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Introduction

Preface

This chapter introduces the theoretical and empirical background
underpinning the research presented in this thesis. A large part of the literature
synthesis and conceptual framework outlined here has been published in the
following peer-reviewed article Nufiez-Lisboa et al., 2023. Unraveling age-
related impairment of the neuromuscular system: exploring biomechanical
and neurophysiological perspectives. Frontiers in Physiology, 14. This paper
is available as a Supplementary Chapter II (see page 163-175)

This publication was written during the initial phase of the PhD project to
consolidate the existing knowledge in the field and identify key research gaps
that the present thesis addresses. While some sections of the current
introduction build upon that publication, the content has been revised and
adapted to reflect the specific context, objectives, and scope of the thesis.

Defining Aging: A Multifaceted Process

Despite being a universal biological phenomenon, aging lacks a clear and
universally accepted definition. Recent discussions have highlighted the
ambiguity surrounding when aging begins, whether it should be classified as
a disease, and how it should be measured or addressed (Mallapaty, 2024).
From a biological perspective, aging has been described as the progressive
accumulation of molecular and cellular damage that leads to a loss of
physiological integrity, a concept formalized in the framework of the
hallmarks of aging (Lopez-Otin et al., 2013). Alternatively, the World Health
Organization adopts a functional view, defining healthy aging as the process
of developing and maintaining the functional ability that enables well-being
in older age (World Health Organization, 2015). This perspective emphasizes
not only intrinsic capacity but also the interaction with the environment. In
this thesis, aging is operationally defined as a progressive decline in
neuromuscular and sensorimotor function that compromises gait, balance,
and autonomy. To examine how this decline may be mitigated through
physical activity or neuromodulation, we included young (18-35 years) and
older adults (>65 years) of both sexes, all capable of walking independently.
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Participants were classified as less or more active based on a median split of
weekly physical activity, quantified in MET-minutes per week. This
classification was derived from self-reported data using the Global Physical
Activity Questionnaire (GPAQ), without applying predefined activity
thresholds. In the tsDCS study, participants were randomly assigned to sham
or stimulation groups, ensuring comparable physical activity levels between
them to avoid baseline bias. Older adults were also screened using the Mini-
Mental State Examination (MMSE > 24) and were evaluated with the Short
Physical Performance Battery (SPPB, score 3—-9). Standard exclusion criteria
were applied to reduce confounding, as detailed in Chapters III and I'V.

From Mobility to Mechanisms: Why Gait Matters in Aging

Walking is a fundamental motor behavior that defines human mobility
(Herman et al., 2005; Hollman et al., 2011). It is an essential activity of daily
living, enabling individuals to interact with their environment, maintain
independence, and participate in social and community life (Studenski, 2011).
Unlike other repetitive tasks, walking requires the continuous coordination of
sensory input, muscle control, and neural integration (Takakusaki, 2017). Its
execution depends not only on muscular strength but also on the precise
timing and regulation of movements across multiple joints and body
segments.

In older adults, walking acquires even greater significance. As physical and
neural capacities decline with age, the ability to walk safely and efficiently
becomes a central component of functional autonomy (Abellan Van Kan et
al., 2009; Montero-Odasso et al., 2012). Gait impairments are strongly
associated with reduced quality of life, increased risk of falls, hospitalization,
and long-term care admission (Studenski, 2011; Verghese et al., 2009). For
this reason, gait is often considered a vital sign of aging, providing a sensitive
indicator of overall health and neuromuscular function (Montero-Odasso et
al., 2012). These observations highlight the need to examine the physiological
mechanisms underlying gait control in later life, with particular attention to
the neuromuscular decline that accompanies aging.
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Life expectancy is steadily increasing, but maintaining quality of life in older
age remains a major challenge (Abell et al., 2020). While people live longer,
their ability to move independently often declines, compromising autonomy
and well-being (Visser & Schaap, 2011). Among the biological systems
affected by aging, the neuromuscular system plays a central role in gait
decline. Its progressive deterioration, including motor unit loss, impaired
neuromuscular junctions, and reduced sensory feedback, compromises both
mobility and motor control (Cruz-Jentoft et al., 2019; Hepple & Rice, 2016;
Rygiel et al., 2016a; Wilkinson et al., 2018). These changes disrupt movement
coordination and reduce adaptability, leading to inefficient and unstable gait.
They also provide the rationale for exploring interventions such as physical
activity or tsDCS that aim to preserve or restore neuromechanical function.

Mechanical Cost and Transition Strategies in Aging Gait

A core feature of human walking is the capacity to regulate mechanical energy
efficiently across steps. This efficiency depends on the inverted pendulum-
like behavior of the center of mass (CoM), which rises and falls over the
stance leg, allowing the exchange between kinetic (Ex) and potential energy
(Ep) (Cavagna et al., 1977). In young adults, this passive mechanism
minimizes energy cost. However, aging alters this dynamic. Older adults
often display a higher external mechanical work (Wex) to move the CoM,
even at comparable walking speeds (Dewolf et al., 2022), indicating a reduced
capacity to recover energy between steps.

These mechanical changes are accompanied by a redistribution of joint
contributions to propulsion. With age, there is a well-documented shift from
ankle push-off to hip-based propulsion, a phenomenon known as the distal-
to-proximal redistribution of joint work (DeVita & Hortobagyi, 2000; Franz,
2016). This adaptation is frequently interpreted as a compensatory response
to reduced distal power output, especially at the ankle (Delabastita et al.,
2021; Franz, 2016), a pattern consistent with the cautious gait described by
Boyer et al., (2023). This phenomenon, known as the distal-to-proximal
redistribution of joint work, is one of the most robustly documented features
of aging gait (DeVita & Hortobagyi, 2000; Franz, 2016; Waanders et al.,
2019). Interestingly, this mechanical adaptation often coincides with changes
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in the timing of step-to-step transitions. Some older adults show a delayed
redirection of the CoM following foot contact, a pattern defined as a non-
anticipated transition, while others maintain a more timely redirection,
referred to as an anticipated transition (Chastan et al., 2008; Dewolf et al.,
2022; Meurisse et al., 2019b). These temporal strategies may reflect
individual differences in how propulsion and stability are managed with

aging.

Taken together, these findings suggest that age-related gait changes involve
both increased mechanical cost and altered coordination during the step-to-
step transition. As shown in Fig. 0.1, older adults exhibit higher Wex and
lower energy recovery compared to young adults, with substantial variability
among individuals. This variability appears to align with distinct transition
strategies, previously described as anticipated and non-anticipated. These
differences may reflect individual adaptations in motor control that affect the
efficiency of CoM redirection and overall gait performance.

A Young Older, Oldery,
a
110 2 VN VAV L/\\_/\ K
/\ A L~ )
L ~/\I/\/\J ] L “\-/I‘ ] l\'\/\\’}/\ E”"M
0 0.6 1.2 0 0.6 1.2 0 0.6 1.2
B I
Wext (J kg™) Recovery O Young
0.8 80 *
Older
A
0.4 @B Older -
0 0
1.11 1.67 1.11 1.67

Walking speed (m s%)
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Fig. 0.1. External work and energy recovery across groups. (A) CoM energy profiles (Ex, Ep,
Ecowm) in young adults, older adults with anticipated (Older), and non-anticipated (Olderna)
transitions. The gray shaded areas represent the double support phase, defined between the
minimum and maximum vertical velocity of the CoM. The solid vertical black line indicates
foot contact, and the dashed vertical black line indicates toe off. (B) Comparative bar graphs
show higher Wew and lower % recovery in Older . Adapted from Dewolf et al. (2022).

In summary, aging is associated with increased mechanical cost and altered
coordination during walking. The presence of distinct transition patterns
suggests individual differences in motor control strategy. Understanding these
differences requires examining the neural mechanisms that support gait
regulation.

Spinal and Neuromuscular Reorganization of Gait Control in
Aging and Inactivity

While biomechanical adaptations are a hallmark of aging gait, they do not
fully account for the underlying mechanisms of motor decline. Emerging
evidence indicates that aging also affects the neural systems involved in gait
regulation, including changes in motor coordination and spinal control. These
neurophysiological changes contribute to altered gait patterns and
compromised mobility in later life. Gait disturbances are among the earliest
and most functionally limiting signs of neuromuscular aging, reflecting both
muscular impairment and compensatory shifts in motor strategy.

Although age-related gait deterioration has been traditionally attributed to
declines in muscle strength and peripheral function (Prince et al., 1997).
Reduced mobility is highly prevalent among older adults and contributes to
the progressive loss of muscle mass and strength, a condition known as
sarcopenia (Landi et al., 2012). Notably, sedentary behavior has been
associated with impaired reinnervation following motor unit loss,
exacerbating the decline in neuromuscular function (Jones et al., 2022). In
addition to sarcopenia, aging leads to structural changes at the neuromuscular
junction (NMJ), reduced motor unit recruitment, and altered joint mechanics
(Cruz-Jentoft et al., 2019; Power et al., 2010), all of which impair force
generation and postural stability.
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These physiological changes are likely to affect the neural control of walking,
potentially in older adults with lower physical activity levels. In humans,
walking is regulated in part by spinal motor neurons organized along the
lumbar and sacral segments of the spinal cord (Ivanenko et al., 2006; F. P.
Kendall et al., 2005). These segments innervate different groups of lower limb
muscles. The lumbar segments (L2 to L5) predominantly control proximal
muscles, including extensors such as the quadriceps, as well as muscles like
the biceps femoris. In contrast, the sacral segments (S1 to S2) are more
strongly associated with distal muscles, such as the gastrocnemius, soleus, and
tibialis anterior, which contribute to push-off and foot clearance during
walking. Understanding this anatomical distribution is essential for
interpreting how aging affects motor control during locomotion (Cappellini et
al., 2010; F. P. Kendall et al., 2005; Monaco et al., 2010). This segmental
distribution reflects a rostro-caudal organization of spinal motor control,
originating in the lumbar and extending into the sacral segments of the spinal
cord. Motor pools are arranged along this axis, with each segment contributing
to the coordinated activation of specific lower-limb muscles throughout the
gait cycle (Avaltroni et al., 2024).

To illustrate this organization, Table 0.1 summarizes the spinal innervation
of key lower-limb muscles based on reference segmental charts compiled

from anatomical and clinical sources (Dewolf et al., 2021b; Kendall et al.,
2005Db).

Table 0.1 Innervation of the lower limb muscles

Gmax TFL BF ST VM VL RF TA PERL GM GL SOL

L2 X X | X

L3 X X | X

L4 X X X X | X | X X

L5 X X x | X X X X
S1 X X X | X X X X X X
S2 X X | X X X X

Reference segmental charts for lower limb muscles from Kendall et al. (2005), obtained by
combining the anatomical and clinical data from six different sources. A capital X denotes
localization agreed on by five or more sources; a small x denotes agreement of three to four
ssiources. Muscle abbreviations: Gmax = Gluteus maximus, TFL = Tensor fasciae latae, BF
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= Biceps femoris, ST = Semitendinosus, VM = Vastus medialis, VL = Vastus lateralis, RF =
Rectus femoris, TA = Tibialis anterior, PERL = Peroneus longus, GM = Gastrocnemius
medialis, GL = Gastrocnemius lateralis, SOL = Soleus.

With aging, this rostro-caudal pattern becomes less distinct. Neural control of
walking shows signs of reorganization, particularly in distal muscles
innervated by sacral segments (Dewolf et al., 2021b). The activity of muscles
such as the gastrocnemius, soleus, and tibialis anterior tends to become
broader and more persistent throughout the gait cycle, especially around the
push-off phase. In contrast, muscles with dominant lumbar innervation tend
to show more stable activation profiles, suggesting that age-related
adaptations are more prominent in circuits controlling distal muscles (Dewolf
et al., 2021b; Monaco et al., 2010).

Compared to younger adults, older individuals often display a more diffuse
and prolonged motor output from sacral spinal segments (see Fig. 0.2). This
has been interpreted as a compensatory mechanism aimed at preserving
forward propulsion and balance in the presence of declining distal
neuromuscular performance. In this context, the increased reliance on sacral
circuits reflects a shift in control strategy, helping to maintain gait despite age-
related impairments (Avaltroni et al., 2024; Dewolf et al., 2021b).

Young Older adults

I 140
100

0 20 40 60 80 100 0 20 40 60 80 100
% Gait Cycle % Gait Cycle
Fig. 0.2. Segmental motor output during the gait cycle in young and older adults. Older
adults show a more diffuse and prolonged activation across lumbar and sacral segments
compared to young adults. Measurements were taken during treadmill walking at a fixed
cadence of 120 steps per minute. Adapted from Monaco et al. (2010).

These segmental adaptations are mirrored by temporal shifts in muscle
activation patterns, particularly in muscles involved in push-off and postural
support (Dewolf et al., 2021a, 2021b; Monaco et al., 2010). Rather than
reflecting dysfunction alone, these patterns may indicate a reorganization of
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motor control aimed at maintaining dynamic stability. Interestingly, similar
features have been described during early motor development, suggesting that
such reorganization in aging could also be interpreted through the lens of
developmental motor control.

Developmental and Aging Parallels in Gait

The segmental motor output shown above also reveals a striking similarity
between the two ends of the lifespan. Both toddlers and older adults tend to
exhibit broader and less differentiated spinal activation patterns, especially at
the sacral level, reflecting a loss of rostro-caudal organization and reduced
motor selectivity (see Fig. 0.3) (A. H. Dewolf et al., 2020; Ivanenko et al.,
2013).

Functionally, this diffuse spinal output has been linked to a non-anticipated
transition strategy during double support, characterized by delayed CoM
redirection and increased mechanical cost in older adults (Dewolf et al.,
2022). While in toddlers this pattern is part of normal gait development, in
older adults it may reflect compensatory adaptation to neuromuscular decline
(Dewolf et al., 2020, 2022). These lifespan similarities raise the hypothesis
that gait control may rely on shared neuromechanical strategies under reduced
corticospinal modulation. This hypothesis is explored in detail in the
Supplementary Chapter II of this thesis (section: Gait during development
and aging: a brief overview of the two sides of life), where segmental
activation and transition strategies are compared across age groups.
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Fig. 0.3. Lifespan comparison of spinal motor output and step-to-step transition
mechanics.(A) illustrates segmental activation profiles from neonates to older adults,
highlighting a diffuse and overlapping lumbar-sacral pattern in early and late life. The bar
graph shows the progressive increase, and later decrease, of the delay between lumbar and
sacral activation. (B) shows vertical ground reaction force patterns and step-to-step
transition mechanics. Both toddlers and older adults exhibit increased mechanical
contribution of the leading limb and diminished push-off from the trailing limb. Adapted from
Nuriez-Lisboa et al. (2023).
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The similarities observed between early development and aging suggest that
non-anticipated transitions may emerge under conditions of reduced
neuromechanical control, whether due to immaturity or decline. To provide a
developmental contrast to the aging-related gait patterns described in this
thesis, a Supplementary Chapter I entitled “Effect of age and speed on the
Step-to-step tranmsition strategies in children” was included. This analysis
investigates how transition strategies emerge and evolve during early motor
development. By characterizing the maturation of CoM redirection and step-
to-step coordination in children, it offers a developmental reference that
supports the interpretation of transition impairments observed in older adults.

18
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Postural Modulation of Neuromechanical Gait

Although age-related gait changes are often attributed to neuromuscular
decline, posture may independently constrain the neuromechanical efficiency
of walking. Anterior trunk inclination, commonly observed in older adults
(Honda et al., 2023), alters the alignment of the CoM and may compromise
both mechanical and muscular coordination during gait. Experimental studies
suggest that artificially increasing trunk flexion in healthy young adults
elevates Wexe and disrupts the timing and magnitude of muscle activation
(Alghamdi & Preece, 2020; Grasso et al., 2000). These changes resemble
neuromuscular patterns commonly observed in pathological gait, including
altered timing and magnitude of muscle activation (Martino et al., 2014). This
raises the hypothesis that trunk orientation, regardless of age, may act as a
primary modulator of neuromechanical function during walking, a possibility
further explored in Chapter I1.

Approaches to Mitigate Age-Related Gait Impairments

In this thesis, we investigate two complementary strategies to counteract age-
related gait decline. The first focuses on the role of physical activity level in
modulating neuromechanical gait control, assessing how habitual exercise
habits influence step-to-step transitions and energetic efficiency. The second
strategy explores the potential of trans-spinal direct current stimulation
(tsDCS) as a non-invasive intervention to enhance spinal motor output and
improve locomotor performance. By combining observational and
interventional approaches, this work aims to provide new insights into how
behavioral and neuromodulatory factors can mitigate the functional
consequences of neuromuscular aging.

The focus on physical activity is grounded in evidence that inactivity
accelerates neuromuscular decline in aging, contributing to motor unit loss,
impaired reinnervation, and reduced muscle function (Jones et al., 2022;
Wilkinson et al., 2018). McPhee et al., (2016) further report that the absence
of regular physical activity in older adults is associated with a major decline
in multiple physiological systems, including reductions in muscle mass and
strength, bone mineral density, cardiorespiratory, metabolic function, as well
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as neuromuscular impairments. Conversely, lifelong physical activity appears
to preserve neuromuscular integrity by maintaining MU (motor unit) function
and reducing neuromuscular junction (NMJ) dysfunction, potentially
mitigating age-related declines in muscle activation (Power et al., 2010;
Wilkinson et al., 2018). Moreover, exercise promotes MU plasticity by
facilitating the reinnervation of denervated muscle fibers, a key mechanism
for sustaining muscle function (Mosole et al., 2014). This neurophysiological
adaptation supports autonomy and functional capacity, particularly in
locomotion, and extends to gait control as aging is associated with altered
movement patterns and neuromechanical adjustments. In this broader
perspective, Lazarus & Harridge, (2018) concluded that lifelong engagement
in exercise preserves neurophysiological integrity and represents a
fundamental determinant of optimal aging.

Given these neuromuscular benefits, targeted exercise interventions have
been widely explored as a strategy to counteract the functional decline
associated with aging. Resistance training (RT) and other forms of structured
exercise are widely recognized for their role in preserving muscular function
in older adults (Chen et al.,, 2021; El Hadouchi et al., 2022; Kraemer,
Ratamess, et al., 2002; Markov et al., 2023). Given its broad health benefits,
current guidelines emphasize the importance of maintaining high levels of
physical activity, as regular exercise is expected to enhance functional
performance, particularly in gait (Boyer et al., 2012; D. Taylor, 2014). In
alignment with these recommendations, research has consistently shown that
RT and power training contribute to improvements in walking speed
(Beijersbergen, Granacher, Gibler, DeVita, et al., 2017; Beijersbergen,
Granacher, Gébler, Devita, et al., 2017a, 2017b; Hortobagyi et al., 2015;
Stock et al., 2019). However, despite these functional gains, training does not
necessarily translate into increased propulsive power generation during
walking (Beijersbergen et al., 2013). While the biomechanical mechanisms
underlying these adaptations remain unclear, the observed improvements in
functional markers such as walking speed are well-documented. At the same
time, the limited impact on propulsive power highlights a gap in
understanding how physical activity levels influence gait neuromechanics.
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Another non-invasive strategy proposed to enhance spinal motor control is
tsDCS. This technique applies low-intensity electrical currents over the spinal
cord and has been shown to modulate spinal excitability and reflex pathways
(Awosika et al., 2019; W. Song & Martin, 2017). Evidence from healthy
adults and clinical populations suggests that tsDCS can influence motor
output, improve reflex modulation, with the most consistent improvements
observed in walking speed and jump capacity (Awosika et al., 2019; Baczyk,
M., 2019; Berry et al., 2017; Jankowska, 2017). Although tsDCS has not yet
been tested in older adult populations, its documented effects on spinal
circuitry support its potential as a neuromodulatory intervention to counteract
gait impairments associated with neuromuscular aging. In general terms,
anodal tsDCS tends to bias spinal circuits toward facilitation, likely through
small shifts in segmental gain and motoneuron depolarization, whereas
cathodal tends to reduce excitability; putative mechanisms include subtle
reweighting of descending drive, ascending proprioceptive and cutaneous
input, and local inter-neuronal circuits such as central pattern generating
(CPG) and premotor networks. In this thesis, tsDCS is explored as a
complementary strategy to physical activity for preserving locomotor
function in aging.

Scientific and Social Relevance

The loss of mobility in older adults represents a pressing public health
concern, with far-reaching implications at both individual and societal levels.
As life expectancy increases, preserving autonomy and quality of life
becomes a major priority (Freiberger et al., 2020). However, age-related
mobility impairments dramatically elevate the risk of falls, which are a
leading cause of injury, hospitalization, and long-term disability in the elderly
(Blake et al., 1988; Robinovitch et al., 2013; Vaishya & Vaish, 2020). These
events not only compromise physical independence but also trigger fear of
falling, reduced social participation, and progressive functional decline (Pin
& Spini, 2016). Falls and related injuries represent a substantial economic
burden, accounting for billions in healthcare expenditures and resource
allocation (Hartholt et al., 2011; Vaishya & Vaish, 2020). Moreover, mobility
limitations are strongly associated with increased mortality,
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institutionalization, and psychological distress (Freiberger et al., 2020; Pin &
Spini, 2016). Thus, understanding and preventing gait dysfunction and falls
is essential not only to promote healthy aging but also to reduce the broader
societal impact of age-related functional decline. Therefore, it is crucial to
investigate how physical fitness levels and non-invasive neuromodulatory
interventions, such as tsDCS, may contribute to improving gait function and
mitigating mobility decline in older adults. This rationale underpins the
central hypothesis and objectives of the present thesis.

In addition, the similarities observed between older adults and young children
in neuromuscular control and gait organization suggest an opportunity for
translational application. While physical activity interventions are already
established in pediatric populations, non-invasive neuromodulation remains
largely unexplored outside of clinical settings such as cerebral palsy.
Demonstrating the efficacy of tsDCS in older adults could therefore provide
a compelling foundation for future studies targeting children with reduced
physical activity, such as those with obesity or developmental coordination
disorders. This perspective reinforces the broader relevance of the present
thesis across the lifespan.

Research objectives

This thesis aims to explore how aging, physical activity level, and spinal
neuromodulation influence gait control in humans. Specifically, it examines
how these factors affect neuromechanical parameters such as movement
coordination, mechanical cost, and motor output organization during walking.

To address these aims, the thesis is organized into five main chapters. Chapter
I outlines the general methodology, detailing the experimental setup, signal
acquisition procedures, and data processing strategies employed across
studies. Chapter II focuses on the biomechanical and neuromuscular
consequences of anterior trunk inclination during gait. Chapter III
investigates the role of habitual physical activity in modulating age-related
changes in gait control. Chapter IV evaluates the acute effects of tsDCS on
spinal motor output and postural alignment during walking. Finally, Chapter
V presents a general discussion that integrates the experimental findings and
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contextualizes them within broader neuromechanical and functional
frameworks of aging.

In addition to the core chapters, two supplementary chapters are included. The
first explores the development of step-to-step transition strategies in children,
offering a lifespan perspective on gait control mechanisms. The second
compiles foundational concepts and empirical findings published earlier in
the PhD project, which helped shape the conceptual framework of the present
thesis. Together, these components provide a comprehensive investigation of
the neuromechanical factors underlying gait decline with age and explore
potential strategies to preserve or enhance locomotor function.

Hypotheses

Based on the conceptual framework presented in the introduction, the present
thesis is structured around three central hypotheses.

First, that anterior trunk flexion alters step-to-step transition mechanics and
increases the mechanical cost of CoM displacement, thereby providing a
mechanistic basis to interpret age-related differences in locomotor control.

Second, that the level of habitual physical activity modulates age-related
neuromechanical adaptations during gait, such that less active older adults
exhibit greater mechanical work and cost of the CoM and altered rostro-
caudal patterns of muscle activation compared with more active older adults
and with younger adults.

Third, that an acute application of tsDCS older adults reduces the mechanical
work and cost of the CoM and reorganizes the rostro-caudal activation pattern
toward that observed in younger adults.

Specific Aims

To examine the impact of anterior trunk flexion on step-to-step transition
strategies and CoM mechanics, providing mechanistic insight into the
determinants of gait.

To analyze the influence of habitual physical activity level on age-related
adaptations in gait, focusing on step-to-step transition mechanics, CoM

Introduction 23



mechanical work and cost, and rostro—caudal activation patterns in older and
younger adults.

To determine the effects of an acute application of tsDCS in older adults on
CoM mechanical work and on the rostro—caudal organization of muscle
activation.
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Chapter I
General Methods

Preface

This chapter presents an overview of the experimental methodologies used
across the different studies included in this thesis. Rather than providing an
exhaustive description of each protocol, the aim is to highlight common
methodological frameworks and instrumentation. All studies combined
biomechanical, kinematic, and electromyographic data to assess
neuromuscular function during walking, particularly in the context of aging,
physical activity, and neuromodulation.

Experimental Setup

Across all studies, three core types of data were acquired: ground reaction
forces (GRF), three-dimensional (3D) kinematic data, and electromyographic
(EMG) activity. These data types were essential for characterizing the
mechanical and neuromuscular aspects of gait and balance. To capture them,
we employed instrumented treadmills for force measurements, motion
capture systems for tracking body segment movements, and wireless EMG
systems to record muscle activity. The following sections describe the core
instrumentation and data processing methods used across the different
experiments included in this thesis.

Ground Reaction Force Measurements

Ground reaction forces were recorded using an instrumented treadmill
(h/p/Cosmos-Stellar, Germany) with a belt surface of 1.6 x 0.65 m, equipped
with four tri-axial force transducers (Arsalis®, Belgium) mounted beneath
the frame. This configuration enabled precise measurement of the vertical
(F,), fore-aft (Fy), and medio-lateral (Fx) components of force (Willems &
Gosseye, 2013). Force signals were typically sampled at 1000 Hz, amplified,
and filtered using a 4-pole Bessel low-pass filter with a -3 dB cut-off at 200
Hz before being digitized via a 16-bit analog-to-digital converter (e.g.,
National Instruments PCI-MIO-16E-4). The electrical motor of the treadmill
was instrumented with an optical angle encoder to measure the speed of the
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belt (Vuei). Both gait and balance evaluations were conducted on this same
instrumented treadmill.

Kinematic Measurements

Second, the kinematic movements of the upper and lower limb segments were
recorded in most of the experimental conditions. However, Chapter II
employed a different methodology. In that study, no Qualisys motion capture
system (Gothenburg, Sweden) was used. Instead, kinematics were recorded
using the markerless system FreeMoCap (v1.0.25), which tracked segmental
landmarks in the sagittal plane from video recordings at 60 Hz. Anatomical
points such as the acromial apex, greater trochanter, lateral femoral condyle,
lateral malleolus, and fifth metatarsal head were used to estimate segment
orientation and joint angles. The data were filtered using a 4th-order
Butterworth low-pass filter (cutoff at 7 Hz) and interpolated to 100 points per
stride for further analysis. In contrast, for the remaining studies—particularly
those described in Chapters III and IV—recordings were conducted using the
Qualisys system, comprising 14 Oqus 600+ and 4 Miqus M3 infrared cameras
positioned around the treadmill. A total of 20 retro-reflective markers were
placed bilaterally on anatomical landmarks, including the neck, shoulders,
elbows, wrists, anterior and posterior superior iliac spines, greater
trochanters, knees, malleoli, and fifth metatarsal bones, following the
Qualisys Sports marker set.

The kinematic data in these studies were sampled at a frequency between 240
and 250 Hz. To ensure precise temporal alignment with the ground reaction
force data (sampled at 1000 Hz), the kinematic signals were up sampled to
1000 Hz using spline interpolation. This approach preserved the temporal
resolution of the kinetic data and avoided information loss that could result
from down sampling.

Electromyographic Recordings

Surface EMG activity was recorded using Trigno Avanti Sensors from the
Delsys Trigno Wireless System (Boston, MA, USA) at a sampling frequency
of 2000 Hz. A total of 12 lower-limb muscles on the right side of the body
were recorded, including both proximal muscles (e.g., erector spinae [ES],
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tensor fasciae latae [TFL], gluteus medius [Gmed], vastus medialis [VM],
vastus lateralis [VL], rectus femoris [RF]) and distal muscles (e.g., tibialis
anterior [TA], semitendinosus [ST], biceps femoris [BF], gastrocnemius
lateralis [GL], gastrocnemius medialis [GM], soleus [SOL]). Skin preparation
followed the SENIAM guidelines, including shaving, abrasion with
sandpaper, and cleaning with ether and alcohol. To ensure accurate electrode
placement, muscle bellies were located by palpation and electrodes were
oriented along the main direction of the muscle fibers (F. P. Kendall et al.,
2005; Winter, 2009). EMG signals were synchronized with kinetic and
kinematic data via a Delsys Trigger Module. The raw signals were down
sampled to 1000 Hz during post-processing to match the sampling frequency
of the other datasets. According to the manufacturer, the Trigno Avanti
sensors apply an internal analog band-pass filter (20450 Hz) to the EMG
signal prior to digitization, in order to attenuate movement artifacts and high-
frequency noise (Delsys, 2023).

Fig. 1.1 Participant equipped with 21 retro-reflective markers and 16 wireless EMG
sensors on the right side, during treadmill walking.

Data processing

All experiments in this thesis focused on treadmill walking or balance under
controlled conditions. A consistent procedure was applied across all chapters
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to compute mechanical variables. This section describes the standard
approach used to calculate these variables, based on a hypothetical subject
walking at constant speed on a treadmill with no incline. Air resistance is
considered negligible, and it is assumed that the feet do not skid on the
treadmill surface (Cavagna et al., 1976).

Under these conditions, the human body is subjected to two external forces:
(1) gravitational force (mg), and (2) ground reaction force (GRF). The GRF
is decomposed into three orthogonal components: lateral (Fi), fore-aft (Fr),
and vertical (Fy). The corresponding accelerations of the center of mass
(CoM) are calculated as:

F

al:E,

F

_ 7

af—E,
_ Fv__v
a, = m )

where m is the body mass F, ~ BW.

The computed accelerations were integrated over time to obtain variations in
CoM velocity along the vertical (V},), fore-aft (V), and lateral (V) axes, each
with an associated integration constant. In the fore-aft direction, this constant
corresponds to the treadmill Vier, reflecting the steady-state walking
condition. In contrast, for the vertical and lateral directions, the integration
constants were set to zero, under the assumption that the CoM returns to its
initial height and lateral position at the end of each stride.

