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PROPOSITIONS
Belonging to the thesis

Effects of age and fatigue on human gait
Paulo Cezar Rocha dos Santos

Groningen, 7 October 2020

1. Muscle and mental fatigability minimally affected the stride
outcomes of treadmill walking in younger and older adults. (this
Thesis)

2. Treadmill pace may be minimizing any potential effects of
fatigability on stride outcomes. (this Thesis)

3. Mental fatigability seemed to affect stride outcomes in gait
conditions demanding higher cognitive involvement, such as in
dual-task walking.

4. Despite several studies using repetitive sit-to-stand task to induce
muscle fatigability, how this task affects muscle activation is still
unexplored. (this Thesis)

5. Older adults minimized the failure in muscle activation, and
voluntary force, by performing fewer repetitive sit-to-stand trials.
(this Thesis)

6. Repetitive sit-to-stand provided limited scope to probe the age-
effects on stride outcomes in gait and posture. (this Thesis)

7. Even with limited effect, repetitive sit-to-stand task induces age-
specific adaptation in the neural drive, which could be interpreted
as compensation for fatigue to maintain gait performance. (this
Thesis)

8. “It is a strange fancy to suppose that science can bring reason to an
irrational world, when all it can ever do is give another twist to a
normal madness.” (John Gray)

9. “An expert is a person who has made all the mistakes that can be made
in a very narrow field.” (Niels Bohr)
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Appendix

SUMMARY - EFFECTS OF AGE AND FATIGUE ON HUMAN GAIT

Natural aging is a degenerative process accompanied by decline, among others, 

in motor function, including gait and postural control, and the ability to make 

adjustments in these tasks when challenged by external and internal perturbations. 

Fatigability is a form of internal perturbation, resulting in reductions of objective 

measures of physical and/or mental performance and motivation over a discrete 

period. An intriguing question is whether and how age affects the ability to adapt 
gait to the state created by muscle and mental fatigability, in order to minimize a 

loss of daily function. Therefore, this thesis aimed to examine the effects of age 
and experimentally induced fatigability on human gait.      

In Chapter 2, we systematically reviewed studies that examined the effects of 
experimentally induced mental and muscle fatigability on older adults’ gait. 

We observed that muscle performance fatigability affects spatial and temporal 
features of gait and inter-stride trunk acceleration variability. In contrast, 
sustained mental activity tends only to affect step variability during dual-tasking. 
Although muscle and mental fatigability alter older adults’ gait performance, the 

mechanisms that explain why walking changes occur are unclear. 

Seeking to understand the mechanisms that explain how age and fatigability 

would affect gait, we experimentally induced muscle and mental fatigability and 
examined these fatigue effects on treadmill walking in 12 older and 12 younger 
adults. Muscle fatigability was induced by participants repeatedly performing the 

sit-to-stand task (rSTS). Mental fatigability was induced by participants performing 
demanding mental tasks for 30 minutes.

In chapter 3, we verified that the rSTS and demanding mental tasks minimally 
affected the stride variables and the dynamics of walking on the treadmill in the 
two age groups. Regarding the mental fatigability, we interpreted that demanding 

mental tasks indicate to induce adaptation on gait only in dual-task conditions. We 
also speculated that age-specific modulations on neuromuscular control due to 
fatigability might have compensated for the effects of fatigue to maintain the gait 
performance. In addition, the effects of rSTS were perhaps not specific enough to 
induce changes in key elements of gait.

In chapter 4, we examined the effects of age and exhaustive rSTS on muscle 
activation during ascent and descent phases of the STS task. We found that by 

performing remarkably fewer STS trials, older adults had minimized fatigability 
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Summary

effects on muscle activation, voluntary force, and motor function, producing 
minimal changes in stride outcomes and gait dynamics after rSTS, as seen in 

Chapter 3. In chapter 5, we examined if there was an age-specific modulation in 
the common neural drive to muscles to compensate for muscle fatigability and 

spare gait function. We found that rSTS produced an age-specific compensatory 
strategy in the neural control of muscles to maintain the gait performance. 

Chapter 6 summarizes the main findings. We discussed the data from the 
perspective that: 1) the effects of age and fatigability may be more evident during 
real-life, overground walking situations involving cognitive and motor dual-tasking 
compared to walking on a treadmill and 2) perhaps, a fatigue-induction model 
that involved walking tasks and/or focused on specific aspects of the task (such as 
fatigue induced by long distances walking over level and/or inclined surfaces, or 

stairs ascent protocols) could be more effective in examining the effect of aging on 
gait adaptability. However, even with limited effects, rSTS produced age-specific 
changes in the neural drive for synergistic ankle muscles, which can be interpreted 

as compensation for fatigue that healthy older adults develop to maintain walking 

performance. 

