarticular muscles that span the knee and thus also contribute to knee flexion. In this section,
we first describe the functional anatomy of the triceps surae muscles. Then, we discuss the
distribution of activation between the triceps surae muscles. Finally, we elaborate on the

functional interplay between muscle activation and the muscle architecture.

1. Functional anatomy of the triceps surae

1.1. Triceps surae muscles

The GM and GL are biarticular and superficial muscles (Figure 23). They originate from the
medial and lateral femoral condyles, respectively. Thereby, the gastrocnemii are both knee
flexors and ankle plantar flexors. The GM and GL have a unipennate muscle architecture. Of
note, although some studies reported two or three compartments in the GL (Johnson etal., 1973;
Segal et al., 1991), most consider that GL is constituted of one unipennate compartment.
Importantly, as the GM and GL are biarticular, their lengths and therefore their ability to
produce force with respect to the force-length relationship depends on both knee angle and
ankle angle (Cresswell et al., 1995). The triceps surae also contains a monoarticular muscle,
the soleus. This large muscle lies deep to the gastrocnemii and originates from the posterior
surfaces of the fibula and tibia to insert on the calcaneus via the Achilles tendon. In contrast to
the GM and GL, the soleus is only a plantar flexor muscle. Another property that distinguishes
the soleus from the GM and GL is its complex 3D architecture that comprises four
compartments (i.e. antero-medial; antero-lateral; postero-medial and postero-lateral). The
compartments are separated by an intra-muscular aponeurosis in the transverse plane and by
the medial septum in the sagittal plane (Wickiewicz et al., 1983). The unipennate posterior

compartments wrap around the radially bipennate anterior compartments. The overall triceps
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surae muscles represent roughly 73% and 80% of the total plantar flexor volume and PCSA,

respectively (Fukunaga et al., 1996).

Figure 23: Dissection of the triceps surae. Different step of the dissection process are
represented in (a), (b), (c) and (d). 1, gastrocnemius lateralis (GL); 2, gastrocnemius medialis
(GM); 3, soleus; 4, Achilles tendon; 5, calcaneus; 6, fascicle from the soleus; 7, fascicle from
the GM; 8, fascicle from the GL; L, lateral; M, medial. From Edama et al. (2015).

Muscle volume is not evenly distributed between the three heads of the triceps surae. The GM,
GL and soleus volumes are respectively ~30%, ~17% and ~53% of the total triceps surae
volume (Table 1). The resting muscle architecture is also quite different between the muscles.
The GL has the longer fascicle length followed by the GM and the soleus (Table 1). Of note, a
recent study used DTI to determine the 3D architecture of the plantar flexors and reported no
differences between the GM and GL fascicle length (Aeles et al., 2021a). This discrepancy
could be related to the selectivity of the 2D B-mode ultrasound compared to the DTI which
provides fascicle length estimation from the whole muscle. The GL is also characterized by a
smaller pennation angle compared to the GM and soleus which exhibit similar values
(Kawakami et al., 1998; Morse et al., 2005a).
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Table 1: Review of muscle volume, architecture, and muscle fiber composition of the
triceps surae muscles. All Muscle volume, architecture and physiological cross-sectional area
(PCSA) data reported in this table were measured in vivo on healthy subjects. For the fascicle length and
pennation angle, the measure was performed at rest in anatomical position (knee angle at 180° and ankle
angle at 90°). For the PCSA, we reported only the studies that did not integrate the pennation angle in
the PCSA calculation. Data are reported as mean + s.d. or mean [range]. GM, gastrocnemius medialis;
GL, gastrocnemius lateralis.

285 + 45 146 + 23 477 £ 66 Albracht et al., 2008
274 + 75 Barber et al., 2009
362 + 59 Bolsterlee et al., 2018
251 + 64 137 + 50 448 + 193 Bolsterlee et al., 2019
230 + 48 128 + 35 461 + 108 Charles et al., 2019
3 250 £ 54 138 + 40 420 + 98 Crouzier et al., 2018
Volume (cm’) 244 + 42 155 + 33 451 + 58 Crouzier et al., 2019b
244 + 33 141 £ 28 489 + 65 Fukunaga et al., 1992
250+ 14 145+9 504 + 23 Fukunaga et al., 1996
247 + 17 130+7 430+ 12 Kinugasa et al., 2005
303 £65 178 + 39 520 + 114 Morse et al., 2005a
234 + 67 145 + 42 416 + 127 Pinel et al., 2021
5.7+0.7 6.6 +0.7 3.9+0.9 Albracht et al., 2008
5.7+0.9 42+1.0 Cronin et al., 2008
5.4+0.8 6.4+0.7 3.9+0.8 Crouzier et al., 2018
5.9+0.7 6.7+0.8 4.0+0.7 Crouzier et al., 2019b
54+0.7 6.3+1.0 46+0.9 Geremia et al., 2019
52+0.7 56+0.8 3.8+04 Kawakami et al., 1998
Fascicle length (cm) 44+0.9 42+0.7 3.0+1.1 Martin et al., 2001
6.3+1.2 7014 4.3+0.8 Morse et al., 2005a
55+1.1 Morse et al., 2005b
55+0.3 Muramatsu et al., 2002
5.1+04 Narici et al., 2016
5.1+0.7 57+0.7 35+0.8 Pinel et al., 2021
48+0.7 41+1.0 Stenroth et al., 2012
10+4 9+3 12+2 Charles et al., 2019
27+8 23+4 Cronin et al., 2008
20+4 11+3 207 Crouzier et al., 2018
18+2 13+2 23+4 Crouzier et al., 2019b
21+2 12+1 18+2 Geremia et al., 2019
. ° 24 £2 13+1 21+3 Kawakami et al., 1998
Pennation angle (°) 19+4 16+3 24+6 Martin et al., 2001
22+3 14 +2 25+3 Morse et al., 2005a
18+4 Morse et al., 2005b
17+3 Narici et al., 1996
21+3 15+4 20+ 3 Pinel et al., 2021
25+4 205 Stenroth et al., 2012
51+ 10 24 +5 131+ 31 Albracht et al., 2008
102 +£19 Bolsterlee et al., 2018
PCSA (cm?) 49+6 26+5 128 + 26 Morse et al., 2005a
32+6 Morse et al., 2005b
54 Coggan et al., 1992
50 [16-86] 52 [37-62] 70 [12-95] Edgerton et al., 1975
60 [45-82] 80 [64-100] Gollnick et al., 1974
Slow muscle fiber 49£3 Green etal., 1981
tion (%) 78 + 17 Harridge et al., 1996
propor 51 47 88 Johnson et al., 1973
50 + 20 Moss, 1992
54 + 16 Rice et al., 1988
54 +3 71+5 Secher et al., 1982
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These between-muscle differences in volume and architecture lead to large difference in PCSA
between the GM, GL and soleus. The soleus has a PCSA more than twice that of the GM which
itself has a PCSA twice as large as the GL. Specifically, the GM, GL and soleus PCSAs are
respectively ~26%, ~14% and ~60% of the total triceps surae PCSA. The different muscles
from the triceps surae have very different force-generating capacities. Moreover, the muscle
volume, muscle architecture and PCSA vary greatly between individuals. For example, in
young and healthy participants, the individual contribution of each muscle to the overall triceps
surae PCSA ranged from 17.9% to 33.1%, from 8.8% to 19.5% and from 50.6% to 68.5% for
the GM, GL and soleus, respectively (Crouzier et al., 2018; Figure 24).
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Figure 24: Inter-individual variability in the distribution of physiological cross-sectional
area within the triceps surae. The dashed vertical line represents an evenly distributed
physiological cross-sectional area (PCSA) among the three muscles. The thick vertical line
represents the mean PCSA ratio for each muscle. GL, gastrocnemius lateralis; GM,
gastrocnemius medialis; Sol, soleus; TS, triceps surae. From Crouzier et al. (2018).

As explained in Part 1, section 1.2.1.4., the specific tension cannot be experimentally measured
in humans but it is mainly related to the muscle fiber composition of the muscle. Therefore,
muscle fiber type can provide indirect information about specific tension. Cadaveric studies
reported that both the GM and GL are composed of around 50% of slow muscle fibers (Edgerton
etal., 1975; Johnson et al., 1973). These studies also reported higher percentages, i.e. 70-90%,
of slow muscle fiber, for the soleus compared to the gastrocnemii (Edgerton et al., 1975;
Johnson etal., 1973). These percentages are confirmed by studies on living human using biopsy.
For example, Secher et al. (1982) found that the GL and soleus contains respectively 54% and
71% of slow muscle fibers. Taken together, these studies suggest that the specific tension of the

GM and GL is likely similar and higher compared to the specific tension of the soleus.
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1.2. The Achilles tendon

The Achilles tendon corresponds to the connective tissue that connects the distal end of the
triceps surae muscles to the calcaneus. The Achilles tendon is the largest and strongest tendon
in the human body (Pang & Ying, 2006), allowing it to tolerate high stresses and high strains.
Within the Achilles tendon, the proximal section and the free section are commonly
distinguished. The proximal section of the Achilles tendon contains only the tendons from the
GM and GL due to their proximal locations and longer tendons compared to the soleus. Then,
from the soleus myotendinous junction, the gastrocnemii tendons merge with the soleus tendon
to form the free Achilles tendon (Edama et al., 2015; Szaro et al., 2009, 2020). The proximal
section and free section represent roughly 75% and 25% of the total Achilles tendon length,
respectively (Pgkala et al., 2017). Tendon fibers arising from each muscle are grouped into
subtendons (Handsfield et al., 2016). These subtendons can be anatomically distinguished and
separated (Edama et al., 2015; P¢kala et al., 2017; Szaro et al., 2009; Figure 25). Subtendons
are arranged in parallel in the proximal section of the tendon and then, in the free tendon, twist
counter-clockwise for the right leg and clockwise for the left leg. The degree of twist is highly
variable between participants (Edama et al., 2015; Funaro et al., 2022; Szaro et al., 2009).
Different hypotheses have been established about the role of the Achilles tendon twist. It has

been suggested to enhance the ability to store and release energy, to optimize the length of each

muscle, or to regulate the intra-tendinous stresses and strains within the Achilles tendon

(Bojsen-Mgller & Magnusson, 2015).
Type I <Least> Type II <Moderate> Typell <Extreme>

Figure 25: The subtendons structure and twist and the Achilles tendon. Postero-superior
view of human Achilles tendons dissected. Three patterns of twist, from least twisted (left
panel) to extremely twisted (right panel) are represented. The lower diagrams represent the
transverse cross-section through the left Achilles tendon 1 cm above the insertion of the
Achilles tendon on the calcaneus. A, anterior; GL, gastrocnemius lateralis; GM, gastrocnemius
medialis; L, lateral; M, medial; P, posterior; Sol, soleus. from Edama et al. (2015).
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Evidence reported that the high level of lubricin in the inter-fascicular matrix of the Achilles
tendon enables sliding between subtendons (Sun et al., 2015). Each subtendon could therefore
behave in an independent manner. Although in vivo approaches to measure the behavior of each
subtendon within the free Achilles tendon remains lacking, indirect evidence supports this
hypothesis. Several studies have employed speckle tracking techniques to demonstrate non-
uniform displacements within the free Achilles tendon during passive movement (A. Arndt et
al., 2012), isometric contractions (Clark & Franz, 2018; Farris et al., 2013), eccentric
contractions (Slane & Thelen, 2015) and walking (Franz et al., 2015). Cadaveric (A. Arndt et
al., 1999), animal (Finni etal., 2018; Maas et al., 2020) and modelling (Handsfield et al., 2017)
studies have confirmed the partially independent behavior of individual subtendons and
revealed that the individual subtendon behaviors are related to the distribution of forces within

the triceps surae, i.e. the muscle coordination strategies (Figure 26).
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Figure 26: Interplay between specific muscle stimulation and subtendon behavior of the
rat Achilles tendon. A represents the experimental setup with the sutured Achilles tendon, the
load cell used to record the torque, the gastrocnemius lateralis (GL) and the soleus (Sol). The
other panels represent the ankle torque (A), the GL and soleus tendon displacements (C) and
the GL and soleus tendon strains (D) depending of different stimulation conditions. They
authors found that the GL and soleus subtendons can have distinct displacements and can
undergo distinct strains depending of the stimulation condition. From Finni et al. (2018).
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Due to their viscoelastic nature, tendons can have a variety of mechanical roles (Roberts &
Azizi, 2011; Figure 27). First, tendon plays a role in energy conservation. For example, tendon
store and return elastic energy, thereby enabling the contractile element to undergo smaller
length changes than the whole muscle-tendon unit. This allows to the muscle fibers to operate
at more optimal length and velocity (Roberts & Azizi, 2011). Second, tendons can play an
important role in power amplification, via the slow storage and quick release of energy. The
work released by the tendon is nearly equal to the muscle work, but it is released in a shorter
time to generate higher power outputs (Alexander et al., 1982; Biewener et al., 1998a; Wilson
et al., 2003). Third, tendons play a role in energy dissipation. For example, when a muscle-
tendon unit undergoes rapid stretch, much of the length change occurs in the tendon which
protects muscle fibers from potential damaging strains (Konow et al., 2011; Proske & Morgan,
2001; Roberts & Konow, 2013). Finally, tendons play an important role in movement stability
during unexpected environmental perturbations. Specifically, the spring-like behavior of the
tendon can address unexpected changes in running or hopping surface stiffness in humans
(Moritz & Farley, 2004) and in guinea fowl (Daley et al., 2006). The tendon is therefore a

flexible structure that can serve diverse functions depending on the muscle activation.

Energy conservation Power amplification Power attenuation
Energy flow Body » Tendon » Body Muscle » Tendon » Body Body » Tendon » Muscle
Metabolic economy Power production Energy absorption
. Jumping . .
Running Decline running
o . Acceleration X
Hopping Deceleration
Incline runnin
Walking 9 Landing

Ballistic feeding

Figure 27: Schematic illustration of different roles of tendons. The energy conservation role
(left panel), the power amplification role (middle panel) and the power attenuation role (right
panel) of tendon are depicted. Each panel displays a schematic illustration, the directional flow
of energy, the main function and examples of activity where this main function is used. From
Roberts & Azizi (2011).
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2. The distribution of muscle activation within the triceps

surae

Muscle activation is not evenly distributed between the muscles of the triceps surae as revealed
by EMG (Crouzier et al., 2019a; Lacourpaille et al., 2017; Masood et al., 2014), positron
emission tomography (Masood et al., 2014) and functional MRI (Kinugasa et al., 2005)
techniques. For example, EMG data revealed higher activation in the GM compared to the GL
with no statistical differences between the GM and soleus or between the GL and soleus during
an ankle plantar flexion at 30% of MVC (Masood et al., 2014). Later, a study confirmed this
by showing that the contribution of GM activation (36.3 + 11.4%) and soleus activation (44.8
+ 8.9%) to the overall triceps surae activation were higher than the contribution of GL
activation (18.8 = 6.4%) during an ankle plantar flexion at 20% of MVC (Crouzier et al., 2018).
The distribution of muscle activation within the triceps surae during walking is similar to that
observed during isometric ankle plantar flexion. Specifically, the GL was less activated
compared to the GM (Ahn et al., 2011; Crouzier et al., 2019a) and compared to the soleus
(Crouzier et al., 2019a) during walking at various speed ranging from 0.3 m.s* to 1.5 m.s™.
Interestingly, the distribution of activation within the triceps surae varies greatly between
participants during both isometric ankle plantar flexion contractions (Crouzier et al., 2018;
Crouzier et al., 2019a) and walking (Ahn et al., 2011; Crouzier et al., 2019a; Figure 28). For
example, the GM, GL and soleus activation contribution relative to the overall triceps surae
activation ranged, respectively, from 19.1% to 57.0%, from 7.3% to 31.6% and from 26.4% to
61.0% (Crouzier et al., 2018).
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Figure 28: Inter-individual variability in the distribution of muscle activation within the
triceps surae. A represents the muscle activation within the triceps surae during an isometric
ankle plantar flexion at 20% of MVC. The dashed vertical line represents an evenly distributed
physiological cross-sectional area (PCSA) among the three muscles. The thick vertical line
represents the mean PCSA ratio for each muscle. B represents the distribution of activation
between the gastronemii during walking. The open symbols represents the individuals who
exhibited the highest GM activation compared to the GL whereas the blue symbol represents
the participants that had a more balanced activation. GL, Gastrocnemius lateralis; GM,
Gastrocnemius medialis; Sol, soleus; TS, triceps surae. A from Crouzier et al. (2018) and B
from Ahn et al. (2011).

The highly individual distribution of activation within the triceps surae during isometric ankle
plantar flexion was reliable across different days (Crouzier et al., 2019a). Moreover, this
distribution of activation within the triceps surae was also consistent between isometric ankle
plantar flexion, walking and pedalling tasks (Crouzier et al., 2019a). This robustness of
individual distribution of muscle activation within the triceps surae across days and across tasks
suggests that the variability is not random but rather that each individual uses their own unique

coordination strategy across different tasks. Hug et al. (2019) confirmed this hypothesis and
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showed that muscle activation is much like a signature, i.e. a distinctive patterns robust across
time by which someone can be identified. In this study, the authors used a machine-learning
approach to demonstrate the uniqueness of activation patterns. Based on the EMG profiles from
8 muscles during walking, this approach was able to identify the different participants with 99%
accuracy (Hug et al., 2019). A follow up study revealed that the unique muscle activation
signature is related to specific portions of the EMG profile (Aeles et al., 2021b). The individual
activation signature might originate from the neuromechanical coupling between the PCSA and
muscle activation (see Part 2, section 2.2.1; Crouzier et al., 2018). The central nervous system
might activate muscles in an individual way to take advantage of the PCSA and musculoskeletal
properties that vary greatly between individuals. This assumption needs to be confirmed and
further works are required to better understand the origin and consequences of individual

muscle activation strategies.

3. Functional interplay between muscle architecture and

muscle activation

3.1. Overall muscle-tendon unit function

The human triceps surae muscle-tendon units have short pennate fibers connected to a long and
compliant tendon. These features are typical of the distal limb and are shared by numerous
species (Biewener et al., 1998b; Biewener & Roberts, 2000; Roberts, 1997, 2002). On the one
hand, compared to a muscle with long and parallel muscle fiber, a muscle with short and pennate
muscle fibers activates a smaller volume to generate a given force (Figure 29; Roberts et al.,
1998). Thereby, such muscle architecture limits the metabolic cost. On the other hand, long and
compliant tendons decouple muscle length changes from muscle-tendon unit length changes.
This favors economical force production by allowing the muscle fibers to work at more optimal
length and velocity (Biewener, 1998a). The energetic benefit of this minimization of changes
in muscle fascicle length is however questioned (Holt et al., 2014). Other works rather suggest
that the benefit of a long tendon is related to the concentration of the muscle mass proximally
within the limb which contributes to reduce the inertia and therefore swing costs (Browning et
al., 2007; Tickle et al., 2010). Taken together, these features make the triceps surae primarily
designed for efficient force production (Biewener, 1998a, 2016; Roberts, 1997). Nevertheless,
the muscle-tendon unit function is also flexible and depends, for example on the timing of

activation relative to muscle length changes (Roberts & Azizi, 2011; Sawicki et al., 2015).
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Muscle-tendon unit function can be broadly characterized into four distinct behaviors: (i) a
motor that mainly generates positive work by active shortening; (ii) a spring that stores and
releases elastic strain energy; (iii) a strut that can sustain substantial force with minimal length

change; and (iv) a damper that absorbs energy by lengthening (Dickinson et al., 2000).
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Figure 29: Functional property of muscle architecture. A displays a comparison of the
functional property between parallel and pennate muscles. B represents the functional cost of
activation for a parallel muscle and for a pennate muscle. a, pennation angle; AL, length
changes; Aa, area of muscle activated for the muscle A; Ag, area of muscle activated for the
muscle B; ATP, adenosine triphosphate; Fi, tendon force; Fm, muscle force; La, length of the
muscle fibers activated for the muscle A; Lg, length of the muscle fibers activated for the muscle
B; Lr, fascicle length; 1, active volume. From Biewener et al. (2016).

Walking can be used to illustrate the primary function of the triceps surae muscle-tendon units
and its flexibility. On the one hand, the triceps surae fits the mold of highly compliant muscle-
tendon units useful for efficient locomotion. About 20 years ago, human studies using B-mode
ultrasound and motion capture revealed that, during the first part of the stance phase, the
muscle-tendon units lengthens while muscle fascicles act nearly isometrically (Fukunaga et al.,
2001; Ishikawa et al., 2005). Through lengthening of the muscle-tendon units, the tendon is
slowly stretched to store elastic potential energy (Figure 30). Then, during the late stance, the
elastic energy is returned through elastic recoil of the tendon, allowing the entire muscle-tendon
units to rapidly shorten (Ishikawa et al., 2005; Lichtwark & Wilson, 2006). This so-called
catapult effect, i.e. a slow stretch of the tendon followed by its rapid recoil, allows us to walk

efficiently by increasing the power production while limiting the work of the muscle fiber
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(Alexander, 2002; Wilson et al., 2003). As a consequence, during steady state level walking,
the triceps surae muscle-tendon units have mainly a spring-like and a strut-like behavior (Lai
etal., 2019).
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Figure 30: Time-varying length changes and muscle activation of the gastrocnemius
medialis during walking. The top panel represents the length of the fascicle (thick line),
muscle-tendon unit (dashed line) and tendon (thin line). An entire gait cycle is represented with
first the swing phase and then the stance phase. EMG, electromyography. From Fukunaga et al.
(2001).

On the other hand, there is increasing evidence that the muscle-tendon interaction can be
modulated to fulfil different functions. For example, during accelerative walking, the muscle-
tendon interaction is adjusted to behave like a motor (Farris & Raiteri, 2017). Accelerative
walking is associated with longer and higher activation of the GM and soleus compared to
steady-state walking. This induces greater active shortening and therefore greater production of
muscle fiber work. In a similar way, incline walking requires greater GM activation (Lichtwark
& Wilson, 2006). The manipulation of the mechanical demand using horizontal aiding or
impeding forces during walking also influences the activation and fascicle contractile behavior
to produce different amount of positive work (Clark et al., 2020). Taken together, these studies
highlight that even though the triceps surae muscles are primarily designed to economically
produce force, these muscle-tendon units are flexible and have the ability to sustain different

roles.
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3.2. Functional behavior of the individual triceps surae muscles

The studies described in the previous section are useful to appreciate the mechanisms that
enable the efficiency of human locomotion. However, the majority of these studies have
measured the function of one muscle of the triceps surae and thus do not provide information
about the functional differences between the GM, GL and soleus. However, the large
differences in PCSA and in muscle activation between muscles suggest that the triceps surae
muscles can have distinct functional behaviors. Moreover, the GM and GL are biarticular
muscles whereas the soleus is monoarticular. This leads to different functions during complex
movements (van Ingen Schenau et al., 1990, 1995). Evidence suggests that the biarticular
muscles are able to transfer the force and the power between the joints that they span (van Ingen
Schenau et al., 1990) whereas monoarticular muscles are more involved in work production
(van Ingen Schenau et al., 1995). For example, the GM and GL transfer the work produced by
the knee extensors to the ankle joint during a counter movement jump. This enables to take
advantage of the ability of proximal muscles, such as the knee extensor, to generate work

(van Ingen Schenau et al., 1987).

A handful of studies have examined the between-muscle differences in neuromechanical
behavior during locomotion. Ishikawa et al. (2005) compared the GM and soleus contractile
behavior during walking. They showed that the soleus fascicles undergo greater active fascicle
lengthening during the single support phase of walking and less fascicle shortening during the
subsequent push off phase, when compared to the GM fascicles (Ishikawa et al., 2005). Cronin
et al. (2013) demonstrated that the soleus fascicles undergo slower shortening velocities than
the GM fascicles during the push-off phase of walking (Figure 31). Similar results were found
during the stance phase of running (Lai et al., 2018). Moreover, the soleus displays a more
consistent contractile behavior across walking speeds and walking durations (Cronin et al.,
2013). The authors hypothesized that this more consistent behavior of the soleus compared to
the GM is likely owing to a muscle-specific modulation in activation (Cronin et al., 2013).
Recently, a study combined imaging and musculoskeletal simulation to show that the soleus
had more consistent contractile behavior across different mechanical demands compared to the
GM and GL (Clark et al., 2020). The soleus also produces the greatest amount of fascicle
positive work and fascicle net work, followed by the GM and the GL (Clark et al., 2020; Farris
& Raiteri, 2017). Taken together, these studies highlight substantial differences between the
gastrocnemii and the soleus during locomotion. The soleus is the main work generator within

the triceps surae, which is consistent with its monoarticular function. The GM and GL are less
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involved in the work production and have a more flexible behavior to transfer power and work

between the knee joint and the ankle joint depending on the task intensity.
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Figure 31: Gastrocnemius medialis and soleus shortening velocities during walking. The
data reported represents the mean fascicle shortening velocities calculated during the push-off
phase of walking at optimal speed or fast speed (20% faster than the optimal speed). Data are
presented for both the gastrocnemius medialis (GM) and soleus. From Cronin et al. (2013).

The aforementioned studies have focused on the differences between the gastrocnemii and the
soleus. However, only few studies have recorded experimental data from both the GM and GL.
To our knowledge, only one study recorded the contractile behavior of both gastrocnemii
muscles during walking (Farris & Raiteri, 2017) and only one during running (Lai et al., 2018).
The GM and GL are generally considered as two heads of the same muscles (Landin et al.,
2016; Neptune et al., 2001; van Ingen Schenau et al., 1987). As a consequence, researchers
often record only one muscle and generalize the results to both the GM and GL. Moreover,
studies that have measured the neuromechanical behavior of both the GM and GL have focused
on differences between the biarticular gastrocnemii and monoarticular soleus. For example,
Clark etal. (2020) recorded the EMG activity from the GL and soleus and imaged the contractile
behavior from the GM and soleus. As a consequence, the functional differences between the
GM and GL remain poorly understood. Yet, different results suggest potential differences
between the GM and GL.: (i) The distribution of activation between these two muscles is biased

towards the GM during both isometric contractions and locomotion. During standing balance,
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the GL is even not active whereas the GM is. It is likely that the difference between the GM
activation and GL activation results in different contractile behavior and muscle function; (ii)
the GM and GL play distinct roles in ankle joint stabilization in the frontal plane (Lee & Piazza,
2008; Vieiraetal., 2013); (iii) On the contrary to other muscles from the same anatomical group
such as the vastii, the GM and GL do not a share high level of common drive (Hug etal., 2021b).
This suggests that the central nervous system has the possibility to independently control these
two muscles; and (iv), although the comparisons between the GM and GL are limited, evidence
suggests certain differences in the contractile behavior of the two muscles (Héroux et al., 2016;
Wolfram, 2017; Wolfram et al., 2020). For example, during isometric ramped contraction, the
pennation angle increased more for the GM compared to the GL (Héroux et al., 2016). Taken
together, these factors suggest that the GM and GL may have distinct neuromechanical
behaviors during movement. To characterize these neuromechanical differences is important to
better understand muscle coordination within a muscle group and the functional role of

individual muscle.
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Application to the triceps surae

Summary

The triceps surae is composed of the biarticular GM and GL and the monoarticular
soleus. These three muscles have different volumes and muscle architectures. Even
though their respective distal tendons merge to form the long and compliant Achilles
tendon, they have individual subtendons that allows the muscles to exert forces
independently. In addition to their distinct anatomy, the triceps surae muscles are

activated at different levels during isometric task and walking.

The triceps surae muscle-tendon units are designed for economical force production.
Nevertheless, evidence highlights that the function of these muscle-tendon units is
also flexible. The triceps surae muscle-tendon units have the ability to sustain

different roles depending on muscle activation timing.

Although the overall behavior of the triceps surae during functional tasks is relatively
well established, the neuromechanical differences between triceps surae muscles are
not fully understood. Yet, the between-muscle differences in PCSA and activation
suggest that the triceps surae muscles can have distinct functional behavior. Although
a few studies have investigated the differences between the gastrocnemii and the
soleus, studies examining the difference between the GM and GL are lacking.
However, the distinct neural command, anatomy and muscle architecture of the GM
and GL could lead to potential neuromechanical differences between the two muscles.