The displacements of the CoM in the forward (Sy), lateral (S;) and vertical
(Sy) directions relative to the treadmill were obtained by numerically
integrating the respective velocity components Vg, V; and V,,. This procedure
assumes that, at the beginning and at the end of the steps analysed, the subject
is in the same position on the treadmill
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Computation of External Mechanical Work and Power

The external mechanical work (W,,;) was calculated as the sum of the
positive increments in the total mechanical energy CoM, following the
approach proposed by Cavagna et al. (1976):

Wewe = ) AEfym

The total energy of the CoM (E,,,,) was defined as the sum of the potential
energy (Ep), the vertical kinetic energy (Ey,) and the horizontal kinetic

energy (Ey p):
Ecom = Ep + Exyp + Exp
Potential energy was computed as:
Ep=9*S,
where S, is the vertical displacement of the CoM and g is the gravitational
acceleration, set to 9.81 m s2.

Vertical kinetic energy was calculated as:

1 2
Ek,v = Em Uy

where v, is the vertical velocity of the CoM

and horizontal kinetic energy was calculated as:

E,, = —mv?
kh = M Vf

where vy is the fore-aft velocity of the CoM

Additionally, in Chapter V, the instantaneous external power of the CoM was
calculated as the time derivative of total energy:

dE
Pcom = C;;m
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This power signal was used as a time-resolved variable to evaluate the
dynamics of energy generation and absorption by the CoM throughout the

gait cycle.
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Fig. 1.2 Typical traces of one representative stride of one participant (1.77 mt and
67.3 kg), illustrating kinetic energy (Ey), potential energy (E,), and total center of
mass energy (Ecom).

Statistical Power Computation and Sample Size

Sample sizes were estimated using G*Power v3.1.9.7 in all studies except
one. For the study on step-to-step transition strategies in children, data were
reused from Schepens et al., (2001), and no a priori power calculation was
reported. In all other cases, sample sizes were based on predefined effect sizes
and aimed to achieve a power of at least 1—§ > 0.80. Table 1.1 provides full
details on the variables, statistical methods, and software used in each study.

Due to time constraints, an older adult participant voluntarily withdrew from
data collection in the tsDCS study. As a result, this participant’s data was
excluded from the final analysis.

Table 1.1 Power analysis details for different studies.

N
Study + Year of Total
Y Statistical ~ Variable/effect  Participants
conducted Software . sample Note
. test used size for power 1- .
experiments size
p=0.8
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Understanding G*Power  One-way Foack/Ffront ratio, 7 per 20 Based on

gait alterations: v3.1.9.7 ANOVA Effect size = condition Dewolf et
trunk flexion and 1.24, power = al.,(2022)
its 0.85,

effects...(2023)

Physical activity ~ G*Power One-way Step period/ 12 per group 59 Based on
in mitigating age- v3.1.9.7 ANOVA Effect size = unpublished
related gait 0.4, power > correlations;

changes (2023) 0.80 Dewolf et
al., (2021)

Acute spinal G*Power t-test Walking speed 8 per group 40 Based on
neuromodulation v3.1.9.7 /Effect size = Awosika et
in older adults 2.21, power = al., (2019)

(tsDCS) (2023) 0.95

Note. Data from the study on step-to-step transition strategies in children were
reanalyzed from (Schepens et al., 2001).

All studies included a sufficient number of participants to restrict type Il error,
with a statistical power of 1—f > 0.80. Nonetheless, most sample sizes
remained relatively small. In the study Understanding gait alterations: trunk
flexion and its effects, the original sample consisted of 10 male participants;
10 additional female participants were later included following a
recommendation from the editor of The Journal of Experimental Biology to
improve representativeness. For the studies Physical activity in mitigating
age-related gait changes and Acute spinal neuromodulation in older adults
(tsDCS), both young and older adults of both sexes were recruited. This
balanced design was implemented to ensure that conclusions could be
generalized across age and sex, while still controlling for inter-individual
variability through careful inclusion criteria.

Inverted Pendulum Model of Walking

The inverted pendulum model provides a fundamental framework for
understanding the mechanical behavior of the CoM during walking. As
described by Cavagna et al., (1977) this model conceptualizes the stance leg
as a rigid inverted pendulum, allowing the body to vault over the supporting
limb. During this motion, kinetic energy (Ex) and gravitational potential
energy (Ep) fluctuate out of phase, enabling partial energy recovery through
passive exchange between these two components.
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Fig. 1.3 Schematic illustration of the inverted pendulum model and representative
mechanical energy fluctuations during one walking stride of a participant (1.77 m,
67.3 kg). Top: The inverted pendulum representation highlights the arc-like
trajectory of the center of mass (BCoM, dotted line) during walking. Bottom: Curves
show gravitational potential energy (E,), vertical kinetic energy (Er.), mediolateral
kinetic energy (Ev,), and total mechanical energy (Ecom). External mechanical work
(Wex) was computed as the sum of the positive increments in Ecom.

External mechanical work (Wext), representing the positive increments in total
mechanical energy of the CoM relative to the environment, provides insight
into the efficiency of walking. As shown in Fig. 1.3, this energy profile
typically reflects an upward-forward displacement of the CoM during mid-
stance and a downward motion during double support. This inverted
pendulum mechanism is considered mechanically efficient, particularly near
preferred walking speeds, and underlies energy-saving strategies in human
locomotion (Cavagna et al., 1977; Willems et al., 1995).
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Recent review (Peyré-Tartaruga et al., 2021) have emphasized the continued
relevance of this model for evaluating gait efficiency. They also highlight that
in populations with impaired neuromuscular control, such as older adults or
individuals with movement disorders, the behavior of the CoM often deviates
from the ideal pendulum mechanism. These deviations include a reduced
displacement of the center of mass during walking and a less effective
alternation between potential and kinetic energy, which compromises the
overall mechanical efficiency of gait.

Step-to-Step Transition Model

To characterize how the CoM is redirected during the double support phase,
this thesis builds on the transition strategy framework initially proposed by
Chastan et al., (2008). They distinguished two modes of CoM redirection: the
active mode, where the downward movement of the CoM is arrested by
muscular action—particularly from the plantar flexors—before foot contact
(FC); and the passive mode, where this deceleration occurs only upon foot-
ground impact, reflecting a more passive reliance on mechanical collision.
This framework was subsequently adopted by (Meurisse et al., 2019b) to
examine transition control in aging. Methodologically, the detection of FC
and toe-off (TO) events used to define the double support phase relies on the
approach developed by Meurisse et al., (2016), which identifies these events
from the extrema in the center of pressure trajectory. This combination of
conceptual and methodological tools allows for a nuanced analysis of gait
transition strategies and their modulation across age and functional status (see
Fig. 1.4 for an illustration of anticipated vs. non-anticipated transitions, based
on the relative timing of CoM vertical velocity minima and foot contact
events).
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Fig. 1.4 lllustration of anticipated versus non-anticipated step-to-step transitions
based on the timing of the vertical velocity minimum (Vvun) relative to foot contact
(FC). In both panels, the upper plots show vertical ground reaction forces (GRFv)
from the back leg (dashed line) and front leg (solid line), while the lower plots depict
the vertical velocity (Vv) of the CoM. In the anticipated transition (left), VVmin occurs
before FC (blue line), indicating early redirection of the CoM. In contrast, in the
non-anticipated transition (right), Vvw. occurs after FC, suggesting a delayed
redirection. The transition phase spans from Vvui to Vv (gray markers), and the
vertical black line denotes TO.

More recently, Dewolf et al., (2022) expanded this framework by introducing
a temporal metric to categorize transitions as anticipated or non-anticipated.
This index, which will be used throughout Chapters II, III, IV and
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Supplementary I offer a quantifiable approach to assess age- and activity-
related differences in gait transition dynamics.

Electromyography Analyses

The raw electromyography (EMGQG) signals were processed using standardized
procedures to ensure comparability across studies. All signals were resampled
at 1000 Hz to match the sampling frequency of the kinetic data. A high-pass
filter (30 Hz) was first applied to remove movement artefacts, followed by
rectification and a zero-lag Butterworth low-pass filter (10 Hz; 4th order). A
notch filter at 50 Hz was also implemented to remove frequency-related
artefacts. A semi-automatic artefact detection procedure was applied, with
gait cycles flagged for review when correlation with the ensemble-averaged
EMG envelope fell below 0.6 (Zhvansky et al., 2022). Cycles with evident
artefacts (e.g., signal loss or saturation due to electrode detachment) were
manually excluded after visual inspection. All accepted gait cycles were time-
normalized to 400 points to represent the gait cycle. From the EMG
envelopes, several outcome metrics were derived:

e Root mean square (RMS): computed as a measure of overall
activation amplitude across the gait cycle. The calculation was
performed as:

e Full width at half maximum (FWHM): calculated as the percentage of
the gait cycle during which the EMG activity exceeded half of its
maximum (Martino et al., 2014; Santuz et al., 2020). Increased
FWHM is typically interpreted as broader or less selective activation.

e Centre of activity (CoA): quantified using circular statistics as the
angular position of the first trigonometric moment of the EMG
distribution across the gait cycle (Batschelet, 1981; Martino et al.,
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2014). CoA reflects the relative timing of muscle activation within the
gait cycle. The calculation was performed as

A = %2 (cos(a) X EMG)),
B = %20 (sin(ayX EMG)),
CoA = tan"1(B/A)

where EMGi represents the EMG amplitude at each phase of the gait
cycle. An illustrative schematic of the computation of FWHM and
CoA is provided in Fig. 1.5 (adapted from Martino et al., 2014).

CoA o
) FWHM

50
% cycle

Fig. 1.5. Schematic representation of FWHM and CoA computation from a
representative EMG envelope (adapted from Martino et al, 2014). FWHM
corresponds to the portion of the gait cycle in which EMG activity exceeds half of its
maximum, while CoA represents the angular position of the first trigonometric
moment of the activity distribution.

e Segmental activation mapping (spinal MN pools): projection of EMG
to spinal segments L.2—S2 using myotomal charts (Kendall et al.,
2005), based on the approximate rostro-caudal location of MN pools
innervating different muscles in the human spinal cord. To reconstruct
the output pattern of any given spinal segment S;, all rectified EMG
waveforms corresponding to that segment were averaged as:
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where n; is the number of EMG; waveforms corresponding to the j®
segment, kij is the weighting coefficient for i muscle (from Kendall’s
chart). The assumption implicit in both methods is that the rectified
EMG provides an indirect measure of the net firing of MNs of that
muscle in the spinal cord. To compute the total motor output for each
condition, the motor output patterns across the gait cycle were
summed across the lumbar, sacral and all spinal segments. The mean
activation of the lumbar (L2 to L5) and sacral (S1 to S2) segments was
computed by averaging the motor output patterns for each region.

The co-activation index (CI) was assessed between the lumbar and
sacral segments using the following formula:

_ Z;LO? [lumbarj +sacral]-]/Z}X[Lumbarj/sacralj]

CI )
400

where lumbar and sacral signals represent the mean activation of each
segment across the stride. The CI was then averaged across the full
gait cycle, yielding a global estimate of segmental co-activation. High
CI values reflect strong simultaneous activation of both segments,
whereas low CI values indicate either weak activation of both or
dominance of one segment over the other. This index has been
previously used to characterize age-related changes in co-activation
(Dewolf et al., 2021D).

Depending on the experimental chapter, EMG analyses were conducted at
different levels of integration:

Chapter 1

Chapter II: EMG analysis focused on individual lower-limb muscles,
specifically the vastus medialis (VM), vastus lateralis (VL), tibialis
anterior (TA), medial gastrocnemius (MG), and lateral gastrocnemius
(LG). For each muscle, FWHM, CoA, and RMS were quantified.

Chapters III-IV: In addition to single-muscle analyses, EMG activity
was mapped onto the rostro—caudal distribution of spinal motor
neuron pools (L2—S2). Segmental motor outputs were extracted for
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lumbar (L2-L5) and sacral (S1-S2) regions, and the outcome metrics
included FWHM, CoA, RMS, and CI.

This hierarchical EMG approach enabled both muscle-level and spinal-level
analyses, allowing the investigation of neuromuscular activation patterns and
their modulation by trunk posture, physical activity level, and spinal
neuromodulation.

Muscle biomechanical properties

In a standing position, the biomechanical properties of the gastrocnemius
medialis (GM) and rectus femoris (RF) were assessed using a handheld, non-
invasive myotonometer (MyotonPRO, Myoton AS, Tallinn, Estonia). This
device applies a brief mechanical impulse to the muscle belly and records the
damped oscillations of the tissue, from which several parameters are
computed. For the present study, we focused (on chapter III) on dynamic
stiffness and dampening (logarithmic decrement), measured at sites with
previously reported high reliability (RF: two-thirds of the distance between
the anterior superior iliac spine and the superior pole of the patella; GM: the
medial belly at the most reliable site identified by Nguyen et al., 2015).

e Dynamic stiffness (N/m):
Amax * M

Y

Where a,,,, is the maximal acceleration of the tissue oscillation, m the
effective mass of the testing probe, and Al the displacement amplitude.
This parameter reflects the muscle’s intrinsic resistance to an external
force that modifies its shape.

e Logarithmic decrement (dampening):

p=m(G)
- a, +1
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Where a,and a, + 1 represent the amplitudes of two consecutive
oscillation peaks. This coefficient quantifies the dissipation of
mechanical energy, providing an indirect estimate of the viscoelastic
damping properties of the muscle.

These parameters have been previously validated as reliable indices of muscle
mechanical behavior in vivo, reflecting intrinsic viscoelastic properties of
human skeletal muscle measured under physiological conditions (Garcia-
Bernal et al., 2021a; Lettner et al., 2024).
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Chapter 11
Understanding gait alterations: trunk flexion and
its effects on walking neuromechanics

Nunez-Lisboa, M., Echeverria, K., Willems, P. A., Ivanenko, Y., Lacquaniti,
F., & Dewolf, A. H.

Journal of Experimental Biology (2024), 227: jeb249307
Keywords: step-to-step transition, bipedal gait mechanics, trunk inclination.
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CoM:
GREF:
Fy, Fy, Fi:
BW:
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TO:
DC:
VM:
VL:
TA:
GM:
GL:
EMG:
ROM:
Vy, Vi

Vv,min, Vf,min:

of mass
Ex, Ep:
Ecom:
Wext:
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Center of Mass

Ground Reaction Force

Vertical, fore-aft, and lateral components of the GRF
Body Weight

Foot Contact

Toe-Off

Double Contact (phase)

Vastus Medialis

Vastus Lateralis

Tibialis Anterior

Medial Gastrocnemius

Lateral Gastrocnemius

Electromyography

Range of Motion

Vertical and forward velocity of the center of mass

Minimum vertical and forward velocity of the center

Kinetic Energy, Potential Energy
Total mechanical energy of the center of mass
External mechanical work

Percentage of Recovery (mechanical energy

Full Width at Half Maximum (EMG signal duration)
Center of Activity (timing of EMG activation)
Effect Size
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Abstract

Background: Evolutionary and functional adaptations of morphology and
postural tone of the spine and trunk are intrinsically shaped by the field of
gravity in which humans move. Gravity also significantly impacts the timing
and levels of neuromuscular activation, particularly in foot- support
interactions. During step-to-step transitions, the centre of mass velocity must
be redirected from downwards to upwards. When walking upright, this
redirection is initiated by the trailing leg, propelling the body forward and
upward before foot contact of the leading leg, defined as an anticipated
transition. In this study, we investigated the neuromechanical adjustments
when walking with a bent posture. Twenty adults walked on an instrumented
treadmill at 4 km h™! under normal (upright) conditions and with varying
degrees of anterior trunk flexion (10, 20, 30 and 40 deg). We recorded lower-
limb kinematics, ground reaction forces under each foot, and the
electromyography activity of five lower-limb muscles. Our findings indicate
that with increasing trunk flexion, there is a lack of these anticipatory step-to-
step transitions, and the leading limb performs the redirection after the ground
collision. Surprisingly, attenuating distal extensor muscle activity at the end
of stance is one of the main impacts of trunk flexion. Our observations may
help us to understand the physiological mechanisms and biomechanical
regulations underlying our tendency towards an upright posture, as well as
possible motor control disturbances in some diseases associated with trunk
orientation problems.
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Introduction

Upright bipedal walking is one of the most highly automated motor acts that
humans perform and distinguishes humans from other mammals. It
necessitates several specific adaptations of the locomotor apparatus
(Crompton et al., 1998; Spoor et al., 1994) , including the erect posture of the
trunk and head. Such an erect posture makes walking gait mechanically
efficient because the centre of mass of the body (CoM) vaults over the
supporting relatively straight limb like an inverted pendulum (Cavagna &
Kaneko, 1977; Willems et al., 1995). This mechanism limits energy
expenditure by means of a transduction between the kinetic (£x) and potential
(Ep) energy of the CoM (Cavagna & Kaneko, 1977; A. H. Dewolfetal., 2017;
Willems et al., 1995). A major part of the muscular work is used to redirect
the CoM from one pendulum arc to the next during walking (Kuo et al., 2005;
Ruina et al., 2005). To do so, the propulsion of the trailing limb at the end of
stance and the weight acceptance of the leading limb at the beginning of
stance are coordinated to avoid collisional loss at foot contact (Dewolf et al.,
2022; Dewolf & Willems, 2019; Donelan et al., 2002; Hiebert et al., 1996;
Meurisse et al., 2019b). As a result, the lower- limb muscle activation pattern
is pulsatile, with muscle activity occurring briefly at specific phases of the
cycle to re-excite the intrinsic oscillations of the system when energy is lost
(Ivanenko, Poppele, et al., 2004; Lacquaniti et al., 2012).

The head and trunk segments represent up to 65% of the body’s mass
(Dempster, 1955). Therefore, deviations from the erect posture, even small
ones, have inevitable mechanical consequences. For instance, Miiller et al.,
(2017) demonstrated that during walking with a flexed trunk, the CoM is
displaced forward and slightly downward, with repercussions on stability
(Aminiaghdam et al., 2017, 2018). Also, the associated posterior shift of the
hip relative to the CoM leads to a flatter angle at foot contact of the leading
leg and a steeper trailing leg angle at toe-off and induces a modification of
the two peaks of vertical ground reaction force (GRF) (Aminiaghdam et al.,
2016) and a modification of joint moments of the lower limbs (Leteneur et
al., 2009), suggesting a modification of the step-to-step transition. These
biomechanical modifications lead to alterations in the muscle activation
patterns of the lower limb (Alghamdi & Preece, 2020; Grasso et al., 2000),
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with more crouched postures resulting in greater activation of both proximal
and distal muscles, but with a stronger effect on the activation of the thigh
and gluteal muscles compared with the shank muscles (Hora et al., 2024).
Although these studies provided valuable insights, they did not explore the
modification of the step-to-step strategy during the double support phase of
walking. Understanding trunk control and its impact on gait is important for
clinicians and scientists, as various pathological and ageing-related
conditions tend to increase trunk inclination during walking. For example,
there is a substantial body of research demonstrating increased trunk flexion
during gait with ageing (A. Dewolf, Sylos-Labini, Cappellini, Ivanenko, et
al., 2021; A. H. Dewolf, Meurisse, et al., 2019) and with pathologies such as
Parkinson’s disease (Pongmala et al., 2022) or knee osteoarthritis (Preece &
Alghamdi, 2021). In older adults, there is a reduction in mechanical power
generated by the plantar flexor muscles during the push-off phase of walking
(Delabastita et al., 2021; Winter, Patia, et al., 1990), an unanticipated step-to-
step transition (the redirection of the CoM occurring after foot contact)
(Dewolf et al., 2022; Meurisse et al., 2019b), and a widening of distal muscle
activations (Dewolf et al., 2021a, 2021b)

While the inter-relationship between posture and locomotion is well
recognized, the isolated effects of trunk flexion on the neuromuscular control
of gait are not well understood. In particular, it is not clear whether the trunk
flexion and the associated modification of lower- limb kinematics affect the
step-to-step transition of walking and, with it, the activation pattern of lower
limb muscles observed in able- bodied human gait. To answer this question,
we studied the effects of small (from 10 deg) and large (up to 40 deg) changes
in upper body inclination in 20 young and healthy participants. The GRFs,
the activity of five lower-limb muscles and the joint angles of lower limb
segments were recorded. We hypothesized that trunk flexion would result in
a more flexed limb posture during stance, a greater peak of force by the
leading limb (and a smaller peak under the trailing one), and an anticipated
activation of the distal extensors, consistent with the compensations observed
in older adults.
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Materials and Methods
Participants

Twenty healthy young adults (10 males and 10 females, age: 29.4+4.6 years,
mass: 69.3£11.5 kg, height: 1.69+0.11 m, means+s.d.) volunteered to
participate in this study. The sample size was estimated a priori based on the
difference of 75% of the rate of Fback/Ffront (n2=1.51) (Dewolf et al., 2022).
Considering a power analysis of 0.85 (1—f) and one-way ANOVA with an
alpha level of 0.05, 7 participants would be sufficient. The software used for
the sample size was G-Power (v.3.1.9.7). All participants had no history of
gait pathologies, neurological disease or orthopedic problems that would
affect how they walked. Informed consent was obtained from all participants,
and the procedures used for this study were approved by the ethics committee
of Finis Terrae University, Chile (ref. no. 22-114). The study followed the
guidelines of the Declaration of Helsinki. Preliminary results have already
been published in a conference paper (Nunez-Lisboa & Dewolf, 2023).

Experimental procedure and data collection

Participants were asked to walk wearing their shoes on an instrumented
treadmill at 4 km h!. The fixed speed imposed in our study allows us to
isolate the effect of trunk inclination, as previous research has shown that
preferred walking speed can be influenced by trunk inclination
(Aminiaghdam et al., 2018). The selected walking speed was reported as the
comfortable and economical average walking speed based on the net energy
consumption (Cavagna & Kaneko, 1977). Five different gait conditions were
tested. Participants were first asked to walk normally, with a natural trunk
orientation (called ‘normal walking’). Then, they were asked to walk with an
anterior trunk flexion of 10, 20, 30 and 40 deg relative to the vertical. The
motion capture system FreeMoCap v.1.0.25 (https: /freemocap. org/) was
used to track the estimated vertical and anteroposterior coordinates of the
acromial apex, greater trochanter, lateral femoral condyle, lateral malleolus
and fifth metatarsophalangeal joint at 60 Hz. The participants were filmed in
the sagittal plane, and the trunk flexion, defined as the orientation of the line
crossing the acromial apex and greater trochanter relative to the vertical axis,
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during the different gait conditions was controlled by a mobile app (OnForm,
v.2.03.0). Before data collection began, participants took several trials with
oral feedback from the experimenter until they adopted the correct position.
Participants were instructed to bend the hips to achieve the target trunk
flexion instead of rounding at the lower or upper back, following the
methodology described by Kluger et al., (2014). No instruction was given
regarding arm movements. The participants walked then for at least 1 min per
condition, with 2 min of rest between each trial to avoid muscular fatigue.
Data were recorded for 10 s once steady walking was reached and, on average,
7.3+0.5 (meants.d.) strides were analyzed for each participant.

The treadmill (Stellar, h/p/cosmos, NuBldorf, Bayern, Germany; belt surface:
1.6x0.65 m; mass: ~240 kg) was instrumented with four force transducers
(Arsalis®, Genappe, Belgium). As the transducers were placed under the
body of the treadmill, the force transducers measured the three components
of GRF exerted by the treadmill belt under the foot (Willems & Gosseye,
2013): Fv, Ff and Fl are, respectively, the vertical, fore aft and lateral
component of the GRF. Data were sampled at a frequency of 500 Hz. Two
algorithms were used to reconstruct the three components of the force under
the left and right foot (Bastien et al., 2019; Meurisse et al., 2016a).

Electromyographic (EMG) activities from five muscles of the right lower-
limb were recorded at 2 kHz using a Delsys Trigno Wireless System (Boston,
MA, USA): vastus medialis (VM), vastus lateralis (VL), tibialis anterior (TA),
medial gastrocnemius (MG) and lateral gastrocnemius (LG). We selected
these muscles to have a good comparison of activity between proximal and
distal muscles of the lower limbs. The EMG activity of other relevant
muscles, such as the biceps femoris, rectus femoris and gluteus maximus, has
previously been reported in a similar task (Grasso et al., 2000). Furthermore,
our focus was specifically on step-to-step transitions, where extensor muscles
have been shown to significantly contribute to CoM propulsion and where the
recorded muscles are particularly active (A. H. Dewolf, Ivanenko, et al.,
2019a; Ivanenko et al., 2008). The location of the electrode was based on
suggestions from SENIAM (the European project of surface EMG,
seniam.org). The signal quality was verified visually by checking the EMG
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signals during voluntary contractions before walking. Acquisition of the
EMG and GRF were synchronized with a trigger module from Delsys.

Data analysis

Division of the stride

The foot contact (FC) and toe-off (TO) events were estimated from the
displacement of the centre of pressure on the belt (Meurisse et al., 2016a). A
stride was defined as two successive right FCs. Stance phases were measured
as the time between TO and FC of the same leg. The double contact phase
(DC) started from the front leg FC to the back leg TO.

Kinematics

The vertical and antero-posterior coordinates of the head of the fifth
metatarsal, the external malleolus, the lateral condyle of the knee, the greater
trochanter and the apex of the shoulder of the right side of the body were
recorded. The coordinates were filtered with a 4th order Butterworth filter,
with a 7 Hz cut-off frequency. The angle of each segment (trunk, thigh, shank
and foot) relative to the vertical (elevation angle) was computed in the sagittal
plane. From these angles, the hip, knee and ankle joint angles were calculated.
The hip, knee and ankle joint angles during standing were subtracted from
those of the joint measured during walking tasks. Each stride of each
participant was interpolated over 100 points. For the three joint angles and
the trunk elevation angle, the range of motion (ROM) and the mean values
were measured. Joint angles were measured relative to the subject’s standing
position, with 0 deg indicating this posture.

Kinetics

The fore—aft and vertical velocity of the CoM were determined from the fore—
aft and vertical components of the GRF using the procedure described in
detail in (A. H. Dewolf et al., 2017). In short, the fore—aft acceleration of the
CoM was calculated as ar=F/m, where m is the participant’s body mass. The
vertical acceleration of the CoM was calculated as ay=(F\—mg)/m, where g is
the acceleration due to gravity. The vertical (/y) and the forward velocity (V%)
of the CoM were calculated by time-integration of ay and ax, respectively, plus
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an integration constant, which was computed so that the average velocity over
a stride was equal to zero. The vertical and forward displacements of the
CoM (Sy and S, respectively) were then computed by time-integration of Vy
and V%

The time of occurrence of the minimum of forward (Vimin) and vertical
velocities of the CoM (Vymin) at the beginning of the double contact phase
were detected. The step-to-step transition strategy was defined as follows: the
transition was considered as anticipated when Vymin occurred before FC and
unanticipated when Vymin occurred after FC. Also, the peaks of vertical force
under the front leg (Ffont) and the back leg (Fpack) were measured during the
DC. In addition, the negative (Ffprake) and positive (Ffpropulsion) peak of the left
and right fore—aft force were measured.

The energy of the CoM (Ecom) was computed as the algebraic sum at each
instant of its gravitational potential energy (Ep,=mgSy) and its kinetic energy
[Ex="am(V: +V4)*]. The work done to move the CoM relative to the
surroundings (Wexi) was then computed as the sum of the positive increments
of Ecom (Cavagna et al., 1976, 1977). The energy transduction between £, and
E\ was estimated from the relative amount of energy saved over a step (%R):

EMG

The raw EMG signals were high-pass filtered (30 Hz), rectified and low-pass
filtered with a zero-lag 3rd order Butterworth filter (10 Hz). The time scale
was normalized by interpolating individual gait cycles over 400 points. For
each condition and each stride, the full width at half maximum (FWHM) was
calculated as the period during which the EMG activity exceeded half of its
maximum (Martino et al., 2014). Increased FWHM may indicate altered
motor control and joint instability (Martino et al., 2014). Each EMG
waveform’s centre of activity (CoA) was calculated as the vector’s angle that
points to the CoM of the circular distribution (Martino et al., 2014). Also, the
mean activation was calculated.
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Statistics

For each dependent variable, the normality of residuals was visually assessed
using Q—Q plots. A mixed-effects model with a post hoc Fisher LSD test was
performed to evaluate differences between normal and the 10, 20, 30 and 40
deg conditions. Both numerator and denominator degrees of freedom (d.f.)
were reported; the numerator d.f. reflects the number of comparisons, and the
denominator d.f. adjusts for the sample size and variability. In cases where
sphericity was violated, the Greenhouse—Geisser correction was applied to
adjust both d.f. (Wright & Wolfinger, 1997). Furthermore, the Friedman test
with post hoc Dunn’s test was used for dependent variables that did not meet
the normality assumption. Cohen’s d-effect size (ES) was calculated for each
comparison, interpreted as 0.2 (small), 0.5 (medium) and 0.8 or greater
(large). All statistical analyses were conducted using GraphPad Prism 9
software (GraphPad Software, San Diego, CA, USA) with an alpha level set
at 0.05.