Key words: Aging; fatigability; mental fatigue; walking 
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SAMENVATTING - EFFECTEN VAN LEEFTIJD EN 
VERMOEIDHEID OP HET LOPEN VAN DE MENS

Gezond ouder worden gaat samen met functionele achteruitgang, waaronder 

die van het lopen, balans en het vermogen om deze aan te passen aan allerei 

interne en externe verstoringen. Vermoeidheid kan beschouwd worden als een 

interne verstoring welke resulteert in een afname van fysieke en /of mentale  

prestaties en een afname in de  motivatie om fysieke taken uit te voren. Een 

belangrijke vraag is, of en hoe leeftijd het vermogen beindvloed om het lopen 

aan te passen aan spier en mentale vermoeidheid en op wat voor wijze dit effect 
heeft op dagelijkse activiteiten. 

Hoofdstuk 2 presenteert een systematisch literatuuronderzoek waarbij studies zijn 

geanalyseerd die de effecten van experimenteel veroorzaakte spier- en mentale 
vermoeidheid op het lopen van ouderen onderzochten. Uit het  review komt naar 

voren  dat spatiële en temporele kenmerken van het lopen en de en de variabiliteit 
van de rompversnellingen beinvloed worden door spiervermoeidheid. Daarentegen 

heeft aanhoudende mentale activiteit alleen invloed op de stapvariabiliteit van het 

lopen als er tegelijkertijd een cognitieve taak wordt uitgevoerd, zgn. dubbeltaken. 

Ondanks dat het review heeft aangetoond dat spier- en mentale vermoeidheid de 
loopprestaties veranderen, blijven de mechanismen die ten grondlag liggen aan 

de gerapporteerde loopveranderingen onduidelijk.

Om meer inzicht te krijgen op welke wijze leeftijd en vermoeidheid het lopen 

beïnvloeden, hebben we een experiment ontworpen om spiervermoeidheid 

en mentale vermoeidheid te veroorzaken, en de effecten ervan op het lopen 
op een loopband te onderzoeken bij 12 ouderen en 12 jongvolwassenen. 

Spiervermoeidheid werd veroorzaakt door de deelnemers herhaaldelijk een 

zit-staan taak te laten uitvoeren (repetitive sit-to-stand, rSTS) en mentale 
vermoeidheid werd veroorzaakt door de deelnemers 30 minuten lang veeleisende 

mentale taken op een computer te laten uitvoeren. In hoofdstuk 3 laten we zien dat 

zowel bij ouderen als jongvolwassenen, de rSTS taak en mentale taken, schrede 

variabelen en de dynamica van het lopen  nauwelijks beïnvloedden. Wat betreft de 

mentale vermoeidheid, kan het zijn dat, aanpassingen in het looppatroon alleen 

optreden wanneer tegelijkertijd complexere, dubbeltaken worden uitgevoerd. 

Daarnaast kan het zijn dat leeftijdsspecifieke aanpassingen in de neuromusculaire 
controle, als gevolg van vermoeidheid, mogelijk de effecten van vermoeidheid 
hebben gecompenseerd om de loopprestaties te behouden. Bovendien waren de 



7

Samenvatting

effecten van rSTS taak mogelijk te algemeen  om veranderingen in de belangrijkste 
elementen van het lopen teweeg te brengen. 

In hoofdstuk 4 onderzochten we de effecten van leeftijd en rSTS taak op 
spieractivatie tijdens specifieke fases van STS-taak (fasen opstaan en zitten). We 
vonden dat ouderen in vergelijking met jongevolwassenen opmerkelijk minder 

STS-herhalingen uitvoerden. Door minder STS-herhalingen uit te voeren, bleven 
vermoeidheidseffecten op spieractivatie, kracht  en de uitvoering van de taak 
vrijwillige kracht en motoriek tot een minimum beperkt bij oudere volwassenen. 

Daarom werden minimale veranderingen gevonde  loopvariabelen. In hoofdstuk 

5 hebben we onderzocht of er een leeftijdsspecifieke aanpassing was in de 
gemeenschappelijke neurale aansturing van spieren om de spiervermoeidheid 

tijdens het lopen te compenseren. We vonden dat rSTS een leeftijdsspecifieke 
compensatiestrategie veroorzaakte in de neurale aansturing van spieren met als 

doel de loopprestaties te behouden.