These functional differences remain to be established.
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Aims and hypotheses

The production of movement is associated with a high complexity. First, at the individual
muscle scale, the production of force arises from the interaction between neural activation and
several biomechanical factors. Second, numerous muscles typically span a joint and are
involved in the production of the joint moments that generate movement (Bernstein, 1967).
Therefore, an additional level relating to the distribution of force between different muscles
should be considered. The study of each of these two scales in humans is limited by the lack of
experimental methods to measure individual muscle forces non-invasively. Such major
constraints explain why muscle coordination still remains poorly understood despite this
problem having been studied for more than 50 years (Herzog, 2017). The use of models such
as the Hill-type model has therefore become a common alternative approach for estimating
muscle forces in vivo. Nevertheless, these models are often used with generic data, which
conceals inter-individual variability and likely limits the accuracy of individual force

predictions and ultimately our understanding of muscle coordination.

In this thesis, we focused on the triceps surae as this muscle group plays a major role in human
locomotion (Dorn et al., 2012; Hamner & Delp, 2013). Researchers have primarily studied the
differences between the biarticular gastrocnemii and the monoarticular soleus. On the contrary,
structured and in-depth comparisons between the GM and GL are lacking. Nevertheless, several
factors, such as distinct activations, suggest potential functional differences between the GM
and GL during movement. Studies are therefore required to understand the individual functional
role of the GM and GL. Moreover, it would be of particular interest to determine the differences
between these two synergist muscles, which share two primary functions, i.e. knee flexion and
ankle plantar flexion. This comparison is critical to further improve our understanding of
muscle coordination. Taken together, these elements led our team to undertake a thorough

investigation into the neuromechanical differences between these two muscles.

The neural and contractile behavior of the gastrocnemii are mostly studied during ankle plantar
flexion. Thereby, the secondary function of the GM and GL, i.e. knee flexion, remains poorly
understood. This generates a gap in our understanding of the control and function of the
gastrocnemii, and more broadly of biarticular muscles. Even though a recent study merely
suggested that a joint-specific neural control is possible for the GM (Watanabe et al., 2021b),

this remains to be experimentally determined. In the same way, the joint-specific modulation
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of shared neural drive between the GM and GL, and more generally between biarticular

synergist muscles, remains unexplored.

The overall aim of this PhD thesis was to provide a deeper understanding of muscle
coordination between the GM and GL, two muscles from the same anatomical group with the
same function (i.e. knee flexion and ankle plantar flexion). Specifically, we first aimed to
examine the mechanical consequences of the distribution of activation between these two
muscles in terms of contractile behavior and muscle force production during walking. Second,
we aimed to determine the influence of different mechanical constraints (i.e. knee flexion or
ankle plantar flexion) on muscle coordination between the GM and GL. Throughout the
different studies, we used an approach that combined muscle modelling, neurophysiological
recordings (global EMG and motor unit activity), biomechanical features at rest (muscle
volume and architecture) and dynamic in vivo imaging of the contractile behavior (time-varying
fascicle lengths, fascicle velocities and pennation angles). Moreover, we focused strongly on

the inter-individual variability throughout the three studies that compose this entire PhD project.

The aim of Study #1 was to determine the neuromechanical difference between the GM and GL
and more specifically the difference in the interplay between muscle activation and fascicle
contractile behavior during walking. To address this aim, we recorded muscle activation using
surface EMG and fascicle contractile behavior using B-mode ultrasound during walking. We
hypothesized that the GM and GL each have distinct fascicle contractile behavior based on the

established differences between the two muscles in muscle activation during walking.

The aim of Study #2 was to estimate the individual distribution of force between the GM and
GL during walking. To this end, we used a Hill-type model informed with in vivo data. We first
determined the muscles' PCSA experimentally using MRI and DTl measures. Then, we
recorded muscle activation, fascicle lengths, fascicle velocities and pennation angles during
walking. A secondary aim of Study #2 was to assess the effect of a subject-specific maximal
force-generating input compared to a generic input, based on scaled data, on the force
prediction. Due to the greater force-generating capacity and activation in the GM compared to
the GL, we hypothesized that the GM would produce more force compared to GL during
walking. Moreover, we hypothesized that the generic and subject-specific Hill-type models

would lead to a different distribution of force between the GM and GL at an individual level.

The aim of Study #3 was to determine whether the neural control of the GM and GL differs

between knee flexion and ankle plantar flexion. On the contrary to the Study #1 and Study #2,

we used isometric contractions to isolate knee flexion and ankle plantar flexion actions. We
68



Aims and hypotheses

simultaneously investigated both the muscle activation and neural drive using high-density
surface EMG. We hypothesized that the distribution of activation would be robust across knee
flexion and ankle plantar flexion whereas the shared neural drive would be lower during knee

flexion compared to ankle plantar flexion.
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1. Summary of the data collection

1.1. Participants characteristics

The participants involved in the three studies were young and healthy (Table 2). They had no
lower limb injury during the 6 months preceding any of the experimental sessions. For Study
#1, we recruited 20 participants, including males and females. Five participants were excluded
during post-analyses due to low quality of the ultrasound images. Study #2 was performed on
the same participants as Study #1, except for three participants, who were excluded from
analysis due to technical issues with the DTI data. For Study #3, we recruited only male
participants due to the challenge in decomposing high-density surface EMG signals from
female participants. This methodological issue could be related to the higher level of
subcutaneous fat in female participants, although this still remains unknown (Souza de Oliveira
etal., 2022).

1.2. Summary of the experimental protocols

The three studies of this PhD thesis focused on the GM and GL muscles. In Study #1, we
collected bipolar surface EMG and B-mode ultrasonography images to determine the interplay
between muscle activation and fascicle contractile behavior during walking, the most common
form of human locomotion. In Study #2, we used the data collected in Study #1 and additional
experimental muscle volume and muscle architecture measures as input into a Hill-type muscle
model to predict the individual distribution of force between the GM and GL during walking.
In Study #3, we collected high-density surface EMG signals from the GM and GL to investigate
the differences in neural control between knee flexion and ankle plantar flexion. Thereby, the
use of isometric knee flexion and ankle plantar flexion on an ergometer was required to isolate
each task (Table 2).
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Table 2: Participant characteristics and data collected for the three studies. All participants
were young and healthy. The data were collected on the gastrocnemius medialis and gastrocnemius
lateralis. Study #1 investigated the interplay between the muscle activation and fascicle contractile
behavior of the gastrocnemius medialis and gastrocnemius lateralis during walking. Study #2 examined
the distribution of force between the gastrocnemius medialis and gastrocnemius lateralis during
walking. Study #3 investigated the difference of the neural control of the gastrocnemius medialis and
gastrocnemius lateralis between knee flexion and ankle plantar flexion. MVC, maximal voluntary
contraction.

Nur_nl?er of 20 recruited, 15 conserved | 20 recruited, 12 conserved 21
participants
Sex 5 females and 10 males 5 females and 7 males 21 males
Age (years) 259+39 250+35 273143
Height (m) 1.73+0.10 1.71 +0.10 1.76 £0.24
Weight (kg) 752 +14.6 754 +16.4 77.1+£129
Isometric MVCs Isometric MVCs Isometric knee flexion
Myoelectrical activity Myoelectrical activity | MVCs
Walking Walking Torque ) o
. .. . . Myoelectrical activity
Myoelectrical activity Myoelectrical activity _
Fascicle length Fascicle length Isometric ankle plantar
Fascicle velocity Fascicle velocity flexion MVCs
Pennation angle Pennation angle Torque
Data Kinematics Kinematics Myoelectrical activity
collected Muscle volume Submaximal isometric
Resting fascicle length knee flexion
Torque

Myoelectrical activity
Submaximal isometric
ankle plantar flexion

Torque
Myoelectrical activity

2.  Experimental tasks

2.1. Maximal Voluntary Contraction

We used MVC tasks in the three studies composing this PhD thesis. The aim of the MVCs was
to assess the maximal EMG level activity. In the three studies, we estimated the muscle
activation during submaximal tasks using either bipolar surface EMG in Study #1 and Study #2
or differentiated signal from high-density surface EMG in Study #3. As described in Part 1,
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section 1.1.2.1, a normalization step is necessary to avoid amplitude cancellation of the EMG
signal (Keenan et al., 2005). More generally, EMG normalization is required to make
comparisons between muscles, between participants and between sessions (Besomi et al.,
2020). The aim of the normalization procedure consists of recording the maximal EMG activity
level from each muscle of interest to then express the submaximal level of activity with respect
to this maximal EMG activity. Several methods exist to determine the maximal EMG activity.
For example, the submaximal EMG can be normalized to the peak EMG during the task of
interest, to the maximal M-wave or to the maximal voluntary performance during the task of
interest (Besomi et al., 2020). We chose to use the most common method which consists of
assessing the maximal EMG level during standardized isometric MVC. This method requires
that the participants maximally activate the muscles of interest during the isometric MVVC. The
twitch interpolation technique could also be used during the MVC to ensure that participants
reach the maximal voluntary activation level. Previous studies from our group used the twitch
interpolation techniques during MVC and revealed that the healthy participants reached a level
of maximal activation of more than 98% (Crouzier et al., 2018). This level of activation is
satisfactory for our objective. Therefore, we performed the same MV C protocol with a similar
population and we assumed that the maximal activation level was reached based on the study
of Crouzier et al. (2018).

For each study, the experimental sessions began with a warm-up followed by a standardized
isometric MVC protocol. For Study #1 and Study #2, participants performed three ankle plantar
flexion MV Cs with 120 s of rest between each MV C. We recorded bipolar surface EMG signals
during these MV Cs to determine the maximal EMG level. For Study #3, participants performed
three knee flexion MVCs and three ankle plantar flexion MVCs while we recorded HDSEMG
signals. Similarly, participants rested for 120 s between each MVC. For the three studies, each
MVC contraction lasted between 3 s and 5 s. Participants were instructed to produce as much
force as possible. Moreover, during the MVC contraction, we strongly encouraged the

participants to do their best to produce the maximal torque using verbal feedback.

2.2. Walking

The single experimental session for Study #1 and Study #2 used walking as the main task of
interest. Participants walked barefoot on a treadmill (Nautilus Trimline T345). After a
familiarization period, the preferred walking speed of each participant was determined using

standardized procedures (Dal et al., 2010). On average, the preferred walking speed was 1.1
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0.1 m.st. Then, participants walked at their preferred walking speed under two conditions in a
randomized order: level walking (0% grade) and incline walking (10% grade). Four trials were
performed for each condition, two with EMG electrodes on the GM and GL and two with two
ultrasonography transducers placed on the GM and GL. For each trial, participants walked for
60 s.

2.3. Submaximal isometric contraction

For Study #3, the main task of interest consisted of submaximal isometric contractions to
produce either knee flexion or ankle plantar flexion. The submaximal isometric contraction was
a trapezoidal contraction which consist of a 5 s ramp-up, 20 s of steady-state plateau and a5 s
ramp-down. Participants performed several ¢5) practice trials to become familiar with the task.
The number of familiarization trials realized depended on the ability of the subject to perform
steady-state torque plateau. Following this, participants were instructed to match a visual torque
target at 30%, 40% and 50% of MV C torque for knee flexion and 20%, 30% and 40% of MVC
torque for ankle plantar flexion. Of note, this protocol aimed to match the average activation of
the GM and GL between knee flexion and ankle plantar flexion tasks. Therefore, we used three
different intensities for each task to ensure the conditions covered a range of activation levels
to match between knee flexion and ankle plantar flexion during the post-processing step. These
contraction levels were informed from pilot testing, whereby we observed that the gastrocnemii
are less activated during knee flexion than ankle plantar flexion for the same relative peak
torque. For this reason, we use higher contraction intensities for knee flexion. Participants
performed three trapezoidal contractions per intensity separated by 60 s of rest. Consequently,
participants did 60 s of plateau per intensity. A monitor placed in front of the participant

displayed the torque target and the torque produced by the participant.

3. Neural control measures

3.1. Estimation of muscle activation using bipolar surface

electromyography

For Study #1 and Study #2, we recorded myoelectrical activity from the GM and GL of the
dominant leg using bipolar surface EMG. First, we determined the boundaries of the muscle
bellies using B-mode ultrasound (v11.0, Aixplorer, Supersonic Imagine, Aix-en-Provence,

France). This ensured we placed the electrodes in the center of the muscle bellies to limit
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crosstalk. B-mode ultrasound was also used to identify the fascicle orientation to align the
electrodes in the direction of the fascicles. Before placing the wireless electrodes (Trigno Delsys
Inc., Natick, MA, USA; 10 mm inter-electrode distance), the participant’s skin was shaved,
abraded and cleaned with alcohol. This step was intended to reduce the skin-electrode
impedance. We ensured that the skin-electrode contact was maintained throughout the entire
experiment by using elastic bandages. The bipolar EMG signals were amplified, digitized at
2048 Hz, band-pass filtered (20-500 Hz) and recorded in Spike2 (V7, CED Ltd, Cambridge,
UK).

The EMG analysis of Study #1 and Study #2 was performed on 15 gait cycles per trial. Analyses
were performed in Matlab (R2018b, The MathWorks, Natick, MA) using custom-written
scripts. We first band-pass filtered the signal between 20 Hz and 500 Hz using a second-order
Butterworth filter. All the filtered data were then visually checked to detect noise and movement
artefacts. We rectified the filtered signals and used a low-pass filter (12 Hz) to obtain the EMG
envelope. We used the maximal EMG value obtained during the MV C trials to normalize the
EMG signals during walking. The data from each gait cycle were interpolated to 100 data
points. Finally, we averaged the 15 gait cycles within a trial and then averaged the two trials to
obtain a representative cycle. From the normalized EMG of this representative cycle, we
extracted the peak EMG, the average EMG during the step cycle and the average EMG during
the stance phase. The distribution of activation between the GM and GL was estimated by
calculating the GM/(GM+GL) ratio from the normalized peak EMG, average EMG and average
EMG during stance.

3.2. Estimation of muscle activation using high-density surface

electromyography

We measured the myoelectrical activity of the right GM and GL in Study #3 using HDSEMG.
The latter consists of a two-dimensional adhesive grid of 64 electrodes (13x5 electrodes with
one electrode absent on a corner, gold-coated, inter-electrode distance: 8 mm; GRO8MM1305
OT Bioelettronica, Italy). Similar to the experimental session of Study #1 and Study #2, we first
determined the location of muscle boundaries and the muscle fascicle orientation of the GM
and GL from the right leg using B-mode ultrasound. The skin was shaved and then cleaned and
abraded with an abrasive gel. We used a disposable biadhesive foam layer to hold the grids on
the skin. To ensure the skin-electrodes contact, the cavities of the biadhesive foam were filled

with a conductive paste (SpesMedica, Battipaglia, Italy). We placed a reference electrode
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(Kendall Medi-Trace, Canada) over the right tibia and a strap electrode, dampened with water,
as ground electrode around the left ankle. We secured the whole set-up with elastic bandages
to maintain the skin-electrode contact and to avoid movement artefacts. The monopolar signals
were band-pass filtered between 10 Hz and 500 Hz, digitized at a sampling rate of 2048 Hz and
recorded in a multichannel high-density surface EMG acquisition system (EMG-Quattrocento,
400 channel EMG amplifier; OT Bioelettronica, Italy).

Similar to Study #1 and Study #2, analyses were performed in Matlab using custom-written
scripts. We first band-pass filtered the data with a second-order Butterworth filter (20-500 Hz).
Then, we visually checked the signal to remove channels that contained noise or artefacts. When
we excluded an electrode due to noise or artefacts, a new signal was linearly interpolated from
all the adjacent electrodes (i.e. between two and four electrodes depending of the electrode
location). We calculated the differential signals from the 64 channels as the difference between
two adjacent electrodes in the proximo-distal direction. This resulted in 59 differentiated
signals. The signals from the MVC trials were averaged over the whole grid of electrodes and
then rectified. We determined the maximal EMG during MVCs as the maximal value from a
500 ms moving mean over the three MV Cs. The differentiated signals from the submaximal
trials were rectified and normalized to the maximal EMG from ankle plantar flexion MVCs.
We only used the maximal EMG activity from ankle plantar flexion MV Cs because this value
was systematically higher than the maximal EMG activity recorded during knee flexion. It was
required to use a single value to normalize both condition as our aim was to compare EMG
amplitude across tasks within an individual and muscle (Besomi et al., 2020). Then, we
calculated the average EMG from each channel and each plateau. Finally, we determined the
EMG value from the submaximal conditions by first averaging the three plateaus and second
by averaging all the channels. Consistent with Study #1, we estimated the distribution of
activation by calculating the GM/(GM+GL) ratio. We also used the normalized EMG value
from each channel to determine the regional activation for each muscle and for each task. To
do this, we calculated the barycenter of the normalized EMG amplitude across the 2D EMG

grid.

3.3. Estimation of motor unit activity using high-density surface

electromyography

In Study #3, we decomposed the HDSEMG signal into single motor unit activity using the

convolutive blind source separation method (Negro et al., 2016a). This method automatically
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identifies and decomposes motor unit activity. We performed the automatic decomposition on
the plateau of the trapezoidal contraction that exhibited the highest EMG amplitude among the
three trapezoidal contractions. Following this automatic decomposition, manual editing of the
identified motor units was required. For the manual editing, we followed previously published
procedures (Del Vecchio et al., 2020; Hug et al., 2021a). This consisted of visually checking
the motor unit spikes identified by the automatic decomposition to remove the incorrectly
identified false positive spikes. Moreover, we added all the false negative spikes that were not
identified by the automatic processing. Then, the motor unit filters derived from the processing
of this plateau were reapplied on the other two plateaus. Of note, this manual editing of motor
units is highly reliable across operators (Hug et al., 2021a). Only the motor units with a pulse-

to-noise ratio above 30 dB were retained for further analyses (Figure 32).
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Figure 32: Example of the motor units spike train after manual edition. This example
depicts the motor units spike trains of the gastrocnemius medialis during ankle plantar flexion.
Each colored line corresponds to a motor unit. Within a motor unit, each individual spike
represents a motor unit action potential. The trapezoidal grey curve represents the ankle plantar
flexion torque produced by the participant. The torque plateau corresponds to a contraction
level of 40% maximal isometric voluntary contraction.

After the manual editing, we checked for crosstalk by ensuring that each identified motor unit
for amuscle did not originate from the other muscle. To do this, we used spike-trigger averaging
technique consistent with previously studies (Del Vecchio & Farina, 2019; Hug et al., 2021b).
Specifically, we extracted the firing time of each motor unit to locate each motor unit action
potentials in all of the 59 differential EMG channels of the grid for each of the two muscles.

Based on the muscle fiber action potential waveform, we calculated the maximal peak-to-peak
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amplitude for each channel and for each HDSEMG grid. Finally, the maximal peak-to-peak
amplitudes of each grid were compared. We assumed that the action potential amplitude should
be largest in the signal from the electrodes closest to the discharging muscle fibers. Therefore,
we considered a motor unit as a crosstalk motor unit when the maximal peak-to-peak amplitude
was higher in the neighbouring muscle. When it was the case, the motor unit was removed from
further analyses (Aeles et al., 2023; Del Vecchio et al., 2019).

To gain information about the neural command of individual motor units, we calculated the
discharge rate and the spatial location of each motor unit. The average discharge rate of motor
units was calculated over each plateau for both the knee flexion and ankle plantar flexion tasks.
The values from the three plateaus were then averaged to obtain a single value for each task.
We also determined the spatial location of the action potential over the grid of electrodes for
each motor unit. To do this, we used the spike-trigger averaging technique to determine the
shape of the motor unit action potentials. Then, we determined the peak-to-peak amplitude of
the motor unit action potential for each channel over the EMG grid. Finally, we calculated the

barycenter of the peak-to-peak amplitude for each muscle.

We also determined the proportion of motor units that were identified during both the knee
flexion and ankle plantar flexion tasks. Similar to previous studies, we used the spatio-temporal
properties of the action potential waveforms within the 2D grids to match the motor units across
tasks (Del Vecchio & Farina, 2019; Martinez-Valdes et al., 2017). Specifically, we determined
the motor unit action potential waveform on the differentiated signal using the spike-triggered
averaging technique previously described. The motor unit waveforms from the 59 electrodes
were concatenated. Then, normalized 2D cross-correlations between the waveforms of motor
units were used to compare the motor unit action potentials. Motor units were considered as
matched across tasks when they exhibited a correlation coefficient higher than 0.75 (Martinez-
Valdes et al., 2017). We ensured the quality of the matching by visually checking the action
potential shape and the action potential distribution over the grid between the two motor units
identified (Figure 33).
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Figure 33: Example of a motor unit matched across knee flexion and ankle plantar flexion
tasks. The figure depicts the distribution of the motor unit action potentials over the grid of

electrodes during knee flexion (black curve) and ankle plantar flexion (red curve) for a
gastrocnemius lateralis motor unit.

3.4. Estimation of common synaptic input using high-density

surface electromyography

For Study #3, we assessed the amount of common synaptic input between the GM and GL using
a coherence analysis. The coherence analysis was performed on the muscles cumulative motor
unit spike trains. To determine the cumulative spike trains, we maximized the number of motor
units and the duration for each participant. For this purpose, we discarded the portions of the
signal where not enough motor units were discharging simultaneously. We also discarded the
motor units that had discharge patterns that were too intermittent during the torque plateau
(inter-spike interval > 500 ms). The same duration was considered for both tasks within a
participant because the duration can affect the coherence calculation. We used the Welch
periodogram with nonoverlapping windows of 1 s to calculate the magnitude-squared
coherence on two equal-sized groups of cumulative spike trains. As the number of motor units
considered can affect the level of coherence, we used a constant number of motor units to
calculate the cumulative spike trains for each muscle. Therefore, the cumulative spike trains are
calculated as the sum of the binary spike trains of three motor units. Nevertheless, we
considered all the motor units in the coherence analysis as we tested all the unique combinations
of three motor units from each participant's entire available motor unit pool, with the maximal

number of permutations set to 100. This pool of 100 random permutations was used for further
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analysis. We considered the level of coherence within the delta band (0-5 Hz) as it reflects the
presence of common synaptic input relevant for force modulation (Del Vecchio et al., 2019;
Laine et al., 2015). Similar to previous studies (Del Vecchio et al., 2019; Laine et al., 2015;

Laine & Valero-Cuevas, 2017) a standard z-score was calculated from the coherence value:

COH z score = V2L X atanhVCOH — bias
Equation 6

Where COH is coherence, L is the number of time segments considered in the coherence
analysis, and bias is calculated as the mean COH z score between 250 Hz and 500 Hz where no

coherence is expected.

4. Estimation of muscle volume and architecture

4.1. Estimation of muscle volume using magnetic resonance
Imaging

For Study #2, we determined the PCSA using experimental data. First, we measured the muscle
volume. For this purpose, we imaged the dominant, lower leg (from the ankle to the distal end
of the femur) using a 3T MRI scanner (Magnetom Prisma, Siemens, Germany). Participants
were lying in supine position with the ankle positioned at 90° and the hip extended. The knee
was slightly flexed (<5°) using a foam wedge under the knee to avoid any muscle compression
due to the weight of the leg. We placed an 18-channel body matrix coil on the participants’ legs
and a 32-channel spine coil was integrated in the MRI scanner for image acquisition. We used
a T1l-weighted MRI sequence with two-dimensional turbo spin echo (field of
view = 262 x 350 mm, acquisition matrix 336 x 448 pixels [reconstructed matrix = 672 x 896
pixels], repetition time/echo time = 11.7/5.29 ms, flip angle = 10°, 260 slices, scan time = 462 s

[2 sequences at 231 s each]). The slice thickness was 2 mm with no gap between slices.

The MRI images were analyzed using a combination of semi-automated (Sashimi Segmentation
V1.1) and manual segmentation (ITK-SNAP V3.8.0, NIH, USA) 3D image analysis software
programs. We first outlined the GM and GL on a clear slice. Then, Sashimi tracked the muscle
boundaries on the adjacent slices using demons image registration. After the Sashimi process,
we loaded the tracking results into ITK-SNAP. Each slice was visually checked from the distal
slice to the proximal slice. We made manual corrections where the Sashimi program failed to

properly segment the GM and GL. Then, we reconstructed the 3D muscle volume by
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interpolated the tracking between every slice. Finally, the muscle volume was calculated for

each muscle as the sum of all voxels multiplied by the voxel volume.

4.2. Estimation of muscle fascicle length using diffusion tensor
imaging

The fascicle length at rest was estimated using DTI. DTI scans were performed in the same
session, with participants in the same position, as the T1 MRI. For the DTI sequence, we used
the following parameters: spin echo echoplanar imaging, field of view = 180 x 180 mm,
acquisition matrix = 112 x 112, slice thickness = 5 mm, 60 slices, repetition time/echo time =
8700/52 ms, diffusion gradient timing = 22/8.9 ms, echoplanar imaging factor: 112, number of
signal averages = 4, diffusion directions = 12 gradient directions on a hemisphere, b = 500
s/mm?2 (reference image with b = 0 s/mm2), scan time = 480 s. We suppressed the highlighting
of adipose tissue using a spectral attenuated inversion recovery. We acquired images with BO

reversed phase encoding to correct for distortion.

The DTI processing step followed previously described procedures (Bolsterlee et al., 2019).
Briefly, we first applied a local principal component analysis filter (Manjon et al., 2013) on the
images from the DTI acquisition to correct DTI data for Eddy-current distortions. Second, we
determined the eigenvalues and eigenvectors of the diffusion tensor for each voxel. Third, we
determined the fiber tract using the primary eigenvector, which is aligned with muscle fibers.
Finally, we used a previously described algorithm (Bolsterlee et al., 2017) to propagate fiber
tracts in both directions along the primary eigenvector until the muscle boundaries. To calculate
the fascicle length, we determined a local muscle coordinate system using a principal
component analysis on the vertices of the muscle surface. Then, we divided each muscle into
smaller regions in the local muscle frontal plane (Figure 34). We assigned muscle fascicle to
the muscle region that contained the fascicle midpoint, i.e. the mean of the two endpoints of the
fiber. Then, we calculated the median muscle fascicle length for each region that contains
muscle fiber midpoints. Finally, we averaged the fascicle lengths from all muscle regions to

obtain a single fascicle length value representative of the entire muscle.
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Figure 34: Illustration of the method used to calculate muscle fiber length using diffusion

tensor imaging. The muscle is segmented in black. The grid of blue rectangle represents the
different regions used to divided the muscle. The fascicle midpoints are depicted as black dots.
The regions are colored according to the median fascicle length of all the fascicle from this
region. From Aeles et al. (2022).

4.3. Estimation of dynamic muscle contractile behavior using B-

mode ultrasonography

In Study #1 and Study #2, dynamic muscle contractile behavior from the GM and GL were
collected using B-mode ultrasonography. The latter provides muscle images where the muscle
fascicles can be tracked. This enables the calculation of time-varying fascicle length, fascicle
velocity and pennation angle during walking. For this purpose, we used two flat linear
ultrasound transducers (5-8 MHz, 60 mm field-of-view, LV8-5L60N-2, ArtUS, Telemed,
Vilnius, Lithuania) to simultaneously image the GM and GL of the dominant leg. We placed
the transducers over the muscle bellies while the participants were standing. Ultrasound gel was
used between the transducer and skin to ensure the propagation of the ultrasounds sent by the
transducer. We aligned the transducers with the fascicle orientation to ensure that we mostly
imaged the same fascicle plane during walking. Once we were satisfied with the ultrasound
transducer placement, we secured the transducers with elastic bandages to maintain a good
image quality throughout the whole experiment. We collected the ultrasound videos at a
frequency of 120 Hz (Echo Wave Il 3.7.1, Telemed).