Results

Fig. 2.1A and B illustrates the digital joint identification at the sagittal plane,
the typical curves of the vertical and fore—aft forces of the back and front leg,
and raw EMG data during one stride in all conditions. Fig. 2.2 demonstrates
the average comparison of walking conditions with trunk flexion. The
anterior trunk flexion during walking differed between conditions
(F2.857,50.72=252.1, P<0.0001; Fig. 2.2). Specifically, compared with normal
walking, the degrees of anterior trunk flexion were higher at 10, 20, 30 and
40 deg (post hoc: p <0.0001, ES=4.31; p <0.0001, ES=7.61; p <0.0001,
ES=6.44; p <0.0001, ES=8.55, respectively), and the average trunk elevation
angle was close to (but smaller than) the angle requested to the participants
(normal=—1.55+1.92 deg; 10 deg=7.5 £+ 2.2 deg; 20 deg=18.3%£3.1 deg; 30
deg=24.5+5.3 deg; 40 deg=33.3 £ 5.3 deg). The stride duration was affected
by the trunk flexion (F1.64431.24=17.40, p < 0.0001; Fig. 2.2). Specifically,
compared with normal walking, the stride duration was lower at 10, 20, 30
and 40 deg (post hoc: p=0.045, ES=0.26; p=0.005, ES=0.30; p=0.001,
ES=0.83; p<0.0001, ES=1.25, respectively). However, no difference was
observed in the stance duration (F2.439.45.72=1.865, P=0.158; Fig. 2.2).
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Specifically, compared with normal walking, the stance duration did not
change at 10, 20, 30 and 40 deg (post hoc: p=0.938, ES=0.14; p=0.778,
ES=0.12; p=0.734, ES=0.32; p=0.247, ES=0.59, respectively.

trunk

hip

ankl
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Fig. 2.1. Digital joint identification at the sagittal plane, typical traces of one representative
stride in each condition showing the ground reaction force, raw signals of muscle activity,
and spatial-temporal parameters of walking. (A) The picture illustrates the digital joint
identification at the sagittal plane using Freemocap software, with the vertical reference line
and joint markers (shoulder, hip, knee, and ankle) highlighted. (B) The pictures illustrate
one participant in each condition (normal walking, 10° flexion, 20° flexion, 30° flexion, and
40° flexion) during the double-contact phase of walking. The curves below represent the
vertical and forward ground reaction force normalized by body weight (F, and Fj,
respectively), acting upon each leg separately (continuous line: front leg; dotted line: back
leg). The peak of vertical force under the back leg (Fback) and the front leg (Ffon) and the
peak of negative (Fy, brake) and positive (Fy: propuisive) fore-aft force. The vertical continuous and
dotted lines indicate the foot contact (FC) and toe-off (TO), respectively.(C) Typical raw
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EMG signals of the vastus medialis and lateralis (VM and VL), anterior tibialis (TA), and
medial and lateral gastrocnemius (GM and GL) at each trunk inclination.
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Fig. 2.2. Spatio-temporal parameters of walking. Left: anterior trunk flexion during walking.
Middle: stride duration relative to increasing trunk flexion. Right: stance duration as a
percentage of cycle duration relative to increasing trunk flexion. The bars represent the
mean, and the circles represent the mean values for each condition participant. The asterisks
denote post hoc comparisons between the normal condition and the other conditions
(*P<0.05, ¥**P<0.01, ***P<0.0001).

Fig. 2.3A illustrates the average waveform of the hip, knee and ankle joint
angles during normal and flexed conditions over a stride. Notably, the joint
angle’s time course changed significantly as trunk flexion increased during
the stride. Trunk inclination significantly affected the average angles of all
lower-limb joints (hip: Fi200,118.8=4404, p<0.0001; knee: Fi.0s810458=124.6,
p<0.0001; ankle: F s83,157..=404.3, p<0.0001) (Fig. 2.3B). Furthermore, trunk
inclination had a significant impact on the mean ROM of the hip, knee and
ankle joint (hip: F3.1805644=165.7, p<0.0001; knee: F231649.99=28.60,
p<0.0001; ankle: F2.77649.27=15.48, p<0.0001) (Fig. 2.3B). Compared with the
normal condition, the average joint angle of the hip was higher at 10, 20, 30
and 40 deg of trunk flexion (post hoc: p<0.0001, ES=2.05; p<0.0001,
ES=4.17; p<0.0001, ES=5.36; p<0.0001, ES=7.34, respectively), while the
average joint angle of the ankle and knee was higher at 20, 30 and 40 deg of
trunk flexion (ankle post hoc: p=0.204, ES=0.37; p<0.0001, ES=1.14;
p<0.0001, ES=1.68; p<0.0001, ES=2.21, respectively) (knee post hoc:
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p=0.080, ES=0.59; p<0.0001, ES=1.75; p<0.0001, ES=2.40; p<0.0001,

ES=3.09, respectively).
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Fig. 2.3. Joint angles of the lower limbs during walking. (A) The joint angle of the hip (top),
knee (middle) and ankle (bottom) relative to the percentage of the stride at 4 km h™' in each
condition. All the curves of each participant walking at a given trunk inclination condition
were first averaged (mean curve). The dashed black curve represents the average joint angle
of normal walking. The solid black curve and the grey zone represent the average joint angle
and the standard deviation, respectively, with 10, 20, 30 and 40 deg of trunk inclination. (B)
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The average range of motion of the hip, knee and foot over one stride at 4 km h™'. Each
participant s strides when walking at a given trunk inclination condition were first averaged.
The rectangles represent the grand mean of each condition at the hip, knee and ankle joints.
Error bars represent the standard deviation. In A and B, an angle of 0 deg corresponds to a
standing position, positive values represent a more flexed joint than during standing.

Fig. 2.4A presents typical traces of Vy (top) and Vr (bottom) during one stride
in all walking conditions. The black circles represent the minimum (Vy,min)
and maximum (Vymax) of Vy, which define the step-to-step transition. The
black circles also indicate the minimum (V¢min) and maximum (V¢max) of V.
With increasing trunk flexion angle, Vymin occurred later in the stride
(x2=68.98, d.f.=4, p<0.0001). This indicates that the step-to-step transition
was anticipated during normal walking and walking with a 10 deg flexion
(Vy.min occurred before FC) and unanticipated at higher trunk flexion angles
(Vymin occurred after FC) (post hoc: 20 deg: p<0.0001, ES=1.64; 30 deg:
p<0.0001, ES=2.47; 40 deg: p<0.0001, ES=2.88) (Fig. 2.4B). In a parallel
observation, as the trunk flexion angle increased, Vimin Was noted to occur
before heel strike (F1.53428.77=3.139, p=0.0703), coinciding with a monotonic
change in the peak of vertical and fore— aft forces exerted by the back leg and
by the front leg (Fig. 2.4C). With increasing trunk flexion, Fyack decreased
(F2.165.41.13=84.31, p<0.0001). Compared with normal walking, the mean Fpack
decreased at 10, 20, 30 and 40 deg (post hoc: p<0.0001, ES=1.03; p<0.0001,
ES=1.85; p<0.0001, ES=2.54; p<0.0001, ES=2.72, respectively). In contrast,
Ffont increased with increasing of trunk flexion (F2.021,3840=16.04, p<0.0001).
The mean Fgone increased at 20, 30 and 40 deg compared with normal walking
(post hoc: p=0.002, ES=0.67; p<0.0001, ES=1.09; p=0.0004, ES=0.99,
respectively) (Fig. 2.4C). Additionally, Fgpropuisive decreased with increasing
trunk flexion (F235144.08=32.64, p<0.0001). Specifically, compared with
normal walking, the mean F propuisive decreased at 10, 20, 30 and 40 deg (post
hoc: p=0.037, ES=0.42; p=0.001, ES=0.95; p<0.0001, ES=1.61; p<0.0001,
ES=2.10, respectively). Conversely, Frprake was unaffected by trunk
inclination (F2.02337.94=0.4022, p=0.674). Specifically, there were no
significant changes in mean Fgprake at 10, 20, 30 and 40 deg (post hoc:
p=0.192, ES=0.21; p=0.278, ES=0.22; p=0.787, ES=0.07; p=0.609,
ES=0.13, respectively) (Fig. 2.4C).
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Fig. 2.4. Step-to-step transition strategy. (A) The top and bottom graphs represent the
vertical (Vv) and forward (Vf) velocity of the centre of mass (CoM), respectively, at each
trunk inclination. The black circles indicate the minimal (Vymin and Vimin) and maximal (Vy,max
and Vimax) velocity of the CoM. (B) Occurrence of the Vimin (left) and Vimin (vight) of the CoM
relative to FC with increasing trunk flexion during walking. (C) Vertical and forward peak
forces normalized to body weight for the back leg (Fpack and Frpropuisive) and front leg (Ffon:
and Fyrake) as a function of trunk flexion. Other indications as in Fig. 2.2 *P<(.05,
*¥*¥P<0.01, ¥***P<0.001; ****P<(0.0001.
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Fig. 2.5 demonstrates typical traces of the pendulum mechanism variables.
Specifically, Fig. 2.5A illustrates a typical Ex, E, and Ecom trace during one
stride under each condition. The CoM work (Wex) significantly differed
between conditions (F1.2922455=7.572, p=0.007, Fig. 2.5B). Compared with
normal walking, Wex was lower at 10 and 20 deg (post hoc: ,=0.0004,
ES=0.91; p=0.006, ES=0.84, respectively) (Fig. 2.5B). Additionally, Wex: did
not change at 30 and 40 deg (p=0.415, ES=0.26; p=0.096, ES=0.58,
respectively). The modification of Wext may partly be explained by the change
of pendulum-like energy exchange (Fig. 2.5B). Indeed, the inclination of the
trunk affects the %R (F1.387,26.35=11.82, p=0.0008). As compared with normal
walking, the %R was higher at 10 and 20 deg (post hoc: p=0.0004, ES=0.87,
P=0.015, ES=0.81, respectively), with no changes at 30 deg (p=0.405,
ES=0.39), and was significantly lower at 40 deg (post hoc: p=0.025,
ES=0.84).
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Fig. 2.5. Pendulum mechanism of walking. (A) Typical traces of one representative stride of
one participant (same as in Fig. 1) in each condition illustrating kinetic (Ex), potential (Ep)
and centre of mass energy (Ecom) with different trunk flexion. Other indications as in Fig. 2.2
(B) Positive external work to move the CoM relative to the surroundings over one stride
(Wex) and average recovery (%R) during the stride with increasing trunk flexion. Other
indications as in Fig. 2. *P<0.05, **P<0.01, ***P<0.001.

Fig. 2.6 presents the average (across strides and participants) rectified muscle
activity of lower limb muscles (VM, VL, TA, GM and GL) during one stride
in each condition. The angle of trunk flexion significantly influenced the
mean activation of most muscles (VM: Fis63,19.15=12.99, p=0.0006; VL:
F301846.03=4.153, p=0.010; TA: Fis30,1606=8.180, p=0.0058; GL:
Fi16192387=5.733, p=0.013), except for GM, which was not significantly
affected (F1.787,22.79=1.583, p=0.227; Fig. 2.6B, top). Specifically, compared
with normal walking, the mean activation of GM did not change at 10, 20, 30
and 40 deg (post hoc: p=0.335, ES=0.41; p=0.432, ES=0.33; p=0.954,
ES=0.23; p=0.904, ES=0.21, respectively). Furthermore, compared with
normal walking, the mean VM muscle activity increased at 10, 30 and 40 deg
(post hoc: p=0.035, ES=0.16; p=0.005, ES=0.65; p<0.0001, ES=1.20,
respectively). However, VM activity did not change at 20 deg of trunk flexion
(post hoc: p=0.263, ES=0.24). Additionally, the mean VL muscle activity
increased at 10 and 40 deg (post hoc: p=0.020, ES=0.31; p=0.031, ES=0.65,
respectively) and did not change at 20 and 30 deg (post hoc: p=0.118,
ES=0.40; p=0.189, ES=0.51, respectively). The mean TA activity was higher
at 40 deg (post hoc: p=0.0174) and did not change at 10, 20 and 30 deg (post
hoc: p=0.686, ES=0.05; p=0.352, ES=0.15; p=0.091, ES=0.38, respectively).
Lastly, the mean activation of GL was higher at 30 and 40 deg (post hoc:
p=0.039, ES=0.51; P=0.008, ES=0.65, respectively), and did not change at 10
and 20 deg of trunk flexion (post hoc: p=0.353, ES=0.10; p=0.114, ES=0.35).

In most muscles, the duration of muscle activation also varied with trunk
flexion (Fig. 2.6B, middle). The trunk inclination affected the FWHM of VM,
VL, GM and GL (VM: F251030.12=12.46, p<0.0001; VL: F228837.76=4.604,
p=0.0129; GM: F3.108,52.06=3.217, p=0.028; GL: F2.991,56.07=5.515, p=0.002).
In contrast, the FWHM of TA was not significantly affected by trunk angle
(F2.170.40.60=0.2317, p=0.811). Specifically, compared with normal walking,
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the mean FWHM of TA did not change at 10, 20, 30 and 40 deg of trunk
flexion (post hoc: p=0.976, ES=0.0; p=0.993, ES=0.0; p=0.636, ES=0.11;
p=0.670, ES=0.11, respectively). Furthermore, compared with normal
walking, the FWHM of VM was higher at 10, 20, 30 and 40 deg of trunk
flexion (post hoc: p=0.005, ES=0.47; p=0.004, ES=0.93; p=0.0007, ES=1.43;
p=0.0001, ES=1.57, respectively). The FWHM of VL was higher at 40 deg of
trunk flexion (post hoc: p=0.021, ES=0.89), and did not change at 10, 20 and
30 deg of trunk flexion (post hoc: p=0.656, ES=0.12; p=0.928, ES=0.03;
p=0.361, ES=0.27, respectively). The FWHM of GM was higher at 20, 30
and 40 deg (post hoc: p=0.015, ES=0.95; p=0.017, ES=0.84; p=0.014,
ES=0.81, respectively), and did not change at 10 deg (post hoc: p=0.147,
ES=0.47). The FWHM of GL was higher at 20, 30 and 40 deg of trunk flexion
(post hoc: p=0.016, ES=0.47; p=0.0004, ES=0.76; p=0.045, ES=0.44,
respectively), and did not change at 10 deg of trunk flexion (post hoc:
p=0.071, ES=0.23).

The trunk flexion also influenced the timing of activation of extensor muscles
(VM: F280030.80=16.09, p<0.0001; VL: F21583831=12.95, p<0.0001; GM:
12=40.6, d.f.=4, p<0.0001; GL: F2.272,30.67=19.07, p<0.0001) but not of flexor
muscles (TA: F2381,5401=0.3533, p=0.778) (Fig. 2.6B, bottom). Compared
with normal walking, the activation of VM occurred earlier at 30 and 40 deg
of flexion (post hoc: p=0.0003, ES=1.19; p=0.0008, ES=1.55) and did not
change at 10 and 20 deg of flexion (post hoc: p=392, ES=0.11; p=0.889,
ES=0.03, respectively). Furthermore, the activation of VL occurred later at
30 and 40 deg of flexion (post hoc: p=0.0006, ES=1.29; p=0.0031, ES=1.41,
respectively) and did not change at 10 and 20 deg of trunk flexion (post hoc:
p=0.392, ES=0.05; p=0.344, ES=0.67, respectively). For distal extensors, the
changes were much larger: compared with normal walking, the CoA of GM
and GL occurred earlier at all trunk flexion angles (GM: 10 deg: p=0.021,
ES=65; 20 deg: p=0.0001, ES=1.15; 30 deg: p<0.0001, ES=1,30; 40 deg:
p<0.0001, ES=1.69; GL: 10 deg: p=0.0002, ES=0.88; 20 deg: p=0.0002,
ES=1.29; 30 deg: p=0.0003, ES=2.25; 40 deg: p<0.0001, ES=2.20).
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Fig. 2.6 Muscular activity during walking. (A) Typical traces of the filtered and rectified
EMG amplitude of one representative stride of one participant (same as in Fig.2.1) in each
condition. The black horizontal line represents the duration of the stance phase, whereas the
white line represents the duration of the swing phase. The y-axis indicates the amplitude of
the EMG activity, with a vertical bar representing 4 uV as a reference. (B) Mean activation
(top), full width at half maximum (FWHM, middle) and centre of activity (CoA, bottom) of
the six lower-limb muscles as a function of trunk flexion. VM, vastus medialis; VL, vastus
lateralis; TA, tibialis anterior; GM, medial gastrocnemius,; GL, lateral gastrocnemius. Other
indications as in Fig. 2. *p<0.05, **p<0.01, ***p<0.001; ****p<0.0001.

Fig. 2.7A presents the mean activation of the extensor muscles (VM, GM and
GL) during the initial and final 20% of the stance phase. The initial 20% of
the stance phase was influenced by trunk flexion in most muscles (VM;
F26462844=18.70, p<0.0001; GM: Fasse3427=4.714, p=0.009; GL:
F2900,52.92=4.928, p=0.004). Compared with the normal condition, the mean
activation of VM during this phase was higher at 10, 30 and 40 deg of trunk
flexion ( post hoc: p=0.040, ES=1.21; p=0.0006, ES=4.15; p=0.0003,
ES=5.52, respectively) and did not change at 10 deg of trunk flexion (post
hoc: p=0.096, ES=0.99). In contrast, VL was not significantly affected
(F1878,2630=1.150, p=0.329). Compared with normal walking, VL did not
change at 10, 20, 30 and 40 deg of trunk flexion (post hoc: p=0.921, ES=0.02;
p=0.095, ES=0.32; p=0.301, ES=0.15; p=0.195, ES=0.21, respectively). The
mean activation of GM was higher at 20 and 30 deg (post hoc: p=0.032,
ES=0.86; p=0.016, ES=0.91, respectively) and did not change at 10 and 40 deg
of trunk flexion (post hoc: p=0.188, ES=0.48; p=0.127, ES=0.73,
respectively). The mean activation of GL was higher at 30 and 40 deg ( post hoc:
p=0.047, ES=0.65; p=0.016, ES=0.77, respectively) and did not change at 10
and 20 deg (post hoc: p=0.412, ES=0.19; p=0.084, ES=0.54, respectively).

Regarding the final 20% of the stance phase, discernible alterations were
observed in VM (F2.6303221=3.016, p=0.0501). Specifically, VM remained
significantly unaltered at 10, 20, 30 and 40 deg of trunk flexion (post hoc:
p=0.622, ES=0.19; p=0.695, ES=0.17; p=0.114, ES=0.81; p=0.061, ES=0.86,
respectively) (Fig. 2.7A). Similarly, VL did not show significant changes
(F0.06431,09325=1.210, p=0.1214). Compared with normal walking, VL did not
report significant changes ( post hoc: p=0.884, ES=0.03; p=0.756, ES=0.06;
p=0.142, ES=0.42; p=0.161, ES=0.39, respectively). Furthermore, the mean
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activation of GM did not present significant changes (¥*=0.5, d.f.=4, p=0.969).
Specifically, GM did not change at 10, 20, 30 and 40 deg of trunk flexion (post
hoc: p=0.932, ES=0.06; p=0.682, ES=0.01; p=0.969, ES=0.14; p=0.622,
ES=0.14, respectively). In contrast, GL showed significant changes (y*: 12.33,
d.f=4, p=0.015), increasing at 40 deg of trunk flexion (post hoc: p=0.017,
ES=0.64) but with no change at 10, 20 and 30 deg of trunk flexion (post hoc:
p=0.656, ES=0.14; p=0.806, ES=0.08; p=0.066, ES=0.55, respectively).
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Fig. 2.7. Initial and final muscular activity and schematic summary of the study results. (A)
Top: typical traces of the amplitude of the activation of the MG at each condition. The grey
areas indicate the initial and final 20% of the stance phase during a stride. Bottom: mean
activation of the VM, VL, GM and GL during the initial (left) and the final (right) 20% of
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the stance phase. Other indications as in Fig. 2.2. (B) Left: schematic representation of the
anticipated and unanticipated transition, defined by the time of the redirection velocity of
the CoM relative to FC, during normal walking and with 40 deg flexion. The arrows
represent the vertical velocity vector of the CoM. At the bottom, the corresponding vertical
forces of the front legs during the double contact phase are represented, as well as the delay
between FC of the front leg and the minimum vertical velocity (red brackets). Right:
schematic representation of the muscle activation at the FC and TO with normal walking
and 40 deg trunk flexion. The plus signs (+) indicate a greater muscular activation than
during normal walking.

Discussion

This study aimed to determine the effect of trunk flexion on the
neuromuscular control of gait. Specifically, we analyzed the effect of trunk
flexion on lower-limb kinematics, the step-to-step transition of walking and,
with it, its impact on lower-limb muscle activation patterns during walking.
The results are discussed in the context of the biomechanical principles
underlying foot-support interactions during step-to-step transitions in bipedal
upright walking.

Given that the trunk and head segment constitute approximately 65% of the
body mass (Dempster, 1955), walking with the trunk anteriorly flexed
modifies the position of the CoM, which is displaced forward and slightly
downward (Miiller et al., 2017). As a result, even a small change in trunk
orientation can influence the mechanical demands of walking (Figs 3.3 and
3.4; (Aminiaghdam et al., 2017; Hora et al., 2024; Miiller et al., 2017), in turn
affecting the neuromechanical control of locomotion. As illustrated in Fig.
2.7B, trunk flexion alters the spatial relationship between the CoM and the
FC point of the back leg at the end of the single stance (Warrener et al., 2021)
resulting in different leg orientation (Aminiaghdam et al., 2016). This results
in a reduction of the vertical and fore—aft forces under the back leg during
propulsion (Figs 3.4C and 3.7B; (Aminiaghdam et al., 2016; Grasso et al.,
2000). Additionally, the GRF is more vertical at FC because Ffront increases
at weight acceptance without changes in Fgprake (Fig. 2.4C). Similar
modifications of vertical impulses have been observed in older adults
(Delabastita et al., 2021; Dewolf et al., 2022; Meurisse et al., 2019b) and in
trunk flexion-induced gait analysis (Miiller et al., 2017). We documented here
that it has a clear impact on step-to-step transition: an unanticipated transition
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was revealed at 20, 30 and 40 deg of trunk flexion (Figs 3.1B, 3.4B and 3.7B),
accompanied by a reduction in the mechanical recovery of walking at 40 deg
of trunk flexion (Fig. 2.5B). The unanticipated transition occurs when Vymin
appears after FC. This absence of modification of transition at 10 deg (and in
turn of mechanical work; Fig. 2.5B) may be due to the minimal changes in
the energy fluctuations (Fig. 2.5A). Instead, with a greater trunk inclination,
the vertical displacement of the CoM starts to increase and the modification
of the ratio between potential and kinetic work over one stride (W,/Wx)
induces a reduction of recovery between energies (Cavagna et al., 1976,
1977). The detailed results of Wy/Wx are shown in Fig. S2.1.

2.5+ . [] Normal
- 100
3 20°
[ 30°
I 40°

Fig. S2.1. Average comparison of walking conditions with trunk flexion: the ratio of potential
and kinetic work over one stride (Wy/Wi) with increasing trunk flexion. The bars represent
the average, and the circles represent the mean values for each condition participant. The
asterisks (*) denote post hoc comparisons between the normal condition and the other
conditions (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001).

As for the modification of muscle activation during the stride (Figs 2.1 and
2.6), it is noteworthy that with increasing trunk flexion, the activation of
extensor muscles generally increases, except for GL and GM (Fig. 2.6B). A
similar result has also been described recently in crouched walking (Hora et
al., 2024), showing lower increases of activation in the lower leg muscles with
trunk inclination compared with the thigh muscles. As suggested by Hora et
al. (2024), the lower increase in activation of ankle muscles might reflect the
smaller changes in ankle joint kinematics compared with the hip and knee
joints (Fig. 2.3A,B). When specifically examining the activation of the
extensor muscles in the front leg, VM increases its activity mainly during the
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initial 20% of the stance phase (Fig. 2.7A), confirming the greater
contribution of VM during weight acceptance. However, during the initial
20% of stance, GM and GL also increase with increased trunk flexion,
suggesting an antigravitational role (Hamner et al., 2010; Honeine et al.,
2013) when the collision with the ground of the front leg becomes more
important. This increase in distal extensor activation is related to their earlier
activation (CoA; Fig. 2.6B, bottom) during the walking cycle. In addition, we
noticed a change in the period during which muscle activity remains
consistently above half of its maximum level (Fig. 2.6B). Here, we evidenced
a higher FWHM with an increasing trunk inclination (Fig. 2.6B, middle) in
proximal (VM and VL) and distal muscles (GM and GL). These prolonged
activations probably suggest the need for enhanced stability and control as
the body adapts to the forward trunk inclination. Similar compensatory
mechanisms are observed in the gait pattern of patients with balance deficit,
such as cerebellar ataxia (Martino et al., 2014). In summary, when the lower
limbs are more flexed and the CoM is shifted forward and downward,
increased muscle activity is required to generate the necessary joint torque to
accomplish the walking task.

This is also related to the more flexed lower-limb joint during stance (Fig.
2.3A,B; (Aminiaghdam et al., 2016)). Indeed, as trunk flexion increases, the
participants exhibit a linear increase in hip, knee and ankle (dorsi-) flexion,
while the ROM of these joints remains consistent throughout the step (Fig.
2.3A,B). This most likely induces muscle compensation reminiscent of
crouched walking (Grasso et al., 2000). Indeed, Grasso et al. (2000) observed
that imposing greater knee flexion during stance leads to a higher muscle
activation of lower-limb muscle. As for walking with a flexed trunk, the
increment of muscle activity can be related, among others, to the lower
mechanical energy recovery through the pendular energy exchange (see
figure 7in Li Y. et al., 1996). Additionally, Grasso et al. (2000) also observed
that the time sequence of activation of different muscles varied substantially
as a function of imposed posture. In particular, as in the present study, a
greater activation of the knee extensor (VL) was observed at the end of the
stance phase, and a greater activation of the ankle extensor (GM) at the
beginning of the stance phase, consistent with our findings. In contrast, our
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study found greater activation of the knee extensor (VM) at the beginning of
the stance phase (Fig. 3.7A).

This suggests that trunk inclination and the lower-limb kinematics change in
parallel and cannot be studied separately. Similar observations were
previously made by Grasso et al., (1999) who showed that in Parkinson’s
disease patients in the apomorphine OFF condition, the flexion of the trunk is
paralleled by the flexion of the legs. In the ON condition, the trunk and the
limbs extend together. These authors proposed that the basal-ganglia circuitry
may provide a spatiotemporal framework for the control of both posture and
movement in a gravity-based frame.

Also, a recent study (Mesquita et al., 2023) suggests that altering the foot
interaction with the ground affects the walking pattern similarly to trunk
flexion. By imposing different foot positions during stance (e.g. maintaining
a flat-foot during the whole stance phase), the authors described that deviating
from the classical heel- to-toe pattern of walking leads to a higher Fgont, a
smaller Fuack, an anticipated activation of distal extensor muscles and a higher
activation of proximal muscles. They argued that the specific use of the heel-
to-toe rolling pattern allows delay of the activation of distal extensors relative
to proximal extensors, ensuring a smooth step-to-step transition. This is a
specific adaptation of the locomotor apparatus to bipedalism. Indeed, in
quadrupeds, the step-to-step transition is not as crucial as in bipeds because
the mechanical cost of the redirection is reduced in proportion to the number
of contacts used to achieve a given redirection of the CoM (Ruina et al.,
2005). In addition, the change of the hindlimb configuration at the end of
stance (knee flexed) may allow them to propel themselves forward using
primarily the proximal extensors. Interestingly, deviating from the erect
posture of the trunk, another specific adaptation of the locomotor apparatus
to bipedalism, results in similar modifications of walking pattern.

These indications provide arguments to the fact that the erect posture has
evolved to optimize gait, allowing the CoM to vault over the supporting
straight limb. Indeed, based on the fluctuation of the mechanical energy of
the CoM, normal walking is often compared to an inverted pendulum model
based on the fluctuation of the mechanical energy of the CoM (Cavagna &
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Kaneko, 1977; Willems et al., 1995). Maintaining a flexed trunk during
walking potentially affects this pendulum-like mechanism as it modifies the
position of the CoM and the limb posture during stance. Here, when
comparing normal walking and walking with a 40 deg trunk inclination, we
found a significant decrease of the energy transduction between E, and Ex
(%R) and with it a medium effect (ES=0.56) on the mechanical work done to
move the CoM (W) (Fig. 2.5B). Furthermore, the pattern of walking with
imposed trunk flexion is more similar to that of bipedal chimpanzee gait than
to normal walking. Indeed, the kinematics and mechanics of walking with
imposed trunk flexion overlap widely with the gait pattern of chimpanzee
bipedal walking. Chimpanzees walk with a crouched posture with flexed
limbs (Johnson et al., 2022) and similar CoM mechanics and recovery rates
can be observed for chimpanzee bipedal walking (Demes et al., 2015).
Understanding the link between posture and gait mechanics across different
species may help researchers better interpret the effects of evolution on
bipedal walking.

More surprisingly, the opposite was observed when comparing normal with
walking with a 10 and 20 deg flexed trunk, i.e. an increase in %R and a
decrease in Wext. This last result suggests that the recovery of energy only
gives partial information concerning the metabolic cost of walking as the
collisional loss occurring at contact is more likely to be a better determinant
of the cost of locomotion. Nevertheless, it allows a better understanding of
the mechanical— bioenergetic interaction of walking. In general, humans tend
to prefer economical walking patterns. However, (L. C. Hunter et al., 2010)
showed that when walking on a shallow downbhill slope, their participants did
not take optimal advantage of the propulsion provided by gravity to decrease
energetic costs, but instead preferred a more stable and costlier gait pattern.
Here, it could be that, because of the shift in the hip relative to the foot, a 10
and 20 deg trunk flexion allowed the participant to take advantage of the
propulsion provided by gravity and thus to reduce the mechanical cost of
walking at the expense of stability. When the trunk becomes more flexed, it
can be observed that Ex and E, become more in phase after foot contact (Fig.
2.5A). This suggests that the pendulum-like exchange is progressively
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reduced, and other mechanisms such as elastic energy storage potentially
come into play (Dewolf et al., 2016).

In conclusion, this research sheds light on the impact of trunk flexion on gait
dynamics and its neuromuscular control. The study reveals that even subtle
changes in trunk orientation, as observed in older adults (Dewolf, Sylos-
Labini, Cappellini, Ivanenko, et al., 2021; Dewolf et al., 2022), lead to
adjustments in lower limb kinematics, step-to-step transitions, GRFs and
lower- limb muscle activation patterns (Fig. 2.6B). Notably, increased trunk
flexion introduces mechanical challenges as a result of the modification of
CoM position (Miiller et al., 2017). These findings underline the complex
interplay between mechanics and neural control of gait, enhancing our
understanding of human bipedal walking and its biomechanical
underpinnings.
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CIL: Co-activation index
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Ex: Kinetic energy of the CoM
EMG: Electromyography
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ES: Erector spinae
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GREF: Ground reaction force
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tsDCS: Trans-spinal direct current stimulation
VL: Vastus lateralis
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External mechanical work

Young adults

70



Abstract

Background: Exercise induces neural and muscular adaptations, improving
muscle mass and function in older adults. We investigated its impact on gait
neuromuscular control in young and older adults, classified as more active
(young: n=15, 5185 + 1471 MET-min/week; old: n=14, 6481 + 4846 MET-
min/week) or less active (young: n=14, 1265 + 965 MET-min/week; old:
n=14, 1473 + 859 MET-min/week). Isometric maximal voluntary torques
were assessed for proximal (knee) and distal (ankle) extensors, and muscle
mechanical properties of these muscles were assessed using Myoton. Gait
was analysed using ground reaction forces, motion capture, and
electromyography. Less active older adults exhibited shorter steps, higher
mechanical cost, and greater collision at heel strike. These differences were
linked to altered neuromuscular control, wider activation of lumbar and sacral
motor pools, different activation timing, and reduced muscle-tendon stiffness.
Our findings highlight that physical activity preserves neuromuscular control,
muscle mechanical properties, and gait efficiency, mitigating age-related
decline.
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Introduction

With extended life expectancy, the loss of mobility of older adults has
dramatic individual and societal impacts. Among the many factors
contributing to frailty (e.g., metabolic, hormonal, and immunological
changes), the loss of muscle mass and strength (Akima et al., 2001; Hyatt et
al., 1990), alterations in connective tissue properties (Graga et al., 2023), and
neurodegenerative changes (Rygiel et al., 2016b) play a key role in the decline
of mobility and functional capacity in older adults. These neuromuscular
alterations result in an increased metabolic rate of locomotion in older adults,
associated with a loss of independence and an increased risk of morbidity and
mortality (Cooper et al., 2010, 2011; Guralnik et al., 1995; Studenski et al.,
2011).