Hoofdstuk 6 vat de belangrijkste bevindingen samen. De resultaten worden 

besproken vanuit het perspectief dat: 1) de effecten van leeftijd en vermoeidheid 
waarschijnlijk meer optreden tijdens looptaken die lijken op het lopen in het 

dagelijks leven, loopsituaties met cognitieve en motorische dubbeltaken. 2) 

een vermoeidheid inducerend model dat looptaken omvat en/ of gericht is op 

specifieke aspecten van het lopen (zoals, vermoeidheid veroorzaakt door lange 
afstanden te lopen op vlakke en / of hellende oppervlakken, of protocollen 

voor het ) wellicht duidelijker verschillend tussen jong en oud laten zien in het 

aanpassingsvermogen van het looppatroon. Echter, al zijn de algemene effecten 
klein, rSTS taak geeft leeftijdsspecifieke veranderingen in de neurale aansturing 
van synergetische enkelspieren, wat kan worden geïnterpreteerd als een 

compensatie voor vermoeidheid die gezonde oudere volwassenen ontwikkelen.

Sleutelwoorden: Veroudering; vermoeidheid; mentale moeheid; wandelen
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RESUMO – EFEITO DO ENVELHECIMENTO E DA FADIGA NO 
ANDAR NO HUMANO

O envelhecimento é um processo degenerativo que resulta em declínios funcionais, 
como aqueles observados na performance do andar, no controle postural e 

na habilidade de adaptação destas tarefas para com perturbações internas e 
externas. Perturbações internas surgem devido à uma redução na disponibilidade 
dos recursos biológicos, podendo ser atribuídas como consequência da fadiga. 
Uma questão intrigante é quando e como o envelhecimento afeta a capacidade 

de adaptação à perturbação criada pela fadiga para minimizar a perda da 
funcionalidade.  Portanto, esta tese teve como objetivo examinar os efeitos do 

envelhecimento e da fadiga induzida experimentalmente no andar. 

No capítulo 2, nós revisamos sistematicamente estudos que examinaram o efeito 
da fadiga muscular e mental no andar de idosos. Nós identificamos que, embora 
as fadigas muscular e mental alterem o desempenho do andar, os mecanismos 

que explicam o porquê das alterações no andar ocorrem não estão claros. Em 
conclusão, fadiga muscular afeta parâmetros espaço-temporais do andar e a 
variabilidade da aceleração do tronco. Em contrapartida, fadiga mental parece 
afetar a variabilidade do andar somente em condições de tarefa dupla. 

Buscando entender os mecanismos que explicam como a fadiga afeta o andar, 

nós induzimos as fadigas muscular e mental experimentalmente e verificamos 
seus efeitos no andar na esteira de 12 adultos e 12 idosos. A fadiga muscular 

foi induzida pela repetitiva tarefa do sentar e levantar (rSTS). A fadiga mental 

foi induzida por tarefas de demanda mental por 30 minutos. No capítulo 3, nos 
verificamos que o envelhecimento, a rSTS e a tarefa de demanda mental afetaram 
minimamente as variáveis da passada e a dinamicidade do andar na esteira de 

idosos e adultos saudáveis. Nós interpretamos que a fadiga mental parece induzir 

efeitos somente na condição de tarefa dupla; modulações neuromusculares 
especificas para cada grupo podem ter compensado os efeitos da fadiga para a 
manutenção do desempenho do padrão do andar induzido pela esteira; e que os 
efeitos da rSTS talvez não foram específicos o suficiente para induzir mudanças 
em elementos chaves do andar. 

No capítulo 4, nós examinamos os efeitos do envelhecimento e da rSTS na ativação 
muscular durante as fases de levantar e sentar da cadeira, e no nível de força. Nós 
indicamos que por realizar um substancial menor número de repetições, idosos 
tiveram minimizados os efeitos da fadiga muscular na atividade do músculo e na 
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produção de força máxima. Isto provavelmente explica as mínimas alterações 
observadas nas variáveis do passada e na dinamicidade do andar vistas no 

capítulo 3. No capítulo 5, nós testamos se existiam modulações específicas do 
envelhecimento no controle neuromuscular para compensar os efeitos da fadiga 

no andar em esteira. Nós indicamos que apesar de idosos tentarem minimizar 

os efeitos da fadiga muscular por diminuir o desempenho na rSTS, esta elicitou 

estratégias específicas da idade no comando neural para os músculos para manter 
a performance do andar em esteira.  