Post-data collection, we optimized the brightness and contrast on Echo Wave Il software to

improve the image quality. Then we processed five gait cycles per trial using a semi-automated
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tracking algorithm (Ultratrack; Farris & Lichtwark, 2016) similarly to previous studies (Aeles
et al., 2018). After we had defined the aponeuroses and the muscle fascicle on the first image,
the algorithm tracked the aponeuroses and fascicle in sequential frames by implementing an
affine flow model. We also used key frames at each heel-strike to correct for drift that occurs
in the tracking of cyclical data. Then, all images were visually checked and we made manual
corrections where required. We calculated muscle fascicle length as the distance between the
superficial and deep aponeuroses, along the fascicle orientation (Figure 35). We considered the
angle between the tracked muscle fascicle and the deep aponeurosis as the pennation angle
(Bolsterlee et al., 2015b). Then, using custom-written scripts in Matlab, the fascicle length and
pennation angle were low-pass filtered at 12 Hz. We calculated the instantaneous fascicle
velocity as the derivative of fascicle length with respect to time. We interpolated the data from
each gait cycle to 100 data points in order to obtain cycles with equal length. Finally, fascicle
length and fascicle velocity were normalized to the individual fascicle length at heel-strike
during level walking. We expressed the change in pennation angle as the difference with the

individual pennation angle at heel-strike during level walking.

Pen. angle F.Velocity F.Length

Time

Figure 35: llustration of the experimental set-up used to image the muscle contractile
behavior during walking. Participants walked on a treadmill barefoot. Two ultrasounds
transducers imaged simultaneously the gastrocnemius medialis (GM) and the gastrocnemius
lateralis (GL). After a fascicle tracking process, the fascicle length (F. length) and pennation
angle (Pen. angle) were calculated. Then, fascicle velocity (F. velocity) was calculated from the
fascicle length changes.
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5. Kinematics recordings using 3D motion capture

We used a 3D motion capture system composed of 12 cameras (Flex 13, OptiTrack, Corvallis,
OR, USA) in the experimental session of Study #1 and Study #2 for three purposes. First, we
recorded a static calibration trial with 8 marker clusters and 16 individual markers placed
bilaterally on the lower limbs and pelvis. This static trial was then used in Opensim (V3.3; Delp
et al., 2007) to scale the musculoskeletal model (Rajagopal et al., 2016) used in Study #2 for

each participant.

Second, we used a 3D motion capture system to determine the timing of the gait events, i.e.
heel-strike and toe-off. To do this, we placed reflective markers on the calcaneus and the fifth
metatarsophalangeal joint of each foot. The motion capture system recorded the foot position
at a frequency of 120 Hz. Post data collection, we labeled, gap filled, and smoothed the data
using a 10 Hz low-pass second-order Butterworth filter (Motive, OptiTrack, Corvallis, OR,
USA). Then, we determined heel-strike and toe-off using previously published procedures
(O’Connor et al., 2007). Briefly, we determined the foot center signal by calculated the mid-
point between the heel and toe marker locations. We calculated the foot vertical velocity using
the first derivative of the vertical coordinates of this foot center. We used the maximal value of
the vertical velocity to determine the toe-off timing. Finally, to determine the heel-strike timing,
we used the second local minimum after the toe-off event. We used these gait events to
determine the gait cycle (i.e. from a heel-strike to the following heel-strike) but also to split the
gait cycle into stance (i.e. from heel-strike to the following toe-off) and swing (i.e. from toe-off

to the following heel-strike) phases.

Finally, the 3D motion capture system was also used to synchronize either the bipolar EMG
data or the ultrasound data with the kinematics. The 3D motion capture system generated a
trigger that launches simultaneously the EMG or ultrasound recording and the kinematics
recording. This synchronization, combined with the determination of heel-strike and toe-off,

enabled us to partition the EMG and ultrasound data into gait cycles.

6. Estimation of force using a musculoskeletal model

For Study #2, we aimed to estimate the forces produced by the GM and GL during walking. To
do this, we used the data collected in the experimental session for Study #1 previously

described, into a conventional Hill-type model (Zajac, 1989).
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Fn = Fmax[d(t)ﬁé(if)ﬁa(ﬁ) + ﬁp(zf)] X cos 3.

This model predicted a muscle force F,, (N), which depends on the maximal force-generating
capacity F,,.x, expressed in N; the time-varying activation a(t); the active (Fa(l})) and passive
(Fp(l})) forces as determined from the force-length relationship; the force £, () as determined

from the force-velocity relationship; and the cosine of the time-varying pennation angle . The

time-varying activation, active force and passive force are normalized values between 0 and 1.

The normalized active force-length curve (Otten, 1987), was modelled as:

.06 23
lf —1)

I:—;(Z‘f) — e_< 03
The normalized passive force-length curve (Otten, 1987) was modelled as:

F,=2.64l; — 5300+ 2.66for  [;>1,

A~ ~

Fo(l)=0 for If<1,

Where I is the time-varying normalized fascicle length measured during walking.
Theoretically, the fiber length should be normalized to the optimal length. The optimal length
corresponds to the fiber length where the maximal active force is produced. It can be determined
from the force-length relationship. However, as described in Part 1, section 1.2.2.3, it is
challenging to determine the force-length relationship in vivo (Maganaris, 2003; Rubenson et

al., 2012). Therefore, we used the fascicle length at heel-strike as a substitute.

The normalized force-velocity curve was modelled as:

for >0,

Where 7 is the time-varying normalized fascicle velocity recorded during walking. a describes
the curvature of the force velocity relationship and v, is the maximum unloaded shortening
velocity. We used intermediate values accounting for slow and fast muscle fibers from
numerous terrestrial species of 0.235 and -7.5 s for a and 7, , respectively (Wakeling et al.,
2012).
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Finally, Fyax is a function of the muscle’s volume Vol, the optimal fiber length I¢ . and the

maximum isometric stress of a muscle fiber g;,.

Vol
Frnax = Op
lf,opt

o, Was taken from the literature (22.5 N.cm, Powell et al., 1984; Roy et al., 1982; Spector et

al., 1980). As described in the review of literature, the specific tension mainly depends on the
muscle fiber composition of the muscle. Similar muscle fiber compositions have been reported
between the GM and GL (Edgerton et al., 1975; Johnson et al., 1973). Therefore, we assumed

that the GM and GL have similar specific tension and we used the same value for both muscles.

In Study #2, we compared two inputs for the F, ... We first used a scaling method to inform
the Hill-type model. The scaling method estimated the optimal fiber length using a
musculoskeletal model containing 37 degrees-of-freedom with 97 muscle-tendon complex
actuators (Delp et al., 2007; Rajagopal et al., 2016). This model was scaled to the individual
anthropometry of the participants based on the mass of the participant and markers positions
recorded during the static trial. From this scaled model, we extracted the optimal fascicle length
of both the GM and GL.

For the muscle volume, we used a regression equation based on body mass from Handsfield et
al. (2014):

Vol = bl X BM + b2

Where Vol (cm?3) is a function of body mass, BM (kg) and two coefficients b1 and b2.
Coefficient b1 is 3.41 and 2.19 for the GM and GL, respectively, and b2 is 12.60 and -7.59 for
GM and GL, respectively (Handsfield et al., 2014). This study imaged the lower limb muscles
in 24 young and healthy individuals (Handsfield et al. 2014). The two coefficients b1 and b2
correspond to the coefficient of the linear fit of the relationship between the muscle volume and

body mass.

The second approach to determine F,,,, was an experimental method. Specifically, we used
experimentally-determined muscle volume and fascicle length within the model. Theoretically,
the PCSA should be calculated from the muscle volume and the optimal fascicle length.
However, as explained above, it is challenging to determine experimentally the optimal fascicle
length. Therefore, we used, as a substitute for the optimal fascicle length, the mean muscle
fascicle length estimated from DTI. For the muscle volume, we used the muscle volume

determined using MRI.
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Further details concerning the drawbacks and the advantage of the different EMG and imaging
techniques are available in the Chapter 1 of this PhD thesis (see Part 1, section 1.1.2. for the
EMG technique and Part 1, section 1.2. for the imaging techniques). In a similar way, the
conceptual bases and the different parameters of the Hill-type model are described in the Part
1, sections 1.2. and Part 1, 2.3 of this PhD thesis.
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Does different activation between the medial and the
lateral gastrocnemius during walking translate into

different fascicle behavior?
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Does different activation between the medial and the lateral
gastrocnemius during walking translate into different

fascicle behavior?

Raphaél Hamard', Jeroen Aeles’, Nicole Y. Kelp?, Romain Feigean'3, Francgois Hug"%** and Taylor J. M. Dick?

ABSTRACT

The functional difference between the medial gastrocnemius (MG)
and lateral gastrocnemius (LG) during walking in humans has not yet
been fully established. Although evidence highlights that the MG is
activated more than the LG, the link with potential differences in
mechanical behavior between these muscles remains unknown. In
this study, we aimed to determine whether differences in activation
between the MG and LG translate into different fascicle behavior
during walking. Fifteen participants walked at their preferred speed
under two conditions: 0% and 10% incline treadmill grade. We
used surface electromyography and B-mode ultrasound to estimate
muscle activation and fascicle dynamics in the MG and LG. We
observed a higher normalized activation in the MG than in the LG
during stance, which did not translate into greater MG normalized
fascicle shortening. However, we observed significantly less
normalized fascicle lengthening in the MG than in the LG during
early stance, which matched with the timing of differences in
activation between muscles. This resulted in more isometric
behavior of the MG, which likely influences the muscle—tendon
interaction and enhances the catapult-like mechanism in the MG
compared with the LG. Nevertheless, this interplay between muscle
activation and fascicle behavior, evident at the group level, was
not observed at the individual level, as revealed by the lack of
correlation between the MG-LG differences in activation and MG-LG
differences in fascicle behavior. The MG and LG are often considered
as equivalent muscles but the neuromechanical differences between
them suggest that they may have distinct functional roles during
locomotion.

KEY WORDS: B-mode ultrasound, Fascicle length,
Electromyography, Locomotion, Muscle function

INTRODUCTION

The triceps surae muscle group serves an essential role in human
walking, generating more than 50% of the mechanical power
needed for forward propulsion and swing initiation (Neptune et al.,
2001). Studies have highlighted that different activation patterns
exist during walking between the monoarticular soleus and the
biarticular medial gastrocnemius (MG), despite their similar role as
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ankle plantar flexors. Specifically, the soleus is active for a greater
portion of the gait cycle (Lay et al., 2007) and has an activation
pattern that is less influenced by the grade of the walking surface,
when compared with the MG (Franz and Kram, 2012). The few
studies that have compared the gastrocnemii have shown that the
MG activation is both greater and longer in duration than the lateral
gastrocnemius (LG) activation during walking (Ahn et al., 2011),
with large differences in the MG to LG activation ratio between
individuals (Crouzier et al., 2019). This echoes recent work
showing that these two muscles share minimal common neural
drive (Hug et al., 2021). Together with studies suggesting that
the MG and LG may produce different ankle moments in the frontal
plane (Lee and Piazza, 2008), the differences in activation
suggest that these muscles may have unique functional roles
during walking. Other factors, such as the muscle fascicle length
and contraction velocity also contribute to a muscle’s force-
generating capacity. This means activation alone does not provide
us with all of the information necessary to understand muscle
function. Concurrent information on muscle fascicle behavior is
therefore needed.

Ultrasound studies have revealed different fascicle behavior
between the soleus and the MG during walking, with soleus
fascicles shortening less than MG fascicles (Ishikawa et al., 2005),
and exhibiting a lower shortening velocity (Cronin et al., 2013).
However, we know very little about how the MG and LG differ in
their fascicle behavior during locomotor tasks such as walking.
Studies have reported differences in resting muscle architecture
between the MG and LG, such as shorter fascicle length and greater
pennation angle for the MG (Charles et al., 2019). In addition, the
LG is composed of different neuromuscular compartments with
specific muscle architecture and innervation (Segal et al., 1991;
Wolf et al., 1993). Moreover, the Achilles tendon is composed of
three subtendons arising from the three muscles of the triceps
surac (Edama et al., 2015). These factors may enable different
neuromechanical behaviors of the three muscles.

While muscle activation and fascicle behavior each influence
force generation, understanding the interplay between these factors
allows for a more comprehensive assessment of muscle function.
For instance, the higher mechanical work required during incline
versus level walking is associated with higher activation and a
greater amount of fascicle shortening in the MG muscle (Lichtwark
and Wilson, 2006). However, to date, no study has combined both
electromyography (EMG) and ultrasound imaging to explore the
functional differences between the MG and LG muscles during
locomotor tasks. The aforementioned differences in activation
between the MG and LG muscles suggest that the mechanical
behavior of the fascicles may also differ, requiring caution for
making inferences based on measures of only one of the two
muscles. In addition, a high level of inter-individual variability
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exists in the distribution of activation between these muscles
(Ahn et al., 2011; Crouzier et al., 2019), but it remains unclear
whether this translates into similar inter-individual variability in
fascicle behavior.

The overall aim of this study was to determine whether the
differences in activation strategies between the MG and LG during
walking translate into different fascicle behavior. We used an
experimental approach that combined surface EMG measurements
and ultrasound imaging during level and incline walking. We
further aimed to interpret our data at both the population level and
the individual level. Based on previous work that illustrated greater
activation in the MG compared with the LG (Ahn et al., 2011,
Crouzier et al., 2019), we expected the higher activation to translate
into a greater amount of fascicle shortening in the MG than in the
LG. Additionally, at the individual level, we hypothesized that the
MG to LG activation ratio would be correlated with the difference in
fascicle shortening between the two muscles.

MATERIALS AND METHODS

Participants

Twenty participants with no recent (<6 months) lower limb pain or
injury were recruited. They provided informed written consent. After
a quality check of the ultrasound data (see ‘Ultrasound’, below), 5
participants were excluded from the analysis and therefore data are
reported for 15 participants (5 females and 10 males, mean=s.d. age:
25.943.9 years, body mass: 75.2+£14.6 kg, height: 1.73+£0.10 m). The
study was approved by the institutional ethics review committee at
The University of Queensland (approval #2013001448) and adhered
to the Declaration of Helsinki.

Experimental protocol

Following a period of familiarization, participants performed three
isometric plantar flexion maximal voluntary contractions (MVCs)
with 120 s rest between each. Then, participants walked on a
treadmill (Nautilus Trimline T345) while we used surface EMG, B-
mode ultrasound and motion capture to measure muscle activity,
fascicle behavior and foot position, respectively. The last of these
was done using reflective markers attached bilaterally to the
calcaneus and the metatarsophalangeal joint and a 12-camera
motion capture system (Flex 13, OptiTrack, Corvallis, OR, USA),
operating at 120 Hz. Participants walked under two conditions in a
randomized order: (i) 0% treadmill grade (level walking) and (ii)
10% treadmill grade (incline walking). In both conditions,
participants walked for 60 s at their preferred walking speed
(1.1£0.1 m s~!), which was determined at the beginning of the
protocol during level walking using standardized procedures (Dal
et al., 2010). The experimental protocol was composed of eight
walking trials. Participants performed two trials for each condition
and repeated this twice, first to record myoelectrical activity of the
MG and LG and second to measure fascicle behavior of both
muscles. The recording duration was 30 s and 15 s for EMG and
ultrasound trials, respectively.

EMG

We shaved, abraded and cleaned the participant’s skin with alcohol
to reduce the skin—electrode impedance. For the EMG trials, we
placed surface electrodes (Trigno Delsys Inc., Natick, MA, USA;
10 mm inter-electrode distance) over the MG and LG muscle
bellies, aligned along the direction of the muscle fascicles,
determined using B-mode ultrasound imaging. Elastic bandages
secured the electrodes to the skin to avoid movement artefacts. The
EMG signals were amplified, digitized at 2048 Hz, band-pass

filtered (20-500 Hz) and recorded in Spike2 (V7, CED Ltd,
Cambridge, UK). An external trigger generated by the motion
capture system was used to synchronize the motion capture data
with the EMG recordings.

B-mode ultrasound

For the ultrasound trials, we positioned two linear ultrasound probes
(5—8 MHz, 60 mm field-of-view, LV8-SL60N-2, ArtUS, Telemed,
Vilnius, Lithuania) over the MG and LG muscle bellies, at the same
location where the EMG electrodes were placed in the previous trial.
Although the fascicle plane may change during walking, we
optimized the probe orientation to be aligned with the muscle
fascicle plane during static standing and secured the probes with
elastic bandages. Ultrasound data were captured at 120 Hz (Echo
Wave II 3.7.1, Telemed). An external trigger generated by the
motion capture system was used to synchronize the motion capture
with the two ultrasound systems.

Data analysis

3D motion capture

Motion capture data were labeled, gap filled and smoothed with
a 10Hz low-pass second-order Butterworth filter (Motive,
OptiTrack, Corvallis, OR, USA). Using custom-written scripts in
Matlab (R2018b, The Mathworks, Natick, MD, USA), we identified
heel-strike and toe-off based on foot vertical velocity, as described
previously (O’Connor et al., 2007). Heel-strike and toe-off
were used to determine the timing of each gait cycle for each
individual and split the data into stance and swing phases for further
analyses.

EMG

EMG and ultrasound analyses were conducted in Matlab R2018b.
The EMG data analysis considered 15 gait cycles per trial. First, the
signals were band-pass filtered using a second-order Butterworth
filter (20-500 Hz). We visually checked all raw EMG data to detect
movement artefacts or noise. In two trials for two different
participants, we processed only 6 and 12 cycles instead of 15
because of movement artefacts. Then, we rectified and low-pass
filtered (12 Hz) the EMG signal measured during the MVC trials
and the maximal value was considered as the maximal EMG
amplitude (EMG,,,). The rectified EMG signals from 15 gait
cycles were low-pass filtered at 12 Hz to determine the EMG
envelope and then normalized to EMG,,,. Finally, we interpolated
the data from each gait cycle to 100 data points.

Ultrasound

Where required, we optimized the ultrasound image properties,
such as brightness and contrast, post-data collection in the Echo
Wave II software. Then, the image quality was checked to exclude
videos whose quality was not sufficient (e.g. when fascicles were
not clearly visible or when the fascicles moved entirely out of
the imaging plane). After this quality check, we excluded five
participants and we left out one trial for the MG and LG of another
participant. We processed five gait cycles of ultrasound data per trial
using a validated (Cronin et al., 2011; Gillett et al., 2013) semi-
automated tracking algorithm (Ultratrack; Farris and Lichtwark,
2016), combined with manual corrections. We manually selected a
region of interest surrounding the entire muscle belly and two
regions of interest for each aponeurosis on the initial frame. Then,
we drew a fascicle that represented the average fascicle orientation in
the mid-region of the muscle belly and two straight lines in the inner
limits of each aponeurosis. We used this to assess the changes in
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fascicle length and pennation angle, similar to previous methods
(Dick and Wakeling, 2017; Aeles et al., 2018). The algorithm then
tracked the fascicle and aponeuroses in sequential frames by
implementing an affine flow model. Key frames were implemented
at each heel-strike to help the algorithm account for tracking drift.
Manual changes to the tracking were made where required, which
was in most trials, mostly during shortening of the fascicles. The
same investigator (R.H.) processed all videos to exclude inter-
investigator variability (Aeles et al., 2017b) and the final tracking
accuracy in all videos was then confirmed by another experienced
operator (J.A.). Muscle fascicle length was calculated as the
distance between the superficial and deep aponeuroses, along the
fascicle orientation (Aeles et al., 2018). In limited cases, the fascicle
extended outside the field of view. When this occurred,
extrapolation was used to extend the fascicle and aponeuroses
outside the image’s field of view. The angle between the tracked
muscle fascicle and the deep aponeurosis was defined as the
pennation angle (Bolsterlee et al., 2015). We subsequently low-pass
filtered all ultrasound data at 12 Hz, and calculated instantaneous
fascicle velocity as the derivative of fascicle length with respect to
time. Data from each gait cycle were interpolated to 100 data points.
We normalized fascicle length and fascicle velocity to the mean
fascicle length at heel-strike during level walking (Lys; means.d.
group value: 55.4+7.6 mm and 65.3+10.0 mm for the MG and LG,
respectively). The change in pennation angle was expressed as the
absolute difference of the mean pennation angle at heel-strike
during level walking (mean+s.d. group value: 20.943.0 deg and
13.6+2.3 deg for the MG and LG, respectively). For further
reference, positive values indicate fascicle lengthening and negative
values indicate fascicle shortening. Similarly, positive pennation
angle values indicate an increase in pennation angle.

Data reduction

From the processed EMG data, we extracted peak and average EMG
amplitude during stance and during the whole cycle. For fascicle
length, we calculated the amount of fascicle lengthening during
stance (Liengtn) by subtracting the minimal fascicle length during
early stance from the subsequent maximal fascicle length during
stance (Fig. 1). This method takes into account the brief fascicle
shortening that occurs directly following heel-strike, evident in most
participants. We also determined the amount of fascicle shortening
(Lgnort) following this initial lengthening period by taking the
difference between the maximal fascicle length during the
lengthening period and the fascicle length at toe-off. Similarly,
the change in pennation angle was calculated for the lengthening
period (Biengin) and for the shortening period (Bguort) by subtracting
the maximal and the minimal values during each of these phases.
The peak fascicle shortening velocity was also extracted during the
shortening period (Vo). We analyzed 30 cycles per condition (15
per trial) for EMG and 10 cycles per condition (5 per trial) for
ultrasound. We first extracted these parameters from each cycle and
then averaged the resulting values over all cycles within a trial.
Finally, we averaged the two trial values.

Statistics

Statistical analyses were performed in Statistica v8.0 (Statsoft,
Tulsa, OK, USA). All data were confirmed to be normally
distributed using a Kolmogorov—Smirnov test. We used a two-
way repeated-measures ANOVA (factor: muscle [MG, LG] and
condition [level, incline]) to determine whether EMG amplitude
(peak and average) and fascicle behavior (Liengths Lshort Biengths Bshort
and Vo) differed between muscles and between conditions.
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Fig. 1. lllustration of the methods used to calculate ultrasound
parameters. Representative fascicle length (Liascicie; A), change in
pennation angle (B) and fascicle velocity (V;ascicle; C) data (mean group
pattern) for the lateral gastrocnemius (LG) during level walking (blue curves),
through the lengthening period (gray area) and the shortening period
(orange area). Liascicle and Viascicle Were normalized to the fascicle length at
heel-strike during level walking (Lys). Heel-strike occurs at 0% on the x-axis.
The end of the orange area corresponds to the toe-off event, which we
considered as the end of the shortening period. The red horizontal dotted
lines represent the minimum or the maximum value within a period. The red
arrows indicate the extracted parameters, i.e. the amount of fascicle
lengthening (Liengin) @nd fascicle shortening (Lsnor) (A), and the pennation
angle decrease (Biengin) and increase (Bshort) (B). The red circle in C
corresponds to the peak shortening velocity (Vshort)-

We used statistical parametric mapping (SPM) with a two-way
repeated-measures ANOVA to compare the EMG profiles between
muscles and conditions. To assess the inter-individual variability in
muscle activation distribution, we used descriptive statistics
(mean#s.d.) of the normalized EMG amplitude ratios calculated
as MG/(MG+LG) (Crouzier et al., 2019). Finally, to test whether the
differences in activation between muscles translated to differences
in fascicle behavior, we performed correlations for both conditions
between the difference in MG-LG average EMG amplitude during
the lengthening period and the difference in MG-LG fascicle length
and pennation angle changes during the same lengthening period.
‘We ran similar correlations for the shortening period. A Bonferroni
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Table 1. Normalized myoelectrical activity in the medial and lateral gastrocnemius during level and incline walking

Level walking Incline walking

EMG parameters MG LG MG LG
Peak EMG amplitude (% of EMGax) 45.0+13.2 34.3+t14.1* 68.3£18.1% 62.0£19.3*#
Average EMG amplitude during stance (% of EMGax) 16.2+4.8 11.0+3.5* 22.4+6.6% 18.1£5.2*%
Average EMG amplitude during whole cycle (% of EMGax) 11.2+2.9 7.9+2.6* 15.1x4.1% 12.3£3.4%%

MG, medial gastrocnemius; LG, lateral gastrocnemius; EMG, electromyography; EMG,,,.x, EMG amplitude during maximal isometric voluntary contraction.
Values were normalized to maximal isometric contraction and are reported as meanszs.d. *Significant difference from MG. *Significant difference from level

walking. n=15.

correction for multiple comparisons was applied. The level of
significance was set at P<0.05.

RESULTS

Myoelectrical activity

There was a main effect of muscle and condition on peak EMG
amplitude (muscle: P=0.049; condition: P<0.001), average EMG
amplitude during stance (muscle and condition: P<0.001), and
average EMG amplitude during the whole cycle (muscle and
condition: P<0.001), with no significant musclexcondition
interactions (all P>0.616). Specifically, MG peak EMG was higher
than LG peak EMG, regardless of the condition (Table 1). Similarly,
average EMG amplitude during stance and during the whole cycle
was higher for the MG than for the LG, regardless of the condition
(Fig. 2). All EMG parameters, i.e. peak and average EMG amplitude
during stance and during the whole cycle, were higher during incline
walking than during level walking, in both the MG and LG.

The SPM analysis revealed a main effect of muscle from 18% to
36% of the gait cycle (P<0.001) and a main effect of condition from
25% to 56% (P<0.001), from 64% to 78% (P<0.001) and from 89%
to 92% (P=0.023) of the gait cycle. There was no significant
interaction between muscle and condition. Specifically, the MG had
higher EMG amplitude than the LG from 18% to 36% of the gait
cycle and the EMG amplitude was higher for the incline condition
than for the level condition during the 25-56%, 64-78% and
89-92% phases of the gait cycle.
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Muscle fascicle behavior

Inspection of the time-varying profiles of muscle fascicle behavior
(Figs 3 and 4) revealed that the MG and LG fascicles, after a
brief shortening in most of the individuals, lengthened after heel-
strike (hereafter referred to as ‘fascicle lengthening period’).
Following this, the fascicles shortened and rotated to steeper
pennation angles until toe-off (hereafter referred to as ‘fascicle
shortening period’).

There was a main effect of muscle on Ligngin (P=0.017) and Biengtn
(P<0.001), but no main effect of condition (both P>0.193) nor a
musclexcondition interaction (both P>0.490). Specifically, the MG
fascicles lengthened less than the LG fascicles, regardless of the
condition (Fig. 3A,B, Table 2). Similarly, the pennation angle
decreased less for the MG than for the LG, regardless of the
condition (Fig. 3C,D).

There was a main effect of condition on Ly, (P<0.001) with no
main effect of muscle (P=0.309) nor a musclexcondition interaction
(P=0.414). Specifically, Lgorx Was higher during incline walking
than during level walking, regardless of the muscle (Fig. 3A.B,
Table 2). Furthermore, for By, there was a main effect of muscle
(P=0.038) and condition (P=0.009), but there was no significant
musclexcondition interaction (P=0.532). Specifically, the MG
muscle underwent a greater increase in pennation angle than the
LG, regardless of the condition. Moreover, the increase in pennation
angle was greater during incline walking than during level walking,
regardless of the muscle (Fig. 3C,D).
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Fig. 2. Average time-varying electromyography (EMG) patterns measured during walking. EMG amplitude data during level walking (A) and incline
walking (B) are presented as the mean (thick line) and standard deviation (shaded area) of all participants. EMG amplitude was normalized to that measured
during a maximal isometric voluntary contraction (EMGnax). Heel-strike occurs at 0% on the x-axis. The dashed vertical lines correspond to the average
timing of toe-off during the gait cycle. The red area represents the period of the gait cycle where the statistical parametric mapping indicates a significant
difference in EMG amplitude between muscles (18-36% of the gait cycle). Peak EMG and average EMG amplitude measured during stance and during the
whole cycle were: (i) significantly higher for the medial gastrocnemius (MG) than for the LG, regardless of the condition and (ii) significantly higher for incline

walking (B) than for level walking (A), regardless of the muscle. n=15.
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Fig. 3. Average time-varying fascicle behavior measured during walking. Ls.scicie (A,B), change in pennation angle (C,D) and Viascicie (E,F) data during
level (left) and incline (right) walking are presented as the mean (thick line) and standard deviation (shaded area) of all participants. Liascicle aNd Viascicle Were
normalized to Lys during level walking. Heel-strike occurs at 0% on the x-axis. The dashed vertical lines correspond to the average timing of toe-off during
the gait cycle. During the lengthening period, fascicle lengthening and the decrease in pennation angle were significantly lower for the MG than for the LG,
regardless of the condition. During the shortening period, there was a greater increase in pennation angle for the MG than for the LG. Moreover, during the
shortening period, fascicle shortening and the change in pennation angle were higher for incline walking (right panels) than for level walking (left panels),

regardless of the muscle. n=15.