Several age-related modifications of the muscle and tendon tissues have been
described, such as loss of muscle fibres (Lexell, Henriksson-Larsén, et al.,
1983; Lexell, 1995; McPhee et al., 2018), a shift in muscle fibre type
distribution (Williamson et al., 2000), modification of the tendon and muscles
cross-sectional area (Lexell & Taylor, 1991a; Stenroth et al., 2012) or changes
in the stiffness and viscoelastic properties of tendon and muscles (Akagi et
al., 2015; Cekok et al., 2024; Lim et al., 2019; Sendur et al., 2020; Stenroth
et al,, 2012), associated with histological changes such as impaired
connective tissues or myosteatosis. The decrease in muscle-tendon unit
performance has an impact on mobility of the older adults. For example, older
adults redistributed lower extremity joint moment and power compared with
young people in walking (DeVita & Hortobagyi, 2000; Silder et al., 2008),
so-called biomechanical plasticity. The scientific community (Boyer et al.,
2023; Delabastita et al., 2021; DeVita & Hortobagyi, 2000; Franz, 2016;
Franz & Kram, 2013; Gueugnon et al., 2019a; Kerrigan et al., 2000;
McGibbon, 2003; Winter, Patla, et al., 1990) most often points to a reduction
in mechanical power generated by the plantar flexor muscles during the push-
off phase of walking as the hallmark biomechanical ageing features of gait.

The decline in mobility and functional capacity in older adults is influenced
by multiple factors, including muscle weakness, changes in connective tissue
properties, and neurodegenerative processes. While the reduction in ankle
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muscle contractile performance significantly affects mobility (Marcucci &
Reggiani, 2020), other neuromuscular factors also play a crucial role
(Aagaard et al., 2010; S. K. Hunter et al., 2016). In particular, age-related
changes in spinal motoneuron activity impact force production and movement
control. Older adults exhibit altered motoneuron recruitment and firing
characteristics (Hassan et al., 2021a; Orssatto et al., 2022), leading to reduced
muscle function. Additionally, age-related modifications in spinal segmental
output—such as broader motoneuron activation patterns, increased co-
activation, and differential impairment of caudal versus rostral segments—
may contribute to changes in locomotor coordination and efficiency (Dewolf
et al., 2021a, 2021b; Nufez-Lisboa et al., 2023). Decoding these
neuromuscular changes is essential for understanding their contribution to
gait adaptations in aging and may be essential for linking the modification of
output with neuromuscular degeneration and the firing characteristics of
motoneurons.

High physical activity level is crucial for enhancing physical fitness by
increasing muscle strength, and cardiopulmonary function and stimulating
metabolic activity (Chen et al., 2021; da Cunha et al., 2015; el Hadouchi et
al., 2022; Kraemer, Adams, et al., 2002; Markov et al., 2022; Pour et al.,
2017), decreasing risk of disability (Reid & Fielding, 2012). Regular physical
activity plays a role in increasing/maintaining muscle mass, strength, power,
and functional capacity in older adults, but it also modify age-related changes
in motor unit structure and function across the life span (Cogliati et al., 2020;
S. K. Hunter et al., 2016). For example, exercise promotes various metabolic
responses and morphological reconfigurations in the neuromuscular junction
of older adults(Rogers & Nishimune, 2017), decelerating or even reversing
neuromuscular junction degeneration (Q. Wang et al., 2024). On the contrary,
less regular physical activity among older adults may exacerbate age-related
differences between young and older adults, for example in muscle activation
(Harridge et al., 1999). However, enhancing physical capacity alone may not
be sufficient to mitigate the age-related decline of the neuro-muscular system.
Indeed, increasing the physical activity of older adults via resistance training
fails to directly translate to improved propulsive power generation in walking
(Beijersbergen et al., 2013). Similarly, Brach et al. (2013) assert that

Chapter 111 73



multicomponent impairment-based walking exercises, while beneficial for
strength, flexibility, and endurance, don't always lead to better walking ability.
Also, a higher level of physical activity in older adults did not mitigate the
age-related modification of kinematic coordination and distal-to-proximal
redistribution (Boyer et al., 2012), referring to the shift in mechanical work
and power generation from distal joints (such as the ankle) to more proximal
joints (such as the hip) during walking (Franz, 2016), suggesting that there
remains a gap in understanding the biomechanical adaptations that physical
activity levels may induce in gait mechanics across aging (Beijersbergen et
al., 2013).

While a large body of literature has focused on the role of physical activity in
preserving mobility, it is still difficult to disentangle the influence of
biological aging from that of physical activity on the subsequent changes in
the neuromuscular system. To address this question, we recorded data from
both older and younger participants, divided according to their weekly
physical activity levels. After evaluating the static balance, isometric strength
and the mechanical properties of ankle and knee extensors, we then compared
the mechanics and neuromuscular control of gait. The purpose of this study
was to shed light on contributors to the age-related changes in biomechanical,
physiological, and motor control adaptations of gait. We first hypothesized
that a clear effect of aging on muscular mechanical properties, maximal
isometric forces and neuromuscular control of gait would be observed. Also,
we tested the hypothesis that more active older individuals exhibit a “slowing
down” in the natural aging process of the neuromuscular system.

Materials and methods
Participants

Fifty-nine healthy young and older adults (& = 39, ¢ = 20) participated in
this study. Both age groups were divided into two groups (less and more
active), according to the median level of physical activity, measured through
the Global Physical Activity Questionnaire (GPAQ) (Fig. 3.1). A modified z-
score using the median and Median Absolute Deviation (MAD) was applied
to provide a robust classification of participants into "Less Active" and "More
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Active". The four groups’ characteristics are presented in Table 1. Sample size
was based on an a priori power analysis (effect size = 0.4, power >80%) from
Dewolf et al.(A. Dewolf, Sylos-Labini, Cappellini, Ivanenko, et al., 2021),
based on unpublished correlation between physical functioning and step
period. Our test indicated that 12 subjects per group would be sufficient. The
inclusion criteria were the following: ability to walk a kilometre, no
locomotor system injury complaints and no previous history of neurological
disorders. All participants provided informed consent, and the procedures
used for this study were approved by the ethics committee of the Université
Catholique de Louvain (Belgian Registration Number: B403201524765) and
adhered to the Declaration of Helsinki.
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Fig. 3.1. Group classification based on physical activity levels. Left panel: Distribution of
physical activity levels in MET-min/week in young (red dots) and older adults (blue dots),
classified using the Global Physical Activity Questionnaire (GPAQ). Older adults had a
broader distribution of activity levels compared to the younger group. A modified Z-score
was applied to normalize activity levels. In this way, participants with a positive/negative
adapted Z-score were classified as more/less active. Right panel: Boxplot displaying the
average MET-min/week scores per group. The statistical significance of the differences
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between groups was assessed using the Kruskal-Wallis test. The asterisks indicate post hoc
comparisons between groups (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Table 3.1 Subject characteristics grouped based on their age and level of

physical activity.

Young adults Older adults
variable Less active More active Less active More active
n 16 15 14 14
Age (years) 26.7+4.0 255+£2.0 73.1+£5.5 69.5+2.5
Height (cm) 178.8+8.6 179.4 £ 8.8 169.7+9.7 174.0+£9.3 +
Weight (kg) 73.2+£10.8 729+8.5 722 +15.9 76.3 £13.6
BMI (kg m?) 23.1+44 227+1.9 249+3.6 25.0+3.0
Knee extensor
strength (N 194.0 £48.8 203.7+54.4 119.9£40.5 150.7 £37.5 +
m)
Ankle
extensor
strength (N 47.8+25.2 65.0+19.7 30.7+12.6 35.8+10.3 +£
m)
Met-
min/week 1265 + 965 5185+ 1471 1473 + 859 6481 + 4846 £

Table N° 3.1 presents the characteristics of the young and older adult participants, grouped
as either less active or more active based on their MET-min/week values. The variables
include age (years), height (mt), weight (kg), body mass index (BMI) (kg/mt’), knee extensor
strength, and plantar flexor strength (N.m). The values are reported as means with
corresponding standard deviations (). Significant effects of age, physical activity level (Pal),
and their interaction (Age*Pal) are noted with the symbols +, £, and §, respectively.

Experimental procedure and data collection

Postural control and gait analyses were conducted using an instrumented
treadmill (H/P Cosmos-Stellar treadmill, Germany, belt surface: 1.6 x 0.65 m)
equipped with four force transducers (Arsalis®, Belgium). The transducers
were placed under the body of the treadmill, the force transducers measured
the three components of ground reaction force (GRF) exerted by the treadmill
belt under the foot (Willems & Gosseye, 2013): F,, F, and Fy, respectively the
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vertical, fore-aft, and lateral components of the GRF. Data were sampled at a
frequency of 1000 Hz.

Electromyographic (EMG) muscle activity from 12 muscles on the right side
of the body was captured at a frequency of 2048 Hz using a Delsys Trigno
Wireless System (Boston, MA). The muscles registered were the ES at the L2
level, the TFL, the Gmed, the vastus medialis (VM), the vastus lateralis (VL),
the RF, the TA, the ST, the BF, the GL, the GM, and the SOL. Prior to
electrode placement, the skin was prepared by shaving and cleaning with fine
sandpaper, ether, and alcohol following guidelines from SENIAM (the
European project on surface EMG—seniam.org). To ensure accurate
placement, the muscle bellies were located by palpation, and electrodes were
aligned with the main direction of the muscle fibres (66). Electrode placement
and signal quality were verified through visual inspection of EMG signals
while participants contracted each muscle. EMG data and kinetic
measurements were synchronized using a Delsys Trigger Module. Bilateral,
full-body three-dimensional kinematics were recorded using a Qualisys
system (Gothenburg, Sweden) equipped with 14 Oqus 600+ cameras and 4
Miqus M3 cameras placed around the treadmill. Participants were equipped
with 20 retro-reflective markers, placed bilaterally on specific anatomical
landmarks: neck, shoulders, wrists, posterior superior iliac spines, anterior
superior iliac spines, greater trochanters, knees, malleoli, elbows, and the fifth
metatarsal bones, according to the Qualisys sports marker set disposition.

The participants were first asked to stand on an Instrumented treadmill to
perform a static balance test. They stand with their feet together, eyes closed,
for 30 seconds each. During the test, they were instructed to maintain their
arms relaxed at their sides, avoid compensatory movements, and stand as still
as possible. The forces exerted by the ground on the feet of the participant
during standing were measured on the instrumented treadmill. From the GRF,
the lateral and fore—aft positions of the centre of pressure (CoP) were
computed as follows:
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Where Fy, Fy, and F, are the lateral, fore-aft, and vertical components of the
GRFs; Mx and My are the moment components in the force transducer
coordinate system; and h is the vertical distance between the force transducers
and the tread surface (A. H. Dewolf et al., 2018). The range of CoPx and CoPy
oscillation was then determined.

Following the balance test, biomechanical properties of the gastrocnemius
medialis (MG) and rectus femoris (RF) were measured using a handheld, non-
invasive MyotonPRO device (Myoton AS, Tallinn, Estonia). Specifically, we
measured these muscles ‘dynamic stiffness and dampening (logarithmic
decrement) by applying a mechanical impulse and recording the muscle’s
response (Garcia-Bernal et al., 2021b). We measured the biomechanical
properties of the rectus femoris (RF) and gastrocnemius medialis (GM) at
locations where reliability has been previously confirmed. Specifically, the
RF was measured at two-thirds of the distance between the anterior superior
iliac spine (ASIS) and the superior pole of the patella(Agyapong-Badu et al.,
2016) and the GM was measured at the most reliable site identified by Nguyen
et al(Nguyen et al., 2024). Five successive measurements were taken for each
muscle, while participants were standing still. Subsequently, the participants
were asked to walk wearing their shoes on an instrumented treadmill at 1.11
m s! (4 km h'"). The selected walking speed was similar to the one used in
our previous studies on older adults (Dewolf, Sylos-Labini, Cappellini,
Ivanenko, et al., 2021; Dewolf, Sylos-Labini, Cappellini, Zhvansky, et al.,
2021a; Dewolf et al., 2022; Meurisse et al., 2019b) and was reported as the
comfortable and economical average walking speed based on the net energy
consumption (Cavagna & Kaneko, 1977). Before starting data collection of
walking, participants familiarized themselves with treadmill walking through
multiple trials with verbal feedback from the experimenter. After the
familiarization period, we gradually ramped up the treadmill to 4 km h™! and
then waited at least 30 seconds before starting the kinematics, GRF and
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electromyographic data acquisition. On average, 28.1 = 2.9 (mean + SD)
strides were analysed per participant.

After completing the walking trial, the participants performed Isometric
Maximal Voluntary Torque (IMVT) measurements for the knee and ankle
extensors. The isometric strength tests were performed using a 1D strain
gauge (Arsalis®, Belgium) to measure torque(Mesquita et al., 2020), on a
custom-designed table equipped with adjustable straps. The IMVT protocol
began with a warm-up, during which participants performed incremental
repetitions. Following the warm-up, the participants were instructed to exert
their maximum effort for 6 seconds. Three trials were recorded, and the
highest torque was analysed. The IMVT data were sampled at 500 Hz. For
the knee extensor torque measurements, participants were seated with their
hips, knees and ankles positioned at a 90° angle, secured with adjustable
straps, and a rigid rope was fixed horizontally between the ankle and the
gauge fixed on the wall (Nordin et al., 2020). For ankle extensor torque, the
participants were seated in the same position, but with the shank fixed
vertically using adjustable straps. A rigid rope was fixed vertically between
the fifth metatarsal and the strain gauge, fixed on the wall. Participants were
instructed to avoid trunk flexion to ensure accurate torque measurements. The
protocol and setup were adapted from Dragoi et al. (Dragoi et al., 2022).

Data analysis

Division of the stride: The first instant of FC and the toe-off (TO) events were
estimated from the displacement of the centre of pressure on the belt
(Meurisse et al., 2016b). The FC and TO were automatically identified based
on the computation of dpam, Which represents the difference between the CoP
trajectory and a straight-line approximation connecting its initial and final
positions within a step cycle (Meurisse et al., 2016b). A stride was delimited
by two successive right FCs. A step was defined as the interval between one
leg’s FC and the contralateral leg’s FC. Stance phases were measured as the
time between FC and TO of the same leg.

Posture: The lateral (CoPx) and anteroposterior (CoPy) displacement of the
centre of pressure (CoP) were analysed for 30 seconds standing with closed
eyes. A 4M-order low-pass Butterworth filter was applied with a 20 Hz cut-off
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frequency (A. H. Dewolf, Ivanenko, Mesquita, & Willems, 2021).
Specifically, the ranges of CoP displacement in both directions (CoPx and
CoP,) were determined as two standard deviations (%1 s.d.) of the time series,
following the approach described by Dewolf et al., 2021a, providing a
measure of the postural oscillation around the average position of the CoP.

Walking kinetics: Data were recorded at a sampling rate of 1000 Hz. The fore-
aft and vertical velocity of the CoM were determined from the fore-aft and
vertical components of the GRF using the procedure described in detail in
Dewolf et al. (2016). In short, the fore-aft acceleration of the CoM was
calculated as a= F¢/m, where m is the subject’s body mass. The vertical
acceleration of the CoM was calculated as ay= (Fy-m g)/m, where g is the
acceleration of gravity. The vertical (V) and the forward velocity (Vr) of the
CoM were calculated by time-integration of ay and ar, respectively, plus an
integration constant, which was computed so that the average velocity over a
stride was equal to zero. The vertical and forward displacements of the CoM
(Sv and Sg, respectively) were then computed by time-integration of Vy and
V.

The energy of the CoM (Ecom) Was computed as the algebraic sum at each
instant of its gravitational potential energy (E,= m g Sy) and its kinetic energy
(Bx= %2 m (V@ +V,?)). The work done to move the CoM relative to the
surroundings (Wext) was then computed as the sum of the positive increments
of Ecom (Cavagna et al., 1976). The energy transduction between E, and Ex
was estimated from the relative amount of energy saved over a step (%
recovery):

Wi + W, — Wy ,

100
Wi + W,

Y%recovery =
where Wi and W, correspond to the sum of the positive increments of Ex and
E,, respectively. The external power Pecom was computed as Peom= dEcom/dt.
During a walking stride, the Pcom time-curve typically shows one major
negative peak (W) and two major positive peaks ( W*; and W*), known as
collision and propulsion, respectively (A. H. Dewolf, Ivanenko, et al., 2019b).
The maximum values of these peaks were measured for all trials.
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Kinematics: Kinematic data were recorded at a sampling rate of 240 Hz and
later oversampled during post-processing to 1 kHz, to match the kinetic
sampling frequency. The elevation angle of each segment (trunk, thigh, shank,
and foot), defined as their orientation relative to the vertical (Borghese et al.,
1996; A. H. Dewolf et al., 2018) were computed, with 0° corresponding to
alignment with the vertical axis during walking. Joint angles for the hip, knee,
and ankle were calculated based on the relative orientation between adjacent
segments. Each stride was interpolated over 400 points, time-normalizing the
data across all trials for each subject.

EMG: The 12 raw EMG signals were resampled at 1000 Hz to match the
sampling frequency of the kinetic data. The signals were high-pass filtered at
30 Hz, then rectified, and subsequently, low-pass filtered using a zero-lag 4th-
order Butterworth filter at 10 Hz. Additionally, a semi-automatic artefact
detection procedure was implemented. A notch filter at 50 Hz was applied to
remove frequency-related artefacts, such as power line interference and its
harmonics. Then, gait cycles containing evident artefacts, such as signal loss
or saturation due to sensor detachment, were manually excluded following
visual inspection. Finally, an outlier detection method was applied: individual
gait cycles were flagged for further review if their correlation coefficient with
the ensemble-averaged EMG envelope fell below 0.6, indicating substantial
deviation from the typical signal pattern (Zhvansky et al., 2022). The time
scale was normalized by interpolating each gait cycle to 400 points. The root
mean square (RMS) of each EMG signal was then computed as a measure of
overall muscle activation amplitude across the gait cycle. For each condition,
the FWHM was determined as the duration during which the EMG activity
exceeded half of its maximum value (Martino et al., 2014; Santuz et al.,
2020). The centre of activity (CoA) of each EMG signal was measured as an
estimation of the timing of activation. The CoA during the gait cycle was
calculated using circular statistics (Batschelet, 1981) and plotted in polar
coordinates (polar direction denoted the phase of the gait cycle, with angle o
that varies from 0 to 360°).The CoA of the EMG waveform was calculated as
the angle of the resultant vector (i.e., the first trigonometric moment) pointing
to the center of mass of the circular distribution of EMG activity relative to
the gait cycle (Martino et al., 2014), computed as:
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A = Y20 (cos a X EMG)),
B = 5i2(sina;X EMG)),
CoA = tan"1(B/A)

where EMG; represents the EMG amplitude at each phase of the gait cycle.
The CoA was preferred, as identifying a clear peak of activity was impractical
for most muscles (Martino et al., 2014).

The EMG activity was then mapped onto the rostro-caudal positions of the
MN pools in the human spinal cord, ranging from segments L2 to S2. This
mapping followed the myotomal charts of Kendall et al. (F. Kendall et al.,
2005), based on the approximate rostro-caudal location of MN pools
innervating different muscles in the human spinal cord. In general, each
muscle is innervated by several spinal segments. To reconstruct the output
pattern of any given spinal segment S;, all rectified EMG waveforms
corresponding to that segment were averaged as:

"
. = Ziza ki EMGi

j "y J
where nj is the number of EMG; waveforms corresponding to the j' segment,
kij is the weighting coefficient for i muscle (from Kendall’s chart). The
assumption implicit in both methods is that the rectified EMG provides an
indirect measure of the net firing of MNs of that muscle in the spinal cord. To
compute the total motor output for each condition, the motor output patterns
across the gait cycle were summed across the lumbar, sacral and all spinal
segments. The mean activation of the lumbar (L2 to L5) and sacral (S1 to S2)
segments was computed by averaging the motor output patterns for each
region. Finally, the FWHM and the CoA were calculated for both lumbar and
sacral segments. The co-activation index (CI) was assessed between the
lumbar and sacral segments using the following formula (Mari et al., 2014;
Rudolph et al., 2000):

_ Z;L()f [lumbarj +sacral]-]/Z}X[Lumbar]-/sacralj]

CI )
400
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where sacral and lumbar represent the mean activation of the segments during
the stride. The CI was then averaged over the entire gait cycle (j = 1:400),
providing an estimate of the co-activation over the entire cycle. High CI
represent a high level of activation of both spinal segments across a large time
interval, whereas low CI indicate either a low-level activation of both
segments or a high-level activation of one segment along with low-level
activation of the other one. Spinal-level co-activation provides a functional
representation of neuromuscular output, as previously used to assess age-
related co-activation(Dewolf et al., 2021b).

IMVT: A custom-made MATLAB script was utilized to accurately determine
the peak force generated during the 6-second maximal voluntary contraction
(MVC) trial. The script processed the raw data, applying a low-pass filter at
20 Hz. After filtering, the peak torque was identified as the maximum force
maintained for at least half a second. This approach avoids the detection of a
short peak of force, providing a precise measurement of the participant's
maximal torque output during the isometric test. The lever arms were
measured using anthropometers.

Statistics

For each dependent variable (stance duration, step length, external work of
the CoM, recovery, peak negative power, peak positive power 1 and 2 of the
CoM, amplitude of CoPx and CoPy, elevation angles, joint kinematics, foot
angle at touchdown, peak knee flexion, muscle activation metrics (RMS,
FWHM, CoA), spinal motor outputs, co-activation index, myoton properties,
and IMVT torque measurements), the normality of the residuals was visually
assessed using QQ plots. For variables that did not meet the normality
assumption, a logl0 transformation was applied, and normality was
confirmed afterwards. A mixed-effects model was performed with age (young
vs. older adults) and physical activity level (less vs. more active) as fixed
effects. A post-hoc Fisher LSD multiple comparisons test was used to evaluate
differences between age groups and levels of physical levels. The interaction
between the fixed effect was reported if it was significant. All statistical
analyses were conducted using SPSS 23 (IBM, USA) with an alpha level of
0.05.
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Results

Some small differences in subject characteristics were found between groups,
presented in Table 3.1. Subjects physically more active were slightly younger
than less active ones (F1,55 = 2144.0, p< 0.001; Fy 55 = 6.0, p= 0.017). Older
adults were on average shorter than young adults (Fis55 = 8.6, p= 0.004).
Regarding the subject’s weight, no significant differences were observed
between groups (p> 0.743). However, the BMI was slightly lower in more
active individuals (F1,55 = 4.0, p=0.049), while age (F1,55 = 0.3, p=0.579) had
no effect. More importantly, no effects of age (Fiss = 0.9, p= 0.334) or
interaction (F155 = 0.4, p= 0.511) were observed on the classification using
the estimated MET-min/week.

Muscular properties

The maximal isometric torques were affected by age (Fig. 3.2A). Indeed, both
the knee and ankle extensor strength were smaller in older adults compared
to young participants (knee: Fi 55 = 27.5, p< 0.001; ankle: Fis55 = 26.9, p<
0.001). No difference was observed in knee extensor torque as a function of
physical activity level (Fi55s = 2.7, p = 0.107). However, an effect of level of
activity was observed on plantar flexor torque (F1,55 = 6.2, p=0.020), with the
more active participants being stronger.

A. Maximal isometrical torque B More active
Less active
Knee extensor Ankle extensor

Strain gauge

Fig. 3.2A Maximal isometric torque. A. Maximal Isometric Torque: the schematics illustrate
the participant’s position and the orientation of the strain gauge fixation, which varies
depending on the muscles being assessed. The bar plots represent the maximal isometric
torque of knee extensors and ankle extensors for each group. In each subplot, the bars
represent the group mean, whereas the open circles indicate individual data. A significant
effect of age, physical activity level, and their interaction are indicated with the symbols +,
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£, and 3, respectively. The asterisks indicate post hoc comparisons between groups (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

When comparing the mechanical properties of knee and ankle extensors, the
stiffness of both rectus femoris and gastrocnemius medialis decreased with
age (RF: Fi1326 = 101.8, p < 0.001; GM: Fi326 = 5.5, p = 0.019). Instead, the
tissue dampening increased for both muscles with age (RF: F1 326 = 199.0, p<
0.001; GM: F1326 = 169.9, p<0.001). The physical activity level significantly
influenced both stiffness (RF: Fi326 = 76.4, p< 0.001; GM: F1326 = 21.7, p<
0.001) and tissue dampening (RF: Fi326 = 6.8, p= 0.009; GM: F1326 = 10.5,
p= 0.001;). The active participants exhibited higher muscle stiffness and
lower tissue dampening. Regarding stiffnesses, the effect of physical activity
level was more pronounced in young adults (interaction: RF: Fi 326 = 8.1, p=
0.005; GM: F1326 = 4.9, p=0.027) (Fig. 3.2B).
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Fig. 3.2B. Mechanical properties: The stiffness (N/m) and damping (a.u.) of the rectus
femoris (RF) and gastrocnemius medialis (GM) muscles were measured using the
MyotonPRO device. The upper schematic illustrates the tissue acceleration following the
brief impulse applied by the MyotonPRO, which records the subsequent oscillatory response
of the tissue. The peak a: represents the initial acceleration peak and a: represents the
decaying oscillations as the tissue returns to its resting state. In each subplot, the bars
represent the group mean, whereas the open circles indicate individual data. Other
information as in Fig. 3.24.

Static balance

The average centre of pressure (CoP) displacement during standing was
compared between groups (Fig. 3.2C.). The lateral displacement of the CoP
was not influenced by age or physical activity level (Age: Fis4 = 2.4, p=
0.121; physical activity level: Fis4 = 0.1, p= 0.710). Regarding the
anteroposterior displacement of the CoP, greater displacement was observed
in older adults (Fi54 = 4.0, p= 0.050), but the level of activity did not affect
the static balance (F1,54 = 0.56, p=0.457).

C. Posturography
Bl More active
Less active
Lateral displacement Antero-post displacement
+
30
Y,
e
Centre of pressurt

Fig. 3.2C. Posturography: The CoP displacement was measured in both lateral (X) and
anteroposterior (Y) directions. The bar plots indicate the average lateral and anteroposterior
displacement in each group of participants. In each subplot, the bars represent the group
mean, whereas the open circles indicate individual data. Other information as in Fig. 3.24.
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Gait mechanics

Figure 4.3 illustrates a typical trace of the centre of mass (CoM) energy
fluctuation and the time course of the instantaneous recovery within one stride
in each group. Older adults walked with shorter steps (F1,55 =32.8, p<0.001).
Interestingly, the effect of age was greater for less active participants
(physical activity level: Fiss = 8.4, p= 0.005; interaction: Fis55 = 4.4, p=
0.040), with the less active older adults displaying significantly shorter step
lengths compared to the more active ones. Similarly, the stance phase was
smaller in older adults (F1,55 =29.6, p<0.0001), and in less active participants
(F155=4.1, p=0.045).

The mechanical work required to sustain the motion of the CoM relative to
the surroundings (Wex) was not affected by the age (Fi55 = 3.8, p=0.056) or
physical level of the participants (Fiss = 2.7, p= 0.101). However, an
interaction between these two factors was found (Fis55 = 4.4, p = 0.040),
showing that in older adults, the mechanical cost of walking was higher in
less active individuals compared to the more active ones (post hoc: p=0.019).
Such difference in Wex can partially be explained by a reduction of energy
transduction between Ex and E,. Indeed, the %recovery was reduced in older
adults (F1,55 = 6.3, p=0.014) in less active participants (F1,55 = 8.8, p=0.004),
with a significant interaction between both fixed factors (Fi55 = 5.4, p=
0.023). In sum, as for Wex no difference was observed between less and more
active young adults (post hoc: p = 0.645), whereas the less active older adults
showed a significantly lower %recovery than the more active ones (p <

0.001).

The pattern of fluctuation of the CoM power during walking (Fig. 3.3B)
typically presents one major peak of negative power (W ™) and two major
peaks of positive power (W;*& W,") (Cavagna et al., 1976; A. H. Dewolf,
Ivanenko, et al., 2019b). The three peaks of power were affected by age
(W~:F155=9.5, p=0.003; W, : Fis55=14.5, p<0.001; W,t: Fiss=14.4, p <
0.001), with greater W~ and W;" and smaller W," in older individuals. No
significant effect of physical activity level was found (all p> 0.547), but an
interaction between age and the level of activity was significant for Wt (Fiss
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=4.9, p=0.030). The peak of power tended to be greater in older participants
less active compared to more active ones, whereas no differences were
observed between young adults less or more active (post hoc: p= 0.243).
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Fig. 3.3. Mechanics of walking. A. Mean traces of kinetic energy (Ex), potential energy (Ep),
and total mechanical energy (Ecom) versus time across one representative stride for each
group of participants. At the bottom, the bar plots indicate from left to right the average
stance duration (s), step length (m), external work to sustain the motion of the CoM (J kg*
m?), and the %recovery. B. Mean time curves of the external power of the center of mass
(Pcom) in each group of participants. Each trace displays one major negative peak (W,
collision) and two major positive peaks, Wi (weight acceptance) and W' (propulsion),
during a stride. The bar plots represent the average value of the three peaks of power. In all
panels, the grey shaded areas indicate the double-contact phases. The length of the trace
along the x-axis represents the mean stride time for each group. Other information as in Fig.
3.24.