O capítulo 6 resume as principais descobertas desta tese. Discutimos os dados na 
perspectiva de que 1) os efeitos da idade e da fadiga podem ser mais evidentes 

durante as tarefas do andar quando este é avaliado próximo às  condições de vida 
real, ou em situações de tarefa-dupla em comparação com a caminhada na esteira; 
2) talvez, um modelo de indução à fadiga que envolvesse tarefas de andar e/ou que
focasse em aspectos específicos da locomoção (como o andar por longa distância
em superfícies planas e/ou inclinadas, e subir e descer escadas), pudesse ser
mais eficaz para examinar o efeito do envelhecimento nas adaptações do andar.
No entanto, mesmo com efeitos limitados, a rSTS provoca alterações específicas
da idade no ‘drive’ neural para músculos sinergistas do tornozelo, que podem
ser interpretadas como compensação à fadiga para que idosos mantenham o
desempenho do andar.

Palavras-chave: Envelhecimento; fadiga; fadiga mental; marcha humana 



TABLE OF CONTENTS

Chapter 1 General introduction

Chapter 2 Effects of experimentally induced fatigue on healthy older 
adults’ gait: a systematic review

Chapter 3 Minimal effects of age and prolonged physical and mental 
exercise on healthy adults’ gait

Chapter 4 Older compared with young adults perform 467 fewer sit-
to-stand trials resulting in minimized changes in muscle 
activation and voluntary force

Chapter 5 Age-specific modulation of intermuscular beta coherence 
during gait before and after experimentally induced fatigue

Chapter 6 General Discussion

11

23

51

73

91

117

Appendix 131





General introduction



13

Chapter 1

Epidemiological data suggest that the age of the population has been growing 

substantially. World Health Organization projections indicate that from 2010 to 

2050, the segment of the population aged over 65 years old will almost triple 

(from 524 million to 1.5 billion) [1]. Aging is a natural degenerative process of the 

cardiorespiratory, musculoskeletal, and neuronal systems [2]. It is not surprising 

that the physiological and biomechanical processes associated with aging are in 

the forefront of health and life sciences.

Natural aging is associated with a visible 40% decline in the capacity to produce 

maximal voluntary force, accompanied by a substantial reduction in type II muscle 

fiber, in the number and diameter of myelinated motoneuron axons, in the velocity 
of peripheral nerve conduction, impairing functions of sensory fiber, resulting 
in an altered motor units function [3,4]. Aging also affects the central nervous 
system, as older compared with younger adults have ~15% lower white and grey 

matter volume, which necessitates overactivation to perform the same motor task 

[5,6]. Aging affects not only focal activation of selected brain areas during motor 
actions but the activation of networks, with some networks increasing and others 

decreasing the strength of functional connectivity, with a net effect of decreases 
in cognitive and motor function [7–9].

Age-related degenerative processes result in functional decline, including walking 
speed, postural control, and the ability to adapt these tasks to environmental or self-
imposed perturbations [10,11]. An impaired ability to adapt to environmental stimuli 

is interpreted as compromised evolutionary survival [12]. An intriguing question 

in health and life science is whether and how age affects the ability to adapt to a 
perturbation created by fatigue in order to minimize a loss of daily function.

1. AGE-RELATED ADAPTABILITY IN GAIT

The term “Adaptability” reflects the ability of an individual (or system) to adjust to 
or deal with changing circumstances [12]. In motor control, adaptability can be a 

marker of the ability to cope with environmental, task and individual perturbations 

[13,14]. In the context of gait, adaptability ensures that the task can be completed 

notwithstanding internal (as a biological reduction in the availability of resources, 

i.e., fatigue) and external disturbances (e.g., slip, trip) in daily life. Because gait is

a dynamic and complex interface between the individual and the environment,

adaptability in the systems controlling gait is needed. However, age-related
reductions in neuromuscular, sensorimotor, and cognitive function could interfere



14

General introduction

with adaptability to perturbations [15,16], with reductions in the ability to adapt 

gait to perturbations [13]. The reduced adaptability of gait increases instability, 

and the risk of trips, slips, and falls [17–19].

The most visible changes in old adults’ gait are slower habitual walking speed, 

accompanied by shortened and wide steps, longer double support time, and 

a higher cadence [11,20]. Age-related gait changes also include changes in the 
variability characteristics of several gait features [21], such as a decline of local 

dynamic stability of about 50% as quantified by the maximal Lyapunov exponent 
in anteroposterior and mediolateral accelerations during treadmill walking [22]. 