We found no main effect of muscle (P=0.927), condition
(P=0.793) or musclexcondition interaction (P=0.689) on Vo
(Fig. 3E,F).

Relationship between myoelectrical activity and muscle
fascicle behavior

Fig. 4 shows the individual time-varying profiles for both EMG
and fascicle behavior for all participants during level walking. The
EMG time-varying profiles revealed a high amount of variability
between participants in terms of both shape and amplitude. For
example, across participants, the MG/(MG+LG) ratio of peak
EMG amplitude ranged from 44.3% to 68.6% with a mean (+s.d.)
value of 57.6+£8.0%. To determine whether these inter-individual
differences translated into different muscle fascicle behavior, we
assessed the relationship between the MG-LG differences in
average EMG amplitude during the lengthening or the shortening

period and the respective MG—LG differences in fascicle behavior,
i.e. Liengths Lshort> Piength and Pghore during level walking and incline
walking. Out of the eight correlations, only one significant negative
correlation between MG-LG differences in average EMG
amplitude during lengthening and MG-LG differences in Bjengm
during level walking was observed (R?=0.42, P=0.009). This
correlation revealed that the greater the bias of activation to the MG
during stance, the lower the bias of change in pennation angle to the
MG. Of note, there was no correlation between MG-LG differences
in average EMG amplitude during lengthening and the MG-LG
differences in Liengn (R?>=0.14, P=0.177 and R?>=0.17, P=0.127 for
level and incline walking, respectively).

DISCUSSION
We combined EMG and ultrasound measurements to determine
whether the observed differences in activation between the MG and
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EMG (% of EMG,,,,,)

10
100

Lfascicle (% of LHS)

Fig. 4. Individual time-varying EMG
and fascicle behavior estimated
during level walking. EMG amplitude
(A,B), Lrascicte (C,D), change in
pennation angle (E,F) and Viascicle
(G,H) data for each participant
(represented by different colors) for
the MG (left) and LG (right). EMG
amplitude was normalized to EMGy;,4x;
Liascicle @nd Vfascicle Were normalized to
Lps during level walking. Heel-strike
occurs at 0% on the x-axis. The
dashed vertical lines correspond to the
average timing of toe-off during the
gait cycle. Approximately one-third of
the participants exhibited a second
MG EMG burst during the swing
phase (A) similar to previous reports
(Hug et al., 2019). This pattern did not
occur in the LG (B). n=15.

A Pennation angle (deg)

Viascicle (Lhs 871)

\
. . A .
0 20 40 60 80
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the LG during walking translate into different fascicle behavior. We
found that the MG was more active than the LG but, in contrast to
our hypothesis, this did not translate into greater MG fascicle
shortening during the stance phase. However, we observed less MG
fascicle lengthening during early stance, when compared with the
LG. Additionally, the inter-individual variability in the distribution
of activation between the MG and LG did not explain the variability
in fascicle behavior between individuals.

The higher muscle activation for the MG than for the LG,
consistent with previous reports (Ahn et al., 2011; Crouzier et al.,
2019), was greatest during early stance, which coincides with the
period where between-muscle differences in fascicle behavior were
most apparent (Fig. 2). Specifically, we observed that the MG
underwent less active lengthening than the LG during early stance
by approximately 2.3% of Lys (2.0 mm), corresponding to more
than 30% of the total lengthening during stance. These differences
in fascicle behavior that occurred early in the gait cycle are likely
related to the highly tuned interaction between the gastrocnemii and

100 0 20

their partially independent Achilles subtendons, which are able to
undergo non-uniform displacement (Franz et al., 2015). During the
early stance phase of walking, the MG and LG actively resist
lengthening while the whole muscle—tendon unit (MTU) lengthens
(Farris and Sawicki, 2012; Lichtwark and Wilson, 2006). During
late stance, muscle activation decreases and the muscle—tendon
interaction enables the series-elastic element to undergo rapid
shortening (Lichtwark and Wilson, 2006). The smaller difference
between the MG and LG activation during late stance combined
with the rapid shortening of the series-elastic element likely explains
why we did not observe a muscle difference in fascicle shortening or
fascicle shortening velocity.

The higher muscle activation during early stance enables the MG
fascicles to remain in a more isometric state, compared with the LG
fascicles. It is well established that this isometric behavior of the
plantar flexor muscle fascicles enables their tendon to stretch and
store elastic strain energy, which is subsequently released in late
push-off (Farris and Raiteri, 2017; Fukunaga et al., 2001; Ishikawa
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Table 2. Muscle fascicle parameters for the medial and lateral gastrocnemius during level and incline walking

Level walking

Incline walking

Muscle fascicle parameter MG LG MG LG
Liength (% of Lys) 4.6+3.1 6.9+3.5* 5.9+3.0 7.4+2.3*
Biength (deg) -1.310.9 -2.1+0.8* -1.2+0.5 -1.84+0.6*
Lshort (% of Lys) —24.2+3.2 -24.0+3.4 —-30.9+4.7% —28.9+5.1%
Bshort (deg) 3.911.8 3.2+1.1* 5.4+2 5% 4.1+1.2%%
Vehort (Lus 877) -2.1+0.6 -2.1£0.8 -2.2+0.6 -2.1£0.4

MG, medial gastrocnemius; LG, lateral gastrocnemius; Liengn, amount of fascicle lengthening; Biengtn, change in pennation angle during the fascicle lengthening
period; Lsnhort, amount of fascicle shortening; Bshort, change in pennation angle during the fascicle shortening period; Vghort, peak shortening velocity; Lys, fascicle
length at heel-strike during level walking. Values are reported as meanszs.d. *Significant difference from MG. *Significant difference from level walking. n=15.

et al., 2005; Lichtwark and Wilson, 2006). While a similar catapult-
like mechanism occurs in the LG, our results suggest that it may
occur to a lesser extent because the lower activation results in a
reduced ability to maintain the LG fascicles isometrically. Thus, the
MG muscle—tendon interaction may be better tuned to store and
return elastic strain energy for effective push-off. These findings are
inconsistent with results from a modeling study, which predicts that,
during walking, MG muscle fibers undergo alternating periods of
negative and positive work to act like a spring, whereas LG muscle
fibers behave more isometrically to function in a strut-like manner
(Lai et al., 2019). Our in vivo data displayed smaller active length
changes in the MG fascicles, corresponding more to strut-like
behavior, and a greater active lengthening in the LG, likely resulting
in more negative work production and corresponding to spring-like
behavior. This discrepancy may, in part, arise from differences
between measured muscle activation and model-predicted muscle
excitation for the MG and LG, and from the use of generic data in
Lai etal. (2019). Nonetheless, the combination of experimental data
with predictions from neuro-musculoskeletal models provides a
powerful and promising approach to understand human and animal
locomotor function.

In addition to muscle activation, differences in tissue properties
may also contribute to the reduced lengthening of the MG fascicles
during walking. For example, the MG muscle has, on average, a
higher passive shear modulus (Le Sant et al., 2017; Lindemann
etal., 2020) and a larger volume (Crouzier et al., 2018) than the LG,
likely providing more resistance to lengthening. Moreover, the
subtendon stiffness seems to match the muscle passive stiffness with
a stiffer MG subtendon compared with the LG subtendon (Yin et al.,
2021). The nervous system may choose to activate the MG more
than the LG to enhance the catapult-like mechanism of the stiffer
MTU and larger muscle and thus to decrease the overall activation
cost (Biewener and Roberts, 2000; Crouzier et al., 2018;
Crowninshield and Brand, 1981). Furthermore, it has been
suggested that the MG and LG may have different roles in the
frontal plane, with the MG having a greater inversion moment arm
(Lee and Piazza, 2008). These differences may lead to a higher
exploitation of the MG than the LG to contribute the necessary
inversion in the second part of the stance phase (Arnold et al., 2014)
and to allow an efficient push-off. Taken together, the differences in
tissue properties and anatomy between the MG and LG MTUs and
the bias of activation towards the larger MG likely results in a
greater use of elastic energy — enabling more economical walking.

Despite differences in muscle activation between level and
incline walking, we did not find any difference in the amount of
lengthening between these conditions. There are at least three
possible explanations. First, incline walking predominantly
influences peak activation (25-56% of the gait cycle), when the
fascicles have already stopped lengthening. This may explain the

difference in fascicle shortening but not in fascicle lengthening
between level and incline walking. Second, incline walking limits
the ankle plantarflexion immediately after heel-strike and increases
the following ankle dorsiflexion. This, in turn, increases MTU
length during stance (Lichtwark and Wilson, 2006), which, by
stretching the tendon, increases the tension in the tendon. This
process likely supports fascicle lengthening despite the higher
activation. Finally, the increased MTU length during stance caused
by incline walking likely results in greater energy storing potential
in the tendon. Thus, at the muscle level, the higher mechanical
demand for incline walking is achieved via higher activation and
greater fascicle shortening but with a similar amount of fascicle
lengthening.

We found that the greater MG than LG activation was only true
‘on average’, as 4 out of the 15 participants exhibited either a
balanced MG-LG peak activation (MG to LG peak activation ratio
between 49% and 51%) or an activation biased towards the LG (MG
to LG ratio <49%). A study performed on 85 participants observed
similar inter-individual variability, repeatable between days, despite
the group data also revealing that the MG was activated more than
the LG (Crouzier et al., 2019). However, the MG-LG activation
ratios seem more biased towards the MG in that study as only 3 out
of 85 participants had a MG to LG ratio <49% and 4 out of the 85
participants had a MG to LG ratio between 49% and 51%. This
discrepancy is likely due to the higher walking speed in our study
(1.1 m s™") compared with that in Crouzier et al. (2019) (0.9 m s~1).
Indeed, when walking speed increases, the MG—LG activation ratios
tend to be closer to 50% (Ahn et al., 2011). Regardless, our results
show that the MG-LG differences in activation level are not related
to the inter-individual variability in MG-LG differences in fascicle
behavior. Several factors could explain the absence of correlations,
including different tendon and muscle mechanical properties across
participants. For instance, a large variability in subtendon stiffness
(Yin et al., 2021) and Achilles tendon twist (Edama et al., 2015;
Knaus and Blemker, 2021) has been observed between individuals.
It is therefore possible that activation varies between participants to
account for known differences in mechanical and architectural
properties of the muscle and tendon (Aeles et al., 2017a), and enable
similar movement kinetics and kinematics during motor tasks.

Some limitations in the experimental approach used in this study
need to be considered. First, the ultrasound measurements were
made in 2D with a limited field of view whereas muscle is a 3D
complex object with non-uniform deformations (Rana and
Wakeling, 2011). While it is possible that there are 3D shape
changes that are affected by the activation, our analysis focused on
the primary movement plane of the muscle fascicles. Moreover, to
track fascicles in the same plane during locomotion is challenging.
To limit the impact of this issue, we tracked the average movement
of the fascicles within the field of view instead of a single fascicle
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and we followed guidelines to minimize errors in fascicle tracking
(Aeles et al., 2017b; Aggeloussis et al., 2010; Bolsterlee et al.,
2016). Finally, EMG and ultrasound measurements were performed
on the same day but during different walking trials. It is challenging
to maintain both EMG electrodes and the ultrasound probe at
appropriate locations for simultaneous recordings on an individual
muscle. However, we averaged the data over 30 (EMG) and 10
(ultrasound) cycles, and are confident that the EMG and ultrasound
patterns are representative of the walking conditions.

Conclusion

In this study, we found that, during walking, the higher activation of
the MG was associated with less fascicle lengthening than for the LG.
This enabled the MG fascicles to remain more isometric and may
enhance the catapult-like muscle-tendon interaction in the MG,
compared with the LG, and decrease the overall activation cost. At the
individual level, we found no relationship between the MG-LG
differences in activation and the between-muscle differences in
fascicle behavior, which may be linked to potential inter-individual
variability in muscle and tendon properties of the gastrocnemii. Our
results highlight that slightly different neuromuscular behavior may
be provided by these two synergist muscles that are often considered
as equivalent muscles with the same function. These findings show
that we cannot derive information from experimental measurements
on one muscle to infer the behavior or the function of its synergist
muscles. Empirical data from in vivo experiments that combine EMG
and B-mode ultrasound in multiple muscles will provide insights for
the evaluation of neuro-musculoskeletal models and simulations.
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ARTICLE INFO ABSTRACT

Keywords: The study of muscle coordination requires knowledge of the force produced by individual muscles, which can be
B-mode ultrasound estimated using Hill-type models. Predicted forces from Hill-type models are sensitive to the muscle’s maximal
Electromyogrﬂph}’ force-generating capacity (Fmax), however, to our knowledge, no study has investigated the effect of different
I(\;/[z;trocnemlus Fiax personalization methods on predicted muscle forces. The aim of this study was to determine the influence of

two personalization methods on predicted force-sharing strategies between the human gastrocnemii during
walking. Twelve participants performed a walking protocol where we estimated muscle activation using surface
electromyography and fascicle length, velocity, and pennation angle using B-mode ultrasound to inform the Hill-
type model. Fp,x was determined using either a scaling method or experimental method. The scaling method
used anthropometric scaling to determine both muscle volume and fiber length, which were used to estimate the
Fmax of the gastrocnemius medialis and lateralis. The experimental method used muscle volume and fascicle
length obtained from magnetic resonance imaging and diffusion tensor imaging, respectively. We found that the
scaling and the experimental method predicted similar gastrocnemii force-sharing strategies at the group level
(mean over the participants). However, substantial differences between methods in predicted force-sharing
strategies was apparent for some participants revealing the limited ability of the scaling method to predict
force-sharing strategies at the level of individual participants. Further personalization of muscle models using in
vivo experimental data from imaging techniques is therefore likely important when using force predictions to
inform the diagnosis and management of neurological and orthopedic conditions.

Muscle coordination

1. Introduction

Knowledge of the forces that individual muscles produce provides
important insights into muscle coordination, and this information can be
used to improve the diagnosis and management of many neurological
and orthopedic conditions (Hug and Tucker, 2017). However, directly
measuring human muscle force requires highly invasive techniques
(Finni et al., 1998; Gregor et al., 1987; Komi, 1990), which are not

feasible in clinical environments and remain limited in most research
settings. To overcome this limitation, muscle models for predicting
muscle forces have been developed.

The Hill-type model is the most ubiquitous muscle model in biome-
chanics (Eq. (1); Zajac, 1989). It takes into account most of the known
determinants of muscle force, i.e. the activation, the instantaneous
length and velocity of the contracting muscle fibers, and the maximal
force-generating capacity (Fpay). The Hill-type model can be

Abbreviations: DTI, Diffusion Tensor Imaging; EMG, Electromyography; EMG,ax, Maximal electromyography amplitude; Fp,x, Maximal force-generating capacity;
GL, Gastrocnemius Lateralis; GM, Gastrocnemius Medialis; MRI, Magnetic Resonance Imaging; MVC, Maximal Voluntary Contraction; RMSE, Root Mean Square

Error.
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personalized with subject-specific data, such as time-varying muscle
activation assessed using surface electromyography (EMG) (Perreault
et al., 2003) or time-varying fascicle length, fascicle velocity, and pen-
nation angle recorded using ultrasound imaging (Dick et al., 2017). An
important determinant of muscle force is Fp,x (Bujalski et al., 2018;
Scovil and Ronsky, 2006), for which the vast majority of studies rely on
scaled data using different methods. For example, muscle volume, a
determinant of Fp,x, has been personalized through values scaled to the
participant’s body mass (Dick et al., 2017). Furthermore, optimal mus-
cle fiber length, which is another determinant of Fpy, is often scaled
from generic musculoskeletal models (Millard et al., 2013). An impor-
tant limitation of these approaches is that they use the same underlying
equations to scale all individuals. This conceals the well-described inter-
individual variability in the distribution of Fy,x across muscles (Crouzier
et al., 2018; Hug et al., 2015).

The aim of this study was to compare two different personalization
methods of a Hill-type model to predict human gastrocnemii forces
during level and incline walking. The first personalization method,
herein referred to as the “scaling method”, used anthropometric scaling
to determine both muscle volume and muscle fiber length to estimate
Fax of the gastrocnemius medialis (GM) and lateralis (GL). The second
method, named hereafter the “experimental method”, used muscle
volume and fascicle length obtained from magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI), respectively. We specifically
investigated the force-sharing strategy between the two gastrocnemii
muscles. Because the scaling method inevitably conceals inter-
individual variability in the distribution of Fp,,x between the GM and
GL, we expected to observe substantial differences between methods
when comparing the gastrocnemii force-sharing strategy at the indi-
vidual level. However, we hypothesized that the two methods would
predict similar force-sharing strategies at the group level.

2. Materials and methods
2.1. Participants

Twelve adults with no recent (<6 months) lower limb pain or injury
gave informed written consent to participate in the study (5 females, 7
males, age: 25 + 3.5 years, body mass: 75.4 + 16.4 kg, height: 1.71 +
0.10 m; mean + standard deviation). This study was approved by the
institutional ethics review committee at The University of Queensland
(#2013001448).

2.2. Experimental data acquisition

Data were collected over two experimental sessions. The first session
consisted of two consecutive scanning sequences of the participant’s
dominant leg: a T1-weighted MRI scan to determine muscle volume, and
a DTI scan to determine muscle fascicle lengths.

For the second session, participants walked on a treadmill (Nautilus
Trimline T345, TX, USA) at their preferred walking speed (1.1 + 0.1
m-s~1), which was determined at the beginning of the protocol (Dal
et al., 2010). During walking, we recorded surface EMG and B-mode
ultrasound of the GM and GL of the dominant leg to measure muscle
activation and fascicle behavior, respectively. Foot position was
measured using motion capture to identify phases of the gait cycle.
Participants walked under two conditions presented in a randomized
order: (i) 0% treadmill grade (level walking) and (ii) 10% treadmill
grade (incline walking). They performed two trials at each walking
condition and repeated each condition a second time, first to record
EMG and second to measure fascicle behavior. The EMG and the ultra-
sound recordings were conducted in separate trials to ensure that the
measures were taken on the same mid-region of the muscle belly. Par-
ticipants also performed three isometric plantar flexion maximal
voluntary contractions (MVCs), with 120 s rest between contractions, to
determine maximal GM and GL EMG amplitude for EMG normalization.

Journal of Biomechanics 135 (2022) 111033

The EMG and ultrasound data have been published elsewhere (Hamard
et al., 2021).

2.2.1. MRI

Participants were placed in a 3T MRI scanner (Magnetom Prisma,
Siemens, Germany) in a supine position. The dominant foot was secured
into a custom-built MRI-compatible foot plate with the hip extended and
the ankle positioned at a 90° angle. The dominant knee was positioned
in slight flexion (<5°) by using a foam wedge under the knee. Details on
the MRI parameters have been described elsewhere (Pinel et al., 2021).
The T1-weighted MRI images were analyzed using a combination of
semi-automated (Sashimi V1.1; Bolsterlee, 2020) and manual segmen-
tation software (ITK-SNAP v3.8.0, NIH, USA). We calculated total
muscle volume for the GM and GL as the sum of the volume of all voxels
in each muscle (ITK-SNAP v3.8.0, NIH, USA). These muscle volumes
were included in the Hill-type model (see 2.3) for the experimental
method.

2.2.2. DTI

DTI scans were performed with the same scanner as for the MRI.
Detailed information on the DTI parameters, processing and data ana-
lyses has been described elsewhere (Aeles et al., 2021). Briefly, the
muscle was divided into smaller muscle regions in the local muscle
frontal plane. Then, fascicles were assigned to the muscle region that
contained the fascicle midpoint and the median muscle fascicle length
was calculated for each region. Finally, the mean of all muscle regions
was calculated and used as an input for optimal fiber length.

2.2.3. 3D motion capture

3D motion capture (Flex 13, OptiTrack, Corvallis, OR, USA) was used
to record a static calibration trial with 8 marker clusters and 16 indi-
vidual markers placed bilaterally on the lower limbs and pelvis to scale a
musculoskeletal model (Rajagopal et al., 2016) for each participant
(OpenSim v3.3). Then, during the walking protocol, we used the
markers attached bilaterally to the calcaneus and the fifth meta-
tarsophalangeal joint to determine the timing of the heel-strike and toe-
off events using custom-written scripts based on foot vertical velocity
(O’Connor et al., 2007). Motion capture data were collected at 120 Hz
(Motive, OptiTrack, Corvallis, OR, USA) and raw marker positions were
filtered using a second-order low-pass Butterworth filter with a cut-off
frequency of 10 Hz.

2.2.4. Electromyography

We shaved, abraded and cleaned the participant’s skin with alcohol
to reduce the skin-electrode impedance. We placed surface electrodes
(Trigno Delsys Inc., Natick, USA; 10 mm inter-electrode distance) over
the GM and GL muscle bellies, aligned along the direction of the muscle
fascicles, determined using B-mode ultrasound. The EMG signals were
amplified, digitized at 2048 Hz, band-pass filtered (20-500 Hz), and
recorded in Spike2 (V7, CED Ltd, Cambridge, UK). During post-
processing, the MVC and walking EMG signals were band-pass filtered
using a second-order Butterworth filter (20-500 Hz), rectified, and low-
pass filtered at 12 Hz. The maximal value of the EMG signal measured
during the MVC trials was considered as the maximal EMG amplitude
(EMGax). Then, the EMG signals from 15 gait cycles were normalized to
EMGnax. Finally, we interpolated the data from each gait cycle to 100
data points. We averaged all the cycles within a trial and then we
averaged the resulting two mean cycles from each trial to finally obtain a
single mean cycle for each condition and participant.

2.2.5. B-mode ultrasound

To image the GM and GL during walking, we placed two linear ul-
trasound probes (5-8 MHz, 60 mm field-of-view, LV8-5L60N-2, ArtUS,
Telemed, Vilnius, Lithuania) on the same location as used for the EMG
electrodes. The probe orientation was optimized to be aligned in the
fascicle plane and secured with elastic bandages. Ultrasound data were
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recorded at 120 Hz for 15 s of walking. Post data collection, we analyzed
five gait cycles of ultrasound data per trial using a validated (Cronin
et al.,, 2011; Gillett et al., 2013) semi-automated tracking algorithm
(UltraTrack; Farris and Lichtwark, 2016), combined with manual cor-
rections (for details, see Hamard et al., 2021). Ultrasound data were low-
pass filtered at 12 Hz and fascicle velocity was calculated as the first time
derivative of fascicle length. We normalized fascicle length to the mean
fascicle length at heel-strike during level walking (Lys; average group
value: 56.6 + 8.0 mm and 65.4 + 10.1 mm for the GM and GL,
respectively). Similarly, fascicle velocity was expressed as the normal-
ized fascicle length per second. Ultrasound data from each gait cycle
were interpolated to 100 data points and we averaged the cycles within
a trial and then between both trials to create a mean cycle for each
condition and participant.

2.3. Estimation of time-varying muscle force during walking

We estimated the time-varying forces produced by the GM and GL
muscles during walking using a Hill-type model (Zajac, 1989):

Fan = Fau [a()F (1) Fa(9) + F, (1) ] cosp. @

The muscle force F,, (N) was calculated from the maximal force-
generating capacity F,,,, expressed in N, the time-varying normalized
activation d(t), the normalized active (F, (Tf)) and passive (ﬁp (Tf)) forces
as determined from the force-length relationship, the normalized force

F.(¥) as determined from the force-velocity relationship and the cosine
of the time-varying pennation angle g (°).

The normalized active force-length curve (Otten, 1987), was
modelled as:

Fu (i) :{< ) @

The normalized passive force-length curve (Otten, 1987) was
modelled as:

F,=2.641; —5300;+2.66 for Iy > 1, 3)
F,(I) =0 for ;<1 @

where T is the time-varying normalized fascicle length measured during
walking.
The normalized force-velocity curve was modelled as:

()
Fu(3) =——% for <0, 5)

©
Voot

()
F.9)=15-05— 2"
1+ (56)

where V is the time-varying normalized fascicle velocity recorded during
walking. o describes the curvature of the force velocity relationship and
Vo is the maximum unloaded shortening velocity. We used intermediate
values accounting for slow and fast muscle fibers from numerous
terrestrial species of 0.235 and —7.5 s! for a and 7V, respectively
(Wakeling et al., 2012).

Finally, Fy.x is a function of the muscle’s volume Vol, the optimal
fiber length I; o, and the maximum isometric stress of a muscle fiber op.

Foax = (VOZ)O-O (7)

lf.opl

for v >0 (6)
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6o was estimated from the literature (22.5 N-cm~2, Powell et al., 1984;
Roy et al., 1982; Spector et al., 1980). For the scaling method, I o,y was
estimated from a subject-specific musculoskeletal model (Delp et al.,
2007; Rajagopal et al., 2016). This 37 degrees of freedom model with 97
muscle-tendon complex actuators was scaled to the individual anthro-
pometry of the participants based on the mass of the participant and
markers positions recorded during the static trial. For the scaling
method, muscle volume was calculated using the regression equations
from Handsfield et al. (2014):

Vol = bl x BM + b2 (€)]

where Vol (cm®) is a function of body mass, BM (kg) and two coefficients
bl and b2. Coefficient b1 is 3.41 and 2.19 for the GM and GL, respec-
tively, and b2 is 12.60 and —7.59 for GM and GL, respectively (Hands-
field et al., 2014). Concerning the experimental method, we used, as a
substitute for the Iy, the mean muscle fascicle length estimated from
DTI and we used the muscle volume measured from MRI for the GM and
GL.

2.4. Statistics

We conducted the statistical analyses in Statistica v8.0 (Statsoft,
Tulsa, OK, USA). All data passed the Kolmogorov-Smirnov test for
normality. First, we compared the muscle volume, fascicle length and
Fmax between the two methods and the two muscles using 2-way
repeated-measures ANOVAs (factor: method [scaling, experimentall],
muscle [GM, GL]). Additionally, the GM/(GM + GL) ratios of muscle
volume, fascicle length and Fp,,x were calculated and we used paired t-
tests to determine whether these ratios differed between the two
methods. We also assessed the relationship between the two estimation
methods for muscle volume, fascicle length and F,.x using Pearson’s
correlation coefficient. Finally, we used the root mean square error
(RMSE) to determine the discrepancy between methods for muscle
volume, fascicle length and Fpax.

From the predicted force output, we extracted the peak force, cor-
responding to the maximal force value during the gait cycle and the
force integral, corresponding to the integral of the time-varying force.
To test our first hypothesis, we used 3-way repeated-measures ANOVAs
(factor: method [scaling, experimental], muscle [GM, GL] and condition
[level, incline]) to determine whether the peak force or the force inte-
gral systematically differed between methods, muscles or conditions.
Then, the GM/(GM + GL) ratios for peak force and force integral were
calculated to estimate the force-sharing strategy between the gastro-
cnemii. We performed 2-way repeated-measures ANOVAs (factor:
method [scaling, experimental] and condition [level, incline]) on these
ratios to assess whether they systematically differed between methods
and between conditions. Finally, we compared the peak force and force
integral between the two methods using the RMSE. For all tests, the level
of significance was set at P < 0.05.

3. Results
3.1. Maximal force-generating capacity

Fig. 1 depicts the results for volume, fascicle length and Fp,x. This
paragraph, however, presents only the results for Fy,,x as they are more
closely related to our aim. There was a main effect of muscle (P < 0.001)
on Fpx, with no main effect of method (P = 0.744), nor a muscle x
method interaction (P = 0.265). Specifically, the GM had a larger Fpax
(1072 + 240 N) than the GL (587 + 166 N) regardless of the method.
Moreover, the correlation between Fp,x estimated from the scaling
method and Fp;x estimated from experimental data was strong for both
the GM (R = 0.871; P < 0.001) and the GL (R = 0.739; P = 0.006). Even
though there was no statistical difference in the GM/(GM + GL) ratio of
Fmax between the methods (66.5 + 0.5% for the scaling method and 63.0
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Fig. 1. Individual data for muscle volume (A), fascicle length (B) and maximal force-generating capacity (Fpayx; C) determined using the scaling and experimental
methods. Data are depicted for both the gastrocnemius medialis (GM) and gastrocnemius lateralis (GL). The ratio between these muscles [GM/(GM + GL)] is also
depicted for each variable. Each graph depicts individual data obtained with the scaling method (top) and experimental method (bottom). Each color represents an
individual participant and the mean group value is presented as a black diamond. Because the scaling method uses the same underlying equations to scale all in-
dividuals, we can observe that the inter-individual variability in ratios between muscles is concealed.