Gait kinematics

The average lower-limb joint angles (hip, knee and ankle), as well as two
orientation angles (trunk and foot), were measured for each group of
participants (Figure 4.4A). In Figure 4.4B, we have highlighted 3 parameters
affected by age: the foot angle at touchdown, the mean trunk angle, and peak
knee flexion during stance. Indeed, compared to young adults, the foot at
touchdown was less dorsiflexed (F1,54 = 4.6, p= 0.036), the trunk was more
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inclined forward (F1,54 = 28.2, p< 0.0001) and peak knee flexion was greater
during stance (F1,54 = 4.7, p=0.033) in older adults. None of these angles was
affected by the level of physical activity (all p> 0.201). Nevertheless, an
interaction between the effect of age and physical activity level was
significant for the foot angle at touchdown (F154 = 8.5, p=0.005). Indeed, the
older adults more active had greater ankle dorsiflexion at touchdown
compared to less active ones (post hoc: p = 0.002), whereas no difference was

found between groups of younger adults.
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Fig. 3.4. Kinematics of walking. A. The stickman illustrates the different joint angles (hip,
knee, and ankle) as well as the two orientation angles (trunk and foot) measured in each
participant. The mean traces and standard deviations (shaded areas) of each angle over a
stride are presented. B. The bar plots present the average foot angle at touch down, the mean
trunk angle over a stride, and the peak knee flexion during stance in each group. Other
indications as in Fig. 3.2.

Muscle activity

Figure 4.5 shows the ensemble averages of rectified electromyographic
(EMG) envelopes for each group during one walking stride. When comparing
the root mean square (RMS) of each EMG, an average greater activation was
observed in older adults for all knee extensor and flexor muscles (vastus
medialis, vastus lateralis, rectus femoris, semitendinous, biceps femoris), and
also for tibialis anterior, and gastrocnemius lateralis (for all F> 6.2 and p<
0.016). Also, an effect of physical activity was observed for some muscles
(vastus lateralis: F153 =4.8, p = 0.032; tibialis anterior: F1 55 =4.0, p = 0.049;
gastrocnemius medialis: F155 = 6.1, p= 0.016), with a higher activation in
active individuals. Moreover, for the erector spinae, an interaction between
age and physical activity level was found (Fi54= 5.0, p = 0.029), with lower
activation in less active older adults compared to their more active peers (post
hoc: p=0.013). For the tibialis anterior, post hoc analysis revealed that older
adults in the more active group had higher activation than their less active
counterparts (p = 0.015), while no differences were found in younger adults
(p =0.785).
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Regarding the duration of EMG activation, measured based on the full width
at half maximum (FWHM) (Fig. 3.5B), longer bursts were observed in older
adults for a great majority of muscles ,erector spinae (ES), tensor fasciae latae
(TFL), the gluteus medius (GMED), rectus femoris (RF), tibialis anterior
(TA), semitendinosus (ST), long head of biceps femoris (BF), soleus (SOL)
(for all F> 6.2 and p<0.015). Instead, no effect of physical activity level (or
interaction) was found (for all F< 3.3 and p>0.071). The timing of activation
was also affected by age. Indeed, the ES, GMED and BF were activated later
in the stride in older adults (ES: Fi54 = 7.1, p= 0.010; GMED: F; 54 = 12.8,
p= 0.001; BF: Fis53 = 6.5, p= 0.013), whereas the ankle extensors were
activated earlier in stance (gastrocnemius lateralis: Fis5 = 10.4, p= 0.002;
GM: Fi155 = 7.7, p= 0.007; SOL: F154 = 5.8, p = 0.019). Again, no effect of
physical activity level (or interaction) was found on the timing of activation
(for all F< 1 and p>0.319).
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Fig. 3.5. Electromyography (EMG) activation patterns. A. Ensemble-averaged EMG curves
of the erector spinae (ES), tensor fasciae latae (TFL), gluteus medius (Gmed), vastus medialis
(VM), vastus lateralis (VL), rectus femoris (RF), tibialis anterior (TA), semitendinosus (ST),
biceps femoris (BF), gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and soleus
(SOL). The colored lines represent the ensemble-averaged EMG traces for each group, while
the shaded grey areas indicate the standard deviation. B. The bar plots represent, from top
to bottom, the root mean square (in uV), the full-width half maximum (FWHM, in % of stride),
and the center of activation (CoA, in % of stride) for each muscle and each group. The bars
correspond to the mean values, with vertical lines above each bar representing one standard
deviation. Other indications as in Fig. 3.2.

Spinal maps

The Figure 4.6A presents the EMG signals mapped onto the estimated rostro-
caudal location of the motor neuron (MN) pools in the spinal cord. The timing
of activation of the lumbar and sacral motor pools, estimated using the centre
of activity (CoA), was different between young and older participants
(lumbar: Fi 55 = 4.8, p = 0.032; sacral: Fi55 = 22.0, p < 0.001). Indeed, the
lumbar CoA occurred later whereas the sacral CoA occurred earlier. As a

Chapter 111 93



result, the delta between lumbar and sacral activations was reduced in older
adults (Fi55 = 23.4, p < 0.001). While no effect of physical activity was
observed on individual muscle activation patterns (Fig. 3.6), an interaction
was found between age and level of physical activity for the lumbar CoA
(Fi,55 = 15.6, p< 0.001), with less active older participants displaying a later
activation of the lumbar motor pools than more active elders (post hoc: p <
0.001), without difference observed between less and more active young
participants (post hoc: p = 0.082). In turn, the delta between lumbar and sacral
CoA was also smaller for less active older adults than more active ones
(interaction: Fi 55 = 8.8, p=0.003; post hoc: p = 0.003).

The burst durations of the spinal motor output were also affected by age, in
both lumbar (Fis55 = 12.2, p= 0.001) and sacral segments (Fis5 = 7.3, p=
0.008). Most likely due to longer bursts, the co-activation level (CI) between
the lumbar and sacral motor pools was greater in older adults (Fi55s =21.4, p
< 0.001). While no effect of physical activity level on burst duration was
found in both spinal levels (p > 0.05), the co-activation was higher in less
active individuals (F1,55 = 4.7, p = 0.034), with a higher CI in less active older
adults than more active ones (post hoc: p = 0.029).

The mean activity of both the lumbar and sacral segments was higher in older
adults (F155 =26.6, p < 0.001; F155 =21.8, p < 0.001), but the ratio between
lumbar and sacral activation was similar in both age groups (Fi 55 = 3.9, p=
0.053). No significant effect was found for the physical activity level in the
mean activation of the spinal segments (lumbar: Fi 55 = 0.7, p = 0.616; sacral:
Fis55 = 0.7, p = 0.384) or in the ratio between lumbar and sacral activation
(F1,55 = 0.002, p = 0.966).
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Fig. 3.6. Spinal motor outputs. A. Unilateral spatiotemporal spinal motor outputs computed
from ensemble-averaged EMGs for all participants of each group. The total, lumbar, and
sacral activation levels are also depicted as traces below the heat maps for each group,
relative to the gait cycle. B. Bar plots show the center of activation (CoA, in % of stride) for
the lumbar and sacral segments and the delta between lumbar and sacral CoA. Also, the full-
width half maximum (FWHM, in % of stride) for both spinal regions, and the coactivation
index (CI, %) between lumbar and sacral activations are presented. Finally, the mean
activation levels (in uV) of lumbar and sacral outputs, along with the ratio between lumbar
and sacral mean activation are displayed. Other indications as in Fig. 3.2.

Discussion

In this study, we provide new insights into how a higher level of physical
activity can influence the age-related changes observed during walking. Gait
in older adults is often characterized by a shorter step length, greater
metabolic cost, and distal-to-proximal joint effort redistribution. Our results
show that the less active older subjects significantly decrease their step length,
increase the power at collision via proximal joints and increase their
mechanical work during walking (by about ~20% relative to young adults;
Fig. 3.3A) relative to more active individuals. While we confirm our
hypothesis regarding the impact of aging on muscle mechanical properties
and maximal strength, relatively few changes are observed between the most
active individuals and the more sedentary ones. However, a modification in
spinal motor output was observed in less active individuals, showing an
accentuation of the previously documented effect of aging.

The metabolic cost of walking is an important variable of daily life that has
been studied extensively. In systematic reviews, Das Gupta ef al. (2019) and
Aboutorabi ef al. (2016) showed that the average net cost of walking was
~20% higher in older adults, associated with a loss of independence and an
increased risk of morbidity and mortality (Cooper et al., 2010, 2011; Guralnik
et al., 1995; Studenski et al., 2011). Previous studies have found that
mechanical work does not explain the increase in the metabolic cost of elderly
walking since no significant changes have been observed (Mian et al., 2006;
Ortega & Farley, 2007). Considering only the effect of age, we did not
observe any significant change in mechanical work between younger and
older individuals (Fig. 3.3A). However, considering the level of physical
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activity, we observed a 20% increase in mechanical work in less active older
adults. This change can partly be linked to a decrease in the pendular
mechanism of walking in less active older adults (Fig. 3.3A).

In a previous publication, we reported a similar reduction of energy
recovery in older adults unable to accelerate the centre of mass forward and
upward before double stance because of a lack of trailing leg push-off at the
end of stance (Dewolf, Sylos-Labini, Cappellini, Zhvansky, et al., 2021a;
Dewolf et al., 2022). Consequently, the centre of mass accelerates after the
foot contact of the leading limb (Meurisse et al., 2019b). Similarly, our results
showed that the phase of negative power (W ~) occurring after collision with
the ground, followed by a first phase of positive power (W;") were higher in
older adults, and specifically in less active ones (Fig. 3.3B). Both contribute
to the vertical redirection of the centre of mass after foot contact (FC), via
greater eccentric energy at the knee extensors of the leading limb (Lay et al.,
2006; Monaco & Micera, 2012) and were designated as the collision phase
(A. H. Dewolf, Ivanenko, et al., 2019b). Also, a reduction of the second phase
of positive power (W,") was reduced in older adults, suggesting a reduction
of ankle propulsion in late stance (DeVita & Hortobagyi, 2000; Silder et al.,
2008). Such distal-to-proximal redistribution with age has garnered
considerable scientific attention for nearly 50 years (Delabastita et al., 2021;
DeVita & Hortobagyi, 2000; Franz, 2016; Franz & Kram, 2013; Gueugnon et
al., 2019a; Kerrigan et al., 2000; McGibbon, 2003; Winter, Patla, et al., 1990),
most often consider as the hallmark biomechanical ageing features of gait.

While one might expect to observe a change in propulsive force in more active
individuals, the age-related reduction of propulsion was similar between
groups. Similarly, it has been shown that resistance training consistently
improves muscle strength and mitigates sarcopenia but fails to directly
translate to improved propulsive power generation in walking (Beijersbergen
et al.,, 2013). Instead, the impact of physical activity level was mainly
observed during the collision phases (Fig. 3.3B). Such increase has been
associated with deviations from the specific adaptations of the locomotor
apparatus to bipedal gait, including the erect posture of the trunk (Nufiez-
Lisboa et al., 2024), straight leg during stance (Cavagna & Kaneko, 1977;
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Full & Koditschek, 1999), and heel-to-toe rolling pattern of the foot
(Mesquita et al., 2023; Usherwood et al., 2012). Our results showed that less
active older adults reduced the heel-to-toe rolling pattern, by decreasing
dorsal flexion at foot contact (Fig. 3.4B). Also, less active individuals tend to
increase knee flexion during stance and to increase the average trunk flexion
(Fig. 3.4). All these modifications of kinematic strategy have been related to
a greater impact under the leading limb during step-to-step transition
(Mesquita et al., 2023; Nufiez-Lisboa et al., 2024), as in older adults. These
alterations could stem from age-related declines in neuromuscular function,
and the nervous system may adapt by modifying motor strategies to enhance
stability and reduce the risk of falls.

Neural factors are likely to contribute as well to age-related motor impairment
(Nunez-Lisboa et al., 2023). For example, changes in control strategy
(Hortobagyi et al., 2011; Peterson & Martin, 2010a; VanSwearingen &
Studenski, 2014) have been reported in older adults. Indeed, compared to
young adults, older adults exhibited greater activation of lower-limb muscles
during walking (Schmitz et al., 2009), and higher co-activation of antagonist
muscles across the ankle and knee potentially contributing to joint stiffening
(Marques et al., 2013; Peterson & Martin, 2010a). In our results, we observed
a greater activation with age in tibial anterioris and gastrocnemius lateralis,
as well as in knee extensors and flexors (Fig. 3.5). Also, the timing of muscle
activation changed with age, being longer for both ankle flexor (TA) and
extensor (SOL) muscles, and knee flexors (ST, BF) and extensor (RF),
potentially increasing co-activation.

The greater muscle activation could be related to the decline in muscle
quality. Aging muscles weaken (Fig. 3.2B), which results in an increase in
activation and thus in more energy consumed per amount of force produced
(Delmonico et al., 2009; Goodpaster et al., 2006). In addition, following the
principle of motor unit recruitment, motor unit recruitment progresses from
slow-twitch to metabolically more expensive fast-twitch fibres at higher
activations (Bhargava et al., 2004). While the effect of age is in accordance
with previous published results, little to no modifications were observed in
older adults based on their physical activity level, except for EMG amplitude.
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Indeed, some muscles (TA, vastus lateralis, GM and ES) were more active in
less active individuals.

Interestingly, insights may be gained by looking into the recruitment and
organization of motoneurons during locomotion. The spinal maps, assessed
by mapping muscle activity onto the rostrocaudal location of motoneurons,
have already revealed specific characteristics of normal aging (Avaltroni et
al., 2024; Dewolf et al., 2021a, 2021b; Monaco et al., 2010; Nunez-Lisboa et
al., 2023). As compared to young adults, the motoneurons activation is
significantly wider in older adults and the delta between lumbar and sacral
activation is reduced. Indeed, the lumbar and sacral activity centres are closer
together (Fig. 3.6), inducing a higher co-activation. Such modification has
been related to the lack of late push-off prior to toe-off from the trailing leg
(Avaltroni et al., 2024; Dewolf et al., 2021b; Nunez-Lisboa et al., 2023). As
for kinematics, it’s interesting to note that we observed a deviation from the
two features of motoneuron activation that have been associated with the most
energy-efficient bipedal gait: 1) distinct bursts of activity in the lumbar and
sacral segments and 2) short burst durations relative to gait cycle duration
(Avaltroni et al., 2024).

While many age-related changes in gait patterns have been related to
physiological deficits in peripheral system function (Horak, 2006), our results
suggest that changes in the way the central nervous system coordinates the
movements also contribute. In addition, our results show that age-related
changes are amplified in older individuals with lower levels of physical
activity. For example, the CoA of lumbar motor pools occurred after touch
down in less active older adults, as compared to the other groups for whom
the activity on average occurred before touch down. It potentially reflects a
lack of anticipation before the collision with the ground, as reported earlier in
older adults with a higher risk of falls (Meurisse et al., 2019b). Also, greater
co-activation is observed between the activity of the two motoneuron pools
in older adults less active, compared to active ones (Fig. 3.6B). This co-
activation reflects the widening of spinal motor output, which has been
proposed as a conservative strategy aimed at maintaining gait stability
(Martino et al., 2015; Santuz et al., 2020). This seems to support our
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hypothesis that engaging in physical activity helps slow down the degradation
of the neuromuscular system. Indeed, it’s plausible that regular physical
activity may mediate the age-related changes in the central nervous system,
and in turn affects movement control strategy (Santuz et al., 2020; Y. Wang
etal., 2019).

The modification of control strategy is also coupled with other intrinsic
factors, such as weaker muscles and softer muscle-tendon units in older adults
(Monaco & Micera, 2012). Indeed, both knee and ankle extensor maximal
isometric torque was reduced with age (Fig. 3.2B), and individuals with less
physical activity displayed reduced ankle extensor maximal forces. Reduced
physical activity typically results in skeletal muscle atrophy and an associated
reduction of maximal voluntary force (Venturelli et al., 2015). Numerous
alterations in the physiological properties of the locomotor apparatus have
been observed with aging (Pardes et al., 2017). Using a predictive
neuromechanical model to investigate the physiological origins of age-related
gait changes, Song and Geyer (2018) showed that the loss of muscle strength
and muscle contraction speed dominantly contribute to the reduced walking
economy (S. Song & Geyer, 2018). The smaller ankle maximal force of less
active individuals may exacerbate age differences and induce a greater
redistribution of lower extremity joint moment and power compared with
more active ones. Such results could explain why vigorous exercises, such as
power training or running, prevents the age-related deterioration of muscle
(Beijersbergen, Granacher, Gibler, Devita, et al., 2017b) and, make everyday
activities easier (Beck et al., 2016).

In addition to strength, age-related changes in the mechanical and
morphological properties of lower-limb muscle-tendon units have been
reported (Karamanidis & Arampatzis, 2005). Our results also showed that the
muscle-tendon stiffness, measured via myotonmetry, was affected by age: the
stiffness of rectus femoris and gastrocnemius lateralis was reduced and the
dampening (oscillation attenuation) was increased in older adults (Fig. 3.2A).
It has been suggested that age-related changes in neuromuscular activity
(higher coactivation) reflect a strategy of stiffening the limb during stance
likely to compensate the reduced muscle-tendon stiffness, to utilize tendon
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elasticity effectively (Gollhofer et al., 1992). Indeed, it is suggested that the
muscle fascicle behaviours can be related to the motor strategy of older adults
to stiffen joints and stabilize motor output in an effort to compensate for
reduced muscle strength and for increased tendon compliance and joint laxity
(Hortobagyi & DeVita, 2006). Interestingly, a higher level of physical activity
in older adults reduced the differences between young and older adults,
suggesting a positive impact of the level of activity (Fig. 3.2A). In addition to
the change in strength, this effect of physical activity may contribute to the
modification of motor strategy observed between less and more active older
individuals, in particular the reduction of co-activation between lumbar and
sacral segments (Fig. 3.6).

When comparing older adults according to fall history (non-fallers versus
fallers groups), modification of gait and neuromuscular system between
groups was similar to the one observed in the present study between less and
more active older adults. Indeed, fallers showed shorter stride length (Mortaza
et al., 2014), increased cost of walking, higher co-activation of lower-limb
muscles (Marques et al., 2013) and modified motor control strategy (J. L.
Allen & Franz, 2018). In addition, muscle stiffness of the gastrocnemius
medialis was significantly lower in the fallers group (Bas et al., 2023) and
older adult fallers had 28% lower knee extensor strength (Marques et al.,
2013). Here, we did observe a more variable static balance between young
and older participants (Fig. 3.2C), but no effect of physical activity level.
However, given that fallers are presumably less active due to their mobility
limitations and fear of falling, it is plausible that their reduced activity levels
directly influence these neuromuscular deficits. These findings strengthen our
results by highlighting that physical activity plays a crucial role in mitigating
age-related changes in gait and neuromuscular function. This reinforces the
idea that maintaining or increasing physical activity in older adults can help
preserve gait mechanics, and muscle function, and potentially reduce the risk
of falls.

The primary limitation of this study is that the level of physical activity was
assessed using a self-reported questionnaire, which is inherently less accurate
than objective measures such as VO> max (Tangen et al., 2022), daily step
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count (Kraus et al., 2019), or accelerometer-based activity tracking (Metcalf
et al., 2018). These more precise methods could provide a deeper
understanding of the relationship between physical activity and gait
parameters. However, we believe that our approach also serves as a strength
of the study. Despite using a simple classification of activity levels, we
observed significant modifications in gait and neuromuscular function related
to physical activity. In addition, the individuals classified as ‘less active’
performed an average of 1473.6 METs min/week, exceeding the World
Health Organization recommendations (Bull et al., 2020). This reinforces the
robustness of our findings and supports the main conclusion of the paper,
suggesting that even small increases in physical activity could have
meaningful effects on gait. For example, transitioning from a lower activity
level to a more active group, with just a few additional hours of sports per
week, could result in significant improvements in gait mechanics and
mobility for less active older adults.

Another limitation of the study is the use of a treadmill. Walking on a
treadmill may potentially reduce gait variability as compared to over-ground
gait (Lee & Hidler, 2008). However, treadmill walking has been commonly
used to investigate age-related modification of gait (Dewolf, Sylos-Labini,
Cappellini, Ivanenko, et al., 2021; Dewolf et al., 2022; Meurisse et al.,
2019b), and spatiotemporal, kinematic, kinetic, muscle activity, and muscle-
tendon outcome measures are largely comparable between motorized
treadmill and overground locomotion (Van Hooren et al., 2020).

In conclusion, the recognition that the mechanical cost of walking is not
purely age-dependent, but rather a consequence of reduced physical activity
and subsequent skeletal muscle changes, underscores the vital importance of
maintaining physical activity across the lifespan to mitigate the effects of
aging on mobility. Indeed, our findings demonstrate that the level of physical
activity significantly influences age-related changes in gait and
neuromuscular function. While some of these changes are an inherent part of
the aging process (Pearson et al., 2002), a substantial portion can be attributed
to the decline in physical activity levels with advancing age (G. R. Hunter et
al., 2000). Our results underline the critical role of regular physical activity

Chapter 111 102



in preserving gait mechanics and muscle function in aging. Therefore,
incorporating structured training programs that enhance physical activity
levels could be an effective strategy to improve walking performance, reduce
walking costs, and delay mobility impairments in older adults (Valenti et al.,
2016). Such interventions (Malatesta et al., 2010) may ultimately contribute
to reducing the risk of falls and promoting greater independence as people
age.

Acknowledgements

The authors express their gratitude to Antoine Samain and Nemo Lecoubet
for their help during the experiments.

Chapter 111 103



Chapter 1V

Acute Spinal Neuromodulation Alters Trunk
Posture and Sacral Motor Output in Older Adults
during Gait

Nuifiez-Lisboa, M. & Dewolf, A. H.

Journal of Electromyography and Kinesiology (2025) (Submitted)
Keywords: trans-spinal direct current stimulation; gait neuromechanics;

aging

Chapter IV 104



List of Abbreviations

BW:
CL:
CoA:
CoM:
COP:
EMG:
ES:
Foack:
Firont:
Fv:
FWHM:
GM:
GL:
Gmed:
GREF:
MN:
OA:
RF:
RMS:
ROM:
S1-S2:
SMO:
SOL:
SPM:
ST:

Chapter 1V

Body weight

Co-activation index

Center of activity

Center of mass

Center of pressure
Electromyography

Erector spinae

Backward ground reaction force peak
Forward ground reaction force peak
Vertical ground reaction force
Full width at half maximum
Gastrocnemius medialis
Gastrocnemius lateralis
Gluteus medius

Ground reaction force
Motoneuron

Older adults

Rectus femoris

Root mean square

Range of motion

Sacral spinal segments

Spinal motor output

Soleus

Statistical parametric mapping

Semitendinosus

105



TA:
TFL:
tsDCS:
VL:
VM:

Vv,min:

YA:

Chapter 1V

Tibialis anterior

Tensor fasciae latae

Trans-spinal direct current stimulation
Vastus lateralis

Vastus medialis

Minimum vertical velocity of the CoM

Young adults

106



Abstract

The objective of this study was to investigate whether a single 20-minute
session of trans-spinal direct current stimulation (tsDCS) applied over the
sacral region can modulate the spinal motor output and improve gait
neuromuscular control in young and older adults. Forty participants (20
young and 20 older adults) completed pre- and post-intervention treadmill
walking trials. Participants were randomized to receive either active tsDCS
or sham stimulation. Spinal motor output was assessed by mapping multi-
muscle EMG activity onto the spinal cord. Ground reaction forces and joint
kinematics were analyzed to evaluate gait. No significant changes were
observed in spatiotemporal gait parameters or overall gait dynamics.
However, in older adults, a single tsDCS session reduced trunk flexion and
induced changes in the spinal motor output, specifically within sacral
segments. Sham stimulation had minimal effects. These neuromuscular
adjustments did not translate into significant kinetic changes. In conclusion,
the tsDCS over the sacral region modulated trunk posture and spinal motor
output in older adults. These preliminary effects suggest segment-specific
neural responsiveness to spinal neuromodulation. This study provides initial
evidence that tsDCS can influence postural control and spinal segmental
output during gait in older adults, supporting its potential as a non-invasive
intervention to address age-related neuromuscular decline.
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Introduction

The ability to walk safely and independently is a key determinant of
autonomy and quality of life in older adults (Freiberger et al., 2020). As life
expectancy increases, preserving mobility becomes a central challenge in
aging populations due to its close link with functional capacity, fall risk, and
overall health outcomes (Fielding et al., 2011; Geirsdottir et al., 2022;
Studenski, 2011). With aging, there is a well-documented redistribution of
joint mechanics from distal to proximal segments, where older adults rely less
on the ankle and more on the hip to generate forward progression (Delabastita
et al., 2021; Franz, 2016; Waanders et al., 2019). This shift also encompasses
increased anterior trunk flexion, another hallmark of aging gait (Honda et al.,
2023), which has been associated with mechanical alterations, specifically in
double contact phase (Nufiez-Lisboa et al., 2024). This postural strategy may
compensate for reduced plantar flexor function but has also been linked to
increases in both mechanical and metabolic energy cost during walking
(Delabastita et al., 2021; Dewolf et al., 2022).

Although biomechanical changes clearly influence gait with aging, numerous
studies have shown that the age-related alterations in walking patterns cannot
be solely attributed to a decline in propulsive power generation (Avaltroni et
al., 2024; Boyer et al., 2017; Hortobagyi et al., 2011; Hortobagyi et al., 2009;
Monaco et al., 2010; Peterson & Martin, 2010b). Neural factors also appear
to play a key role. In particular, consistent age-related differences in muscle
activation patterns have been observed across a wide range of walking tasks
in older adults—including walking at various speeds, walking backward,
walking on slopes, and negotiating stairs—despite differing biomechanical
demands and propulsion requirements (Dewolf et al., 2021a, 2021b). By
mapping multi-muscle EMG activity onto the spinal cord in correspondence
with the approximate rostro-caudal locations of motor neuron pools, it is
possible to infer segmental spinal motor output during locomotion (Cappellini
et al., 2010; Dewolf et al., 2019a; Ivanenko et al., 2008, 2013; La Scaleia et
al., 2014; Yokoyama et al., 2017). Dewolf et al. (2021a & 2021b)
demonstrated that older adults exhibit wider and earlier activation of muscles
innervated by sacral segments compared to younger individuals. These
findings suggest a systematic shift in the spatiotemporal organization of
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spinal motor output with age. Several strategies have been proposed to reverse
age-related gait deficits, including physical exercise for its neuromuscular
benefits (M. D. Allen et al., 2021; Hepple & Rice, 2016). However, its impact
on spinal motor control remains limited (Beijersbergen et al., 2013; Boyer et
al., 2012), prompting interest in alternative neuromodulatory approaches.

In recent years, there has been growing interest in understanding the
functional organization of the spinal locomotor output in gait pathologies
(Coscia et al., 2015; Grasso, 2004; Martino et al., 2018). With it, selective
stimulation of spinal motor pools has been proposed as a promising tool to
restore the functioning of the spinal pattern generation circuitry in humans
(Angeli et al., 2018; Gerasimenko et al., 2015; Solopova et al., 2017; Wagner
et al., 2018). For example, trans-spinal direct current stimulation (tsDCS) is
a neuromodulatory approach that target Ca2+ conductance to augment
motoneuron activity in the spinal cord (Song & Martin, 2017). After a spinal
cord injury, the tsDCS can significantly alter muscle activity during
locomotion by modulating spinal motor neuron excitability and spinal
circuitry (Hubli et al., 2013). Also on healthy subject, one session of tsDCS
enhance body explosive power production (Berry et al., 2017). During
walking, it has been recently showed that tsDCS affects the joint kinematics
and promotes a more stable coordination (Skiadopoulos & Knikou, 2024).

In this context, tsDCS has emerged as a promising non-invasive technique to
modulate spinal excitability and enhance sensorimotor integration (Baczyk,
M., 2019; Jankowska, 2017; W. Song & Martin, 2017) during gait. Despite
its potential, tsDCS has yet to be explored in the context of aging. Given that
older adults exhibit increased amplitude and earlier activation in sacral spinal
segments, possibly reflecting greater central integration demands during gait
(Avaltroni et al., 2024; Dewolf et al., 2021b; Monaco et al., 2010), we
hypothesize that applying anodal tsDCS over the sacral region may modulate
this output pattern and improve gait coordination in aging individuals. Given
its integrative role, modulating sacral output may also influence gait
kinematics and kinetics. To test this, we examined changes in spinal motor
output and gait parameters before and after a single session of tsDCS in both
younger and older adults.
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Methods

Participants

Twenty younger adults (27.2+4.1 y.o.) and twenty older adults (71.5+4.5
y.o0.) were included in the study (see Table 4.1 for individual characteristics).
Due to time constraints, one older adult voluntarily terminated their
participation during the recording session, and was therefore not included in
the results. The number of subjects was determined based on the results of
tsDCS in healthy young adults(Awosika et al., 2019). Thea priori power
analysis using G*Power 3.1.9.7 (effect size = 2.21, a = 0.05, power = 0.95)
indicated that a minimum of 8 participants per condition was required.
However, to ensure adequate power and account for a potential dropout, we
included 10 participants per group (sham and stimulation) within each age
category. Participants were randomly assigned to either the sham or
stimulation group. The inclusion criteria were the following: ability to walk a
kilometer, no locomotor system injury complaints, and no previous history of
neurological disorders. All participants provided informed consent, and the
procedures used for this study were approved by the ethics committee of the
Universit¢ Catholique de Louvain (Belgian Registration Number:
B403201524765) and adhered to the Declaration of Helsinki.