Such changes in stability and variability features of gait have been associated 

with cognitive health and predict daily function, independence, mobility, falls, 

and mortality [18,23–26].

A decline in gait performance, stability, and complexity features of gait in 

older adults are likely related to the age-related alteration in neuromuscular 
control. Older vs. younger adults walk with ~50% higher knee agonist-antagonist 
coactivation [27,28]. The mechanisms for increased coactivation might be related 

to age-specific reductions in inhibitory control [29]. Combined with altered 
inhibitory control, old age also involves reduced cortico-muscular communication 
and intermuscular common drive during gait [30,31] that may underlie the lack of 

adaptation in gait in response to a perturbation.

Adaptability can be examined through the evaluation of responses to experimental 

perturbations. There are a number of perturbation models to examine human 

motor adaptability, including mechanical/external and internal disturbances. 

Mechanical/external perturbation models include: sudden changes in surface 

stability, slip induction [32], and split-belt treadmill walking [33]. Older adults 
can cope and adapt to these perturbations in an age-specific manner, i.e., older 
vs. younger revealed faster horizontal heel contact velocity after slip induction 

and greater swing speed of the fast leg during split-belt treadmill walking [33,34]. 
Internal perturbations, on the other hand, include the state induced by fatigue 

that can interfere with gait control [35,36].

1
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2. FATIGABILITY AS A PERTURBATION MODEL IN
OLDER ADULTS

Fatigue has a diverse set of definitions. Herein, we are considering the taxonomy 
proposed by Kluger et al. [37] and Enoka et al. [38] in which fatigue can be assessed 

as a trait (i.e., the average amount of fatigue sensations experienced during 

consecutive days, weeks, or months) and/or a state (i.e., the rate of change in key 

outcomes and/or increased feelings of exertion during a fatiguing task). Although 

it is possible to assess the trait of fatigue by reporting tools, this type of fatigue 

cannot be experimentally manipulated. Therefore, in laboratory environments, the 

experimental set-up usually induces a state of fatigue in “trait fatigue-free” healthy 
older adults to examine somehow if this population can adapt motor performance 

with the interference induced by prolonged muscle and mental exertion [39–41].

The state of fatigue derives from the interaction between perceived (i.e., increased 

in self-reported exertion) and performance (i.e., reduction of performance over 
time) fatigability [37,38,40]. While prolonged low-force activity or motor task at a 
high percentage of the available maximal mechanical output can lead to muscle 

performance fatigability, performing prolonged demanding mental activities 

interfere with cognitive functions leading to mental performance fatigability state 

[22,40–42]. Muscle performance fatigability is a complex phenomenon involving 

neural and physiological alterations at the peripherical and central levels [43]. At 

the peripherical level, muscle performance fatigability increases the accumulation 

of metabolites in the intramuscular milieu [43,44]. Such increases activate groups 

III and IV muscle afferents that inhibit part of the motoneurons pools, decreasing 
motor unit firing [43,44]. One observed effect of muscle fatigability on the central 
level is that the central nervous system increases the strength of neural drive 

as an attempt to compensate for the effects of fatigue on muscle properties 
[45–47]. Alteration in muscle control is also observed as a ~10 to 30% increase 

in electromyography amplitude due to fatiguing muscle exercise in older adults 

[46,48]. Muscle fatigability is also characterized by a reduction in the capacity to 

produce maximal voluntary torque or to sustain a motor task [44].

Mental performance fatigability is a psychobiological state experienced during 

and after prolonged periods of demanding cognitive activity, marked by feelings 

of tiredness and lack of energy and deterioration in cognitive performance 

[41,49–51]. For instance, demanding mental tasks decreased motivation, and 

processing speed (i.e., 7 to 15% higher reaction time) and performance (i.e., 5 

to 30 of increase in errors) [22,51]. The transient decline in cognitive functions 
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is also accompanied by impairments in the top-down control of movement [50]. 
Therefore, it is reasonable to assume that behavioral mental fatigability would 

affect motor performance, mainly in tasks that require higher cognitive resources 
and for older adults due to the reduced capacity to allocate such resources [49,52].

Altogether, the effects of muscle and mental performance fatigability in both 
peripherical and central levels accompanied by changes/reductions in behavioral 

data can justify fatigue as a unique niche to examine age-related adaptation to 
internal perturbation [53]. Although in the laboratory environment, several tasks 

exist to induce muscle and mental performance fatigue, we particularly used 

repetitive sit-to-stand and cognitive demanding computer tasks.