+ 5.6% for the experimental method; P = 0.056), inspection of indi- 3.2. Force output

vidual data indicated large differences between methods for some par-
ticipants, with the difference being up to 12.5% (Fig. 1). We found high
RMSE values between methods for the Fp,y, i.e. 186 N for the GM and
160 N for the GL corresponding to 18.1% and 26.3% of the average Fpax,
respectively. Moreover, a discrepancy between calculation methods for
Fmax was also observed for the GM/(GM + GL) ratios as indicated by a
RMSE of 6.5%.

When considering the peak force, which occurred during the stance
phase (Fig. 2), there was a main effect of muscle (P < 0.001) and con-
dition (P = 0.001), with no main effect of method (P = 0.513), nor any
interaction (all P > 0.303) (Table 1). Similarly, when considering the
force integral calculated over the whole gait cycle, we observed a main
effect of muscle (P < 0.001) and condition (P = 0.003), with no main
effect of method (P = 0.557), nor any interaction (all P > 0.333).
Overall, the GM produced more force compared to the GL during
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Fig. 2. Individual time-varying forces estimated by the Hill-type model during level walking for each participant (P). The GM (green) and GL (purple) forces are
depicted by solid lines (experimental method) and dashed lines (scaling method). Heel-strike occurred at 0% on the x-axis and the dashed vertical lines represent the
timing of toe-off during the gait cycle. Each plot represents an individual participant. Predicted forces for incline walking are presented in Fig. S1. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Force parameters estimated using the Hill-type model during level and incline walking.

Level walking

Incline walking

GM GL GM GL

Scaling Experimental Scaling Experimental Scaling Experimental Scaling Experimental
Peak force (N) 378 + 127 346 + 137 120 + 41* 128 + 55* 467 + 152t 423 + 155¢ 186 + 64*t 195 + 74*t
Force integral (N.s) 123 + 36 114 + 43 43 + 15* 45 +17* 149 + 487 136 + 521 61 + 21%¢ 65 + 26*1

Values are presented for the gastrocnemius medialis and lateralis during both level and incline walking. The maximal force-generating capacity was estimated using
either the scaling or experimental method. GM, gastrocnemius medialis, GL, gastrocnemius lateralis. Values are reported as mean =+ standard deviation. *Indicates a
significant difference with GM. {Indicates a significant difference with level walking. n = 12. No difference between methods was found for any muscle or condition.

walking (+170 + 96% and +159 + 100% for peak force and force in-
tegral, respectively), regardless of the method. In addition, higher peak
force (+34 + 18%) and force integral (+27 + 14%) were predicted
during incline walking compared to level walking, regardless of the
muscle and method.

When considering the peak force ratio (i.e. the force-sharing strategy
between muscles), there was a main effect of condition (P = 0.046), with
no main effect of method (P = 0.163) or a method x condition inter-
action (P = 0.984). Specifically, the ratio of peak force was lower (closer
to 50%) during incline walking compared to level walking (Table 2).
When considering the ratio of the force integral, there was no main ef-
fect of method (P = 0.137), nor an effect of condition (P = 0.071) or a
method x condition interaction (P = 0.971).

Even though the group data did not exhibit significant differences
between methods, inspection of Figs. 2 and 3 revealed noteworthy dif-
ferences between methods for some participants. The difference in
model-predicted forces between the methods was greater than 30% for
four participants for GM and for three participants for GL during level
walking. When considering the ratios (i.e. the force-sharing strategy
between muscles), similar observations were made, i.e. despite the
between-methods difference being lower than 1% in four participants
for both peak force and force integral, the between-methods difference
was substantial (greater than 6%) for four participants. These individual
differences led to relatively high RMSE group values. When considering
the peak force during level walking, the RMSE between the two methods
was 66 N for the GM and 28 N for the GL corresponding to 19.0% and
22.1% of the group-averaged peak force, respectively. We also found
high RMSE values for the force integral, i.e. 20 N.s for the GM and 12 N.s
for the GL corresponding to 18.0% and 25.9% of the average force in-
tegral, respectively. Moreover, discrepancy between methods was also
observed for the GM/(GM + GL) ratios of peak force and force integral.
The RMSE between methods was 5.4% for peak force and 5.7% for the
force integral during level walking.

4. Discussion

We determined the influence of two different personalization
methods on a Hill-type model’s predicted force-sharing strategy be-
tween the gastrocnemii during walking. We found substantial differ-
ences between the scaling method and the experimental method in the
predicted force-sharing strategies at the individual level. Therefore,
generic scaling methods may be unable to estimate the force-sharing

Table 2

strategy at the level of individual participants.

Our main results indicate substantial differences between methods
for some participants. This is consistent with previous studies, which
highlight that inclusion of subject-specific musculoskeletal geometry
(Wesseling et al., 2016) or muscle-tendon origin and insertion (Bosmans
et al., 2015) affects a model’s force estimation. Furthermore, our results
are similar to previous studies that report high inter-individual vari-
ability in the distribution of maximal force-generating capacity between
synergist muscles from either the triceps surae (Crouzier et al., 2018) or
the quadriceps (Hug et al., 2015). However, here we also highlight that
the force-sharing strategy varies markedly between individuals during
walking - a dynamic task whereby forces are submaximal. Furthermore,
during walking, a substantial difference between the scaling method and
the experimental method (greater than 6%) for GM/(GM + GL) ratio of
either peak force or the force integral was observed in one third of the
participants. Similar levels of differences in the GM/(GM + GL) ratio
(+6-10%) were shown in patients with Achilles tendinopathy compared
to asymptomatic individuals during submaximal isometric contractions
(Crouzier et al., 2019b). It is therefore possible that the use of generic
scaling methods may reduce the ability to detect pathological force-
sharing strategies for individuals who deviate from the generic
maximal force-generating capacity distribution, which is often the case
in clinical populations (Barber et al., 2011).

We compared model-predicted forces when using two different
methods to estimate a muscle’s maximal force-generating capacity.
However, an inherent limitation of such an approach is the inability to
evaluate our model against direct measurements of in vivo force. We
compared our predicted forces with forces previously estimated or
measured using different approaches during similar walking conditions.
For the GM, we found similar peak force levels (346 N) to those esti-
mated using inverse dynamics analysis combined with moment arm and
PCSA calculations (~305 N in Farris and Sawicki, 2012). In addition,
our predicted forces are in agreement with tendon forces directly
measured in vivo. Finni et al. (1998) reported a peak Achilles tendon
force of 1320 N for the triceps surae during an analogous walking speed
(1.1 m-s™Y). Similar to previous methods (Dick et al., 2016), we com-
bined this peak force with the relative PCSA of the gastrocnemii within
the triceps surae (~26% for the GM and 12% for the GL; Ward et al.,
2009) and accounted for the relative gastrocnemii activation levels
during walking relative to the triceps surae (~40% MG, 20% LG;
Crouzier et al., 2019a) to calculate a peak force of 365 N for the GM and
84 N for the GL — which is consistent with our predicted forces (346 N for

Gastrocnemius medialis to gastrocnemius lateralis [GM/(GM + GL)] force ratio estimated using the Hill-type model during level and incline walking.

Level walking

Incline walking

Scaling method

Experimental method

Scaling method Experimental method

75.4 £ 6.2
741+ 6.2

Peak force ratio (%)
Force integral ratio (%)

72.4+73
71.24+7.3

71.1 +7.8%
70.5+ 7.0

68.0 + 7.91
67.4+7.5

Values are presented for both level and incline walking. The maximal force-generating capacity was estimated using either a scaling or experimental method. Values
are reported as mean + standard deviation. fIndicates significant difference with level walking. n = 12. No difference between methods was found for any muscle or

condition.
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Fig. 3. Individual data for peak force (A and B) and force integral (C and D) for level walking (white area; A and C) and incline walking (grey area; B and D),
determined using the scaling and experimental methods. Data are depicted for both the gastrocnemius medialis (GM) and gastrocnemius lateralis (GL). The ratio
[GM/(GM + GL)] is also depicted for each variable. Each graph depicts individual data obtained with the scaling method and experimental method. Each color
represents an individual participant and the mean group value is presented as a black diamond. The scaling method and the experimental method seem to predict
similar muscle force and force-sharing strategy during walking at the group level but substantial differences between methods was apparent for some participants.

the GM and 128 N for the GL for the experimental method).

Although our results revealed no difference between methods at the
group level, this result is difficult to generalize to other groups such as
clinical populations. Moreover, we found a similar estimation of muscle
volume for group averages when using a scaling method (Handsfield
et al., 2014) versus MRI-derived muscle volumes (Fig. 1A) but, on the
other hand, the estimation of fascicle length varied more between the
scaling and DTI methods (Fig. 1B). This is likely because the scaling
method uses subject-specific musculoskeletal models that provide the
theoretical optimal fiber length based on a constant muscle-tendon ge-
ometry across all participants, whereas the DTI method provides the
resting fascicle length at 90° of plantarflexion and <5° of knee flexion,
which accounts for individual differences in resting fascicle lengths.
Despite personalizing the maximal force-generating capacity, activa-
tion, fascicle length and velocity, and pennation angle, some model
parameters remained generic. For example, the shape of the force-length
and force-velocity relationships were consistent across models and in-
dividuals whereas the inter-individual variability in these relationships
has been suggested in human GM (Hager et al., 2020) and vastus lat-
eralis muscles (Brennan et al., 2018). However, the influence of these
parameters on predicted forces is likely small given the relatively low
sensitivity of Hill-type models to, for example, the curvature of the force-
velocity relationship and the maximum unloaded shortening velocity
(Dick et al., 2017). On the other hand, previous studies have shown that
the Hill-type model is also sensitive to tendon slack length and optimal
fiber length (Bujalski et al., 2018; Scovil & Ronsky, 2006). Further work
is needed to test the effect of personalising these parameters on muscle
force estimation, although directly measuring these parameters in

humans in vivo is currently not possible.

In conclusion, when predicting individual muscle force-sharing
strategies, our results highlight the importance for Hill-type models to
be personalized with in vivo imaging data. Future research is necessary
to determine the sensitivity of Hill-type models to additional subject-
specific inputs, for example by using elastography to estimate the
fascicle slack length and the muscle’s passive force-length properties
(Hug et al., 2013) or by estimating subject-specific force-length re-
lationships (Maganaris, 2003).

Funding

This work was supported by a University of Queensland Early Career
Research Grant to Taylor JM Dick. Francois Hug is supported by a
fellowship from the Institut Universitaire de France (IUF) and a travel
grant from the Société de Biomécanique. Support was received from the
French national research agency (ANR-19-CE17-002, COMMODE proj-
ect; to FH).

Data availability:

The predicted force data are available from figshare: https://doi.org
/10.6084/m9.figshare.17099864

CRediT authorship contribution statement

Raphaél Hamard: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Methodology, Formal anal-
ysis. Francois Hug: Writing — review & editing, Validation, Supervision,
Project  administration, Investigation, Funding acquisition,


https://doi.org/10.6084/m9.figshare.17099864
https://doi.org/10.6084/m9.figshare.17099864

R. Hamard et al.

Conceptualization. Nicole Y. Kelp: Writing — review & editing, Project
administration, Methodology, Investigation, Data curation. Romain
Feigean: Writing — review & editing, Investigation, Data curation.
Jeroen Aeles: Writing — review & editing, Supervision, Software,
Formal analysis. Taylor J.M. Dick: Writing — review & editing, Vali-
dation, Supervision, Resources, Project administration, Methodology,
Investigation, Funding acquisition, Formal analysis, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Aiman Al-Najjar, Nicole Atcheson, and Donald Maillet
from the UQ Centre for Advanced Imaging (CAI) for their support and
expertise in MR imaging. We further thank Bart Bolsterlee (NeuRA &
University of New-South Wales) for assistance in MRI and DTI
processing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jbiomech.2022.111033.

References

Aeles, J., Bolsterlee, B., Kelp, N.Y., Dick, T.J.M., Hug, F., 2021. Regional variation in
lateral and medial gastrocnemius muscle fibre lengths obtained from diffusion tensor
imaging. J. Anat. https://doi.org/10.1111/joa.13539.

Barber, L., Barrett, R., Lichtwark, G., 2011. Passive muscle mechanical properties of the
medial gastrocnemius in young adults with spastic cerebral palsy. J. Biomech. 44
(13), 2496-2500. https://doi.org/10.1016/j.jbiomech.2011.06.008.

Bolsterlee, 2020. GitHub—Bartbols/SASHIMI: SASHIMI segmentation is a Matlab App
for semi-automatic interactive segmentation of multi-slice images. https://github.
com/bartbols/SASHIMI.

Bosmans, L., Valente, G., Wesseling, M., Van Campen, A., De Groote, F., De Schutter, J.,
Jonkers, 1., 2015. Sensitivity of predicted muscle forces during gait to anatomical
variability in musculotendon geometry. J. Biomech. 48 (10), 2116-2123. https://
doi.org/10.1016/j.jbiomech.2015.02.052.

Brennan, S.F., Cresswell, A.G., Farris, D.J., Lichtwark, G.A., 2018. The effect of muscle-
tendon unit vs. Fascicle analyses on vastus lateralis force-generating capacity during
constant power output cycling with variable cadence. J. Appl. Physiol. 124 (4),
993-1002. https://doi.org/10.1152/japplphysiol.00356.2017.

Bujalski, P., Martins, J., Stirling, L., 2018. A Monte Carlo analysis of muscle force
estimation sensitivity to muscle-tendon properties using a Hill-based muscle model.
J. Biomech. 79, 67-77. https://doi.org/10.1016/j.jbiomech.2018.07.045.

Cronin, N.J., Carty, C.P., Barrett, R.S., Lichtwark, G., 2011. Automatic tracking of medial
gastrocnemius fascicle length during human locomotion. J. Appl. Physiol. 111 (5),
1491-1496.

Crouzier, M., Hug, F., Dorel, S., Deschamps, T., Tucker, K., Lacourpaille, L., 2019a. Do
individual differences in the distribution of activation between synergist muscles
reflect individual strategies? Exp. Brain Res. 237 (3), 625-635. https://doi.org/
10.1007/500221-018-5445-6.

Crouzier, M., Lacourpaille, L., Nordez, A., Tucker, K., Hug, F., 2018. Neuromechanical
coupling within the human triceps surae and its consequence on individual force-
sharing strategies. J. Exp. Biol. 221 (21), jeb187260. https://doi.org/10.1242/
jeb.187260.

Crouzier, M., Tucker, K., Lacourpaille, L., Doguet, V., Fayet, G., Dauty, M., Hug, F.,
2019b. Force-sharing within the Triceps Surae: An Achilles Heel in Achilles
Tendinopathy. Med. Sci. Sports Exercise. https://doi.org/10.1249/
MSS.0000000000002229.

Dal, U., Erdogan, T., Resitoglu, B., Beydagi, H., 2010. Determination of preferred walking
speed on treadmill may lead to high oxygen cost on treadmill walking. Gait &
Posture 31 (3), 366-369. https://doi.org/10.1016/j.gaitpost.2010.01.006.

Delp, S.L., Anderson, F.C., Arnold, A.S., Loan, P., Habib, A., John, C.T., Guendelman, E.,
Thelen, D.G., 2007. OpenSim : Open-source software to create and analyze dynamic
simulations of movement. IEEE Trans. Bio-Med. Eng. 54 (11), 1940-1950. https://
doi.org/10.1109/TBME.2007.901024.

Dick, T.J.M., Biewener, A.A., Wakeling, J.M., 2017. Comparison of human gastrocnemius
forces predicted by Hill-type muscle models and estimated from ultrasound images.
J. Exp. Biol. 220 (9), 1643-1653. https://doi.org/10.1242/jeb.154807.

Dick, T.J.M., Arnold, A.S., Wakeling, J.M., 2016. Quantifying Achilles Tendon Force In
Vivo from Ultrasound Images. J. Biomech. 49 (14), 3200-3207. https://doi.org/
10.1016/j.jbiomech.2016.07.036.

Journal of Biomechanics 135 (2022) 111033

Farris, D.J., Lichtwark, G.A., 2016. UltraTrack : Software for semi-automated tracking of
muscle fascicles in sequences of B-mode ultrasound images. Comput. Methods
Programs Biomed. 128, 111-118. https://doi.org/10.1016/j.cmpb.2016.02.016.

Farris, D.J., Sawicki, G.S., 2012. Human medial gastrocnemius force-velocity behavior
shifts with locomotion speed and gait. PNAS 109 (3), 977-982. https://doi.org/
10.1073/pnas.1107972109.

Finni, T., Komi, P.V., Lukkariniemi, J., 1998. Achilles tendon loading during walking :
Application of a novel optic fiber technique. Eur. J. Appl. Physiol. 77 (3), 289-291.
https://doi.org/10.1007/s004210050335.

Gillett, J.G., Barrett, R.S., Lichtwark, G.A., 2013. Reliability and accuracy of an
automated tracking algorithm to measure controlled passive and active muscle
fascicle length changes from ultrasound. Comput. Methods Biomech. Biomed. Eng.
16 (6), 678-687. https://doi.org/10.1080/10255842.2011.633516.

Gregor, R.J., Komi, P.V., Jarvinen, M., 1987. Achilles Tendon Forces During Cycling. Int.
J. Sports Med. 08 (S 1), S9-S14. https://doi.org/10.1055/5-2008-1025698.

Hager, R., Poulard, T., Nordez, A., Dorel, S., Guilhem, G., 2020. Influence of joint angle
on muscle fascicle dynamics and rate of torque development during isometric
explosive contractions. J. Appl. Physiol. 129 (3), 569-579. https://doi.org/10.1152/
japplphysiol.00143.2019.

Hamard, R., Aeles, J., Kelp, N.Y., Feigean, R., Hug, F., Dick, T.J.M., 2021. Does different
activation between the medial and the lateral gastrocnemius during walking
translate into different fascicle behavior? J. Exp. Biol. 224 (12), jeb242626. https://
doi.org/10.1242/jeb.242626.

Handsfield, G.G., Meyer, C.H., Hart, J.M., Abel, M.F., Blemker, S.S., 2014. Relationships
of 35 lower limb muscles to height and body mass quantified using MRI. J. Biomech.
47 (3), 631-638. https://doi.org/10.1016/j.jbiomech.2013.12.002.

Hug, F., Goupille, C., Baum, D., Raiteri, B.J., Hodges, P.W., Tucker, K., 2015. Nature of
the coupling between neural drive and force-generating capacity in the human
quadriceps muscle. Proc. Biol. Sci. 282 (1819) https://doi.org/10.1098/
rspb.2015.1908.

Hug, F., Lacourpaille, L., Maisetti, O., Nordez, A., 2013. Slack length of gastrocnemius
medialis and Achilles tendon occurs at different ankle angles. J. Biomech. 46 (14),
2534-2538. https://doi.org/10.1016/j.jbiomech.2013.07.015.

Hug, F., Tucker, K., 2017. Muscle Coordination and the Development of Musculoskeletal
Disorders. Exerc. Sport Sci. Rev. 45 (4), 201-208. https://doi.org/10.1249/
JES.0000000000000122.

Komi, P.V., 1990. Relevance of in vivo force measurements to human biomechanics.

J. Biomech. 23, 23-34. https://doi.org/10.1016/0021-9290(90)90038-5.

Maganaris, C.N., 2003. Force-length characteristics of the in vivo human gastrocnemius
muscle. Clin. Anat. 16 (3), 215-223. https://doi.org/10.1002/ca.10064.

Millard, M., Uchida, T., Seth, A., Delp, S.L., 2013. Flexing Computational Muscle :
Modeling and Simulation of Musculotendon Dynamics. J. Biomech. Eng. 135 (2)
https://doi.org/10.1115/1.4023390.

O’Connor, C.M., Thorpe, S.K., O’Malley, M.J., Vaughan, C.L., 2007. Automatic detection
of gait events using kinematic data. Gait & Posture 25 (3), 469-474. https://doi.org/
10.1016/j.gaitpost.2006.05.016.

Otten, E., 1987. A myocybernetic model of the jaw system of the rat. J. Neurosci.
Methods 21 (2), 287-302. https://doi.org/10.1016/0165-0270(87)90123-3.

Perreault, E.J., Heckman, C.J., Sandercock, T.G., 2003. Hill muscle model errors during
movement are greatest within the physiologically relevant range of motor unit firing
rates. J. Biomech. 36 (2), 211-218. https://doi.org/10.1016/50021-9290(02)00332-
9.

Pinel, S., Kelp, N.Y., Bugeja, J.M., Bolsterlee, B., Hug, F., Dick, T.J.M., 2021. Quantity
versus quality : Age-related differences in muscle volume, intramuscular fat, and
mechanical properties in the triceps surae. Exp. Gerontol. 156, 111594 https://doi.
org/10.1016/j.exger.2021.111594.

Powell, P.L., Roy, R.R., Kanim, P., Bello, M.A., Edgerton, V.R., 1984. Predictability of
skeletal muscle tension from architectural determinations in guinea pig hindlimbs.
J. Appl. Physiol. 57 (6), 1715-1721. https://doi.org/10.1152/jappl.1984.57.6.1715.

Rajagopal, A., Dembia, C.L., DeMers, M.S., Delp, D.D., Hicks, J.L., Delp, S.L., 2016. Full-
Body Musculoskeletal Model for Muscle-Driven Simulation of Human Gait. IEEE
Trans. Biomed. Eng. 63 (10), 2068-2079. https://doi.org/10.1109/
TBME.2016.2586891.

Roy, R.R., Meadows, 1.D., Baldwin, K.M., Edgerton, V.R., 1982. Functional significance of
compensatory overloaded rat fast muscle. J. Appl. Physiol. 52 (2), 473-478. https://
doi.org/10.1152/jappl.1982.52.2.473.

Scovil, C.Y., Ronsky, J.L., 2006. Sensitivity of a Hill-based muscle model to perturbations
in model parameters. J. Biomech. 39 (11), 2055-2063. https://doi.org/10.1016/j.
jbiomech.2005.06.005.

Spector, S.A., Gardiner, P.F., Zernicke, R.F., Roy, R.R., Edgerton, V.R., 1980. Muscle
architecture and force-velocity characteristics of cat soleus and medial
gastrocnemius : Implications for motor control. J. Neurophysiol. 44 (5), 951-960.
https://doi.org/10.1152/jn.1980.44.5.951.

Wakeling, J.M., Lee, S.S.M., Arnold, A.S., de Boef Miara, M., Biewener, A.A., 2012.

A Muscle’s Force Depends on the Recruitment Patterns of Its Fibers. Ann. Biomed.
Eng. 40 (8), 1708-1720. https://doi.org/10.1007/510439-012-0531-6.

Ward, S.R., Eng, C.M., Smallwood, L.H., Lieber, R.L., 2009. Are Current Measurements of
Lower Extremity Muscle Architecture Accurate? Clin. Orthop. Relat. Res. 467 (4),
1074-1082. https://doi.org/10.1007/511999-008-0594-8.

Wesseling, M., De Groote, F., Bosmans, L., Bartels, W., Meyer, C., Desloovere, K.,
Jonkers, 1., 2016. Subject-specific geometrical detail rather than cost function
formulation affects hip loading calculation. Comput. Methods Biomech. Biomed.
Eng. 19 (14), 1475-1488. https://doi.org/10.1080/10255842.2016.1154547.

Zajac, F.E., 1989. Muscle and tendon : Properties, models, scaling, and application to
biomechanics and motor control. Crit. Rev. Biomed. Eng. 17 (4), 359-411.


https://doi.org/10.1016/j.jbiomech.2022.111033
https://doi.org/10.1016/j.jbiomech.2022.111033
https://doi.org/10.1111/joa.13539
https://doi.org/10.1016/j.jbiomech.2011.06.008
https://github.com/bartbols/SASHIMI
https://github.com/bartbols/SASHIMI
https://doi.org/10.1016/j.jbiomech.2015.02.052
https://doi.org/10.1016/j.jbiomech.2015.02.052
https://doi.org/10.1152/japplphysiol.00356.2017
https://doi.org/10.1016/j.jbiomech.2018.07.045
http://refhub.elsevier.com/S0021-9290(22)00089-6/h0035
http://refhub.elsevier.com/S0021-9290(22)00089-6/h0035
http://refhub.elsevier.com/S0021-9290(22)00089-6/h0035
https://doi.org/10.1007/s00221-018-5445-6
https://doi.org/10.1007/s00221-018-5445-6
https://doi.org/10.1242/jeb.187260
https://doi.org/10.1242/jeb.187260
https://doi.org/10.1249/MSS.0000000000002229
https://doi.org/10.1249/MSS.0000000000002229
https://doi.org/10.1016/j.gaitpost.2010.01.006
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1242/jeb.154807
https://doi.org/10.1016/j.jbiomech.2016.07.036
https://doi.org/10.1016/j.jbiomech.2016.07.036
https://doi.org/10.1016/j.cmpb.2016.02.016
https://doi.org/10.1073/pnas.1107972109
https://doi.org/10.1073/pnas.1107972109
https://doi.org/10.1007/s004210050335
https://doi.org/10.1080/10255842.2011.633516
https://doi.org/10.1055/s-2008-1025698
https://doi.org/10.1152/japplphysiol.00143.2019
https://doi.org/10.1152/japplphysiol.00143.2019
https://doi.org/10.1242/jeb.242626
https://doi.org/10.1242/jeb.242626
https://doi.org/10.1016/j.jbiomech.2013.12.002
https://doi.org/10.1098/rspb.2015.1908
https://doi.org/10.1098/rspb.2015.1908
https://doi.org/10.1016/j.jbiomech.2013.07.015
https://doi.org/10.1249/JES.0000000000000122
https://doi.org/10.1249/JES.0000000000000122
https://doi.org/10.1016/0021-9290(90)90038-5
https://doi.org/10.1002/ca.10064
https://doi.org/10.1115/1.4023390
https://doi.org/10.1016/j.gaitpost.2006.05.016
https://doi.org/10.1016/j.gaitpost.2006.05.016
https://doi.org/10.1016/0165-0270(87)90123-3
https://doi.org/10.1016/s0021-9290(02)00332-9
https://doi.org/10.1016/s0021-9290(02)00332-9
https://doi.org/10.1016/j.exger.2021.111594
https://doi.org/10.1016/j.exger.2021.111594
https://doi.org/10.1152/jappl.1984.57.6.1715
https://doi.org/10.1109/TBME.2016.2586891
https://doi.org/10.1109/TBME.2016.2586891
https://doi.org/10.1152/jappl.1982.52.2.473
https://doi.org/10.1152/jappl.1982.52.2.473
https://doi.org/10.1016/j.jbiomech.2005.06.005
https://doi.org/10.1016/j.jbiomech.2005.06.005
https://doi.org/10.1152/jn.1980.44.5.951
https://doi.org/10.1007/s10439-012-0531-6
https://doi.org/10.1007/s11999-008-0594-8
https://doi.org/10.1080/10255842.2016.1154547
http://refhub.elsevier.com/S0021-9290(22)00089-6/h0205
http://refhub.elsevier.com/S0021-9290(22)00089-6/h0205







Study #3

A comparison of neural control of the biarticular
gastrocnemius muscles between knee flexion and

ankle plantar flexion.

Associated submitted article:

Hamard, R., Aeles, J., Avrillon, S, Dick, T. J. & Hug, F. A comparison of neural control of
the biarticular gastrocnemius muscles between knee flexion and ankle plantar flexion.
Journal of Applied Physiology (submitted).