Experimental protocol

The participants were asked to walk wearing their shoes on an instrumented
treadmill at 1.11 m s! (4 km h!). The selected walking speed was similar to
the one used in our previous studies on older adults (Dewolf, Meurisse, et al.,
2019; Dewolf, Sylos-Labini, Cappellini, Ivanenko, et al., 2021; Dewolf,
Sylos-Labini, Cappellini, Zhvansky, et al., 2021a; Dewolf et al., 2022) and
was reported as the comfortable and economical average walking speed based
on the net energy consumption (Cavagna & Kaneko, 1977). Before starting
data collection of walking, participants familiarized themselves with
treadmill walking through multiple trials with verbal feedback from the
experimenter. After the familiarization period, we gradually ramped up the
treadmill to 4 km h'! and then waited at least 30 seconds before starting the
kinematics, GRF and electromyographic data acquisition (Fig. 3.1).
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Concerning the stimulation procedure, tsDCS was delivered at 2.5 mA for 20
minutes using a battery-driven, programmable direct current stimulator
(Soterix Medical, USA), connected to two surface electrodes (10 % 5 cm)
(Awosika et al., 2019). The anode (or sham electrode) was positioned over
the spinous process of T11, aligned rostro-caudally with the spinal axis to
target segmental spinal reflex excitability. The reference (cathodal) electrode
was placed over the lumbosacral region (Fava De Lima et al., 2022). The
electrode orientation was intended to promote rostro-caudal current flow,
consistent with spinal activation patterns during locomotion. The total charge
density delivered was approximately 85.7 mC/cm?, remaining well within
established safety limits. The same treadmill walking task was repeated
immediately after the stimulation session. Participants completed a baseline
trial (pre) before tsDCS application, and a second trial (post) under identical
conditions. Considering both the pre- and post-stimulation trials, an average
of 56.2 + 5.8 strides were analyzed per participant.
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Fig. 4.1. Experimental design and data acquisition. (A) Participants performed treadmill
walking before (Pre) and after (Post) a 20-minute trans-spinal direct current stimulation
(tsDCS) or sham session. The stimulation targeted the thoracolumbar spinal cord through
surface electrodes positioned over T1l (anode) and the lumbosacral region (cathode). (B)
Biomechanical and neurophysiological data collected included ground reaction forces
(GRF), kinematics of the trunk and lower limbs, raw EMG from 12 lower-limb muscles, and
segmental spinal motor output estimated from spinal mapping.

Measurement systems and data collection

Participants were asked to walk on a motorized treadmill (H/P Cosmos-
Stellar, Germany; belt surface: 1.6 X 0.65 m) instrumented with four force
transducers (Arsalis®, Belgium) mounted underneath its frame. These
sensors recorded the three components of the ground reaction forces (GRF):
in the vertical (Fy), fore-aft (Fr), and mediolateral (F;) (Willems & Gosseye,
2013) direction. The GRF data were collected at a sampling rate of 1000 Hz

Surface electromyographic activity (EMG) of muscle was recorded from 12
muscles on the right lower-limb using a Delsys Trigno Wireless System
(Delsys®, Boston, MA), at a sampling frequency of 2048 Hz. The muscles
recorded included erector spinae (ES), tensor fasciae latae (TFL), gluteus
medius (Gmed), vastus medialis (VM), vastus lateralis (VL), rectus femoris
(RF), tibialis anterior (TA), semitendinosus (ST), biceps femoris (BF),
gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and soleus
(SOL). Before placing the electrodes, the skin was prepared (shaved and
clean) in line with SENIAM recommendations (www.seniam.org). Electrodes
were placed parallel to muscle fibers after palpation, and the signal quality
was verified during isolated contractions. EMG signals were synchronized
with kinetic and kinematic data using a Delsys Trigger Module.

The three-dimensional full-body kinematic data were collected at 240 Hz
using a Qualisys motion capture system (Gothenburg, Sweden), which
included 14 Oqus 600+ and 4 Miqus M3 cameras positioned around the
treadmill. A total of 20 reflective markers were attached bilaterally to
anatomical landmarks including the neck, shoulders, elbows, wrists, anterior
and posterior superior iliac spines, greater trochanters, external condyles of
the knee, malleoli, and fifth metatarsal heads, following the configuration of
the Qualisys sports marker set.
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Data analysis

General gait parameters: The first instant of foot contact (FC) and toe-off
(TO) events were estimated from the displacement of the center of pressure
(CoP) on the treadmill belt (Meurisse et al., 2016a). FC and TO were
automatically identified based on the computation of dpath, which represents
the difference between the CoP trajectory and a straight-line approximation
connecting its initial and final positions within a step cycle (Meurisse et al.,
2016a). A stride was delimited by two successive right FC. Contact phases
were measured as the time between foot contact (FC) and toe-off (TO) of the
same leg. Swing time was calculated as the duration from TO to the
subsequent FC of the same leg.

Kinetics: The fore-aft and vertical velocity of the CoM were calculated from
the respective components of the GRF, following the procedure described by
Dewolf et al.(Dewolf et al., 2016). In short, the fore-aft acceleration of the
CoM was calculated as ar= F¢/m, where m is the subject’s body mass. The
vertical acceleration of the CoM was calculated as ay= (Fy-m g)/m, where g
is the acceleration of gravity. The vertical (Vy) and the forward velocity (V)
of the CoM were calculated by time-integration of ay and ay, respectively, plus
an integration constant, which was computed so that the average velocity over
a stride was equal to zero. The vertical and forward displacements of the CoM
(Sv and Sg, respectively) were then computed by time-integration of Vy and
Vi. The time of occurrence of the minimum vertical velocity of the CoM
(Vvmin) at the beginning of the double contact phase was detected.
Additionally, the peak vertical forces under the front (Fgon) and back (Foack)
legs were identified during DC

Kinematics: Kinematic recordings were resampled to 1000 Hz to align
temporally with kinetic data. Segment angles (including the trunk, thigh,
shank, and foot) were calculated relative to the vertical (Borghese et al., 1996;
A. H. Dewolf et al., 2018), where 0° indicated vertical alignment. Hip, knee,
ankle and trunk joint angles were then computed from the relative orientations
of adjacent segments. Each gait cycle was time-normalized by interpolating
it to 400 points. For each participant, segment angles were averaged across
all strides. From these, we extracted the mean angle and range of motion
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(ROM) for the hip, knee, and ankle joints, as well as trunk elevation, both the
range of motion (ROM) and mean values were calculated across the gait
cycle.

EMG: The 12 raw EMG signals were resampled at 1000 Hz to match the
sampling frequency of the kinetic data. The signals were high-pass filtered at
30 Hz, then rectified, and subsequently, low-pass filtered using a zero-lag 4th-
order Butterworth filter at 10 Hz. Gait cycles containing evident artefacts,
such as signal loss or saturation due to sensor detachment, were manually
excluded following visual inspection. The time scale was normalized by
interpolating each gait cycle to 400 points. The root mean square (RMS) of
each EMG signal was then computed as a measure of overall muscle
activation amplitude across the gait cycle. For each condition, the FWHM
was determined as the duration during which the EMG activity exceeded half
of its maximum value (Martino et al., 2014; Santuz et al., 2020). The centre
of activity (CoA) of each EMG signal was measured as an estimation of the
timing of activation. The CoA during the gait cycle was calculated using
circular statistics (Batschelet, 1981) and plotted in polar coordinates (polar
direction denoted the phase of the gait cycle, with angle a that varies from 0
to 360°).The CoA of the EMG waveform was calculated as the angle of the
resultant vector (i.e., the first trigonometric moment) pointing to the center of
mass of the circular distribution of EMG activity relative to the gait cycle
(Martino et al., 2014), computed as:

A =Y19(cos a; X EMG)),
B =Y9(sina;X EMG),),
CoA = tan"1(B/A)

where EMG; represents the EMG amplitude at each phase of the gait cycle.
The CoA was preferred, as identifying a clear peak of activity was impractical
for most muscles (Martino et al., 2014).

The EMG activities were then mapped onto the rostro-caudal positions of the
motoneuron (MN) pools in the human spinal cord, ranging from segments L2
to S2. This mapping followed the myotomal charts of Kendall et al. (F.
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Kendall et al., 2005), based on the approximate rostro-caudal location of MN
pools innervating different muscles in the human spinal cord. In general, each
muscle is innervated by several spinal segments. To reconstruct the output
pattern of any given spinal segment S;, all rectified EMG waveforms
corresponding to that segment were averaged as:

Z:Zl kij "EMG;

n;

where nj is the number of EMG; waveforms corresponding to the j' segment,
kij is the weighting coefficient for i muscle (from Kendall’s chart). The
assumption implicit in this methods is that the rectified EMG provides an
indirect measure of the net firing of MNs of that muscle in the spinal cord. To
compute the total motor output for each condition, the motor output patterns
across the gait cycle were summed across the lumbar, sacral and all spinal
segments. The mean activation of the lumbar (L2 to L5) and sacral (S1 to S2)
segments was computed by averaging the motor output patterns for each
region. Finally, the FWHM and the CoA were calculated for both lumbar and
sacral segments. The co-activation index (CI) was assessed between the
lumbar and sacral segments using the following formula (Mari et al., 2014;
Rudolph et al., 2000):

. ZJ4:010 {[lumbarj+sacralj]/2}x[Lumbarj/sacralj]

CI 400 >

where sacral and lumbar represent the mean activation of the segments during
the stride. The CI was then averaged over the entire gait cycle (j = 1:400),
providing an estimate of the co-activation over the entire cycle. High CI
represent a high level of activation of both spinal segments across a large time
interval, whereas low CI indicate either a low-level activation of both
segments or a high-level activation of one segment along with low-level
activation of the other one. Spinal-level co-activation provides a functional
representation of neuromuscular output, as previously used to assess age-
related co-activation (Dewolf et al., 2021b).
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Statistics

For each dependent variable, including spatiotemporal measures, step-to-step
transition kinetics, segment elevation and joint kinematic angles, muscle
activation metrics, and spinal motor outputs, the normality of residuals was
visually assessed using Q—Q plots. When the assumption of normality was
not met, a log10 transformation was applied, and normality was re-evaluated
and confirmed. A linear mixed-effects model was conducted with age group
(young vs. older adults) and tsDCS condition (stimulation vs. sham) as fixed
factors, and time (pre vs. post) as a repeated measure. Interaction terms (e.g.,
Age x tsDCS x Time) were included, and post hoc pairwise comparisons were
performed using Bonferroni test. Additionally, Statistical Parametric
Mapping (SPM) was used to assess the Fy and the spinal motor output of
lumbar and sacral segments. In this analysis, statistical significance was
defined based on a critical threshold t* > 4.3, which the SPM {t} statistic must
exceed at any point in the gait cycle to detect a meaningful difference. All
statistical analyses were conducted using GraphPad Prism 8.0.1, with an
alpha level of 0.05. SPM analyses were performed in MATLAB R2023a using
the open-source spmld toolbox (v0.4.12).

Results

Some variability in participant characteristics was observed between groups
(Table 4.1). As expected, a significant difference in age confirmed the
separation between young and older adult groups (Fi34 = 1011, p < 0.0001).
Older adults had a lower average height compared to young adults (Fi35 =
12.14, p = 0.0013), with no effect of tsDCS or interaction (p > 0.16). No main
effect of age or tsDCS was found on body weight (all p > 0.41). However, an
interaction between age and tsDCS was observed (F135 =5.822, p=0.0212).
BMI was slightly lower in young adults (F135 = 4.950, p = 0.0326), with a
significant age and tsDCS interaction (p = 0.0326). No main effect of tsDCS
was observed (p = 0.5709). Post hoc comparisons showed a trend toward
higher BMI in YA sham compared to YA active (p = 0.0527). Finally, no
significant differences were found in MET-min/week across age, tsDCS, or
their interaction (all p > 0.43).
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Table 4.1. Participant characteristics grouped by age and stimulation
condition (sham or stim).

Young adults Older adults

Variable sham stim sham stim
n 10 10 9 10
Sex g=8, =2 g=9,9=1 d=3,9=6 d=5,9=5
Age (years) 272+49 27.3+3.3 71.4+4.1 71.6+5 +
Height (cm) 177.7+7.6 179.9+8.3 166 +5.5 1719+122 +
Weight (kg) 76.3+7.3 71.4+104 66.7+7.2 76.1 +£14.9 3
BMI (kg m?) 242+2.1 22+24 242+£27 255+26 3T
Met-

3888 +£2650.4 4968 +£1614.7 4651.1 £6063.7 3926 + 2852
min/week

Table 4.1 presents the characteristics of the young and older adult
participants, grouped according to stimulation condition (sham or stim). The
variables include age (vears), height (cm), weight (kg), body mass index
(BM]I) (kg/m?), and physical activity level expressed as MET-min/week. Data
are reported as means with corresponding standard deviations (%).
Significant main effects of age and the interaction between age and tsDCS
are indicated with the symbols + and °, respectively.

Walking Kinetics

In all participants, the Fy curve over a gait cycle showed the characteristic
double-peak so-called M-pattern during walking (Fig. 4.2A). Notably,
SPM {t} analysis revealed no significant pre—post differences in any group,
with all test statistics remaining below the critical threshold (¢ > 4.3; all p >
0.05).

As already documented, in older adults, Fuack was significantly lower (Fi136=
9.307, p = 0.0043) whereas Front was significantly greater (Fi,36 = 23.96, p <
0.0001), as compared to young adults. No effects of tsDCS or interaction were
observed on Fpack (all p > 0.23) but the participant who received the tsDCS
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stimulation displayed a higher Front (Fi134 = 38.82, p < 0.0001) without
interaction with age (all p > 0.30). Finally, Vymin occurred later in the gait
cycle in older adults as compared to young (Fi36 = 29.66, p < 0.0001), and
later in the sham group (F134 = 6.627, p = 0.0146), with no interaction effects
(Fig. 4.2C).

Significant differences in spatiotemporal gait parameters were found across
groups (Fig. 4.2C). Contact time was significantly shorter in older adults
compared to young participants (F136 = 22.85, p <0.0001). Similarly, swing
time (Fi36 = 6.408, p = 0.0159) and stride time (Fi36 = 13.37, p < 0.0001)
were both reduced in older adults. A significant three-way interaction was
found for swing time (age x time x tsDCS; Fi34 = 4.339, p = 0.0448). No
other significant main or interaction effects were found (all p > 0.22).
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Fig. 4.2. Vertical ground reaction force (GRFy) patterns and summary metrics before (Pre)
and after (Post) trans-spinal direct current stimulation (tsDCS) across age groups. (A) Time-
normalized vertical GRF signals (mean + SD) over five gait cycles, expressed relative to
body weight, and separated by group and condition. (B) Individual and group-averaged
results for GRF\, metrics, including first and second peak forces, loading rate, and impulse,
grouped by condition (Pre/Post), age (YA/OA), and stimulation (sham/stim). Gray and red
denote sham and stimulation, respectively. Asterisks indicate statistically significant main
effects or interactions (p < 0.05).

Kinematics of walking

Segments and joint kinematics showed group- and intervention-related
differences primarily in trunk and hip motion (Fig. 4.3A). Specifically, an
increased trunk elevation was significantly different between age-group (F136
=21.42, p <0.0001) and between tsDCS condition (F1 35 =4.697, p=0.0371),
with an additional interaction between age and tsDCS (Fi35 = 4.508, p =
0.0409). Indeed, older adults reduced their trunk inclination after the tsDCS
(Fi35 = 4.5, p = 0.04). This effect was confirmed when analyzing the
minimum trunk flexion angle (peak flexion), which also showed a significant
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main effect of Age (Fi35 = 11.55, p = 0.0017), tsDCS (F135 = 6.564, p =
0.0149), and their interaction (F135s = 5.422, p = 0.0258). Post hoc analysis
revealed that minimal trunk flexion significantly decreased in active older
adults after stimulation (p = 0.0168) (Fig. 4.4A). No other main effects or
interactions reached significance for ankle, knee, or hip angles (all p > 0.10),
except a main effect of tsDCS on hip angle (Fi35 = 4.738, p = 0.0363) (Fig.
4.3B).

To assess time-resolved differences in joint kinematics, SPM {t} was applied
across the gait cycle. In young and older adults with both sham and
stimulation, no significant differences were found with time in any of the
angle analyzed (p > 0.05).
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Fig. 4.3. Effects of tsDCS on trunk and"lower “linb kinematics during gait. (A) Time-
normalized angular trajectories (Mean = SD) of the trunk, hip, knee, and ankle across the
gait cycle (%), shown for young adults (YA) and older adults (OA) under sham and
stimulation (Stim) conditions, before (gray) and after (red) the intervention. Joint angles are
represented in the sagittal plane, with extension (ext.) and flexion (flex.). (B) Range of motion
of joint angles during the gait cycle for each joint and group/condition. (C) Minimum trunk
flexion angle (°) pre - and post-intervention. The asterisk (*) denotes statistically significant
differences at p < 0.05.

Muscle activation during walking

The EMG activation amplitudes across the gait cycle revealed group-specific
differences in muscle activation amplitude (Fig. 4.4). Differences related to
age were found for VL (Fi35 = 6.441, p = 0.0158), RF (Fi34 = 29.40, p <
0.0001), TA (Fi135 = 12.39, p = 0.0012), ST (F1,35 = 7.567, p = 0.0093), BF
(F134 = 33.40, p < 0.0001), and GM (F135 = 12.39, p = 0.0012). Effects of
tsDCS were observed for VM (F130 = 6.351, p = 0.0173), RF (F134 = 6.089,
p=0.019), TA (Fi35 = 10.09, p=0.0031), ST (F1 35 =4.472, p=0.0417), BF
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(F1,35=9.905, p=0.0035), GL (F135 =22.16, p <0.0001), GM (F1,35 = 10.09,
p = 0.0031), and SOL (Fi33 = 9.591, p = 0.004). No significant differences
were found for ES, TFL, or GMED (all p > 0.05) (Fig. 4.5). It is important to
note that these differences reflect only changes in activation amplitude (RMS)
(Fig. S4.1).
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Fig. 4.4. Rectified EMG profiles of 12 lower limb muscles across the gait cycle for each
experimental condition. Each subplot represents the average signal (mean £ SD) for a given
muscle and condition, expressed over 100% of the gait cycle. Conditions are arranged by
group and stimulation: YA-Sham, OA-Sham, YA-Stim, and OA-Stim (left to right). EMG
activity is shown for both pre-intervention (black) and post-intervention (red) sessions.
Shaded areas represent inter-subject variability (x1 SD). EMG amplitude is shown in
arbitrary units, normalized to each subject’s peak value.

When the EMG are mapped onto the rostro-caudal positions of the MN pools,
the spinal maps revealed changes in the spinal distribution of motor activity

Chapter IV 123



across the gait cycle with age and stimulation (Fig. 4.5A). The lumbar and
sacral motor outputs were compared across the gait cycle to assess the level
of activation before and after the stimulation (or sham). The SPM{t} analysis
revealed a significant increase in lumbar output in young adults with tsDCS
between 0-5% of the gait cycle (p = 0.006, ¢ = 4.49). No other significant
changes were found in lumbar output for the remaining groups (all p > 0.05).
In contrast, sacral activity showed several significant differences. The young
adults after sham exhibited a difference between 25-30% of gait cycle (p =
0.039.¢=4.71). The young adults after a tsDCS showed a difference between
36-44% (p = 0.011, ¢t = 4.65) of gait cycle. The older adults with sham
showed a significant difference at 98—-100% (p = 0.035, ¢t = 4.24). More
importantly, the older adults after tsDCS revealed three significant intervals:
95-3%, 7-9%, and 32-36% (all p <0.05, t = 4.37).
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Fig. 4.5. Spinal motor output and summary parameters before and after tsDCS. (A)
Interpolated color maps of spinal motor output across lumbar (L2—L5) and sacral (S1-S2)
segments over the normalized gait cycle (0—100%) for each group and condition (YA-Sham,
OA-Sham, YA-Stim, OA-Stim). Color intensity reflects relative segmental activation levels.
(B) Ensemble-averaged time-series (mean + SD) of lumbar and sacral segmental output,
shown separately for pre (black) and post (red) stimulation conditions. Black rectangles in
the lumbar and sacral activation time-series indicate regions of the gait cycle where
significant differences between pre and post conditions were identified by statistical
parametric mapping (SPM). (C) Summary parameters of spinal activation per participant,
including maximum amplitude, mean amplitude, center of activity (CoA), and full width at
half maximum (FWHM), expressed as a percentage of the gait cycle. Gray and red dots
represent pre and post values, respectively; horizontal bars indicate the group mean
respectively, horizontal bars indicate group means. No statistically significant differences
were observed.

To further characterize spinal motor output across the gait cycle, mean and
maximum activity were analyzed at the lumbar and sacral levels (Fig. 4.6B).
For mean activity, a main effect of age was observed at both the lumbar (F1 34
=21.57, p <0.0001) and sacral levels (Fi34 = 18.94, p = 0.0001), with older
adults showing higher average amplitudes. A significant effect of tsDCS was
also found at both lumbar (Fi31 = 17.17, p = 0.0002) and sacral segments
(F131 = 14.51, p = 0.0006), and a significant main effect of time was present
only in the sacral region (Fi,34 = 5.430, p = 0.0259), indicating an increase in
mean output following stimulation. Maximum activity showed a significant
main effect of age at the lumbar level (Fi31 = 5.395, p = 0.0269), but not at
the sacral level (Fi31 = 2.153, p = 0.1524). tsDCS significantly increased
sacral maximum activity (Fi131 = 9.716, p = 0.0039), and a significant age x
tsDCS interaction was observed (Fi31 = 4.467, p = 0.0427) (Fig 5.5C),
suggesting a differential responsiveness in older adults at the sacral level.
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Temporal organization of spinal output was assessed through the timing and
duration of segmental activity. The CoA of sacral activation occurred earlier
in older adults compared to young adults (F132 = 9.890, p = 0.0034), with no
difference at the lumbar level (p > 0.05). Burst duration, assessed by FWHM,
was greater in older adults at both lumbar (Fi34 = 13.15, p = 0.0009) and
sacral segments (Fi134 = 4.239, p = 0.0472), with an age—time interaction
observed at the lumbar level (Fi34 = 6.040, p = 0.0192) (Fig 5.5C).

Discussion

This study evaluated whether a single session of anodal tsDCS over the
lumbosacral region could modulate gait in young and older adults. We
analyzed spatiotemporal parameters, segment and joint kinematics, and the
spinal motor output estimated from multi-muscle recording. Our findings
partially supported our hypothesis: tsDCS modulated sacral output in older
adults, with significant changes across the gait cycle and subtle kinematic
adaptations, particularly in trunk motion.

It is well documented that aging is associated with specific neuromuscular
adaptations during gait (Dewolf et al., 2021a, 2021b; Ivanenko et al., 2013;
Monaco et al., 2010; Nufiez-Lisboa et al., 2023). Our findings reinforce
previous observations showing that older adults exhibit an altered spinal
motor output, characterized by a wider and earlier activation of the sacral
motor pools compared to younger adults (Dewolf et al., 2021a, 2021b). This
different of sacral activation timing observed (Fig. 4.5A) likely reflects an
earlier recruitment of distal muscles, such as plantar flexors, which has been
consistently reported as a hallmark of the aging gait pattern (Boyer et al.,
2017; Franz, 2016; Franz & Kram, 2013). This premature activation is
thought to contribute to the altered force profile observed in older adults, with
reduced propulsion (lower Fpack) and greater anterior collision (higher Fion)
during gait (Fig. 4.1B), consistent with previous results (Dewolf, Meurisse,
et al., 2019; Dewolf et al., 2022). The earlier activation of sacral segments
induces a reduced delay between lumbar and sacral motor pool
bursts(Monaco et al., 2010; Nufiez-Lisboa et al., 2023), likely reflecting a
compensatory mechanism to maintain stability in the context of degraded
afferent input.
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Following tsDCS, older adults exhibited a reduced maximal and average
trunk inclination (Fig. 4.3C). Anterior trunk flexion is a well-recognized
hallmark of aging gait and has been interpreted as a compensatory response
to diminished propulsive capacity and postural control (Dewolf et al., 2022;
Honda et al., 2023). This finding may have significant clinical implications,
since in a previous work (Nufez-Lisboa et al., 2024), we showed that greater
trunk inclination is associated with reduced propulsive force (Fpack) and
higher collision force (Ffont), and change in gait kinematics and spinal motor
output. Notably, the increased trunk flexion has also been linked to higher
mechanical and metabolic cost during walking (Delabastita et al., 2021;
Dewolf et al., 2022), where postural alignment plays a critical role in step-to-
step weight transfer (Nufiez-Lisboa et al., 2024). Therefore, the subtle but
significant effect of re suggests that spinal neuromodulation may contribute
to improving postural and in turn gait pattern in older adults.

Based on the relation between trunk inclination (Nufiez-Lisboa et al., 2024),
we expected that the change in trunk inclination would have induced changes
in gait kinematics, kinetics and spinal motor output. While no significant
changes were observed on kinetics (Fig. 4.2) and joint kinematics (Fig. 4.3)
following tsDCS, older adults exhibited changes in the sacral burst of
activation. Indeed, after tsDCS, a reduction of the amplitude of sacral motor
output is observed, particularly during early and late stance phases (Fig.
4.5A), but without changes in temporal organization (Fig. 4.5C). While a
modest decrease in sacral output is also observed in the sham group near the
end of the gait cycle, the reduction following tsDCS after stimulation is more
robust, spanning both early and late stance (Fig. 4.5A). Given that sacral
motor pools innervate distal muscles that contribute to forward propulsion (F.
Kendall et al., 2005), the spinal-level modulation observed in the sacral maps
may represent an underlying neural adjustment contributing to this
mechanical change. However, the single session of stimulation seems to be
not sufficient to induce clear and significant changes of gait biomechanics.
Nevertheless, the present results highlight the responsiveness of spinal motor
circuits to non-invasive neuromodulation in older adults.
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The mechanisms through which tsDCS exerts its effects on gait control are
not yet fully understood, but accumulating evidence suggests that spinal
neuromodulation can influence both segmental and intrinsic spinal pathways
involved in locomotion. The tsDCS is thought to modulate spinal excitability
by targeting calcium conductance and persistent inward currents (PICs) that
augment motoneuron firing in the spinal cord (Baczyk, M., 2019; Jankowska,
2017). Anodal stimulation has been shown to depolarize afferent terminals
and enhance excitatory transmission within spinal circuits, thereby
facilitating sensorimotor integration (W. Song & Martin, 2017). This has been
supported by evidence showing that tsDCS prolongs the post-exercise
depression of the H-reflex, indicating a potentiation of spinal inhibitory
mechanisms (Awosika et al., 2019). It is nevertheless important to emphasize
that while tsDCS is sometimes referred to as ‘spinal stimulation’, its effects
are not attributable to an anodal blockade of axonal conduction in the spinal
cord, which involves the inhibition of signal transmission along axons due to
sustained anodal current. Instead, evidence suggests that tsDCS modulates
the processing of sensory input within spinal circuits, thereby influencing
spinal network activity indirectly (Lenoir et al., 2018). This aligns with recent
perspectives that tsDCS does not directly depolarize spinal motoneurons but
rather influences their excitability via altered sensory inflow (Lenoir et al.,
2018; Tajali et al., 2024). These neuromodulatory effects are thought to
interact with spinal CPGs, which orchestrate the rhythmic and phase-specific
activation of motor pools during gait (Kiehn, 2006). In this context, the
observed modulation of sacral output following tsDCS may reflect an acute
reorganization of spinal inter-neuronal circuits, particularly those controlling
distal musculature involved in propulsion.

Limitations

A key limitation of the present study is the absence of direct measures
of spinal excitability, such as H-reflex or TMS assessments, which would
have provided more conclusive evidence of spinal involvement (Awosika et
al., 2019; Yamaguchi et al., 2020). These findings should be interpreted with
caution, as the effects of a single session may not translate into lasting change
in spinal cord excitability and functional benefits. Future studies should
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evaluate repeated tsDCS sessions combined with task-specific gait training to
determine whether cumulative adaptations occur. Another limitation of our
study is the absence of direct measurements of subcutaneous tissue thickness
at the stimulation site, and we assumed comparable fat distribution and thus
similar depths of neural structures beneath the skin. However, differences in
local adiposity could affect the proportion of current reaching deeper tissues,
introducing variability in the neuromodulatory effects of tsDCS (Fernandes
et al., 2018). Also, the relatively low stimulation intensity (2.5 mA), which,
although within established safety thresholds, may have been insufficient to
induce more pronounced or widespread neuromodulatory effects (Eberhardt
et al., 2023).

While kinematic changes remained modest and no significant kinetic
adaptations were observed, the neuromodulatory effects at the spinal level -
particularly in sacral motor pool activity - support the hypothesis that spinal
circuits remain plastic in aging. These findings open promising avenues for
future interventions aiming to restore more efficient gait patterns and reduce
fall risk in older individuals. Future studies should investigate the cumulative
and long-term effects of repeated tsDCS sessions, possibly in combination
with gait training or task-specific rehabilitation programs, to assess whether
spinal neuromodulation can promote durable functional gains.

Conclusion

This study provides preliminary evidence that anodal tsDCS applied over the
sacral region can modulate spinal motor output and induce neuromechanical
adaptations during gait in older adults. Although the observed effects were
moderate, they included relevant changes in postural control and propulsive
force generation, aligning with known age-related gait deficits. These
findings highlight the potential of tsDCS as a non-invasive tool to address
spinal-level motor impairments in aging. Future research should investigate
the effects of repeated sessions, long-term adaptations, and functional
outcomes to fully assess the therapeutic value of this approach in promoting
gait efficiency and stability in older populations.
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Fig. $4.1. Individual root mean square (RMS) values across muscles and conditions.
RMS amplitudes (uV) are shown for each recorded muscle before (gray bars) and
after (red bars) the tsDCS intervention, separated by experimental group. Each bar
represents the mean RMS value for one participant and one condition. Muscles are
organized along the x-axis according to their anatomical grouping.
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Chapter V
General Discussion

Human locomotion is a complex, adaptive process that emerges from the
continuous interaction between neural commands, muscular output, and
mechanical constraints. With advancing age, this dynamic system undergoes
multifactorial changes that affect mobility, stability, and functional
independence. While the mechanical consequences of aging on gait and
balance have been well documented, the underlying neuromechanical
mechanisms remain incompletely understood. This thesis aimed to bridge this
gap by investigating how altered posture (Chapter II), physical activity
(Chapter III), and targeted spinal neuromodulation (Chapter IV) shape the
neuromechanical control of gait and balance in older adults. Through a series
of experiments combining (among others) kinematic, kinetic, and EMG data,
this work provides new insights into both the deterioration and plasticity of
locomotor function across the adult lifespan.