2.1. Repetitive sit-to-stand

Protocols to induce muscle performance fatigability usually involve a single joint, 

such as isolated knee or ankle joint exercise vs. multi-joint and/or large muscle 
mass involved exercises [39]. To induce muscle performance fatigability, we choose 

repetitive sit-to-stand as a demanding functional task that requires relatively 
higher muscle effort compared to level and inclined walking [54]. Repetitive sit-
to-stand not only induces changes in muscle activations in knee extensor but 
also in the ankle and hip muscles [48] (see details in chapter 4). After repetitive 

sit-to-stand, maximal voluntary force declines by 8 to 16% and these changes 
are accompanied by reductions in muscle activation. Rate of perceived exertion 

also increases due to repetitive sit-to-stand independent of age [40,55]. During 
repetitive sit-to-stand, older adults’ relative muscle activation was 50 to 100% of 
the maximum knee muscular activation capacity, twice as high as compared with 

younger adults [48,54]. Because the muscle groups involved in sit-to-stand are 
also active during gait [56] and repetitive sit-to-stand evokes peripherical and 
central changes in muscle control (Figure 1), the repetitive sit-to-stand might be a 
feasible protocol to induce muscle performance fatigability to examine age-related 
gait adaptability.

2.2. Computer tasks to induce mental performance fatigability

The general concept suggests that due to age-related decline in the availability and 
capacity to allocate cognitive resources [8], and the association between cognitive 

function and gait [15], interference with attention and executive function would 

augment the age differences in gait performance. While several tasks have been used 
to induce mental performance fatigability (i.e., simulating drive, long-time exposure 
to visual stimuli, dual-task) [57], cognitive reaction time and inhibitory tasks are 
particularly interesting because these tasks interfere with attention and executive 

1
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functions [51]. Such tasks increase the perception of fatigue and are associated 

with changes in brain activation [51]. Targeting mental performance fatigability, 

three different computational tests were proposed previously (Psychomotor Vigilant 
Test, Stroop, and AX-continuous performance task) with similar effects on reported 
fatigue and task-specific outcomes [51,58]. Therefore, a protocol that combines all 
tests might induce a decline in a large range of cognitive functions, such as attention, 

processing speed, executive function, and motivation. It is also reasonable that using 

protocols that target more cognitive functions would augment the sensibility to 

induce changes in gait because declines in those functions are related to a decline 

in walking performance in older adults (Figure 1) [15].

3. OBJECTIVES AND OUTLINE OF THIS THESIS

This thesis aimed to examine the effects of age and experimentally induced 
fatigability on gait. In chapter 2, we systematically reviewed studies that 

examined the effects of experimentally induced mental and muscle fatigability 
on gait in older adults. We observed that if studies move from descriptive to 

mechanistic applications, the viability of the fatigability protocols might increase. 

Such applications would also strengthen our understanding of the underlying 

mechanism of age-related gait adaptability to muscle and mental fatigability. 
We, thus, induced states of fatigue by using repetitive sit-to-stand (muscle 
performance fatigability) and three computer demanding mental tasks (mental 

performance fatigability) to examine age-related adaptation in gait (Figure 1). 
In chapter 3, we aimed to examine the effects of age and fatigue-type on gait 
performance. Therefore, we determined the effects of age, repetitive sit-to-stand, 
and demanding mental tasks on gait stride related outcomes and gait dynamics 

during treadmill walking. Having observed minimal effects of repetitive sit-to-
stand and demanding mental tasks on stride outcomes during treadmill walking, to 

better understand this null result, we examine the effects of fatigue perturbation 
on muscle activation. As such, in Chapter 4, we tested the repetitive sit-to-stand 
as a model to examine age-related adaptability in functional tasks, by assessing 
the effects of repetitive sit-to-stand on muscle activation and maximal voluntary 
contraction in lower limb muscles in healthy younger and older adults. In Chapter 

5, we examined if there was an age-specific modulation in the common neural 
drive to muscles to compensate the muscle fatigability during gait. To that aim, 

we determine the effects of age and experimentally induced muscle fatigability 
on intermuscular coherence during treadmill walking.