115



PhD experimentations — Study #3

A comparison of neural control of the biarticular gastrocnemius muscles between knee

flexion and ankle plantar flexion

Raphaél Hamard?, Jeroen Aeles'?2, Simon Avrillon*, Taylor J. M. Dick®, Frangois Hug®>%*

1 Nantes Université, Movement - Interactions - Performance, MIP UR 4334, Nantes, France

2 University of Antwerp, Laboratory of Functional Morphology, Department of Biology,
Antwerp, Belgium

3 Vrije Universiteit Brussel, Department of Movement and Sport Sciences, Brussels, Belgium
4 Department of Bioengineering, Faculty of Engineering, Imperial College, London, UK
5 School of Biomedical Sciences, The University of Queensland, Brisbane, Australia

6 Université Cote d'Azur, LAMHESS, Nice, France

*Corresponding author:

Prof. Francois Hug

Université Cote d’Azur, France

E-mail: francois.hug@univ-cotedazur.fr

RUNNING TITLE: Control of the gastrocnemii during their two main functions

116


mailto:francois.hug@univ-cotedazur.fr

PhD experimentations — Study #3

ABSTRACT

We aimed to determine whether the neural control of the biarticular gastrocnemius medialis
(GM) and lateralis (GL) muscles is joint-specific, that is, whether their control differs between
isolated knee flexion and ankle plantar flexion tasks. Twenty-one male participants performed
isometric knee flexion and ankle plantar flexion tasks while we recorded high-density surface
electromyography (HDSEMG). First, we estimated the distribution of activation both within-
and between-muscles using two complementary approaches: surface EMG amplitude and
motor unit activity identified from HDSEMG decomposition. Second, we estimated the level of
common synaptic input between GM and GL motor units using a coherence analysis. Neither
the EMG amplitude nor the motor unit discharge rate differed significantly between tasks. Even
though there was a significant proximal shift in GM and GL EMG amplitude during knee
flexion compared to ankle plantar flexion, the magnitude of this shift was small (1 mm) and not
confirmed via the inspection of the spatial distribution of motor unit action potentials. A
significant coherence between GM and GL motor units was only observed for four (knee
flexion) and three (ankle plantarflexion) participants, with no difference in the level of
coherence between the two tasks. We were able to track only a few motor units across tasks,
which might be related to methodological limitations of the decomposition techniques.
However, future work is needed to determine whether the same motor units are activated across
tasks. Together, our results suggest that the neural control of the GM and GL muscles is similar

across their two main functions.

KEYWORDS: activation; coherence; common drive; electromyography; motor units; triceps

surae.

NEW & NOTEWORTHY

Several studies have focused on the neural strategies used to control the gastrocnemius medialis
(GM) and lateralis (GL) during ankle plantar flexion. However, their second function, i.e. knee
flexion, is not often explored. Here, we showed that the bias of activation towards GM,
previously reported during ankle plantar flexion, persisted during knee flexion. The robustness
of the GM and GL activation strategy across tasks was further confirmed with an analysis of
the motor unit discharge rates. The level of common synaptic input between GM and GL motor
units was relatively low, with no significant differences between the tasks. These results
demonstrate the neural control of the gastrocnemii muscles is robust across their two main

functions.
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INTRODUCTION

Muscle coordination is for a large part determined by how skeletal muscles are activated by the
central nervous system. It appears that muscle activation is not always evenly distributed among
muscles from the same anatomical group. For example, within the quadriceps, during
submaximal isometric knee extension, some individuals activate the vastus lateralis (VL) more
than the vastus medialis (VM), whereas others use the reverse strategy (Avrillon et al., 2021;
Crouzier et al., 2018, 2019; Hug et al., 2015). This distribution of muscle activation between
VL and VM is robust across different tasks such as walking and pedalling (Crouzier et al.,
2019). An imbalance in the distribution of activation also exists between the biarticular
gastrocnemius medialis (GM) and gastrocnemius lateralis (GL) during ankle plantar flexion.
In this case, the activation is almost always biased towards the GM, with a large amount of
variation in the degree of this imbalance across individuals (Crouzier et al., 2018, 2019). The
imbalance of activation between GM and GL is related to their differences in maximal force-
generating capacity (Crouzier et al., 2018). Specifically, the greater the physiological cross-
sectional area (PCSA) of GM compared to the PCSA of the GL, the stronger the bias in muscle
activation towards the GM. In contrast to what is observed across different tasks for VL and
VM (Crouzier et al., 2019), the strategy used to control the biarticular GM and GL seems more
variable across tasks. For example, foot position (i.e. external versus internal rotation) induces
a modification in the distribution of activation between the gastrocnemii (Cibulka et al., 2017;
Marcori et al., 2017; Riemann et al., 2011). This more flexible control of the GM and GL
muscles is associated with a relatively low level of, if any, common synaptic input between
these muscles (Hug et al., 2021; Rossato et al., 2022). Even though such a flexible control may
be needed to manipulate the ankle joint in the frontal plane where the GM and GL generate
opposite moment (Lee & Piazza, 2008; Vieira et al., 2013), it occurs at the expense of the

number of dimensions that need to be controlled by the nervous system.

Previous studies have focused on the neural strategies used to control the GM and GL during
ankle plantar flexion (Kinugasa et al., 2005; Masood et al., 2014; Segal & Song, 2005).
However, as biarticular muscles, they also cross the knee joint and contribute to the knee flexion
moment (Li et al., 2002). This second function is not often explored, leaving a knowledge gap
in our understanding of the control and function of the gastrocnemii, and more broadly of
biarticular muscles. There is evidence that the activation of biarticular muscles is joint-specific.
For example, hip flexion is associated with a preferentially recruitment of the proximal portion

of the rectus femoris muscle whereas knee extension is associated with more distal activation
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of the rectus femoris (Miyamoto et al., 2012; Watanabe et al., 2016, 2021). There is no
consensus on whether such task-specific regional activation occurs in the human GL and GM
muscles. Region-specific functional roles of GM have been suggested in some (Watanabe et
al., 2021), but not all studies (Heroux et al., 2015). Yet, the task-specific modulation of common
synaptic input has not been examined in biarticular muscles. Specifically, if the low level of
common synaptic input between GM and GL observed during ankle plantar flexion (Hug etal.,
2021) is necessary to control additional degrees of freedom of the ankle, then it is possible that
these muscles receive a higher level of common input during a task whereby these muscles

control only one degree of freedom, e.g. knee flexion.

The overall aim of this study was to determine whether the neural control of the GM and GL
differs between a knee flexion and an ankle plantar flexion task performed at the same relative
activation level and at the same joint configuration. First, we estimated the distribution of
activation between the GM and GL using two complementary approaches: the amplitude of
surface high-density electromyographic signals (HDSEMG) and the discharge rate of individual
motor units identified from decomposed HDSEMG signals. Based on the observation that there
is a coupling between the distribution of activation and the distribution of force-generating
capacity (Crouzier et al., 2018), we hypothesized that the distribution of activation would be
robust across tasks where no specific control of moment in the frontal plane is required. Second,
we investigated the regional activation within gastrocnemii from the amplitude of HDSEMG
signals and from the spatial location of the motor units action potentials. We hypothesized that
the regional activation would remain similar across knee flexion and ankle plantar flexion based
on the limited possibility to regionally recruit motor units over the gastrocnemius muscle
(Héroux et al., 2015). Third, we compared the level of common synaptic input between GM
and GL across tasks using a coherence analysis applied to motor unit spike trains. We
hypothesized that the common synaptic input would be higher during knee flexion compared

to ankle plantar flexion, which would reduce the number of dimensions to be controlled.
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METHODS

Participants

Twenty-one physically active males participated in this study (mean + standard deviation; age:
27.3 + 4.3 years, height: 176 + 24 cm, body mass: 77.1 + 12.9 kg). Of note, we recruited only
males because we failed to identify enough GL motor units on females during our pilot testing.
Participants had no history of lower leg pain that had limited function that required time off
work or sport, or a consultation with a health practitioner in the previous six months. They
provided informed written consent prior to the experimental session. The study was approved
by the institutional research ethics committee of Nantes University (CERNI n°28022022-1).

Experimental design

The experimental protocol consisted of isometric knee flexion and ankle plantar flexion
contractions. For both knee flexion and ankle plantar flexion, participants laid prone on a
dynamometer bed (Biodex System 3 Pro, Biodex Medical, Shirley, NY) with their right knee
and ankle secured at 160° (180° degrees equals a fully-extended knee) and 90° (foot
perpendicular to the shank), respectively. During the knee flexion task, we used a custom brace
to secure the ankle at 90°. Two inextensible straps immobilized the back and the right knee of

the participants.

Participants performed the knee flexion and ankle plantar flexion tasks in a randomized order.
The procedure was similar for knee flexion and ankle plantar flexion tasks. Participants began
with a standardized and progressive warm-up which consists in isometric knee flexion or ankle
plantar flexion. After 2 min of rest, they performed three maximal isometric voluntary
contractions (MVC), held for 3 s, with 120 s of rest between each contraction. Peak torque was
considered as the maximal torque value obtained through a moving average with a window of
250 ms. To compare the neural control of GM and GL between the knee flexion and ankle
plantar flexion tasks, it was important to match the averaged activation between tasks. We
observed during our pilot testing that these muscles exhibit a lower activation during knee
flexion than ankle plantar flexion for the same relative task-specific peak torque. Then, it was
necessary to use higher contraction intensities for knee flexion. Therefore, participants
performed submaximal isometric contractions, presented in a randomized order, at the
following intensities: 30%, 40%, and 50% of peak torque for knee flexion and 20%, 30%, and
40% of peak torque for ankle plantar flexion, and the best match of activation between these

relative torque levels was determined a posteriori as further described below. Of note, we chose
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to match the average GM-GL activation a posteriori instead of asking the participants to
produce a specific activation level using biofeedback as it would have likely modified the
natural coordination strategies. For each intensity, participants performed three trapezoidal
isometric contractions with 60 s of rest between each contraction. The contraction consisted of
a 5 s ramp-up, 20 s steady contraction at the torque target and a 5 s ramp-down. A monitor
displayed the target torque levels and the real-time torque output to the participants, digitized
at 2048 Hz and provided by the HDSEMG acquisition system (EMG-Quattrocento; 400-channel
EMG amplifier, OT Bioelettronica, Italy).

Surface electromyoqgraphy recordings

HDSEMG signals from the GM and the GL of the right leg were recorded using two-
dimensional adhesive grids of 64 electrodes (13x5 electrodes with one electrode absent on a
corner, gold-coated, interelectrode distance: 8 mm; GRO8MM1305 OT Bioelettronica, Italy).
First, we identified the muscle boundaries using B-mode ultrasound (Aixplorer, Supersonic
Imagine, France) such that we could place the HDSEMG grid in the center of the muscle belly
to minimize crosstalk. B-mode ultrasound was also used to define the fascicle orientation and
align the grid in the direction of the fascicles. Then we shaved, cleansed, and abraded the skin
using abrasive gel to reduce the skin-electrode impedance. A reference electrode (Kendall
Medi-Trace, Canada) and a strap ground electrode were placed over the right tibia and around
the left ankle, respectively. Finally, we secured the electrodes with elastic bandages to ensure
good skin-electrode contact throughout the experiment. The multichannel HDSEMG
acquisition system (EMG-Quattrocento, 400 channel EMG amplifier; OT Bioelettronica, Italy)
band-pass filtered (10-500 Hz) and digitized the recorded monopolar signals at a sampling rate
of 2048 Hz.

Data analysis

Global surface electromyography
Analyses were performed offline following the experiment in Matlab (R2018b, The
MathWorks, Natick, MA) using custom-written scripts. First, the signals were band-pass
filtered (20-500 Hz). Then, we visually checked the HDSEMG signals to remove channels with
excessive noise or artefacts. To estimate the normalized electromyography (EMG) amplitude
from the HDSEMG signals, we calculated the differential signals by taking the difference
between adjacent electrodes in the proximo-distal direction, which resulted in 59 differential

signals. When the signal from an electrode was excluded because of noise or artefacts, we
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linearly interpolated the EMG amplitude from all the adjacent electrodes. For the MVC trials,
we averaged the rectified signals over the whole grid and the maximal value of a 500 ms moving
mean from the three MVC was considered as the maximal EMG value (EMGnmax). For the
submaximal contractions, each differential signal was rectified and then normalized to EMGax
measured during ankle plantar flexion. We used EMGmax measured during ankle plantar flexion
as this value was systematically higher than that measured during knee flexion. Of note, as our
aim was to compare EMG amplitude across tasks within a person and muscle, without removing
electrodes, the value used to normalize the signals does not impact the outcomes (Besomi et al.,
2020). Finally, we calculated the average of these submaximal, normalized EMG values first
over the 3 plateaus for each channel and then over the 59 signals to get one representative value

per muscle.

Normalized HDSEMG values were used to find an appropriate match for the comparison
between knee flexion and ankle plantar flexion. To this end, we averaged the normalized
HDSEMG value between the GM and GL for each intensity and each task, to obtain a single
‘gastrocnemius activation value' per intensity and per task. For further analyses, we only used
the knee flexion intensity and the ankle plantar flexion intensity that exhibited the closest
normalized gastrocnemius activation between the two tasks. Second, we used the HDSEMG
normalized values to calculate the GM/(GM+GL) ratio of activation during both the knee
flexion and the ankle plantar flexion tasks. Third, we assessed the regional activation for each
muscle and for each task by calculating the barycenter of the normalized EMG amplitude across
the 2D EMG grid (Fig. 1).

EMG decomposition
We used the convolutive blind source separation method to decompose the HDSEMG signals
into individual motor unit spiking activity (Negro et al., 2016). Of note, this analysis was only
performed on the contractions that were matched between tasks in terms of normalized EMG
amplitude (see above). The automatic decomposition was performed on the plateau of the
trapezoidal contraction that exhibited the highest EMG amplitude. Then, we manually edited
all the motor units according to previously published procedures (Del Vecchio et al., 2020; Hug
etal., 2021). The goal of this manual editing was to remove the false positive spikes identified
by the automatic processing and to add the false negative spikes that were not identified by the
automatic selection process. The motor unit filters derived from the processing of this plateau

were then reapplied on the other plateaus. Consistent with previous studies, for further analyses,
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we retained the motor units that had a pulse-to-noise ratio above 30 dB (Holobar et al., 2014;
Laine et al., 2015).

Assessment of crosstalk
We ensured that each motor unit identified ina HDSEMG grid did not originate from crosstalk,
that is, if any unit identified in one muscle actually belonged to the other recorded muscle. To
do this, the firing times of each motor unit of the testing muscle were used to extract the
waveform of each motor unit potential in all 59 differential EMG channels of the grid for each
of the two muscles (Del Vecchio, Germer, et al., 2019). For each channel and each grid
separately, peak-to-peak amplitude of the motor unit action potential was determined. We then
compared the maximal amplitude between the grids, under the assumption that the action
potential amplitude should be largest in the signal obtained from the electrodes closest to the
discharging muscle fibres. If the amplitude in the other grid exceeded the amplitude of the
testing muscle, it was deemed that the motor unit was identified due to crosstalk, and it was

removed from the analyses (Aeles et al., 2023; Del Vecchio, Germer, et al., 2019).

Assessment of motor unit discharge rate and spatial location
For this specific analysis, we retained only the participants that had at least three motor units
identified per muscle and per task. Only nine participants met this requirement, mainly because
of the inability to identify motor units within the GL muscle during the knee flexion task. First,
we calculated the average discharge rate of each motor unit over each plateau for both the knee
flexion and ankle plantar flexion tasks. Then, we averaged the values across the three
contractions to obtain a single value for each task. Second, we determined the spatial location
of the action potential of each motor unit over the grid of electrodes. For this purpose, we used
the shape of the motor unit action potentials obtained from the spike-trigger averaged
differential EMG signals of the 59 channels. Then, we calculated the peak-to-peak amplitude
of the motor unit action potential for each channel and we determined the barycenter of the

peak-to-peak amplitude for each grid, i.e. muscle.

Estimation of common synaptic input between GM and GL
To estimate the amount of common synaptic input between muscles, we performed a coherence
analysis on their cumulative motor unit spike trains. We first maximized the number of motor
units and the duration used for the coherence analysis for each participant. Specifically, we
discarded the portions of the signal where not enough motor units were discharging
simultaneously, and we also discarded the motor units that had discharge patterns that were too

intermittent during the torque plateau (interspike interval > 500 ms). As coherence is affected
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by the duration on which it is calculated, we used the same duration for both tasks, i.e. on
average 17 + 7 s, within a participant. The coherence was performed on 11 + 6 and 5 = 3 motor
units for GM and GL, respectively during knee flexion and on 17 = 6 and 9 = 7 motor units for

GM and GL, respectively during ankle plantar flexion.

We calculated the magnitude-squared coherence using the Welch periodogram with
nonoverlapping windows of 1 s. This analysis was performed on two equal-sized groups of
cumulative spike trains constructed as the sum of the binary spike trains of three motor units.
We used a constant number (n=3) of motor units to calculate the cumulative spike trains of each
muscle as the number of motor units affects the level of coherence. However, to consider all
the identified motor units in our analysis, we tested all the unique combinations of three motor
units from each participant's entire available motor unit pool, with the maximal number of
permutations set to 100. We considered the pooled coherence of these 100 random permutations
for further analysis and we focused on the coherence within the delta band (0-5 Hz), which
reflects the presence of common synaptic input relevant for force modulation (Del Vecchio,
Germer, et al., 2019; Laine et al., 2015). Consistent with previous studies (Del Vecchio,
Germer, et al., 2019; Laine et al., 2015; Laine & Valero-Cuevas, 2017), we transformed the

coherence values to a standard z-score:

COH z score = V2L X atanhvCOH — bias Eq.1

Where COH is coherence, L is the number of time segments considered for the coherence
analysis, and bias is calculated as the mean COH z score between 250 and 500 Hz where no
coherence is expected. As classically done, the significance threshold for the Z-score
transformed coherence was set at 1.65, based on a one-tailed 95% confidence interval (Laine et
al., 2015).

Motor unit matching
We assessed the proportion of motor units which were identified during both tasks. To do this,
we tracked motor units across knee flexion and ankle plantar flexion tasks using the spatio-
temporal properties of the action potential waveforms within the 2D grids similar to previous
studies (Del Vecchio & Farina, 2019; Martinez-Valdes et al., 2017). Briefly, we first identified
the motor unit action potential waveform from differential signals for each electrode using the
spike-triggered averaging technique previously described. The motor unit waveforms from the
59 electrodes were concatenated. We then performed normalized 2D cross-correlations between

the waveforms of motor units. We considered motor units within a pairs as matched across tasks
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when they exhibited a coefficient of correlation higher than 0.75 (Martinez-Valdes et al., 2017).
We visually checked the matched motor unit action potentials to ensure the quality of the

matching and removed incorrectly matched units when necessary (Fig. 1).
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Figure 1: HDSEMG electrode location, regional activation estimation and motor units
matching. Panel A depicts the location of the grids of electrodes over the gastrocnemius
medialis and gastrocnemius lateralis muscles. Panel B depicts an individual example of the
distribution of GM EMG amplitude over the grid of electrodes for both knee flexion and ankle
plantar flexion. Panel C depicts an individual example of the distribution of the motor unit
action potentials over the grid of electrodes during knee flexion (black) and ankle plantar
flexion (red). In this specific example, the same motor unit was identified during both tasks,
which was only possible for 5.1 + 7.8% of the GM motor units and 7.5 + 11.8% of the GM
motor units and. GM, gastrocnemius medialis; GL, gastrocnemius lateralis; ARV, average and
rectified EMG.

Statistical analysis

All statistical analyses were performed with Statistica v8.0 (Statsoft, Tulsa, OK, USA). First,
we confirmed whether all the data were normally distributed using Kolgomorov-Smirnoff test.
To compare the average gastrocnemius activation across the matched knee flexion and ankle
plantar flexion tasks, we performed a two-tailed paired t-test. To compare the normalized EMG
amplitude between muscles and between tasks, we ran two-way repeated-measures ANOVAS

(within-subject factor: muscle [GM, GL] and task [knee flexion, ankle plantar flexion]). To
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determine whether the distribution of activation was correlated across tasks at the population
level, we calculated the Pearson correlation coefficient on the GM/(GM+GL) ratio of activation.
To compare the mean discharge rate between muscles and between tasks, we ran two-way
repeated-measures ANOVASs (within-subject factor: muscle [GM, GL] and task [knee flexion,
ankle plantar flexion]). To compare the regional activation between knee flexion and ankle
plantar flexion, we performed two separate two-way repeated-measures ANOVAs (within-
subject factor: muscle [GM, GL] and task [knee flexion, ankle plantar flexion]) on the x and on
the y coordinate of the barycenter of EMG amplitude. This analysis was repeated to compare
the spatial location of the motor unit action potentials across tasks. Of note, we did not interpret
the main effect of muscle from these ANOV As as the barycenter‘s coordinates were determined
with respect to the grid location, which precludes any meaningful comparison between muscles.
Finally, to compare the level of common synaptic input between tasks, we used a two-tailed
paired t-test on the mean z-score values between 0 and 5 Hz. For all tests, the level of

significance was set at p < 0.05.
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RESULTS

Global surface EMG

EMG amplitude
We first matched the knee flexion and ankle plantar flexion tasks based on the average
gastrocnemius activation. In most of the participants (n=6/21), the best match was obtained by
using an intensity of 40% and 30% of the task-relative peak torque for knee flexion and ankle
plantar flexion, respectively. This led to an average gastrocnemius EMG amplitude of 16.1 +
6.3% of EMGnmax for knee flexion and 17.1 + 5.1% of EMGmax for ankle plantar flexion (p =
0.061; Fig. 2). The average within-participant difference in average gastrocnemius EMG

amplitude between knee flexion and ankle plantar flexion was 2.0 + 1.7% of EMG max.
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Figure 2: Average gastrocnemius activation during the matched submaximal knee flexion
and ankle plantar flexion. The EMG amplitude was estimated during the submaximal torque
plateaus. EMG was normalized to the maximal EMG value during maximal isometric voluntary
contractions. Each color represents a participant, with the mean shown in black. The individual
data points are displaced along the x axis for visual purposes. A paired t-test revealed that the
mean GM-GL EMG was not different between knee flexion and ankle plantar flexion (p =
0.061).n=21.
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For the separate muscles, the GM EMG amplitude was 21.9 + 8.0% and 21.8 +£5.6% of EMGmax
during knee flexion and ankle plantar flexion, respectively (Fig. 3). The GL EMG amplitude
was 10.3 = 7.2% and 12.4 + 6.2% of EMGnmax during knee flexion and ankle plantar flexion,
respectively. There was a main effect of muscle (p < 0.001) but no main effect of task (p =
0.489) nor a musclextask interaction (p = 0.448). Specifically, normalized GM EMG amplitude
was significantly higher than normalized GL EMG amplitude, leading to a GM/(GM+GL) ratio
of 65.0 £ 10.0% and 70,7 £ 12.9% in knee flexion and ankle plantar flexion, respectively. The
GM/(GM+GL) ratio measured during knee flexion was correlated to that measured during
plantarflexion (R = 0.604; p = 0.004; Fig. 4). This demonstrates that participants who exhibited
a greater bias of activation to GM during knee flexion also exhibited a greater bias of activation

to GM during ankle plantar flexion.
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Figure 3: GM and GL EMG amplitude measured during submaximal knee flexion and
ankle plantar flexion. The EMG amplitude was estimated using the average and rectified value
of the EMG during the submaximal torque plateau. EMG was normalized to the maximal
isometric voluntary contraction. Each color represents a participant, with the mean shown in
black. The individual data points are displaced along the abscissa axis for a visual purpose. The
ANOVA revealed that GM EMG was higher than GL EMG (p < 0.001), but there was no main
effect of task (p = 0.489) nor musclextask interaction (p = 0.448). GM: Gastrocnemius medialis;
GL: Gastrocnemius lateralis. n = 21.
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Figure 4: Relationship between the distribution of activation during knee flexion and the
distribution of activation during ankle plantar flexion. The distribution of activation was
estimated using the GM/(GM+GL) ratio of activation. The dashed line corresponds to the x=y
equation. Each datapoint represents a participant. The Pearson correlation coefficient was
statistically significant (R = 0.604; p = 0.004). GM: Gastrocnemius medialis; GL.:
Gastrocnemius lateralis. n = 21.

As indicated in the methods section, the aforementioned results were derived from values
averaged over the entire torque plateaus. Even though GM and GL EMG amplitude was
relatively constant during the plateau for ankle plantar flexion, GM and GL EMG amplitude
increased over the torque plateau for knee flexion (Fig. 5). To ensure that these different profiles
did not impact the results, we repeated the analysis for the knee flexion task considering only
the second half of each plateau, where EMG amplitude was the highest during knee flexion.
Results were similar to those presented above, with an average difference in average
gastrocnemius EMG amplitude between the matched knee flexion and ankle plantar flexion
task of 3.1 £ 2.8% of EMGmax. The GM/(GM+GL) ratio of EMG amplitude was correlated
between tasks (R = 0.591; p = 0.005). Results was therefore consistent between the initial
method and this revised method that only considered the part of the knee flexion plateau where

GM and GL are substantially activated.
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Figure 5: GM and GL EMG patterns during knee flexion (left panel) and ankle plantar
flexion (right panel) for one representative participant. Y axis displays both the EMG
amplitude (% of EMGnmax) and the torque (% of task-specific peak torque). Even though GM
and GL EMG amplitude was relatively constant during the plateau for ankle plantar flexion,
GM and GL EMG amplitude increased over the torque plateau for knee flexion in most of the
participants. GM: Gastrocnemius medialis; GL: Gastrocnemius lateralis.

Regional activation
When considering the proximo-distal (y axis) distribution of EMG amplitude, there was a main
effect of task (p = 0.028) but no musclextask interaction (p = 0.145). Specifically, the EMG
amplitude was located 1.0 + 1.4 mm more proximally on the EMG grid during knee flexion
than during ankle plantar flexion, regardless of the muscle. Of note, this difference of 1 mm,
albeit significant, is relatively small. When considering the medio-lateral (x axis) distribution

of EMG amplitude, there was no main effect of task (p = 0.155) nor a musclextask interaction

(p = 0.251).
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Motor unit discharge characteristics

Global surface EMG amplitude provides indirect information on the level of muscle activation.
To get more direct information about the neural drive sent to the muscles, we decomposed the
HDsEMG signals into the activity of individual motor units. After the crosstalk assessment,
four GL motor units were considered as crosstalk motor units and therefore discarded for further
analyses. For the GM, we identified on average 14.1 = 7.3 (range: 5-27) motor units and 18.6
* 7.8 (range: 6-32) motor units per participant during knee flexion and ankle plantar flexion,
respectively. For the GL, we identified on average 7.2 £ 6.6 (range: 3-24) motor units and 9.9
+ 7.8 (range: 3-23) motor units per participant for knee flexion and ankle plantar flexion,
respectively. Among these motor units, only a small proportion were identified during both
tasks: 5.1 + 7.8% for GM (n=0.9 + 1.5 motor units) and 7.5 + 11.8% for GL (n=1.0 £ 2.0 motor
units). As this proportion is small, the following results are reported for the whole population

of identified units, regardless of whether they could be matched between conditions.

Average discharge rate
The discharge rate of GM motor units was 11.3 = 3.1 pps and 9.8 + 1.6 pps during knee flexion
and ankle plantar flexion, respectively. The discharge rate of GL motor units was 9.9 + 2.3 pps
and 10.2 £ 1.7 pps during knee flexion and ankle plantar flexion, respectively. There was no
significant main effect of muscle (p = 0.616) or task (p = 0.357), nor a musclextask interaction
(p = 0.259).

Spatial localization of identified motor units
The ANOVA did not reveal a main effect of task (p = 0.826) or a musclextask interaction
(p=0.452) on the proximo-distal location of the identified motor units. Similar results were
observed for the medio-lateral location of motor units, with no main effect of task (p = 0.082)

or a musclextask interaction (p = 0.373).