The effect of age on gait is well-documented in the literature. In all the
chapters of this thesis, aging was consistently associated with altered
segmental coordination, increased mechanical cost, reduced energy recovery,
and less efficient transitions during the double contact phase (Boyer et al.,
2017, 2023; Delabastita et al., 2021; A. H. Dewolf et al., 2018; Meurisse et
al., 2019b, 2019a; Winter, Patia, et al., 1990). These impairments were
reflected in altered spatiotemporal organization (e.g., shorter steps and higher
frequency), elevated Wey;, delayed CoM redirection, reduced joint mobility,
and a more anteriorly inclined trunk posture, which may shift the alignment
of the CoM and compromise transition dynamics (Chapter II & III). At the
muscular level, older adults demonstrated significantly lower plantar flexor
torque than younger adults, a widely reported feature of aging (McPhee et al.,
2016; Power et al., 2010) and confirmed in our results (Chapter [V). However,
these strength deficits also coincided with broader impairments in
neuromuscular coordination, including altered timing and magnitude of
muscle activation. This prompted further exploration of spinal-level
organization as a determinant of locomotor control. Critically, older adults
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exhibited age-related changes in spinal output, including a broader temporal
distribution of activation and reduced rostro-caudal differentiation,
particularly at the sacral level. These alterations, detailed in Chapter III & 1V,
suggest a decline in segmental motor selectivity and timing precision,
consistent with previous reports of age-related reorganization in spinal
circuits (Dewolf et al., 2021b; Monaco et al., 2010).

Collectively, these findings confirm the overarching aim of the thesis: to
investigate how aging and its modulation through physical activity and spinal
neuromodulation shape the neuromechanical control of gait and balance. The
results offer new insight into the age-related deterioration of locomotor
strategies, while also highlighting the potential for plasticity within the
neuromuscular and postural systems. Together, these findings contribute to a
more integrated understanding of the mechanisms underlying gait control in
older adults.

The Functional Impact of Trunk Inclination

To deepen the integrated understanding of gait control in older adults, we
examined how anterior trunk inclination, commonly observed in this
population (Honda et al., 2023), affects locomotor efficiency. This postural
deviation appears specific to walking and is not typically present in quiet
standing, suggesting that trunk inclination may be a task-dependent
adaptation rather than a constant postural deficit. From a mechanical
standpoint, walking operates through an inverted pendulum mechanism that
enables partial energy transfer between Ex and E,, optimizing muscular
efficiency through timely redirection of the CoM (Cavagna et al., 1977;
Willems et al., 1995). However, excessive forward displacement of the upper
body may misalign the CoM relative to the base of support, potentially
increasing the mechanical cost of walking (Aminiaghdam et al., 2016; Grasso
et al., 2000). This was confirmed in Chapter II, where experimental trunk
flexion in healthy young adults led to reduced energy recovery, elevated Wexs,
and a greater prevalence of non-anticipated transitions. These mechanical
alterations were accompanied by changes in segmental kinematics and
prolonged activation of extensor muscles. Although ES activity was not
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evaluated during the trunk flexion experiment, other chapters in this thesis
provide converging evidence that older adults walk with greater trunk
inclination and exhibit elevated ES activation. This pattern likely reflects a
compensatory neuromuscular response to maintain postural alignment and
forward propulsion under altered mechanical conditions. Notably, these
adaptations were consistently observed in the chapters examining the
influence of physical activity and spinal neuromodulation. While tsDCS
demonstrated some potential to modify trunk posture, its impact on ES
activation and broader gait dynamics remained limited. These findings
suggest that trunk inclination and axial extensor engagement represent critical
components of neuromechanical adaptation in aging, warranting further
investigation into whether interventions such as tsDCS can effectively
modulate these postural control mechanisms.

Although the anterior trunk inclination observed in our older adult cohort
(~3°) was relatively modest, it may still exert biomechanical consequences
when interacting with other age-related deficits. Previous findings indicate
that older adults exhibiting greater trunk flexion (~9.5°) demonstrate delayed
CoM redirection and a more pronounced biomechanical alteration during
walking (Dewolf et al., 2022), suggesting that postural alignment beyond a
certain threshold can compromise gait efficiency. In the present context, the
subtle trunk inclination likely does not exceed this threshold but may
nonetheless contribute to altered transition dynamics through its combined
effect with reduced muscular strength, sensory degradation, and impaired
spinal motor output. These interactions highlight the importance of
considering trunk posture not in isolation, but as part of a broader set of
neuromechanical adaptations that characterize locomotor control in aging.
This interpretation provides a conceptual bridge to the subsequent section,
which examines trunk inclination as an active modulator of gait efficiency.
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Neurodegenerative Foundations

This multifactorial interaction likely reflects the neurodegenerative substrate
of aging, in which motor impairments are not solely attributable to peripheral
sarcopenia, but also to progressive deterioration of central nervous system
structures. Age-related reductions in grey matter volume (Good et al., 2001),
loss of motor cortical and spinal neurons (Doherty, 2003; Henderson et al.,
1980), decreased synaptic density (Haug & Eggers, 1991), and compromised
white matter integrity (Davis et al., 2009) all contribute to diminished
descending motor drive (Yue et al., 1999). These central alterations, together
with peripheral neuromuscular degradation, can impair coordination, reduce
motor selectivity, and disrupt timing precision during locomotion (Dewolf et
al., 2021a, 2021b, 2019a; Monaco et al., 2010). These findings reinforce the
idea that gait control in older adults results from a convergence of
multisystemic decline, where posture, mechanical cost, and motor timing
reflect deeper alterations in spinal and supraspinal integrity.

In addition to peripheral and segmental spinal factors, age related
deterioration of supraspinal command pathways, particularly those essential
for locomotion (reticulospinal, vestibulospinal and corticoreticulospinal)
deserves explicit consideration. The reticulospinal and vestibulospinal tracts,
together with corticoreticulospinal inputs from premotor, supplementary
motor and primary motor cortices, constitute the core supraspinal command
that couples postural control with step generation (Takakusaki, 2017). With
aging, vestibulospinal drive weakens as vestibular end organs degenerate,
reducing stabilization of the head and trunk (Iwasaki & Yamasoba, 2015). The
reticulospinal contribution at the lumbosacral level is reduced because the
spinal target is smaller due to late life loss of anterior horn cells and because
the soleus H reflex shows blunted phase dependent modulation during
walking, indicating weaker descending control of sensory motor gain
(Henderson et al., 1980; Raffalt et al., 2015). Because the
corticoreticulospinal command depends on basal ganglia dopamine,
cerebellar calibration and brainstem relays (Takakusaki, 2017), age related
decline in these systems likely degrades that command, as shown by smaller
or delayed anticipatory postural adjustments during gait initiation (Bernard &
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Seidler, 2014; Karrer et al., 2017; Ransmayr et al., 2000). Together these
changes reduce the effectiveness of the pathway architecture that links
postural control to step generation.

Interestingly, these neuromechanical impairments echo patterns observed at
the opposite end of the lifespan. As shown in the supplementary chapter of
this thesis (Effect of age and speed on the step-to-step transition strategies in
children) and discussed in Supplementary Chapter I, both toddlers and older
adults exhibit a broader and temporally prolonged activation of spinal
segments, particularly at the sacral level, alongside a high prevalence of non-
anticipated transition strategies during walking. These shared features suggest
that immature and degenerated neuromuscular systems face similar
challenges in coordinating push-off and redirection of the CoM. From a
developmental perspective, locomotor control emerges through a proximal-
to-distal progression, with distal motor control maturing later as spinal
networks and corticospinal pathways become more refined (Dominici et al.,
2011). In contrast, aging appears to follow an inverse trajectory, where the
earliest signs of neuromuscular deterioration are often observed in distal
segments of the lower limb. This distal vulnerability has been linked to
structural degeneration of spinal pathways, reduced corticospinal modulation,
and impaired motor unit remodeling in distal musculature (Baudry et al.,
2015; Doherty, 2003; Martino et al., 2018).

Together, these lifespan comparisons highlight a fundamental principle: that
reduced corticospinal modulation, whether due to immaturity or
degeneration, compromises segmental specificity and the timely coordination
of neuromuscular transitions during walking. This convergence reinforces the
role of spinal output organization as a biomarker of gait integrity, with
important implications for early detection and intervention strategies across
the lifespan.

Neuromechanical Benefits of Physical Activity in Aging Gait

Physical activity plays a central role in preserving functional mobility with
aging, but its influence extends far beyond muscle strength alone. While
sarcopenia refers to the loss of muscle mass, and dynapenia to the loss of
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muscle strength without a corresponding reduction in mass, these have long
been considered the primary contributors to mobility decline (Clark &
Manini, 2008). Emerging evidence emphasizes that coordinated
neuromechanical control is equally shaped by habitual movement behaviors.
Importantly, physical inactivity (defined as insufficient engagement in
moderate-to-vigorous activity) is conceptually distinct from sedentary
behavior, which refers to prolonged periods of low-energy behavior such as
sitting or lying down (Tremblay et al., 2017). Both are prevalent in aging
populations and independently associated with poor functional outcomes. To
mitigate these risks, the World Health Organization recommends that adults
engage in at least 150 to 300 minutes of moderate-intensity aerobic activity
per week (Bull et al., 2020). However, many older individuals fall short of
these thresholds.

Participants classified as more active in this study showed markedly higher
engagement in aerobic exercise, with over 93% reporting regular participation
compared to just 53% in the less active group (Table 5.1). This contrast
highlights that more active individuals not only met, but often exceeded basic
physical activity recommendations. Conversely, the less active group was
characterized by sporadic or minimal engagement in structured exercise,
relying more on general daily activities such as walking. These distinctions
provide critical context for interpreting the neuromechanical differences
observed in aging gait.
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Table 5.1. Distribution of physical activity types among less active and more
active participant groups

Group Number of Strength Aerobic Sports (n)  General
participants training training physical
(n) activity
OA less 15 0 8 3 8
active
OA more 15 3 14 4 6
active
YA less 16 2 1 7 1
active
YA more 15 6 10 8 2
active

Table 5.1 summarizes the distribution of reported physical activity types among participants
classified as less or more active in each age group, who reported engaging in different types
of physical activity: strength training, aerobic exercise, sport participation, and general
physical activity (e.g., yoga, dancing, walking). Participants could report more than one type
of activity, thus, column totals may exceed the number of individuals per group.

In this thesis, physical activity level was assessed using the GPAQ, which
allowed for the classification of participants into more active and less active
groups based on their MET-minutes per week. Although self-report
questionnaires are commonly used in population-based studies, they are
subject to limitations such as recall bias and subjective estimation. In contrast,
objective tools like inertial measurement units, accelerometers, and
smartwatches are increasingly used to monitor physical activity with greater
temporal and intensity resolution (Troiano et al., 2014). While such tools were
not employed in the present work, their use could enhance future assessments
of habitual movement behaviors.

Taken together, these findings suggest that physical activity supports a more
integrated neuromechanical profile during gait, where temporal coordination,
energy efficiency, and postural control coalesce to preserve mobility. Rather
than acting on isolated systems, movement habits appear to sustain the
interplay between neural, muscular, and mechanical components essential for
stable and efficient locomotion in older age.
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Spinal Plasticity and Acute Modulation through tsDCS

The results of this thesis provide preliminary evidence that spinal locomotor
circuits in older adults retain a degree of plasticity that can be modulated
through non-invasive neuromodulation. In Chapter IV, a single session of
tsDCS produced subtle improvements in trunk posture during gait, suggesting
that spinal excitability and segmental coordination can be transiently
influenced by external electrical modulation. However, no measurable
changes were observed in transition strategies, muscle activation patterns, or
axial extensor engagement. This aligns with previous findings indicating that
the behavioral effects of tsDCS may be limited following a single session,
and that repeated stimulation may be necessary to enhance motor
consolidation and retention (Awosika et al., 2019). These limited acute effects
likely reflect subthreshold, state dependent modulation and current
distribution between spinal cord, roots, and skin, requiring repeated, task
specific sessions.

Despite persistent unknowns about the precise physiological mechanisms
within spinal networks, tsDCS has seen growing use in neurorehabilitation
and as an adjunct to physical training (Angius et al., 2017; Berry et al., 2017).
Converging animal and human evidence indicates that a constant current
applied across the spinal axis can transiently reweight synaptic efficacy
within  descending pathways (reticulospinal, vestibulospinal and
corticoreticulospinal), ascending proprioceptive and cutaneous tracts, and
local inter-neuronal circuits including CPG and premotor networks. At the
final common pathway, anodal tsDCS tends to depolarize spinal
motoneurons, lowering recruitment thresholds and increasing spike
probability and rate coding, whereas cathodal stimulation tends to
hyperpolarize and reduce rate coding gain (Baczyk, M., 2019). At the
segmental level, a reproducible signature of anodal tsDCS effects is a
reduction of the H reflex, indexing increased presynaptic inhibition of Ia
afferents and altered alpha motoneuron pool excitability (Bocci et al., 2015).
Accordingly, in Chapter IV we applied anodal tsDCS following a rostro-
caudal stimulation order targeting lumbar and sacral segments (Monaco et al.,
2010), with the aim of transiently depolarizing spinal motoneurons and
facilitating the translation of descending and sensory inputs into motor pool
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output. Similar improvements in locomotion have been reported with anodal
tsDCS combined with backward treadmill training (Awosika et al., 2019).

Several practical factors could have attenuated the effect size described in
Chapter IV. Interindividual differences in subcutaneous adipose tissue and
vertebral canal geometry can alter current paths and the field that reaches
spinal gray matter, so equal stimulator currents do not imply equal in cord
electric fields across participants (Fernandes et al., 2018). The 2.5 mA dose,
while within safety limits, may also sit near the lower bound for producing
robust physiological effects with the present electrode geometry (Eberhardt
et al., 2023). In addition, a nontrivial fraction of the dose likely spreads
through skin and dorsal roots, modulating cutaneous and root afferents more
than intraspinal circuits, which may yield postural adjustments but not
immediate changes in gait mechanics. Future studies should individualize
dosing to anatomy, include an in vivo segmental physiological measure such
as the H reflex to verify engagement during the task, and pair stimulation with
task specific gait practice across multiple sessions.

Taken together, our findings support tsDCS as a plausible means to modulate
spinal circuits in older adults, while underscoring the need to optimize
stimulation dose and montage and to embed stimulation within task specific
gait practice across multiple sessions. Well powered studies with extended
follow up should test whether repeated spinal stimulation yields durable gains
in posture and locomotion and helps counter age related decline in spinal
control.
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Concluding Remarks and Perspectives

This thesis investigated the neuromechanical control of walking in older
adults by examining how posture, physical activity, and spinal
neuromodulation influence gait efficiency and stability. Through a series of
experimental chapters, it offered an integrative view that connects
mechanical, muscular, and neural adaptations with age-related locomotor
changes. More than describing the manifestations of aging gait, this work
aimed to uncover the underlying mechanisms that drive these changes and to
explore their potential reversibility.

By bridging biomechanics and motor control, the findings demonstrate that
aging affects not only the peripheral structures involved in force production
but also the timing, coordination, and segmental specificity of spinal motor
output. This neuromechanical degradation was found to be partially mitigated
by habitual physical activity, which preserved gait coordination and spinal
organization even in older adults. Additionally, preliminary tsDCS findings
support spinal circuit plasticity, but interindividual variation in subcutaneous
tissue thickness at the stimulation site may have reduced current penetration
and limited the detectable effects of a single session.

A key insight from this thesis is that gait control in aging cannot be fully
understood through isolated parameters. Instead, it must be viewed as an
emergent property of a system that integrates posture, movement, and neural
regulation in a task-specific manner. Trunk inclination, segmental activation
patterns, and transition timing are not peripheral outcomes, but central
variables that reflect the broader integrity of locomotor control. Notably, these
patterns echo those observed in early development, suggesting a common
constraint: reduced corticospinal modulation impairs the efficient redirection
of the CoM, whether due to immaturity or degeneration.

Looking ahead, future research should focus on multi-modal interventions
that combine exercise with spinal neuromodulation, as well as on long-term
studies using objective activity monitoring tools. Special attention should be
given to identifying early neuromechanical markers of decline and
developing strategies that preserve locomotor function before irreversible
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deficits emerge. Rather than approaching aging as a linear loss, this thesis
supports a perspective in which movement, and the systems that enable it,
remain adaptable across the lifespan. The results call for a shift from
symptomatic observations toward mechanistic understanding, and from
isolated rehabilitation strategies toward integrated, system-wide approaches.
In this sense, the study of gait continues to serve as a powerful window into
the organization of human movement, and into the ways we might preserve
1t.
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Abstract

Background: The development and acquisition of mature walking in
children is multifactorial, depending among others on foot interaction with
the ground, body dynamics and the knowledge of the ‘rules’ stemming from
the gravity field. Indeed, each step the velocity of the center of mass must be
redirected upwards. This redirection may be initiated by the trailing leg,
propulsing forward and upward the body before foot contact, or later by the
loading limb after the contact with the ground. While it has been suggested
that mature walking develops slowly from first independent steps to about 7
years of age, it is still unknown how children acquire the appropriate loading
and propulsion forces during the step-to-step transition. To answer that
question, twenty-four children (from 3 to 12 years old) and twelve young
adults (from 20 to 27 years old) walked on force platforms at different
walking speed. The ground reaction forces under each foot were recorded and
the vertical velocity of the centre of mass of the body was computed. With
decreasing age and increasing velocity (or Froude number), the occurrence of
unanticipated transition is higher, related to a different ratio between the
vertical support of the front and back leg. The different transition strategy
observed in children indicates that body weight transfer from one limb to the
other is not fully mature at 12 years old.
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Introduction

Foot-support interactions and gravity have a profound influence on
optimization and energetics of walking and its stability. When children start
to walk independently, they need to learn the ‘rules’ of walking in the gravity
field, in particular, the pendulum mechanism of walking (Dominici et al.,
2007; Ivanenko, Dominici, et al., 2004; Ivanenko et al., 2007). The step-to-
step transition strategies are also tightly related to the effect of gravity on
walking since they require appropriate loading and propulsion forces at the
end of stance. The simple integration of stepping movements with forward
translation can be found in the typical strategy of gait initiation in toddlers,
whereby gait is initiated by letting the body fall forward, and in a form of
early walking, whereby the toddler puts the swing foot forward to brake the
fall and bring the body back to the original stance foot (McCollum et al.,
1995). McCollum et al identify different types of walking in toddlers
corresponding to different forms of early walking, the “twister”, the “faller”
and the “stepper”. Often, the “faller” cannot stop without something to bump
into, such as a wall or friendly adult (McCollum et al., 1995). This suggests
that toddlers do not anticipate this event and fail to redirect the centre of mass
of the body (CoM) before double stance, as adults do. This is also supported
by the fact that, in toddlers, virtually no power is generated at the ankle joint
before foot-off (Forssberg, 1985; Hallemans et al., 2006). Older children
seem to learn the adult-like mechanics and exchange between potential and
kinematic energy of the CoM when walking in the gravity field (Cavagna et
al., 1983), however, it is not clear to what extent and at what age they also
adopt the adult-like gravity-related anticipatory step- to-step transition
strategy.

During the acquisition of independent and mature gait, the physical dynamics
of the mechanical system (inertia, viscoelastic properties of muscles and
tendons and body size) may affect the locomotor behavior (Adolph et al.,
2018; Adolph & Robinson, 2015; A. H. Dewolf et al., 2020; Thelen & Fisher,
1995). For example, body size and proportions change dramatically during
growth (Haywood & Getchell, 2021), modifying the location of the center of
gravity (G. V. Payne & Larry D., 2017), and in turn its stability. Also, walking
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in toddlers is characterized by high variability of movements, legs wide apart,
short steps, and poor balance over the single support leg (Adolph & Robinson,
2015; Dominici et al., 2011). The body’s control balance is assumed to be a
milestone for mature walking, and it is not fully acquired before 6 years old
(Breniére & Bril, 1998). Furthermore, both in terms of mechanical energy and
kinematics, the ability to walk develops slowly from first independent steps
to about 7 years of age (Cheron, Bengoetxea, et al., 2001; Cheron, Bouillot,
etal., 2001; Dominici et al., 2010; Ivanenko, Dominici, et al., 2004; Ivanenko
etal., 2005, 2007), reflecting the progressive, dynamic integration of postural
equilibrium and forward propulsion in a gravity-centered frame with age.
Changes in limb coordination, center of mass dynamics and balance control
may in turn affect the coordinated transfer of weight from the trailing limb to
the leading one during the step-to-step transition of walking, most likely not
fully ac- quired before 7 years old.

Also, foot structure in infants differs from adults (Bosch et al., 2007; Maier,
1961; Price et al., 2018), with for example the presence of a fat pad
underneath the foot plantar surface during the first years after birth (Bertsch
et al., 2004; Gould et al., 1989). Another interesting observation is the
modification of foot contact strategy with age (Hallemans et al., 2006). In
toddlers walking, the foot interaction with the ground is still immature
because touch-down is with flat-foot or toes-first (G. V. Payne & Larry D.,
2017), instead of using the heel-to-toe rolling pattern as in adults. The latter
foot contact strategy is progressively adopted (after around 23 months of
independent walking (G. V. Payne & Larry D., 2017). This latter factor is
especially important since the heel-to-toe rolling pattern has been related to
specific muscle activation patterns and strategy of step-to-step transition
(Mesquita et al., 2023).

During the transition from one limb to another, the downward trajectory of
the CoM has to be redirected to an upward trajectory (Bastien et al., 2003;
Kuo et al., 2005; Meurisse et al., 2019b) . In adult walking, the propulsion of
the trailing limb redirects the trajectory of the CoM before the contact of the
leading limb. This so-called anticipated transition reduces the impact of the
leading limb with the ground. The aim of this study is to investigate the
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development of such transitions during gait in children as compared to
healthy adults, expanding the analysis of the effect of age on the mechanics
of walking. Data of children from 3 to 12 years old walking at speeds from
0.27 to 2.5 m s! were compared to adults. The forces exerted by each leg
were measured and analyzed during the step—to—step transition. Since several
gait parameters (e.g. mechanical work, step frequency and variability) exhibit
changes in children up to 12 years (Bastien et al., 2003; Hausdorff et al., 1999;
Schepens et al., 2004), we hypothesize that younger children would exert less
vertical force on the trailing limb and more on the leading limb during the
transition than older children and adults, as they progressively deviate from
the form of early walking observed in toddlers. We also anticipate a
progressive anticipated step-to-step transition with increasing age.

Materials and methods
Subjects and experimental procedures

Data were collected at the same time and on the same subjects as in the study
of Schepens et al. (Schepens et al., 2001) and the steps analyzed are the same
as in the study of Bastien et al., (2003)(Bastien et al., 2003). Experiments
were performed on 24 healthy children. For the sake of clarity, in the figures
the children were arbitrary divided in five age groups, defined as follows: 3—
4, 5-6, 7-8, 9—-10, and 11-12 years-old. The 3—4- year-old group included
subjects 3-years to <5-years old; the 5—6-year- old group included subjects
5-years to <7-years old, the 7-8-year-old group included subjects 7-years to
<9-years old, the 9—-10-year-old group included subjects 9-years to <11-years
old and the 11-12-year-old group included subjects 11-years to <13-years old.
Twelve healthy young adults of 20-27-years of age were also registered. The
mean characteristics of each age group are given in Table S.1. Informed
written consent of the subjects and/or their parents was obtained. The
experiments were performed according to the Declaration of Helsinki and
were approved by the local ethics committee. All of the subjects wore swim-
ming suits and gym shoes. Subjects were asked to walk across a force
platform at different speeds. The individual signals of the force plates data
were collected independently with two different set-ups: either sixteen 1000
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mm X 1000 mm force plates as described in Genin et al. (2010), ten 600 mm
x 400 mm plates, similar to those described by (Heglund, 1981). The plates
were sensitive to forces in the fore-aft and vertical directions and had a linear
response to within 1 % of the measured value for forces up to 3000-N. The
difference in the electrical signal to a given force applied at different points
on the surface of the plates was <1 %. The crosstalk between the vertical and
forward axis was <l % of the applied force. The individual signals of the
plates were digitized by a 12-bit analogue-to-digital converter every 5-ms and
processed by means of a desktop computer. The mean speed was measured
by two photocells placed at the level of the neck and set 1.5-5.0-m apart
depending upon the speed. In each age group, the data were gathered into
speed classes of 0.28'm-s—1 (1-km-h—1). In most cases, two trials per
subject were recorded in each speed class.

Data analysis

A complete step was selected for analysis only when the feet were on different
force plates and when the subject was walking at a relatively constant average
height and speed. Specifically, the sum of the increments in both forward and
vertical velocity could not differ by more than 25 % from the sum of the
decrements (Cavagna et al., 1977). According to these criteria, the difference
in the forward speed of the COM from the beginning to the end of the selected
step was <6% of the mean speed (except in four instances at very low speeds
below 0.56-m-s™!, where it was up to 9%), and the mean vertical force was
within 5% of the body weight. A total of 895 steps were analyzed (see Table
S1.1). The double contact phase (TDC) was delimited by the front leg foot
contact (FC) and the back leg toe off (TO). Froude number (F: = v>g"'I'!) was
measured based on the mean speed (v) and leg length (I) (Table 1). The
maximal vertical force exerted by the front leg (Fiont) and by the back leg
(Fpack) were measured during the step-to-step transition. The ratio between
Firont and Fpack was then calculated in order to illustrate the asymmetry in the
force generation between the two legs (Dewolf et al., 2022; Meurisse et al.,
2019b, 2019a). The vertical velocity of the CoM was determined from the
vertical ground reaction force, using the procedure described in detail in
Dewolf et al. (Dewolf et al., 2016, 2017). In short, the vertical acceleration of
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the CoM was computed as ay

= (Fy - mg)/m, where m is the subject’ s body

mass and g is the acceleration due to gravity. The instantaneous velocity in
the vertical (Vy) direction was obtained by integration of ay plus an integration

constant (chosen to make the average velocity over a step equal to zero).

Table S1.1 Participants characteristics

gi}i;s su?)j(:(;ts Age lelriggth Number of steps analyzed per speed class (m/s)

(years)  (male) (Z:;a (m) 02 05 08 11 14 16 19 22 25
34 5() i4(f2 Oéfgli 2 8 14 20 16 5 0 0 0
5-6 5@2) i6(f8 065.§li 4 14 20 19 36 14 1 0 0
7-8 5() ig(f“ 065.33i 5 10 22 36 23 23 12 8 1
9-10 5@3) i%z 066_31i 0 12 37 42 32 23 27 11 3
11-12 4 (2) ill()97 067.32i 5 11 21 36 25 33 24 9 0

Adults 12 (6) izlgg 068.32i 2 18 57 57 70 56 40 19 8

The time of occurrence of the minimal vertical velocity of the CoM (Vy,min)
relative to FC expressed in percent of stride and milliseconds was also
calculated. The transition mode was defined by the time of occurrence of the
Vyminrelative to FC. When the Vymin occurs before FC, the redirection of the
CoM velocity was ‘anticipated” while when Vymin occurs at or after FC, the
redirection of the CoM velocity, and in turn the step-to-step transition, was
‘unanticipated’ (Dewolf et al., 2022; Franz & Kram, 2013b; Meurisse et al.,

2019b).
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Fig. S1.1. Typical traces of step-to-step transition in a child of 7 years old and
general gait parameters in children and adults. (A) The upper illustration
schematically represents the step-to-step transition consequences of walking like
an inverted pendulum. The grey and blue arrows indicate the velocity of the CoM
before and after its redirection. At the bottom, the curves correspond to the vertical
force (F\) acting upon each leg separately, the continuous grey line is the force back
(Frack) of the trailing leg; the dotted black line is the force front (Fjon) of the leading
leg as a function of time. The continuous black line below corresponds to the vertical
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velocity (V) of the CoM during walking. The blue rectangle delimits one step-to-
step transition (from min to max V). (B) The black and grey dots correspond to the
stride period (T) and double contact time (Tpc) in children, respectively. The
dashed lines represent T and Tpc in adults (linear regression as a function of the
walking speed). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).

Results
Temporal parameters

Both walking speed and age (F2,988 = 1416.9, p <0.001, R = 0.861) or Froude
Number and age (F290s83 = 1101.5, p <0.001, R = 0.831) statistically predicted
stride period. Indeed, the stride period decreased with speed (p < 0.001; Fig.
S1.1B) and with Froude number (p < 0.001) and increased with age (p <
0.001). Similar observations were made on the duration of the double stance
phase (Fig. 3.1B). Walking speed and age (F20s3 = 1552.6, p < 0.001, R =
0.871) and Froude number and age (F29s8 = 1063.4, p < 0.001, R = 0.826)
statistically predicted the double contact period. The double contact decreased
with speed (p < 0.001), with Froude number (p < 0.001), and increased with
age (p <0.001).

Ground reaction force

The Fig. S1.2 presents the differences between the age-groups for the peak of
ground reaction forces. The normative data of adults were computed as the
linear regression with Froude number as independent variable. The grey area
corresponds to the slope plus and minus the 95 % confidence interval. Both
walking speed and age (F29s8 = 118.4, p < 0.001, R = 0.440) or Froude
Number and age (F2,083 = 70.0, p < 0.001, R = 0.352) statistically predicted
the peak of force developed by the back leg (Fpack). Fack increased with speed
(p < 0.001) and Froude number (p < 0.001) and increased with age (p <
0.001). The peak of force developed by the front leg (Front) could also by
predicted by speed and age (F2,088 = 1138.9, p <0.001, R = 0.835) or Froude
number and age (F2,088 = 1415.4, p <0.001, R = 0.861). Front increased with
speed (p <0.001).
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Fig. S1.2. Vertical ground reaction force under each foot during step-to-step transition. The
upper graph illustrates the vertical force exerted by the front (Ffon) and back (Fpac) leg
during the step-to-step transition (blue rectangle). From top to bottom, the Fpack, Ffion, and
Frron/Frack ratio are plotted as a function of Froude number in children (black dots) in each
group age (3—4,; 5-6, 7-8; 9-10; 11-12 years). The black dashed line and the grey area
correspond to the adult normative data. The normative data of adults were computed as the
linear regression with Froude number as independent variable. The grey area corresponds
to the slope plus and minus the 95 % confidence interval. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Step-to-step transition mode

The Fig. S1.3B presents the time of occurrence distribution of Vy min relative
to foot contact (FC) at all speeds as a function of age-groups in % of stride.
Both walking speed and age (F2983 = 117.1, p <0.001, R = 0.438) or Froude
Number and age (F2,088 = 136.2, p < 0.001, R = 0.465) statistically predicted
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the delay between Vymin and FC. The delay decreased with increasing speed
(p < 0.001) and Froude Number (p < 0.001). Also, Vymin occurred earlier
relative to FC with age (p < 0.001). The Fig. S1.3C illustrates the relative
percentage of unanticipated transitions (when Vymin occurred after FC) as a
function of age-groups and Froude Number. As the delay between the Vy min
and FC decreased with Froude number (and speed), the occurrence of
unanticipated transition increased, going sometimes up to 100 % of the
recorded steps at the fastest speeds. By comparing the younger and older
children, it can be seen that this effect of Froude number is dependent on age:
in the youngest group, the occurrence of unanticipated transition was higher
than in the other group and increased more rapidly with increasing Froude
number.