18

General introduction

Figure 1. Schematic representation of the experimental set-up. Gait is a dynamic and com-
plex task in which the central nervous system sends coordinated commands via the spinal 
cord to activate muscles that generate gait and its constituent outcomes (stride outcomes, 
dynamic gait features) (A). Experimentally induced fatigue perturbs motor control and in-
terferes with available internal resources. Muscle performance fatigability, induced by re-
petitive sit-to-stand (rSTS), arises from changes at the central level (i.e., increase in central 
drives inputs) (B) to compensate for alterations in muscles (i.e., declines in voluntary force) 
(C). Performing a demanding mental task (Mental performance fatigability) for a prolonged 
period can reduce intrinsic motivation, executive function, and attention (D) (parameter 
associated with gait performance). Although we expect that both types of fatigue may 
induce changes in stride outcomes and dynamic features (E), greater effects on Muscle 
than Mental performance fatigability are expected because rSTS evokes changes at both 
central and peripherical levels.

1
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ABSTRACT

Introduction: While fatigue is ubiquitous in old age and visibly interferes with 

mobility, studies have not yet examined the effects of self-reported fatigue on 
healthy older adults’ gait. As a model that simulates this daily phenomenon, we 

systematically reviewed eleven studies that compared the effects of experimentally 
induced muscle and mental performance fatigability on gait kinematics, variability, 

kinetics, and muscle activity in healthy older adults.

Methods: We searched for studies in databases (PubMed and Web of Science) 

using Fatigue, Gait, and Clinical conditions as the main terms and extracted the 

data only from studies that experimentally induced fatigue by sustained muscle 

or mental activities in healthy older adults.

Results: Eleven studies were included. After muscle performance fatigability, six 

of nine studies observed increases in stride length, width, gait velocity (Effect 
Size [ES] range: 0.30 to 1.22), inter-stride trunk acceleration variability (ES: 2.06), 
and ankle muscle coactivation during gait (ES: 0.59, n = 1 study). After sustained 

mental activity, the coefficient of variation of stride outcomes increased (ES: 0.59 
to 0.67, n = 1 study) during dual-task but not single task walking.

Conclusion: Muscle performance fatigability affects spatial and temporal features 
of gait and, mainly, inter-stride trunk acceleration variability. In contrast, sustained 
mental activity tends only to affect step variability during dual tasking. A critical 
and immediate step for future studies is to determine the effects of self-reported 
fatigue on gait biomechanics and variability in healthy older adults to verify 

the viability of experimentally induced fatigue as a model for the study of gait 

adaptability in old age.

Key Words: Fatigability, Sustained activity, Walking, Aging, Mental fatigue, Muscle 

Fatigue

List of abbreviations: Abd, Abduction; acc, acceleration; AP, Anteroposterior; CAD, Cadence; CG, Control 

Group; CoV, Coefficient of variation; DT, Dual-Task; DsT, Double support Time; Effect sizes, ES; FG, Fatigue 
Group; FRA, Functional Reflex Activity; IK, Isokinetic; LDS, Local Dynamic Stability; LW, Overground 
level walking; LyE, Lyapunov Exponent; ML, Medial-lateral; Motiv, Motivation; Mov, Movement; n/m, 
not mentioned; OW, Obstacle walking; PRISMA, Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses; Prop, Proprioception; RMS, root mean square; RPE, Rating of Perceived Exertion; RT, 
Reaction Time; RW, Regular Walking; SD, Step Duration; SdD, Stride Duration; SdL, Stride Length; SdW, 

Stride Width; SL, Step Length; Sp, Speed; ST, Single-Task; STS, Sit-to-Stand; StT, Stance Time; SW, Step 
Width; SwT, Swing Time; UL, Unilateral; V, Vertical; var, Variability; vel, Velocity.
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1. INTRODUCTION

Population studies and primary care data show that ~46% of older adults complain 

about being tired [1–3]. Tiredness is the sensation of exhaustion, a reduction 

of physical and mental energy, and a diminished interest in the surrounding 

world. Prolonged physical or mental exertion can reduce motor performance 

(performance fatigability) [4–6] or reduce the capacity to allocate cognitive 

resources to perform a task [7] and increase self-reported fatigue (perceived 
fatigability) [8]. Performing a low-force activity for a prolonged period, such as a 
long high-paced walk, can lead to a sensation of muscle performance fatigability. 
Performing a motor task at a high percentage of the available maximal mechanical 

output, i.e., at a high relative effort, can also lead to muscle performance 
fatigability, a state that is associated with reduced contractile force and a sub-
optimal neural activation of muscles [6,8,9]. The decline in force due to sustained 

muscle effort can interfere with the quality of motor acts such as carrying an 
object, maintaining bodily postures, and gait [10–12].