Between muscle coherence

We considered the mean coherence value over the delta band (0-5 Hz) as an index of the level
of common synaptic input received by GM and GL. A significant z-score was only observed
for four and three participants (out of nine participants) during the knee flexion and ankle

plantar flexion task, respectively (Fig. 6). This indicates that most of the participants did not
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exhibit a significant level of common synaptic input between motor neurons innervating the
GM and GL muscles. The mean coherence value over the delta band (as a z-score) was not

different between tasks (knee flexion: 1.7 + 1.2, and ankle plantar flexion: 1.4 + 1.3; p=0.570).
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Figure 6: Between-muscle coherence during knee flexion and ankle plantar flexion. The
left and middle panels represent the z-scores between 0 and 50 Hz during knee flexion and
ankle plantar flexion respectively for each participant. The magnified inset depicts the z-score
between 0 and 5 Hz. The right panel represents the average z-score value between 0 and 5 Hz
for each participant for the two tasks. Each color corresponds to one participant. The red
horizontal dashed line indicates the significant threshold, which is set at 1.65 (95% confidence
limit). Within the right panel, the mean group is depicted in black. n=9.
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DISCUSSION

We aimed to determine whether the neural control of GM and GL differs between their two
main functions in the sagittal plane, i.e., isolated knee flexion and ankle plantar flexion. In
accordance with our first hypothesis, we observed that the bias of activation towards GM,
already reported during ankle plantar flexion (Crouzier et al., 2019; Kinugasa et al., 2005),
persisted during knee flexion. The robustness of the GM and GL activation strategy across knee
flexion and ankle plantar flexion was further confirmed by the analyses of the motor unit
discharge rate and the spatial location of EMG amplitude and identified motor units. Contrary
to our hypothesis, the level of common synaptic input between GM and GL remained relatively
low during knee flexion, with no significant difference between the tasks. Overall, our results
suggest that the neural control of the gastrocnemius muscles at a similar overall level of

activation, is consistent across their two main functions.

We observed a higher normalized EMG amplitude for GM compared to GL during ankle plantar
flexion, with a GM/(GM+GL) ratio of 65.0 £ 10.0%, which is consistent with previous studies
(68.8 £11.9% in Crouzier etal., 2019; 65.0 £ 13.2% in Crouzier et al., 2018). The current study
extends this observation to knee flexion, during which this imbalance of activation persisted.
Interestingly, the distribution of activation, assessed through the GM/(GM+GL) ratio, was
correlated between tasks, providing further support for the existence of an individual muscle
activation strategy, robust across time and tasks (Crouzier et al., 2019; Hug et al., 2019). Even
though the origin of this individual strategy is mostly unknown, preliminary evidence suggests
that it could be explained by a neuromechanical coupling between the activation a muscle
receives and its biomechanical characteristics (Crouzier et al., 2018; Hudson et al., 2009; Hug
et al., 2015). Specifically, previous studies reported a significant positive correlation between
the distribution of activation across synergist muscles and their distribution of PCSA (Crouzier
et al., 2018; Hug et al., 2015). Considering that muscle PCSA provides an index of muscle
force-generating capacity (Powell et al., 1984), this observation aligns particularly well with
the theory that activation strategies are selected such that the sum of muscle stresses cubed is
minimized (Crowninshield & Brand, 1981). The consistency of the distribution of muscle
activation that we observed between knee flexion and ankle plantar flexion may be explained

by this coupling with the distribution of PCSA, which remained unchanged across tasks.

To further probe the neural strategy, we confirmed our results with a more direct estimate of
the neural drive sent to the muscles. To this end, we decomposed HDSEMG signals into

individual motor units activity. Of note, the difference in discharge rate between GM and GL
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motor units cannot be interpreted as a difference in the strength of neural drive as it is not
possible to verify that we compared motor units with similar intrinsic properties. Therefore, we
only interpreted the main effect of task and the musclextask interaction, which were both non-

significant. Overall, it confirms that activation strategies were not different between tasks.

Previous studies have suggested that the regional activation of biarticular muscles may be task
dependent (Watanabe et al., 2016, 2021). At first glance, our results seem in agreement with
this hypothesis, with a significant proximal shift of EMG amplitude during knee flexion
compared to ankle plantar flexion, regardless of the muscle. However, the difference was
relatively small (1 mm) in comparison with the inter-electrode distance (8 mm), casting doubt
about the physiological meaningfulness of this shift of EMG amplitude. Given the lack of
selectivity of global surface EMG (Farina et al., 2006), it is important to ensure that this small,
albeit significant, shift was not induced by crosstalk from distant muscles, such as the
monoarticular hip extensor muscles. Different gearing or fascicle shortening between knee
flexion and ankle plantar flexion can also explain these small differences. Importantly, a similar
analysis performed at the motor unit level did not confirm the existence of a significant shift,
as observed from global surface EMG. Even though the number of identified motor units is
relatively modest in regard to the total number of active units, such an analysis provides a more
direct estimate of the spatial location of muscle activation. This result aligns with data obtained
from direct recording of motor unit activity made using fine-wire EMG, where motor units
recruited in knee flexion or in ankle plantar flexion did not have a specific regional location
(Héroux et al., 2015). Moreover, the absence of regional activation is consistent with the high
level of common synaptic input within each muscle (Hug et al., 2021; Levine et al., 2022),
which likely limits the possibility of joint-specific motor units recruitment. Taken together, our
results suggest that the distribution of activation between and within GM and GL is robust

regardless of the main function for which they are used, i.e. knee flexion or ankle plantarflexion.

In addition to the distribution of activation, understanding the control of synergist muscles
requires knowledge of the level of common synaptic input received by their motor units. To
explore this, we calculated the coherence between cumulative spike trains. In accordance with
recent work (Hug et al., 2021; Rossato et al., 2022), we observed an absence of significant
coherence between GM and GL motor units for most of the participants during ankle plantar
flexion, which is interpreted as the presence of little, if any, common input. Of note, when the
coherence exceeded the significative threshold in some participants, its amplitude was relatively

modest when compared to other muscles such as the VL and VM (Avrillon et al., 2021). It is
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thought that this low level of common synaptic input is required to dissociate GM and GL
activation to comply with secondary roles such as modulation of the ankle moment in the frontal
plane (Hug et al., 2021). Because such a secondary role is likely not required for knee flexion,
we hypothesized that the level of common synaptic input would be higher in knee flexion
compared to ankle plantar flexion. However, this was not observed which is consistent with
recent results showing a robust level of common synaptic input to motor neurons innervating
the GM and GL across ankle plantar flexion tasks performed at different ankle angles (Levine
etal., 2022). Together, this suggests that the nervous system has a limited ability to modify the
level of common synaptic input to motor neurons across tasks, even when such a change would

reduce the dimensions to be controlled independently.

In this study, we also attempted to determine whether the same motor units were activated
between knee flexion and ankle plantar flexion. Given that the activation level was matched
between tasks, and based on the size principle (Henneman, 1957), one would expect that the
same units were active during both tasks. However, our approach was able to track only a small
proportion of units between tasks (< 8%). There are three potential explanations. First, even
though we matched the mean gastrocnemius activation level across tasks, small (~2%)
inevitable differences were observed, which could have led to the recruitment of different motor
units across tasks. However, given the small differences in activation between tasks, only a very
small proportion of units would have differed across tasks. Second, the small number of tracked
units may be explained by limitations of our approach to track motor units. However, this
approach was used in previous studies whereby motor units were matched across days (Del
Vecchio et al., 2019; Martinez-Valdes et al., 2017). For instance, at 30% of knee extension
MVC, more than 40% of the motor units from the VL and VM muscles were matched between
days (Martinez-Valdes et al., 2017). Despite the lower leg position remaining similar between
tasks, we cannot rule out the possibility that the muscles moved with respect to the EMG grids,
for example, owing to complex force transmission processes with other synergist muscles such
as the soleus. However, it is unlikely that it substantially affected the relative muscles’ position.
This is confirmed by the absence of change in the barycenter of motor unit action potentials
across tasks (e.g. Fig. 1). Thus, we believe that our experimental procedures provided the ideal
conditions to track motor units across tasks. To be sure that we did not fail to identify motor
units, we performed a supplementary matching round with a lower threshold (0.60). Even with
this lower threshold, the proportion of matched motor units remained low; i.e. 16.8 + 11.0% for

the GM and 13.5 + 13.2% for the GL. In addition, we used a secondary analysis whereby we
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reapplied the motor unit filters obtained in one task to the other task (Fran¢i¢ & Holobar, 2021).
The use of this approach led to very similar results, that is, motor units that were successfully
tracked across tasks were also identified by application of the motor unit filter, but motor units
that were not tracked across tasks could not be identified by the application of the motor unit
filter. Finally, even though we cannot rule out that the small proportion of tracked motor units
is explained by methodological limitations, it remains possible that different motor units were
recruited in knee flexion and in ankle plantar flexion. In this way, using a more direct approach
(fine-wire EMG) a previous study observed that only 42% of the GM motor units were recruited
during both knee flexion and ankle plantar flexion isometric contractions (Héroux et al., 2015).
This echoes previous work which challenges Heneman'’s size principle by reporting divergent
recruitment orders across motor neurons innervating the same muscle (Desmedt & Godaux,
1977; Marshall et al., 2022; Tucker et al., 2009). This is also consistent with a recently proposed
framework whereby motor units are grouped into functional clusters such that motor units from
the same pool (muscle) can receive different common inputs (Hug et al., 2023). However,
given the methodological limitations mentioned above, further studies are needed to explore

whether different motor units are recruited during knee flexion and ankle plantar flexion.

In conclusion, our results demonstrate that the within- and between-muscle distribution of
activation is robust regardless of the function for which the GM and GL muscles are used, that
is, knee flexion or ankle plantar flexion. Specifically, the GM muscle was activated at a higher
level than the GL muscle during submaximal contractions, regardless of the task. Even though
this strategy leads to a force imbalance between these muscles, it likely contributes to minimize
the overall muscle stress, a well-established motor control strategy. Although the presence of
strong common input between GM and GL motor units would serve to reduce the computational
load associated with the control of these muscles, it was not observed. This low level of
common input could allow GM and GL to be independently controlled during ankle plantar
flexion to comply with secondary goals, such as producing opposing ankle moments in the
frontal plane. However, the functional benefit of a low level of common input in knee flexion

remains unclear.
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General Discussion

The overall aim of this PhD thesis was to provide a deeper understanding of muscle
coordination between the GM and GL, two muscles from the same anatomical group with the
same general function (i.e. knee flexion and ankle plantar flexion). Study #1 and Study #2
examined the mechanical consequences of the distribution of activation between these two
muscles in terms of contractile behavior and muscle force production during walking. Study #3
investigated the influence of different mechanical constraints (i.e. knee flexion versus ankle
plantar flexion) on muscle coordination between the GM and GL. To achieve this, we used an
integrative neuromechanical approach that combined imaging of in vivo contractile behavior,

EMG recordings and a muscle model.

In Study #1, we aimed to determine the neuromechanical difference between the GM and GL
and more specifically the difference in the interplay between muscle activation and fascicle
contractile behavior during walking. Our results showed that the GM and GL each had a distinct
muscle activation which resulted in specific fascicle contractile behavior. This likely enhances

the catapult-like mechanism in the GM compared to the GL.

In Study #2, we aimed to estimate the individual distribution of force between the GM and GL
during walking using an experimentally-informed Hill-type muscle model. We demonstrated
that the GM produces more force compared to the GL with a high level of variability in the
magnitude of this distribution of force between participants. Moreover, we showed that the use
of in vivo experimental data to personalize Hill-type muscle models is necessary to assess the

distribution of muscle force at an individual level.

In Study #3, we aimed to determine whether the distribution of muscle activation and the level
of common synaptic input between the GM and GL differs between their two primary functions,
i.e. knee flexion and ankle plantar flexion. Our results revealed that the mechanical constraints
induced by knee flexion or ankle plantar flexion seem to influence only in a small extent the
distribution of activation between the GM and GL. Further, the common synaptic input between

the GM and GL appears robust across the two tasks.

The discussion of the results obtained from these three studies is organized into four main
sections. In the first section, we describe the methodological points that should be considered
to make a general interpretation about the results of this PhD thesis. In the second section we
present a synthesis of the results from this PhD. In the third section, we elaborate on the
functional implication of these results. Finally, in the fourth section, we present the general

conclusion and discuss future directions of this PhD thesis.
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1. Methodological considerations

1.1. Estimation of the neural command

1.1.1. Crosstalk

The three studies of this PhD thesis aimed to estimate the muscle activation, either with the
more conventional surface EMG in bipolar mode (Study #1 and Study #2) or with high-density
EMG (Study #3). We were particularly interested in the distribution of activation between the
GM and GL, which could have been influenced by crosstalk. For example, crosstalk from the
GM and soleus muscles may lead to an overestimation of the GL muscle activation (Germer et
al., 2021). It is challenging to determine the presence of crosstalk within a surface EMG signal.
A previous study aimed to indirectly quantify the crosstalk by comparing surface EMG to
another approach less prone to crosstalk such as intra-muscular EMG (Péter et al., 2019). This
approach was used to estimate the crosstalk within lower limb muscles during walking. The
results revealed an absence of difference between the time-varying profile of surface EMG and
intra-muscular EMG for both the GM and GL at preferred walking speed, the condition that we
used in Study #1 and Study #2 in this thesis (Figure 36). This suggests a limited amount of
crosstalk within the GM and GL EMG signals. In this study, both the intra-muscular EMG and
the surface EMG were normalized to the peak EMG during walking. This is likely due to the
fact that intra-muscular EMG makes the MVC very uncomfortable. However, it is possible that
crosstalk influences also the peak EMG which could limit the ability to detect crosstalk. As a
consequence, the absence of difference between intra-muscular EMG and surface EMG for the
GM and GL during walking reported by this study should be considered with caution. To limit
crosstalk, for each study, we used B-mode ultrasound to determine the muscle boundaries of
the GM and GL. With this precaution, we ensured electrodes were placed in the center of the
muscle and away from neighboring muscles. The muscle fiber action potentials from the
neighboring muscles were therefore more distant and their detection by our electrodes should

thus have been limited.
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Figure 36: Comparison of surface electromyography and intra-muscular
electromyography for the gastrocnemius medialis and gastrocnemius lateralis during
preferred walking speed. No differences were found between the two methods for both the
the gastrocnemius medialis and gastrocnemius lateralis. Intra. EMG, intra-muscular
electromyography; Surf. electromyography, surface EMG. From Péter et al. (2019).

1.1.2. EMG normalization procedure

The estimation of the distribution of activation between the GM and GL also requires
submaximal EMG of each muscle to be expressed relative to its maximal activity level (Besomi
etal., 2020). To do this, we normalized the EMG signals to those measured during an isometric
MVC. However, this normalization procedure may be limited for Study #1 and Study #2. To
this end, we used a MVC during an isometric task. However, the submaximal task of interest
was a dynamic task (i.e. walking) whereby the muscle fibers have isometric, concentric and
eccentric behaviors. In this dynamic task, the muscle can move underneath the electrodes and
a new region of the muscle can be recorded. As the muscle activation is not homogeneously
distributed in a muscle (Hodson-Tole et al., 2013; Segal & Song, 2005; Wolf et al., 1993), this
could lead to discrepancies such as a relatively high normalized EMG amplitude. For example,
during incline walking, one participant had a GM normalized peak EMG around 90%.
However, the determination of maximal EMG activity level is challenging for dynamic tasks.
Previous studies have used the peak EMG within the gait cycle to normalize EMG during
walking (Péter et al., 2019). Nevertheless, this results in maximal activation during walking
which did not correspond to the physiological muscle activation. Unfortunately, all the known
procedures have drawbacks to normalize EMG during walking and the use of isometric MVC
to normalize submaximal dynamic task is considered appropriate in a recent expert consensus
statement (Besomi et al., 2020). Moreover, we found a similar distribution of activation in Study
#1 and Study #2 (i.e. a GM/(GM+GL) ratio of EMG of 59.6% for the average EMG during
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stance at level walking) compared to Study #3 (i.e. a GM/(GM+GL) ratio of EMG of 65.0%
during ankle plantar flexion) where the MVVC modality matched the modality of the submaximal
task of interest, i.e. same contraction type and same muscle length. Thus we are confident that

the isometric MVC used in the Study #1 and Study #2 did not influence our interpretation.

1.2. Estimation of the contractile behavior during walking

In Study #1 and Study #2, we aimed to examine the interplay between muscle activation and
the contractile behavior of the GM and GL during walking. For this purpose, we determined
the fascicle length, fascicle velocity and pennation angle using B-mode ultrasonography. As
mentioned in Part 1, section 1.2.1.2., B-mode ultrasound allows only to image the muscle in 2D
whereas the muscle has a 3D contractile behavior (Raiteri etal., 2016; Rana etal., 2013, 2014).
Although several methods allow to image the muscle in 3D during static conditions, 2D B-
mode ultrasonography remains the only method to study the contractile behavior during
dynamic tasks, such as walking (Franchi et al., 2018). To limit the influence of 3D shape
changes in our results, we paid particular attention to the B-mode ultrasound transducer
placement. We ensured to image the main fascicle plane during the whole walking cycle.
Moreover, during the muscle fascicle tracking process, we removed the data where we observed
substantial fascicle plane changes. This results in the exclusion of 5 participants out of the 20
recruited. Finally, previous studies revealed that a proper transducer orientation allows accurate
measurement of the fascicle length (Bolsterlee et al., 2016) and pennation angle (Bolsterlee et
al., 2016; Rana et al., 2013) for the gastrocnemii. For example, the difference between a
pennation angle calculated from a 2D imaging and the 3D pennation angle is around 1° when
the 2D transducer is correctly positioned (Bolsterlee et al., 2016; Rana et al., 2013). As a
consequence, we are confident that our use of B-mode ultrasound led to only minor error
measurements and did not influence substantially our interpretation that the GM undergoes less

fascicle lengthening during mid stance compared to the GL .

Another consideration when using B-mode ultrasound to image the skeletal muscle behavior is
that the ultrasound transducer images a limited region of the muscle. However, it is well
established that the muscle from the triceps surae have heterogeneous deformation during
walking (Hodson-Tole & Lai, 2019; Lichtwark et al., 2007). For example, Lichtwark et al.
(2007) revealed that the distal fascicles shortened more and had greater pennation angles
compare to the proximal fascicle during walking (Figure 37). However these authors

highlighted that a measure from the center of the muscle belly enables representative data of
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the average muscle architecture changes during walking (Lichtwark et al., 2007). In our study
we positioned the ultrasound probe in the mid-region of the muscle belly. We are thus confident
that it represents the average contractile behavior. Moreover, our time-varying fascicle length,
fascicle velocity and pennation angle are consistent with the literature (Clark et al., 2020; Farris
& Raiteri, 2017; Fukunaga et al., 2001; Ishikawa et al., 2005; Lichtwark & Wilson, 2006).
Taken together, the imaging of the main fascicle plane throughout the gait cycle and the imaging
of the center of the muscle belly should limit the influence of the B-mode ultrasound drawbacks

on our results.
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Figure 37: Specific fascicle contractile behavior of different muscle region of the
gastrocnemius medialis during walking. The data presented corresponds to a complete gait
cycle from heel-strike (T1) to the following heel-strike (T5). The dotted, solid and dashed
curves correspond to the measurement from distal, middle and proximal region of the muscle,
respectively. The authors suggested that the measure of the middle region of the muscle
provides a good approximation of the average fascicle length change. From Lichtwark et al.
(2007).

1.3. Estimation of muscle force

1.3.1. Generic Hill-type model parameters

In Study #2, we aimed to estimate the force produced by the GM and GL using a Hill-type
muscle model informed with subject-specific inputs. However, some generic parameters were
required within the models and should be considered. Due to the lack of methods to measure
individual muscle forces in humans, we used generic properties for force-length relationship
shape, force-velocity relationship shape and specific tension (Otten, 1987; Powell et al., 1984;
Wakeling et al., 2012). The use of generic parameters for both the GM and GL and for all the
participants could influence the between-participants comparison and the between-muscles

comparison. As we were interested in the distribution of force between the GM and GL, here,
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we discuss only the influence of these generic parameters on the between-muscles comparison.
First, the consideration of a similar force-length shape for the GM and GL seems plausible. The
force-length shape is, in part, due to the sarcomere structure which is likely similar across
muscles. Moreover, a study estimating the force-length relationship from ankle plantar flexion
torque and B-mode ultrasound-based measurements of moment arm and fascicle length
suggested that the shape of the force-length relationship is similar between the gastrocnemii
(Maganaris, 2003). The force-length relationship is also influenced by the level of activation
(de Brito Fontana & Herzog, 2016; Holt & Azizi, 2014, 2016). Although the level of activation
is different between the GM (peak force of 45.0% of EMGmax during level walking) and GL
(peak force at 34.3% of EMGmax during level walking), this difference is relatively low.
Therefore, the muscle-difference in the force-length relationship shape related to the muscle-
specific activation should be limited. Second, the non-normalized force-velocity relationship
shape is influenced, among other parameters, by the fiber length. Most of the studies reported
a shorter fiber length for the GM compared to the GL (Albracht et al., 2008; Geremia et al.,
2019) which could result in different force-velocity shape (Figure 38). Nevertheless, we
normalized the velocity to the fiber length which should cancel out the difference in force-
velocity shape between the GM and GL. Moreover, the Hill-type model sensitivity to the force-
velocity relationship shape is relatively small (Bujalski et al., 2018; Dick et al., 2017; Scovil &
Ronsky, 2006) which limits the influence of a generic force-velocity shape on the distribution
of force between the GM and GL. For example, Dick et al., (2017) performed a sensitivity
analysis on the maximum shortening velocity (from 4 to 10 optimal fiber length per s while we
used a generic value of 7.5 optimal fiber length per s) and force-velocity curvature (from 0.155
to 0.315 while we used a generic value of 0.235). The results of this sensitivity analysis showed
that the maximal shortening velocity had a negligeable influence on the prediction of force. The
Hill-type model was sensitive to the curvature of the force-velocity relationship but we used
the value that predict the most accurate force compared to a force estimated using tendon length
changes (Dick et al., 2017). Third we used a generic specific tension of 22.5 N.cmz2. Based on
the data from guinea pig muscles combined with the similarities of muscle fiber composition
between the GM and GL in humans demonstrate, it seems plausible to assume a similar specific
tension between the GM and GL. Taken together, the methodological considerations relative to
the use of the same generic input for the GM and GL would influence only in a small extent the

distribution of force between these muscles within a participant.
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Figure 38: Illustration of the hypothetical differences between the gastrocnemius medialis
and gastrocnemius lateralis force-velocity shapes. The gastrocnemius medialis (GM) has
generally shorter fiber length compared to the gastrocnemius lateralis (GL). This results in a
lower shortening velocity potential for the GM compared to the GL. Nevertheless, the
normalization of the fascicle velocity to the fiber length cancel out the difference between the
GM and GL.

1.3.2. Optimal fiber length

Within the Hill-type model, we also used experimental substitutes for optimal fiber length
owing to experimental limitations in measuring this parameter. As explained above, the
experimental determination of the force-length relationship is challenging and we did not
determine this relationship for each individual in our study. Therefore, the optimal fiber length,
which corresponds to the fiber length that enables maximal active force, was unknown. Using
torque-based measures, a study estimated that the optimal fiber length of the GM occurs at
relatively long muscle length in humans, specifically at 15° of knee angle and 19° of ankle
dorsiflexion (Hoffman et al., 2012). In the Hill-type model considered in Study #2, the optimal
fiber length is used to normalize the dynamic fascicle length and velocity values. For this
purpose, we used the length at heel-strike as a substitute, as done by Clark et al. (2020). During
walking, at heel-strike, the knee is flexed at ~8° whereas the ankle is slightly dorsiflexed ~8°
(Arnold & Delp, 2011). As the knee angle influences the gastrocnemii fascicle length to a lesser
extend compared to the ankle angle (Kawakami et al., 1998), fascicle length at heel-strike could
slightly underestimate the optimal fiber length (Hoffman et al., 2012). Nevertheless, the studies
using buckle-type force transducer and optic fiber techniques during walking showed that the
Achilles tendon force began to rise quickly after heel-strike while the triceps surae muscles
was not yet active (Finni et al., 1998; Komi, 1990). This suggests that the fiber length at heel-

strike is close to optimal fiber length. More importantly, evidences suggested similarities
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between the GM and GL force-length relationships. For instance, a previous work estimating
the optimal fiber length from torque-length relationship suggested that the optimal fiber length
of the GM and GL occurred at similar angle (Maganaris, 2003). Later another study found
results that go in the same direction using shear wave elastography (Le Sant et al., 2017). This
study measured the slack angle, i.e. the angle from where passive tension begins to rises
(Herbert et al., 2002) for the GM and GL. As theoretically the passive force begins to rise at the
optimal fiber length, the slack angle is sometimes considered as an indicator of the optimal fiber
length. The authors reported that the slack angles of the GM (24° of ankle plantar flexion with
the knee extended) and GL (23.5° of ankle plantar flexion with the knee extended) are very
similar (Le Sant et al., 2017). Together these studies suggests that the optimal fiber lengths of
the GM and GL occur at the same joint angle. Therefore, at heel-strike, both muscles are likely
at the same relative length with respect to their force-length relationship. As a consequence, the
GM and GL could be influenced to the same extent by this estimation which should not greatly

affect our main results focusing on the distribution of force between these two muscles.

Theoretically, the optimal fascicle length is also used to determine the PCSA. For the PCSA
calculation, we used the fiber length obtained using DTI as a substitute for optimal fiber length.
For the DTI measurement, participants had the knee slightly flexed (< 5°) and the ankle angle
in a neutral position (0° of dorsiflexion). In a similar way to the fascicle length at heel-strike,
the fascicle length measured using the DTI might slightly underestimate the optimal fascicle
length (Hoffman et al., 2012; Maganaris, 2003). This could result in a overestimation of the
PCSA and interfere with our muscle force prediction. Nevertheless, as explained above, the
GM and GL are likely at the same relative length during the DTI measurement. This
approximation should affect the GM and GL PCSA to the same extent. In other words, the
absolute value of force predicted can be affected by this estimation but the ratio of force
between the two muscles in which we were interested should be influenced in a smaller extent.
Besides, our PCSA data (47.6 £ 10.7 cm? and 26.1 + 7.4 cm? for the GM and GL, respectively)
are comparable to those found in the literature (~50 cm? and ~27 cm? for the GM and GL,
respectively; Table 1). Together, the limitation related to the lack of experimental method
available to measure the optimal fiber length should be considered to interpret our absolute
data. Although, our estimations can be different to the optimal fiber length, the GM and GL are
likely at similar relative lengths which limits the influence on our interpretation concerning the
distribution of force between the GM and GL.
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2. Synthesis of the results

2.1. The neural control of the gastrocnemii

2.1.1. Neural control of the gastrocnemius medialis and gastrocnemius lateralis

The central nervous system uses the neural command to generate a particular muscle
coordination strategy and thereby to reach a required joint moment. It is often considered that
the GM and GL are activated in a similar way. For example, previous modelling and simulation
studies used a single gastrocnemius component without distinguishing the GM and the GL
(Kutch & Valero-Cuevas, 2011; Neptune et al., 2001; van Ingen Schenau et al., 1987). The
results from this PhD thesis further confirm that the activation between muscles from the same
anatomical group are not evenly distributed, even between similar muscles such as the GM and
GL. Specifically, we found that activation levels in the GM are nearly twice as high as the GL
during isometric ankle plantar flexion tasks and walking. The extent of this muscle difference
is consistent with previous studies (Ahn et al., 2011; Crouzier et al., 2019a; Kinugasa et al.,
2005; Masood et al., 2014). Here, we further showed that the higher GM activation compared
to the GL persisted during isometric knee flexion. The different activation levels between the
two muscles highlight that the GM and GL are distinct muscles which is confirmed by the

analyses of fascicle contractile behavior and muscle force.