A

22.1 years

4.7 years 8.4 years

\*_H/\VV

unanticipated anticipated
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Fig. S1.3. Anticipated versus unanticipated transition. (A) Three representative examples of
the force under each foot during a step-to-step transition in 2 children (4.7 and 8.4 years old)
and one adult. The bottom curves represent vertical velocity of the CoM (V). The red and
blue arrows correspond to foot contact and Vimin, respectively. (B) The bar histograms
present the occurrence of the delay between Vvmin and foot contact in adults and children
(green) (C) Schematic illustration of the step-to-step transition mode with representative
corresponding vertical forces. The bar graphs below indicate the percentage of
unanticipated transition (when the redirection occurs after foot contact) in each age group
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as a function of Froude number. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).

Discussion

The present study aimed to investigate the step-to-step transition in children
younger and older than 7 years old and compare it with adults. To do that, we
measured the vertical ground reaction forces under each foot during a walking
step, compared the force exerted by the leading and trailing limb during the
weight transfer from one foot to the other (Fig. S1.3A), and classified the
transition as originally proposed by Meurisse et al. 2019 (Dewolf et al., 2022;
Meurisse et al., 2019b) in older adults: when the down-to-up redirection of
the centre of mass of the body (COM) begins during the double stance, the
transition is considered as non- anticipated whereas the anticipated transition
mode occurs when the redirection begins before the contact of the leading leg,
initiated by the vertical push of the trailing leg. According to Meurisse et al.
(Meurisse et al., 2019b), the transition mode is dependent on speed.
Therefore, we also analyzed the transition at different speeds and
corresponding Froude numbers (see Table S1.1). Our findings revealed a
higher rate of non-anticipated transition modes in younger infants and at fast
walking speed (Fig. S1.3).

The modified transition is related to a different distribution of vertical ground
reaction forces between the leading and the trailing limb (Fig.S1.2), with a
reduced propulsion of the trailing limb compensated by a higher peak of force
under the front foot. Some previous study has suggested that after the age of
4 years old, step parameters are already ‘adult-like’ (Sutherland, 1997). More
recently, it has been suggested that, in terms of center of mass dynamics and
lower-limb kinematics, gait maturity is reached around 7 years of age
(Cheron, Bengoetxea, et al., 2001; Cheron, Bouillot, et al., 2001; Dominici et
al., 2010; Ivanenko, Dominici, et al., 2004; Ivanenko et al., 2005, 2007). By
comparing children younger and older than 7 years old to adults, the results
of the present study indicate that the gait is not yet fully mature at the age of
7 years old. Indeed, both younger and older children do not anticipate the foot
contact and fail to redirect of the CoM motion before double stance, as adults
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do. While it should be taken into account that the degree of gait maturity does
not always relate directly to the chronological age of the child (Bach et al.,
2021), the difference with mature gait was, however, greater in the younger
groups. One possibility is that peripheral, biomechanical factors may play the
critical role in determining why children walk the way they do. For example,
strength and balance are keystones of improvements in walking skill
(Backman et al., 1989), and the deviation from adult gaits in infancy may also
be related to adaptive strategies for limiting the muscle activation demands
(Hubel & Usherwood, 2015). This is also supported by the lack of power
generated at the ankle joint before foot-off (Forssberg, 1985; Hallemans et
al., 2006).

Another possibility is that practice is the critical factor for the developmental
course of walking. In fact, the constant learning and exploration of movement
patterns in children suggest that motor loco- motion patterns are not fixed but
are flexible. The progressive transition to anticipated transition, as adult do,
can be related to the acquisition of the adult-like heel-to-toe rolling pattern of
the foot (A. H. Dewolf et al., 2020; Hallemans et al., 2006) and the acquisition
of the adult-like mechanics and exchange between potential and kinematic
energy of the CoM when walking in the gravity field (Cavagna et al., 1983).
From a metabolic point of view, since step-to-step transition is major
determinant of the overall cost of walking (Kuo et al., 2005), the higher
energy cost of walking observed in children until the age of 10 years old
(DeJaeger et al., 2001) may be also explained by the greater collision at foot
contact than adults at the same speed (Fig. S1.2).

Interestingly, similar results were observed in older adults. Indeed, a greater
contribution of the leading limb compensating a reduced vertical support of
the trailing leg has been observed. As a result, the transition is initiated later
in the gait cycle with age (Dewolf et al., 2022; Meurisse et al., 2019b, 2019a).
Also, the late CoM redirection was associated with age-related decline of gait,
such as poorer static balance, modification of limb coordination, greater
mechanical work, and differential organization of spinal motor output
(Dewolf et al., 2022). Based on the previous consideration, one may expect
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that the step-to-step transition in children as in older adults may reflect a
deviation from adult mature gait.

Conclusion

In conclusion, our results show that the rate of unanticipated transition
decreased with age, as speed and Froude number increased. Because the
modification of step-to-step transition has been related to the modification of
neuromuscular control of gait, assessing step-to-step transition in clinical
practice could be used as a quantitative assessment of the development of
locomotion.
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Abstract

Background: With extended life expectancy, the quality of life of older
adults is a priority. Loss of mobility, increased morbidity and risks of falls
have dramatic individual and societal impacts. Here we consider age-related
modifications of gait, from a biomechanical and neurophysiological
perspective. Among the many factors of frailty involved (e.g., metabolic,
hormonal, immunological), loss of muscle strength and neurodegenerative
changes inducing slower muscle contraction may play a key role. We
highlight that the impact of the multifactorial age-related changes in the
neuromuscular systems results in common features of gait in the immature
gait of infants and older adults. Besides, we also consider the reversibility of
age- related neuromuscular deterioration by, on the one hand, exercise
training, and the other hand, novel techniques such as direct spinal stimulation
(tsDCS).
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Introduction

With extended life expectancy, the quality of life of elders is a priority. Loss
of mobility, increased morbidity and risks of falls have dramatic individual
and societal impacts. Among the many factors of frailty involved, loss of
muscle mass and strength (Akima et al., 2001) and neurodegenerative
changes (Rygiel et al., 2016a) play a key role. Whether changes in the neural
control precede or follow the decline of muscle mass and strength and how
they both are related to gait alteration remains yet to be established. More
than ever, this needs to be elucidated to implement interventions that can
maintain or improve neuromuscular function in older adults.

Biomechanical changes with age have garnered considerable scientific
attention for nearly 50 years. The scientific community (Delabastita et al.,
2021; Winter, Patia, et al., 1990) most often points to a reduction in
mechanical power generated by the plantar flexor muscles during the push-
off phase of walking as the hallmark biomechanical ageing features of gait.
However, the 11%—-35% decline in force or power-generating capacity of
propulsive leg muscles cannot fully explain the age-related modification of
gait in older adults. Indeed, (i) many old adults underutilize their available
muscular capacity for generating propulsive power in walking and are able to
increase it during slope walking or using biofeedback (Browne & Franz,
2019) , and (ii) age-related changes in kinematics have been found prior to
the appearance of propulsion decline with increasing age (Sloot et al., 2021).
Taken together, it suggests that the decline of propulsive power generation is
thus not only due to a reduced muscular capacity, but neural factors are likely
to contribute as well. For instance, with aging motor weakness is due in part
to neuromuscular degeneration, but also to degenerative changes in the
central nervous system. Thus, reduction in grey matter volume (Good et al.,
2001), number of motor cortical (Henderson et al., 1980) and spinal motor
neurons (Doherty, 2003), synaptic density (Haug & Eggers, 1991), white
matter integrity (Davis et al., 2009), and descending commands for motor
activation (Yue et al., 1999) are some of the factors that may contribute to
age-related motor impairment. Another determinant of functional capacity
and autonomy is the integrity of other components of the neuromuscular
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system, which wires the brain and skeletal muscles via motor neurons and the
neuromuscular junction. However, despite its obvious importance for rhythm
generation, the potential involvement of the spinal cord in age-related
modification of locomotion has received little attention.

Using an electrophysiological approach, a way to get insight into spinal cord
functioning is to look at the spatiotemporal organization of the total
locomotor output by mapping multi-muscles EMG onto the spinal cord in
approximate rostro-caudal locations of the motoneuron (MN) pools
(Cappellini et al., 2010; A. H. Dewolf, Ivanenko, et al., 2019a; Ivanenko et
al., 2008, 2013; La Scaleia et al., 2014; Yokoyama et al., 2017). By studying
the spinal motor output across various walking conditions in older adults
(walking at different speeds, backward, upslope, downslope, upstairs,
downstairs), similar age-related differences in muscle activations have been
observed despite the various biomechanical constraints (Dewolf et al., 2021a,
2021b). In particular, the activity profiles of the muscles innervated from the
sacral segments were significantly wider in older adults in all conditions.
Interestingly, similar modification has been observed in young children (A.
H. Dewolf et al., 2020; Ivanenko et al., 2013).

The major consideration of this review is the age-related remodeling of both
the neural and muscular system and its relationship with locomotion changes
with age, to shed light on the multifactorial age-related changes of gait. The
alterations of the gait pattern in older adults are then compared to immature
gait. Besides, we also consider the reversibility of age-related neuromuscular
deterioration by, on the one hand, exercise training, and the other hand, novel
techniques such as direct spinal stimulation (tsDCS) to mitigate the reduction
of intrinsic spinal motoneuron excitability in older adults (Orssatto, Borg, et
al., 2021), and how it could potentially lead to improved strategies for
promoting locomotor function recovery.

Neuromuscular modification with aging
Aging is a natural and gradual process where the alterations in motor control

and physical fitness are multifactorial (Borzuola et al., 2020). Strength
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capacity and muscle mass decrease during aging, in great part due to
sarcopenia. Aging-related sarcopenia is the most common type of atrophy in
humans. Specifically, sarcopenia is a progressive skeletal muscle disorder
identified by low muscle strength, low muscle quantity or quality, and low
physical performance (Cruz-Jentoft et al., 2019). It is associated with an
increased risk of adverse outcomes, such as functional disability, poor quality
of life, and a higher risk of mortality (Batsis et al., 2014; Beaudart et al., 2017;
Kelley & Kelley, 2017; Liu et al., 2017). In older adults, the loss of strength
seriously affects independence associated with activities of daily living but
also leads to a greater risk of falls, which is strongly related to mortality
(Landi et al., 2012; Suzuki et al., 1992). From a clinical perspective, it is
essential to understand the mechanisms underlying the modifications in
skeletal muscle morphology and function, which are evident during aging
(Fiatarone, 1990). Muscle strength begins to decline after 30 years of age and
continues to decline with advancing age (Gava et al., 2015). Changes related
to muscle morphology and its electrophysiology generally appear after the
age of ~40, and it also continues to decrease progressively (Murton, 2015;
Oertel, 1986; Stalberg & Fawcett, 1982). Therefore, changes in strength
appear to precede changes associated with skeletal muscle morphology. Also,
the effect of aging on skeletal muscles depends on muscle location and
function, since leg muscles are more affected than arm muscles (Oertel, 1986;
Stalberg & Fawcett, 1982).

Several age-related modifications of muscle tissue have been described, such
as loss of muscle fibers (Lexell, 1995; Lexell, Henriksson-Larsén, et al., 1983;
McPhee et al., 2016) or substantial loss of contractile proteins (Larsson et al.,
1995), such as myosin heavy chain (Siparsky et al., 2014). Not only the
reduction in the total number of fibers occurs, but also in their cross-sectional
area (Lexell & Taylor, 1991b). It should be noted that a differential response
is reported in fiber loss depending on the type of muscle, with a faster
decrease mainly observed in type II fibers (Cade & Yarasheski, 2006;
Domingues-Faria et al., 2016). Also, a change from the fast myosin isoform
to the slow isoform has also been observed, which has a lower capacity to
generate force. This change in fiber type could contribute to both slowing
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movement and decreased maximal strength, and in turn induce age-related
changes of gait.

Even the pathogenesis of sarcopenia is not yet fully understood, multiple
etiological factors seem to be involved, including alteration of muscle
proteostasis (Lecker et al., 2004), mitochondrial dysfunction and
mitochondrial DNA deletions (Bua et al., 2006), deregulation of satellite cells
(Shefer et al., 2006), and accumulation of extracellular matrix called fibrosis
and fat infiltration into skeletal muscle (M.-Y. Song et al., 2004). The cause
of sarcopenia cannot be solely attributed to alterations in skeletal muscles. In
fact, the nerve responsible for stimulating muscle fibers plays a significant
role in sarcopenia. As the skeletal muscles experience degeneration with age,
the decline in neuromuscular function emerges as a crucial contributing factor
(Aagaard et al., 2010). Evidence has shown alterations associated with a
reduction in motor units. Studies have specifically compared the amount of
motor neurons in young and elderly subjects, with the latter showing a 50%
decrease (Doherty et al., 1993). In addition, the motor neurons begin to
exhibit alterations in firing frequency and rate. The maximum firing
frequency of motor neurons is lower compared to young subjects (Klass et
al., 2008). Other changes have also been detected during aging related to a
decrease in axonal conduction velocity, which is explained by reduced
myelination and internodal length (Scaglioni et al., 2002). Therefore,
evidence suggests that the compromised nervous system function may also
be one of the important contributors to functional decline described in
sarcopenia (Kwon & Yoon, 2017; Rygiel et al., 2016a). Indeed, normal
innervation and its corresponding regular activation are necessary to maintain
muscle mass through muscle contraction. For example, there is an association
between the loss of muscle fibers and the loss of motor units in older people
(McNeil et al., 2005; Piasecki et al., 2016, 2018). In addition, slow motor
neurons may be more adapted to reinnervation, leading to the loss of fast
motor neurons with age. This could respond to the change in fiber type that
occurs with aging (Andersen, 2003; Kadhiresan et al., 1996; Larsson et al.,
1978).
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While the causes of the age-associated loss of motor neurons are still
unsettled, the neuromuscular junction integrity, and in particular the
mitochondrial dysfunction at the neuromuscular junction, may have an
important role (Shigemoto et al., 2010). The changes in the neuromuscular
junction have been reported to be related to morphological alterations of the
pre- and post-synaptic regions and to the reduction of synaptic vesicles (Jang
& Van Remmen, 2011). The loss of motoneurons also plays an important role
in the alterations of the excitation-contraction coupling process during aging
(A. M. Payne & Delbono, 2004). Indeed, the decrease in isometric strength
and contraction velocity appears before the reduction in muscle mass.
Therefore, it has been proposed that the decrease in the number of motor units
occurs before the loss of muscle function (Deschenes et al., 2010; Sheth et
al., 2018). However, there is still insufficient evidence, and more studies are
required to complement the current hypothesis.

Gait during development and aging: a brief overview of the two sides of
life

The multifactorial age-related changes in the neuromuscular system,
summarized in the last section, are rather well documented. As people age,
those changes result in alterations in gait patterns. In this section, we present
different aspect of gait (presented in Fig. 2.1) that are affected by age, and
that interestingly resemble those seen in younger infants.

In humans, when EMG activity patterns are mapped onto the spinal cord in
approximate rostro-caudal locations of the motoneuron (MN) pools, the
activation of MNs tends to occur in bursts that can be associated with the
major kinetic events of the gait cycle (Cappellini et al., 2010; A. H. Dewolf,
Ivanenko, et al., 2019a; Ivanenko et al.,, 2008; La Scaleia et al., 2014;
Yokoyama et al., 2017). In particular, the first burst occurs around foot contact
and is mainly localized on the lumbar segment whereas the second burst
occurs during the second part of the stance mainly and is localized on the
sacral segment (Figure 1A). This approach provides information about pattern
output in terms of lumbosacral segmental control (from L2 to S2) rather than
in terms of individual muscle control.
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In older adults, across different forms of walking gait, age-related differences
were observed (Dewolf et al., 2021a, 2021b; Monaco et al., 2010; Santuz et
al., 2020), suggesting specific adjustments of the pattern generation
circuitries. In particular, the sacral output was significantly wider in older
adults and occurred earlier in the stance (Figure 1A). Interestingly, this result
does not simply reflect the documented distal-to-proximal modification of
kinetics since the human spinal topography does not reflect the muscle
topography on the lower limbs (F. P. Kendall et al., 2005). Instead, this
potentially highlights a distal to proximal degeneration of the motor system.
Accordingly, when the spinal excitability is estimated using the Hoffmann
reflex technique, no difference is found between young and older adults on
vastus medialis muscle (Mau-Moeller et al., 2013), whereas age-related
modulations of the reflex response have been reported in soleus muscle
(Baudry et al., 2015). Interestingly, while the craniocaudal gradient of
corticospinal development in infancy is well established (G. V. Payne & Larry
D., 2017), less is known about the differential degeneration of different
portions of the corticospinal tract with aging.

Development and aging can be seen as two opposite but complementary
phenomena (Feltes et al., 2015). For example, it appears that projection tracts,
such as the corticospinal tract, which develop earlier than association tracts
in infancy, degenerate later than association tracts in older subjects. Also,
primitive reflexes, which are commonly present in normal infants and
disappear during development, reappear in patients with diseases of the
nervous system but also in healthy older adults with an incidence increasing
with age (Damasceno et al., 2005; Douglas Gossman & Lawrence Jacobs,
1980; Hobo et al., 2014; Van Boxtel et al., 2006). Indeed, attempts to elicit
primitive reflexes are a routine part of the standard neurological examination
in the elderly, with the following reflexes tested: e.g., snout, suck,
palmomenral, and hand grasp (described in detail by Koller (Koller, 1984)).
Another reflex observed at the beginning of life is the stepping reflex: human
newborns step on the ground if supported (A. H. Dewolf et al., 2020;
Dominici et al., 2011; Forssberg, 1985; Thelen & Fisher, 1995; Yang et al.,
1998), and stepping generally disappears a few weeks after birth unless
trained. The relationship between this reflex and mature walking gait has been
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argued (Andre-Thomas & Autgaerden, 1966; Dominici et al., 2011; Sylos-
Labini et al., 2022), with lower ow complexity and higher variability of
neuromuscular signals in neonates. Because of the less complex and more
variable control of muscle in older adults (J. L. Allen & Franz, 2018), and
based on the common features of gait between infants and older adult
presented in the present section (Figure 2.1), One may speculate about the
potential greater similarities between neonatal stepping and older adult’s gait
pattern. Also from a kinematic point of view, a simpler coordination pattern
among the lower limb segments can be observed both during childhood and
agedness (Bleyenheuft & Detrembleur, 2012; A. H. Dewolf, Ivanenko, et al.,
2019a; Dominici et al., 2010; Gueugnon et al., 2019b; Ivanenko, Dominici,
etal., 2004; Noble & Prentice, 2008). One way to unravel the multi-segmental
coordinative law is the so-called coplanar variation (Bianchi, Angelini, Orani,
etal., 1998; Borghese et al., 1996). During walking, each lower-limb segment
oscillates back and forth relative to the vertical with a similar waveform, time-
shifted across different segments (Figure 1C). The lower limb segment angles
do not evolve independently of each other, but they are tightly coupled: when
plotted one vs. the others, they co-vary along a plane, describing a
characteristic loop over each stride (Figure 2.1C). The specific shape and
orientation of the plane reflects the phase relationship between segments and
therefore the timing of the intersegmental coordination (Barliya et al., 2009).
Even if the intersegmental coordination in toddlers rapidly evolves toward the
adult shape with experience (Cheron, Bouillot, et al., 2001; Dominici et al.,
2010; Ivanenko, Dominici, et al., 2004), when toddlers step in various
conditions (slope, stairs, backward), they do not adapt their segmental
coordination as adults do. Instead, they keep constant phase relationships
(Dominici et al., 2010) (Figure 2.1C). In older adults, the modification of
plane orientation across gait conditions is less adapted than in young adults
(Dewolfet al., 2021a, 2021b, 2019a). Since the changes in planar covariation
are thought to reflect the ability to adapt to different gait conditions (Bianchi,
Angelini, & Lacquaniti, 1998; A. H. Dewolfet al., 2018; Martino et al., 2014),
the lack of changes observed in toddlers and to a lesser extent in older adults
suggest reduced ability to adapt gait to environment or specific constraints
(Dominici et al., 2010).
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Because a link between center of mass (COM) trajectory and functional spinal
cord topography has been previously highlighted (Cappellini et al., 2010; A.
H. Dewolfetal., 2020; A. H. Dewolf, Ivanenko, et al., 2019a), one may expect
comparable COM dynamics in older adults and young infants. Center of mass
(COM) mechanics is a fundamental concept in biomechanics that describes
the movement and balance of an individual’s body. In young adults, during
walking the COM vaults over a relatively stiff limb with the heel well in front
of the hip at the beginning of the stance, and the heel lift with maintained toe
contact at the end of the stance. One of the direct consequences of such a heel-
to-toe roll-over pattern is that the extension of distal joints is delayed relative
to proximal joints, leading to the typical double hump shape (so-called <<m —
pattern>>) of the vertical ground reaction force (Hallemans et al., 2006)
(Figure 2.1A). In both older adults and younger infants, the walking gait lacks
the specific m-pattern shape of adult heel-to-toe roll-over walking pattern
(Dominici et al., 2011; Forssberg, 1985; Sylos-Labini et al., 2017), due to the
lack of late push-off from the trailing leg (A. H. Dewolf, Ivanenko, et al.,
2019a; Dominici et al., 2011; Gueugnon et al., 2019b). Another similarity is
that both young infants and older adults have limited control over their COM
(Foster et al., 2019; Malloggi et al., 2019). In the next section, we discussed
the potential cause of modification of gait in older adults, resulting in
kinematics, kinetics and neural similarities with the gait observed in children.
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Fig. $2.2.1: General features of gait in older adults. (A) spatiotemporal maps of motoneuron
activity of the lumbosacral enlargement in neonates, toddlers, preschoolers, adults and older
adults, and the delay between the activation of lumbar and sacral activation (data from
Ivanenko et al. (2013) for neonates, toddlers, preschoolers and adults, and from Dewolf et
al. (2021a) for older adults). (B) Schematic representation of walking like an inverted-
pendulum. Below, representative vertical loading force during stepping in neonates,
toddlers, preschoolers, adults and in older adults. The characteristic force profile was
evaluated using the ratio between the leading limb and the tailing limb. (C) Intersegmental
coordination assessed by principal component analysis (PCA) of limb segment elevation
angles during walking. From left to right: thigh, shank, and foot elevation angles (relative to
the vertical), corresponding 3D trajectory in segment angle space along with the interpolated
plane (modified from Ivanenko et al. (2008)). Three examples of gait loops are presented
(one toddler, one adult and one older adults). Below, changes in the orientation of the
covariance plane during walking over different surfaces in toddlers, adults and older adults
(modified from Dominici et al. (2010) and from Dewolf et al. (2021b)).
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Could we counteract the age-related modification of gait?

Based on the well-documented change in muscle strength with aging
described in the last section, a lot of efforts have been made to counteract it
using exercise (Christie, 2011; Hortobagyi et al., 2015; Keating et al., 2021;
Wau et al., 2021). Physical training is reported as an effective treatment for
maintaining muscular function (Chen et al., 2021; El Hadouchi et al., 2022;
Kraemer, Ratamess, et al., 2002; Markov et al., 2023). Guidelines recommend
high physical activity levels to increase health benefits in older adults (Boyer
et al., 2012; D. Taylor, 2014), since it is supposed to enhance daily activities
like gait. Resistance or power training not only increases/maintains muscle
mass, strength, power and functional capacity in older adults, but it also
induces several neuromuscular adaptations, such as an increase in peak firing
frequencies of motoneurons. Also, older adults still practicing long-distance
running reduce the decline in muscle function with age by enhancing the
neural drive to the muscle (Cogliati et al., 2020).

Resistance training (RT) positively affects walking speed (Keating et al.,
2021). For example, Hortobagyi et al. (2015) found that RT significantly
increases the habitual gait speed of healthy old adults by 8.4% as a long-term
effect. Power training also impacts gait velocity (Beijersbergen, Granacher,
Gibler, DeVita, et al., 2017; Beijersbergen, Granacher, Gébler, Devita, et al.,
2017a, 2017b), changing the rate of force development, which is moderately
correlated with gait speed (Stock et al., 2019), and improving the functional
performance (Radaelli et al., 2023). The main related effect of muscular
training is a higher ‘habitual walking speed’ after the exercise sessions.
However, training fails to directly translate to improved propulsive power
generation in walking (Beijersbergen et al., 2013). For example, a higher level
of physical activity in older adults did not mitigate the age-related
modification of kinematic coordination and distal-to-proximal redistribution
(Boyer et al., 2012). Also, greater muscular power (more than muscle
strength) has been reported to have a strong influence on mobility (Bean et
al., 2003), but without a clear change in gait pattern. Indeed, the
biomechanical, physiological, and motor control adaptations in gait with
training are still unknown, and physical trainers or physiotherapists lack
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consistent biomechanical data to understand the adaptation mechanism
(Beijersbergen, Granacher, Gébler, Devita, et al., 2017b). Based on lower
limb coordination, Bianchi et al. (Bianchi, Angelini, & Lacquaniti, 1998)
showed that trained young subjects can exploit better the dynamic coupling
between segments to save mechanical energy than untrained young subjects.
It is, therefore, plausible that training in older adults may affect the lower limb
intersegmental coordination to allow optimized gait mechanics.

While walking speed has been suggested to predict frailty and disability in
older adults (Guralnik et al., 2000), we believe that evaluation of spontaneous
walking speed is not the best outcome to evaluate the age-related decline of
gait. Spontaneous gait speed, if not performed after period of familiarization
sessions and following standardized instructions, may vary with the mood,
motivation, stimuli of the experimenters, etc. For example, in a classical
paper, Bornstein and Borstein (Bornstein & Bornstein, 1976) showed that the
‘pace of life’, measured as the spontaneous speed, varies with the size of the
local population, regardless of the cultural setting, suggesting that immediate
social and physical environment exert strong control over individual habitual
speed (Levine & Norenzayan, 1999). Therefore, we believe that there’s an
imperative need to understand the role of physical exercise in the process of
age-related modification of neuromuscular control of gait. In particular, the
data to interpret the mechanism needs to be more quantitative.

Enhancing physical capacity alone may not be sufficient to mitigate the age-
related decline of the neuro-muscular system, such as the distal to proximal
degeneration of the motor system highlighted above. A recent rehabilitation
approach is the use of real-time biofeedback to encourage favorable
biomechanical adaptations. For example, it has been showed that the
propulsive power can be increased during walking in older adults using ankle
power biofeedback (Browne & Franz, 2019), resulting in a reduction of distal-
to-proximal redistribution of joint efforts. Based on the age-related
modification of gait highlighted in Fig. 1, one may expect that other
parameters, such as the center of mass trajectory, can be manipulated using
real-time biofeedback (e.g., as in (Massaad et al., 2007)). In particular, using
real-time biofeedback to cue an acute change in the peak of vertical ground
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reaction force or in the limb loading may be an effective gait training
intervention to mitigate the effect of age in older adults. Such approach has
been developed in gait retraining following anterior cruciate ligament
reconstruction (Armitano-Lago et al., 2020; Luc-Harkey et al., 2018) but not,
to the best of our knowledge, with older adults.

Also, not only muscles but also the firing characteristics of our spinal
motoneurons play a critical role in producing force, and so, performing daily
activities. Motoneuron firing is determined by complex factors, such as
ionotropic synaptic input and persistent inward currents (PICs) (Orssatto,
Mesquita, et al., 2021). PICs are depolarizing currents generated by voltage-
sensitive sodium and calcium channels. Hassan et al. (Hassan et al., 2021b)
(2021) found weaker estimates of PICs in older adults than in their younger
counterparts, and propose that this weakening is an underlying mechanism
for the slowing of motoneuron firing with ageing. Interestingly, the
similarities observed between infants’ and older adults’ locomotor patterns
(Figure 1) might be related to the slower and weaker firing characteristics
(Dayanidhi et al., 2013).

As described by Hassan et al. (Hassan et al., 2021b), the PICs weakening
might result from a multitude of factors: (1) deterioration within the
monoaminergic systems, (2) imbalance between excitatory and inhibitory
synaptic inputs, or (3) changes in the function of monoaminergic receptors or
voltage-gated channels. The question that need to be answered is now: how
can we counteract the age-related decline in PICs? Our proposed answer for
a future research question in this context is spinal neuromodulation, a
promising strategy to augment spinal cord activity. In particular, non-invasive
trans-spinal cord direct current stimulation (tsDCS) may improve spinal
motor circuit function and motor output (Jankowska, 2017; W. Song &
Martin, 2017) in older adults, because of the increase in firing frequencies of
motoneuron (Baczyk, M., 2019) its specific effect of augmenting PIC-like
responses induced by c-tsDCS, L-type Ca2C channel activation (W. Song &
Martin, 2017).
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The tsDCS has been increasingly used over recent years in the rehabilitation
of patients following neurological injuries (Gad et al., 2021; levins & Moritz,
2017; C. Taylor et al., 2021) or as an addition to physical training in sports
(Berry et al., 2017). The effect of tsDCS on the gait patterns of older adults
has not been studied yet. However, enhancing the PIC-like response of motor
units would be well-suited to mitigate the effect of aging on spinal motor
output. We hope that the ideas presented here help to motivate future efforts
in understanding the quantitative modification of gait with aging and in
evaluating a promising method that could be used as a supplementary tool in
the management of geriatric patients.

Concluding remarks

This review outlines great similarities between the ‘first steps’ of infants and
the ‘last steps’ of older adults. While part of the modifications observed in
older adults may emerge from a lack of propulsive power, other
neurodegenerative changes play a key role. In particular, slower muscle
contraction is observed, resulting from the change in fiber type, the greater
reinnervation of slow motor neurons or the lower motoneuron firing
frequency with ageing, which is also an important peripheral contributor to
the lack of adult-like locomotor patterns in early infancy (Dewolf et al.,
2020). Gaining insights into the age-related changes in human gaits may
provide important clinical implications. For instance, we propose a novel
intervention to enhance the PIC-like response of the motor unit, and in turn,
mitigate the effect of aging.
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