The consideration of the common synaptic input between the gastrocnemii further suggested
that the GM and GL can be controlled (partly) independently by the central nervous system.
Importantly, the common synaptic input and the distribution of activation are not necessarily
related. Specifically, two muscles can receive different amplitude of muscle activation while
they receive an important level of common synaptic input and vice versa, as shown in the vastus
lateralis and vastus medialis (Avrillon et al., 2021). Our results confirmed recent studies that
reported a low level of common synaptic input between the GM and GL during ankle plantar
flexion (Hug etal., 2021b; Levine et al., 2022; Rossato et al., 2022). We extended these studies
by showing that the level of common synaptic input between the GM and GL remained low
during knee flexion. Despite a minority of participants (4 out of 9 participants) exhibited a
significant coherence during either knee flexion or ankle plantar flexion, the average level
coherence was relatively low compared to the high coherence values observed for other
anatomically-defined synergist muscles, e.g. the vastus lateralis and medialis. (Avrillon et al.,

2021). Our data can also informed on the modulation of common synaptic input across tasks.
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A recent study reported data on common synaptic input across different motor tasks (Levine et
al., 2022). However, these motor tasks were ankle plantar flexion at different ankle angle. Of
note, this study observed a robust level of common synaptic between input the GM and GL
across different ankle angle (Levine et al., 2022) which is consistent with our results. The two
tasks considered in the Study #3, i.e. knee flexion and ankle plantar flexion are more different
than the tasks used Levine et al., (2022). This suggests that the study of biarticular muscles is a
powerful model to examine the modulation of common synaptic input during different tasks
with substantially different mechanical constraints. Further studies could be performed on other
biarticular synergist, such as the hamstrings muscles, to determine whether the robustness of
common synaptic input across tasks is common to all biarticular muscles or specific to the

gastrocnemii.

2.1.2. Inter-individual variability in the neural control of the gastrocnemius

medialis and gastrocnemius lateralis

We reported a high level of inter-individual variability in the distribution of activation between
the GM and GL during walking, isometric ankle plantar flexion and isometric knee flexion. For
example, during submaximal isometric contractions, the GM/(GM+GL) ratio of activation
ranged from 44.8% to 85.5% and from 48.5% to 89.9% for knee flexion and ankle plantar
flexion, respectively. Most of the participants activated their GM more, sometimes to a very
large extent, whereas other participants activated their GL more. Previous studies reported that
the distribution of activation is correlated to the distribution of PCSA (Crouzier et al., 2018;
Hug et al., 2015a). Therefore, the origin of the inter-individual variability in the distribution of
activation can be linked to the individual distribution of muscle force-generating capacity. The
neuromechanical coupling could also explain that the distribution of activation persists across
knee flexion and ankle plantar flexion. Indeed, the distribution of PCSA between the GM and
GL remained unchanged across knee flexion and ankle plantar flexion which could result in a
consistent distribution of activation. However, to provide further support for the existence of a
neuromechanical coupling, it is important to develop studies where the distribution of force-
generating capacity will be experimentally modified through, for example, a chronic electro-

myo-stimulation protocol targeted to one of the two synergist muscles.

In addition to the highly individual distribution of muscle activation, we observed a relatively
high level of inter-individual variability in the common synaptic input between the GM and

GL. A previous study had initially reported large inter-individual variability in the common
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synaptic input between the vastus lateralis and vastus medialis muscle (Avrillon et al., 2021).
Importantly, this study also revealed that the individual level of common synaptic input was
reliable across two sessions separated by 20 month. This suggested that the inter-individual
variability reported was a physiological variability and was not related to noise or
methodological considerations. The origin of the inter-individual variability in the common
synaptic input remains unclear. It is possible that the motor history experienced by each
individual determines in part the inter-individual variability observed. However, to date, no data
are available to support this hypothesis. Furthermore, we revealed that the changes in common
synaptic input between knee flexion and ankle plantar flexion was highly variable between
participants. For example, among the 9 participants, two participants exhibited a significant
level of coherence across tasks, four participants had a non-significant level of coherence
regardless of the task, two participants had a significant level of coherence in knee flexion but
not in ankle plantar flexion and one had a significant level of coherence in ankle plantar flexion
but not in knee flexion. Therefore, a third of the participants exhibited a flexible common
synaptic input across tasks. To the best of our knowledge, this is the first report of inter-

individual variability in the modulation of common synaptic input across different tasks.

2.2. Mechanical consequences of the distribution of activation

2.2.1. Fascicle contractile behavior

One of the main aims of this PhD thesis was to contribute to the understanding of the muscle-
specific contractile behavior in the triceps surae during walking. Previous works reported
differences in contractile behavior between the GM and the soleus (Cronin et al., 2013;
Ishikawa et al., 2005). Nevertheless, these established differences are likely influenced by the
fact that the GM behavior depends on both the knee angle and the ankle angle during walking
whereas the soleus behavior depends only on the ankle angle. To extend these studies, we
examined the contractile behavior of the GM and GL which have similar anatomical function.
Our results showed that the contractile behavior, just like muscle activation, is different between
the GM and GL. Moreover, we found that the timing of the between muscles difference in
fascicle length changes (i.e. the fascicle lengthening period, from around 10% to 30% of the
walking cycle) matches the timing of the between muscles difference in muscle activation (i.e.
from 18% to 36% of the walking cycle). As a consequence, our results revealed that two triceps

surae muscles can have distinct contractile behaviors despite a similar anatomical function.
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One of the novelties of this PhD thesis lies in the description of large inter-individual variability
across multiple scales of muscle coordination. Although inter-individual variability in muscle
activation have been previously reported (Ahn et al., 2011; Crouzier et al., 2019a), we have
shown that this extends to the contractile behavior of the muscle. For example, some
participants demonstrated a concentric behavior of the fascicles from the GM and GL during
the stance phase of walking whereas fascicles from other participants exhibited a stretch-
shortening cycle (Figure 39). This large inter-individual variability in fascicle contractile
behavior likely originates from various factors. First, the muscle activation influences the
fascicle behavior and tends to cause a fascicle shortening. The large inter-individual variability
in the distribution of activation likely results in individual-specific fascicle contractile behavior.
Second, the muscle fascicle behavior is affected by the mechanical properties of the tendon to
which it is attached (Griffiths, 1991). For example, a stiffer tendon limits the shortening of an
activated muscle fascicle compared to a compliant tendon. Previous studies reported that the
Achilles tendon stiffness varies greatly between individuals (Yin etal., 2021). This likely plays
a role in the observed inter-individual variability in muscle contractile behavior. The muscle
behavior is also affected by the joint angle and more generally the overall kinematics
(Kawakami et al., 1998). This kinematics is also highly individual (Horst et al., 2016) and could

contributes to the inter-individual variability in fascicle contractile behavior.
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Figure 39: Illustration of the inter-individual variability in fascicle contractile behavior.
The three panels represent three different participants. For each participant, the fascicle length
of the gastrocnemius medialis (GM; green curve) and gastrocnemius lateralis (GL; orange
curve) are displayed. The rectangles at the bottom of the panel represent the period where the
normalized electromyography of the GM (green rectangle) and GL (orange rectangle) exceed
10% of maximal electromyography value determined during maximal voluntary contraction.
The participant 1 exhibits substantial difference between the GM and GL fascicle length
changes. The GM and GL fascicles of the participant 14 exhibit a concentric behavior during
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the activation period. On the contrary, the GM and GL fascicles of the participant 14 undergo
a stretch-shortening cycle during the activation period. Lns, fascicle length at heel-strike.

2.2.2. Production of force

We also examined the consequence of the distribution of activation in terms of distribution of
force. It appears important to consider the distribution of force rather than the distribution of
activation to avoid any misinterpretation of muscle coordination (Hug et al., 2015b). The Figure
40 displays an example where a wrong interpretation could be done based on EMG data alone.
Specifically, for this participant, the EMG signal suggest a balanced activation while the

subject-specific Hill-type model reveals a large difference of muscle force towards the GM.
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Figure 40: Muscle activation and force of the gastrocnemius medialis and gastrocnemius
lateralis during walking for a single participant. The left panel represents the normalized
electromyography (EMG) of the gastrocnemius medialis (GM; green curve) and gastrocnemius
lateralis (GL; orange curve). The right panel represents the predicted force of the gastrocnemius
medialis (GM) and gastrocnemius lateralis (GL) for the same participant (Participant 1).These
two panels illustrate that the muscle force cannot be inferred from activation. Based on
activation only, an evenly distributed muscle coordination between the GM and GL could be
hypothesized. Nevertheless, when considering the main force determinants via a Hill-type
model, it appears that the muscle coordination is largely biased towards the GM. EMGnax,
maximal EMG level estimated during maximal isometric contraction.

Our results showed that the distribution of force between the GM and GL during walking was
biased towards the GM for all the participants. The systematic higher GM force compared to
the GL is related to the distribution of activation between the gastrocnemii but also to the
distribution of maximal force-generating capacity which was higher in the GM compared to the
GL for all the participants. We showed that the GM had a substantial functional role during
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walking producing on average a peak force of 346 + 137 N during the stance phase, whereas
the contribution of GL was much less, producing on average a peak force of 128 + 55 N of force
during the stance phase of preferred speed walking. Combining our results with the overall
Achilles tendon force previously measured during walking using a buckle-type force transducer
(Finni et al., 1998), we can estimate that the GM and GL likely contributes to 27% and 10% of
the Achilles tendon force, respectively. Taken together, these results suggest a limited

involvement of the GL during walking at preferred speed.

The combination of the inter-individual variability in muscle activation, maximal force-
generating capacity and contractile behavior results in highly individual muscle coordination
between the GM and GL during walking. Specifically, we observed very different time-varying
patterns of force and distributions of force between the GM and GL during walking (Figure 41).
This extends previous work that suggested, based on muscle activation and PCSA, that the
muscle coordination varied greatly between participants during isometric tasks (Avrillon et al.,
2018; Crouzier et al., 2019a).
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Figure 41: llustration of different patterns of force during walking for two participants.
For each participant, the panel depicts the force produced by the gastrocnemius medialis (GM;
green) and the force produced by the gastrocnemius lateralis (GL; orange). Each participant
exhibits a specific time-varying force pattern. For example, the Participant 5 produces very low
amount of force with its GL. Interestingly, he produces also a second burst of force during
swing phase for the GM. The Participant 6 has a more evenly distributed force between the GM
and the GL.
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3. Functional implication of muscle coordination

3.1. The relationship between individual muscle coordination and

musculoskeletal disorders

The majority of studies in human movement focused on group mean values and neglect the
individual data which limits our understanding of such levels of inter-individual variability. Our
results together with previous studies demonstrate that muscle coordination is specific to an
individual (Aeles et al., 2021b; Crouzier et al., 2019a; Hug et al., 2019). This raises the question
of the functional consequences of the individual muscle coordination strategy. Researchers have
hypothesized that individual muscle coordination might play a role in the development or
persistence of musculoskeletal disorders (Hug & Tucker, 2017). They suggested that the
individual muscle coordination can have specific mechanical effects on the structures of the
musculoskeletal system. For example, the individual muscle coordination between the triceps
surae muscles or between the vastii could induce specific mechanical effect on the Achilles
tendon and patella, respectively (Hug & Tucker, 2017). Despite some individuals could have a
muscle coordination strategy which is optimal and which preserves the musculoskeletal system,
other individuals could adopt a muscle coordination strategy which make them at risk of
developing musculoskeletal disorders. This echoes other works that have reported distinct
muscle activation strategies in participant with musculoskeletal disorders compared to controls
(MacDonald et al., 2009; Pal et al., 2012; Witvrouw et al., 2014). For example, the patellar tilt
correlated with the ratio of activation between the vastus lateralis and vastus medialis in patient
suffering from patellofemoral pain (Pal et al., 2012). This suggested that the distribution of
activation between the vastii could influence the load applied on the patella. However, as shown
in the Figure 40, the muscle activation provides only a crude estimation of muscle coordination
(Hug etal., 2015b).

Recent studies provided more robust evidence on the relationship between muscle coordination
and musculoskeletal disorder (Avrillon et al., 2020; Crouzier et al., 2019b). For example,
Crouzier et al. (2019b), revealed that patients suffering from Achilles tendinopathy had a
specific muscle coordination strategy within the triceps surae compared to healthy controls.
Specifically, the GL contributed even less to the triceps surae force in participants with Achilles
tendinopathy compared to controls (Figure 42). Previous evidences suggested that the

distribution of force within the triceps surae muscles have a specific influence on the Achilles
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subtendon displacements, strains and loads (Arndt et al., 1999; Arndt et al., 1998; Finni et al.,
2018; Handsfield et al., 2017). As a consequence, the specific muscle coordination strategy
observed in Achilles tendinopathy patients could induce a sub-optimal distribution of load or
shear forces between subtendons. This could lead to the development of an Achilles
tendinopathy (Bojsen-Mgller & Magnusson, 2015; Magnusson et al., 2010; Sun et al., 2015).
Together, these studies suggest that the muscle coordination within the triceps surae might play
arole in the development and persistence of the Achilles tendinopathy. Nevertheless, it remains
unknown whether the muscle coordination was the cause or the consequence of the Achilles
tendinopathy. In other words, the cross-sectional study of Crouzier et al. (2019b) cannot
determine whether muscle coordination has generated the Achilles tendinopathy or whether the
Achilles tendinopathy have altered an initial muscle coordination strategy. The subject-specific
modelling approach that we used in Study #2 could be a powerful approach to study the
relationship between muscle coordination and musculoskeletal disorder. For example,
longitudinal and prospective studies using a subject-specific approach are able to provide useful
information to determine whether the altered muscle coordination strategy is a cause or a

consequence of the musculoskeletal disorder.
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Figure 42: Contribution to the gastrocnemius medialis, gastrocnemius lateralis and soleus
to muscle coordination within the triceps surae in Achilles tendinopathy patients and
healthy controls. A and B represent muscle coordination at 20% and 40% of ankle plantar
flexion maximal voluntary contraction, respectively. The force is calculated from the muscle
activation recorded during the submaximal isometric contraction and the physiological cross-
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sectional area. The authors found a significant difference between Achilles tendinopathy
patients and healthy controls for the gastrocnemius lateralis contribution. AT, Achilles
tendinopathy group, Cont, control group; GL, gastrocnemius lateralis; GM, gastrocnemius
medialis; MVC, maximal voluntary contraction; SOL, soleus; TS, triceps surae. From Crouzier
etal., (2019Db).

3.2. The role of the gastrocnemius lateralis

The relatively low contribution of GL to the force produced by the triceps surae during
submaximal tasks raises the question of the functional role of the GL. Although its PCSA is
small compared to the GM and soleus, the GL has a higher PCSA compared to other lower limb
muscles such as the tibialis anterior or tibialis posterior (Charles et al., 2019; Fukunaga et al.,
1992; Ward et al., 2009). It is very unlikely that humans kept such muscle over the evolution
process if it has a negligible functional role. The relatively low activation of the GL almost
always observed might be related to the task features that we classically use in human research,
i.e. submaximal isometric tasks or locomotor tasks. During these tasks, the central nervous
system might favor the GM and soleus activation compared to the GL to generate the required
joint moment in an economical way. Specifically, a distribution of activation biased towards
the GM and soleus rather than towards the GL enables to reach the required joint moment while
minimizing the overall activation cost and fatigue (Crouzier et al., 2018). The GL architecture
has rather a greater velocity potential compared to the GM and soleus (Lieber & Fridén, 2000).
It could be interesting to determine whether the GL has more important role during tasks that
require more velocity. Furthermore, the commonly used tasks in human research (i.e. treadmill
walking or isometric contraction) generally limit the need to control the ankle torque in the
frontal plane. The GL plays a key role in this modulation of the torque in the frontal plane (Lee
& Piazza, 2008; Wolfram, 2017). As a consequence, more various locomotor tasks that requires

change of directions would reveal a more substantial role of the GL.

3.3. The biarticular action of the gastrocnemii

This PhD thesis also aimed to examine the functional role of the GM and GL during knee
flexion. Although the GM and GL are biarticular muscles, the large majority of previous studies
have focused on their role in ankle plantar flexion. This is likely because the gastrocnemii are
able to produce higher torques during ankle plantar flexion compared to knee flexion (Landin
et al., 2016). This difference in torque-generating capacity between knee flexion and ankle

plantar flexion originates from different mechanical advantages of the gastrocnemii across the
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joints. At the knee, the gastrocnemii act as a third-class lever with a lower mechanical advantage
compared to their second-class lever action at the ankle. This results in very different moment
arm at the knee (i.e.~15-30 mm depending on the knee angle) and at the ankle (i.e. 40-60 mm
depending on the ankle angle; Buford et al., 1997; Spoor etal., 1990). Therefore, it is sometimes
considered that the GM and GL are mostly useful at the knee to make the joint more stable and
to prevent injuries (Li et al., 2002). Nevertheless, our data revealed that the gastrocnemii,
especially the GM, are substantially activated during a knee flexion task. For instance, at 40%
of knee flexion MVC, the gastrocnemii are activated at 16.9% * 12.2% of maximal EMG
determined during MVC. In comparison, the gastrocnemii are activated at 22.4% =+ 8.6% for
the same relative torque during ankle plantar flexion. Further studies are required to better

understand the functional role of the GM and GL at the knee.

The study of knee flexion also enables a better understanding on the joint-specific neural control
of the GM and GL. Previous studies have reported joint-specific regional activation in
biarticular muscles. Specifically, evidence suggested that the proximal region of the rectus
femoris is preferentially activated during hip flexion whereas the distal part is more activated
during knee extension (Miyamoto et al., 2012; Watanabe et al., 2016). A recent study
hypothesized that the activation of the GM can be regionally modulated between knee flexion
and ankle plantar flexion in a similar way (Watanabe et al., 2021b). This hypothesis was based
on data suggesting possible regional activation in the gastrocnemii (Hodson-Tole et al., 2013;
Vieira et al., 2011; Wolf et al., 1993). Our results are not in line with this hypothesis. Despite
we found a difference between knee flexion and ankle plantar flexion in the regional activation
of the gastrocnemii, the effect size of this difference was very small. Moreover, the analysis at
the motor unit level did not confirm the difference. As a consequence, we concluded that there
was no substantial joint-specific regional activation in the GM and GL. This conclusion is in
line with a previous intra-muscular EMG study revealing that the GM motor units recruited
either in knee flexion or ankle plantar flexion had no specific regional location (Héroux et al.,
2015). The discrepancy between the rectus femoris and the gastrocnemii could be related to the
compartmentalization of the biarticular muscle. Previous studies reported the presence of
distinct neuromuscular compartments in human muscles (Segal et al., 1991; Wolf & Kim,
1997). These different neuromuscular compartments have specific muscle architecture and are
innervated by distinct nerve branch that can enable a muscle activation specific to the
compartments. For example, the rectus femoris has different neuromuscular compartments that

can be favor regional activation specific to the joint used (Watanabe et al., 2021b). Although
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previous studies reported regional activation in the GM and GL (Hodson-Tole et al., 2013;
Vieira et al., 2011; Wolf et al., 1993), the GM is not compartmentalized (Wolf & Kim, 1997)
and the architectural compartments of the GL are not necessarily innervated in an independent
manner (Segal et al., 1991). Moreover, the architectural compartments does not separate the GL
into proximal and distal subsections but rather in medial and lateral or deep and superficial
subsections (Segal et al., 1991). This could be the reason why we did not find joint-specific
regional activation in this muscle. Together, our results suggest that a biarticular muscle does
not have necessarily a joint-specific regional activation, even when it has architectural

compartments such as the GL.

3.4. The determinants of muscle coordination

In this PhD thesis, we examined the influence of different mechanical constraints such as knee
flexion and ankle plantar flexion on muscle coordination between the GM and GL. The
investigation of muscle coordination under different mechanical constraints can provide
information about the factors considered by the central nervous system to choose a specific
coordination strategy. Our data revealed that the neural control of the GM and GL was robust
across knee flexion and ankle plantar flexion tasks. This confirms a previous study that report
consistent distribution of muscle activation between the GM and GL across a submaximal
isometric task, walking and pedaling (Crouzier et al., 2019a). We hypothesized that such
robustness is due to the neuromechanical coupling. The neuromechanical coupling could be a
strategy used by the central nervous system to distribute the force among synergist muscles in
an economical way. Specifically, a distribution of activation which is proportional to the
distribution of PCSA between muscles enables to decrease the overall activation cost and more
generally the metabolic cost (Crouzier et al., 2018). This is in agreement with a previous study
showing that the central nervous system is able to increase the activation of the first dorsal
interosseous to take advantage of an higher mechanical advantage related to thumb posture
(Hudson et al., 2009). Moreover, the neuromechanical coupling echoes previous theoretical
works suggesting that the muscle coordination strategy is chosen such that muscle stress
(Crowninshield & Brand, 1981b) or the fatigue (Dul et al., 1984) is minimized. Together, these
evidences suggest that the central nervous system might consider the maximal force-generating

capacity to distribute the force among synergist muscles.

Our data contradicts previous animal studies that show a large flexibility of muscle coordination

between the GM and soleus across tasks (Herzog, 1998; Herzog et al., 1993; Walmsley et al.,
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1978). This discrepancy between the muscle coordination in cats and our data likely originates
for two main reasons. The first one lies in the variety of the tasks studied. Herzog and
collaborators (1993, 1998) studied a wide variety of tasks such as walking at different speeds,
at different incline grades, paw shaking and standing. In this PhD, we only studied muscle
coordination between the GM and GL during walking and submaximal isometric tasks. The use
of more diverse tasks could lead to the observation of more flexible muscle coordination
between the GM and GL. As explained previously, tasks that requires more speed or more
eversion and inversion of the ankle could lead to a more balanced muscle coordination between
the GM and the GL. The second reason explaining the discrepancy between our data and the
data from previous animal studies might be related to the difference in muscle fiber composition
of the muscles. The GM of the cat has a mixed population of muscle fiber whereas the soleus
of the cat is mainly composed of slow muscle fibers. The central nervous system of the cat
likely considered this difference in muscle fiber composition to distribute the force between the
GM and soleus (Herzog et al., 1993; Walmsley et al., 1978). On the contrary, the two muscles
that we studied (i.e. GM and GL) have a similar muscle fiber composition (Edgerton et al.,
1975; Johnson et al., 1973). This similarity between the GM and GL muscle fiber composition
may play a role in the robustness of muscle coordination that we reported. This is in agreement
with the analysis of muscle coordination between the GM and plantaris in the cat (Herzog et
al., 1993). The GM and plantaris of the cat have more similar muscle fiber composition and
this resulted in more robust coordination across tasks compared to muscle coordination between
the GM and soleus (Figure 43). Taken together, these studies suggest that the central nervous
system could consider different muscle properties, such as muscle fiber composition or PCSA,
to distribute the force between synergist muscles. The central nervous system might favor the
muscle with with the larger PCSA and with the higher proportion of slow muscle fiber to

minimize the fatigue (Dul et al., 1984).
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Figure 43: Muscle coordination between the gastrocnemius medialis and soleus and
between the gastrocnemius medialis and plantaris cat muscles. The top panels represent
muscle coordination between the gastrocnemius medialis and soleus at different walking speed
(left panel) and different incline grades (right panel). The bottom panels represent muscle
coordination between the gastrocnemius medialis and plantaris at different walking speed (left
panel) and different incline grades (right panel). The muscle coordination between the
gastrocnemius medialis and the soleus is flexible depending on the task. On the contrary, the
muscle coordination between the gastrocnemius medialis and the plantaris is more robust
across tasks. On the left panels, 0.4, 0.7, 1.2 and 1.8 correspond to the walking speed in m.s1.
On the right panels, D, L and U correspond to downhill, level and uphill walking. From Herzog
etal. (1993).
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4. General conclusion

In this PhD thesis, we used an approach that combined neurophysiological recordings, muscle
imaging and muscle modelling to provide a deeper understanding of muscle coordination
between the GM and GL under different mechanical constraints. First, the results from this PhD
contribute to advance our knowledge concerning the muscle-specific neuromechanical behavior
within a muscle group. Specifically, we found that two muscles with the same anatomical
function (i.e knee flexion and ankle plantar flexion) can have different contractile behaviors
depending on their activation patterns during walking. This specific neuromechanical behavior
likely enhances the catapult-like mechanism in the GM compared to GL. Combined with the
between-muscle differences in PCSA, this results in a distribution of force largely biases toward
the GM compared to the GL. To better understand the functional role of the GL in human

movement, more varied movement tasks should be investigated.

Second, this PhD thesis expands our knowledge regarding the inter-individual variability in
human movement. We provide evidence that the individual muscle activation strategies during
walking were associated with large inter-individual variability in maximal force-generating
capacity, fascicle contractile behavior and muscle force distribution. As a consequence, large
inter-individual variability can be observed across multiple scales of the production of

movement.

Third, we presented an approach using a muscle model that aims to consider the individual
variability in muscle coordination. Recent studies have suggested that individual muscle
coordination can be associated with musculoskeletal disorder (Avrillon et al., 2020; Crouzier
et al., 2019b). However, these studies considered only muscle activation, PCSA and isometric
contraction. Here, we provide a framework that combines subject-specific experimental
measures with muscle models that can be a key method to further explore whether the altered

muscle coordination pattern is the cause or consequence of the musculoskeletal disorder.

Fourth, this PhD work provides insight into the influence of mechanical constraints on muscle
coordination. The different mechanical constraints induced by isolated knee flexion and ankle
plantar flexion had a small influence on the muscle activation strategies used to control the
biarticular GM and GL. Moreover, the common synaptic input between the two muscles
remained relatively low across knee flexion and ankle plantar flexion. Further work are required
to determine whether a modulation of common synaptic input specific to the joint in biarticular

muscle is consistent across all muscle groups or is unique to the gastrocnemii.
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Une approche neuromécanique de la coordination entre les muscles gastrocnemius

medialis et gastrocnemius lateralis

Mots clés : Distribution de la force ; Echographie B-mode ; Electromyographie de surface ;
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Résumé : Les différences fonctionnelles entre
le gastrocnemius medialis et le gastrocnemius
lateralis sont rarement étudiées. De plus, la
majorité des recherches s’intéressant a ces
deux muscles se sont focalisées sur leur role
lors de la flexion plantaire de cheville. Ainsi, leur
fonction secondaire de flexion du genou reste
mal comprise. L’objectif de cette thése est
d’apporter une meilleure compréhension de la
coordination musculaire entre le gastrocnemius
medialis et le gastrocnhemius lateralis. Nous
avons utilisé une approche qui combine des
mesures expérimentales et de la modélisation
musculaire pour étudier les coordinations
musculaires a différents niveaux, de [I'unité
motrice  individuelle au muscle. Quatre
principaux résultats peuvent étre tirés de cette
thése. Premiérement, ces deux muscles ont des
comportements neuromusculaires distincts lors

de la marche qui induisent une production de
force accrue du gastrocnemius medialis par
rapport au gastrocnemius lateralis.
Deuxiémement, nous avons observé une
grande variabilité inter-individuelle a tous les
niveaux du mouvement. Troisiemement, la
modelisation musculaire utilisant des données
spécifiques aux sujets semble pertinente pour
explorer la variabilité inter-individuelle.
Quatriemement, le contrble nerveux du
gastrocnemius medialis et du gastrocnemius
lateralis est similaire entre la flexion de genou
et la flexion plantaire de cheville.

Pris dans leur ensemble, ces résultats
démontrent que ces deux muscles sont
distincts, tant au niveau nerveux que
biomécanique. Cela conduit a des productions
de force différentes et une grande variabilité
inter-individuelle.

A neuromechanical approach to the coordination between the human gastrocnemius

medialis and gastrocnemius lateralis muscles

Keywords : B-mode ultrasonography; Hill-type model; Muscle force distribution; Neuromechanics;

Surface electromyography; Triceps surae.

Abstract : The functional differences between
the gastrocnemius medialis and gastrocnemius
lateralis are rarely studied. In addition, the
large majority of previous research on these
two muscles has focused on their ankle plantar
flexion role. Their secondary role, i.e. knee
flexion, remains therefore poorly understood.
The aim of this thesis was to provide a deeper
understanding of muscle coordination between
the gastrocnemius medialis and gastrocnemius
lateralis. We used an approach that combines
experimental measures and basic muscle
modelling to explore muscle coordination
across multiple scales, from the individual
motor unit to the whole muscle.

Four main results can be derived from this
thesis. First, these two muscles have distinct

neuromuscular  behavior  during  walking
resulting in a higher production of force in the
gastrocnemius medialis compared to the
gastrochemius lateralis. Second, a large inter-
individual variability can be observed across
multiples scales of the movement procution.
Third, a modelling approach using subject-
specific data appears useful to considere this
inter-individual variability. Fourth, the neural
control of the gastrocnemius medialis and
gastrocnhemius lateralis is robust across knee
flexion and ankle plantar flexion.

Together, these results demonstrate that the
two muscles are distinct at the neural and
biomechanical level, which results in distinct
force outputs and highly inter-individual
variable muscle coordination.
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