While prolonged low force and short-term high force motor acts can directly reduce 
motor performance due to impairment in force and muscle activation, demanding 

mental activities can also create a psychobiological state characterized by a 

perception of tiredness and a lack of motivation [8,13,14]. Sustaining attention or 

a mental effort for a prolonged period puts older adults in a fatigued mental state 
[7,15,16] that slows cognitive processes often quantified by slowed reaction times 
[13,14,17]. Sustained mental activity is also associated with alteration of cortical 

brain areas and decreases in neurotransmitter levels [14,18]. Such modifications 
may impair top-down cognitive control and the execution of motor tasks indirectly, 
even in the absence of demonstrable muscle weakness [19,20]. Sustained mental 

activities can also decrease parasympathetic and increase sympathetic activity, 

reducing motivation and pre-frontal brain activation [7,20].

While both fatigue types are prevalent in old age and visibly interfere with gait, 

studies have not yet examined the effects of trait of fatigue on healthy older 
adults’ gait. To minimize interference and maintain gait quality, older adults are 

expected to adopt strategies that help to compensate for the mal-effects of fatigue 
on gait. The unanswered question is whether and how those healthy older adults 

who report no trait of fatigue can adapt their gait when either kind of fatigue is 

induced by experimental protocols in a laboratory environment. Such paradigms 

are thought to simulate performance or perceived fatigued states often reported 

by older adults. It is important because the after-effects of sustained activities can 

2
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destabilize gait and posture, increasing the risks for slips, trips, and falls [21–24]. 

The picture emerging from the systematically not yet reviewed studies is that 

fatigue-free healthy older adults are able somehow to adjust their gait kinematics, 
kinetics, variability, and muscle activation to states created by performance or 

perceived fatigue induced in a laboratory environment [25–27]. It seems likely that 

experimentally induced muscle fatigability by prolonged physical activity affects 
the generation of mechanical work and power at the ankle, knee, and hip joints 

during gait [28]. Such changes are reasonable because the cellular mechanisms 

of fatigue impair voluntary force generation and the neural drive of muscles 

[4,6,29] that generate torques and powers during gait. Specifically, it is likely that 
older adults would in compensation for the force loss increase stride width and 

muscle activity to increase gait stability [25]. Subtler mechanisms could involve 

increases in the activity of antagonist muscles and distribute effort by recruiting 
less affected muscles at adjacent joints [28,30,31]. Concerning mental fatigability, 
we expect that interference with attention, arousal, executive function, mood, 

and motivation would primarily affect gait variability [32,33]. Indeed, brain areas 
underlying these cognitive functions are also active during imagined walking [34] 

and are related to temporal step outcomes and gait variability [35–37]. We thus 

hypothesized that gait adaptations might be fatigue-type specific. The purpose 
of this paper was to systematically review studies that compared the effects 
of experimentally induced muscle and mental performance fatigability on gait 

kinematics, variability, kinetics, and muscle activity in healthy older adults. A 

comprehensive review of these adaptations is timely and needed because it would 

increase our understanding of how old age affects the capacity to adapt gait to 
sustained muscle or mental activities.

2. METHODS

We performed a computerized systematic literature search, following PRISMA 

(S1 Checklist) and Cochrane Handbook for Systematic Reviews guidelines [38,39], 

in PubMed and Web of Science for the period between January 1987 to August 

2019 (last 30 years from the beginning of the search (2017) and updated for the 2 

following years). The search consisted of four terms: Term 1 was the population by 

using the keywords ‘old’, ‘elderly’ and ‘adults’; Term 2 was the intervention ‘Fatigue’ 

probed with the keywords ‘fatigue’, ‘fatigability’, ‘tiredness’, and its variants (e.g., 

mental fatigue, physical fatigue, motor fatigue, cognitive fatigue, performance 

fatigability, and perceived fatigability). Term 3 was the outcomes ‘Gait ’ and 

‘Walking’ with the outcomes of gait adaptability concerning gait biomechanics, 
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kinetics, kinematics, muscle activity, spatial-temporal parameters, inverse 
dynamics, gait stability, and gait variability. Term 4 included the exclusion criteria 

and clinical conditions, such as neurological and orthopaedical diseases. Although 

the Cochrane Handbook for Systematic Reviews suggest that the ‘NOT’ operator 

should be avoided as exclusion where possible [39], in our case, exclusion terms 

were necessary as a search strategy to remove from the initial screening the 

substantial number of papers in diseased populations. Filters were set to include 

English language (S1 Table). The PubMed syntax was adapted to the Web of Science 

search. We also identified studies missed by the search from the list of references 
of relevant individual papers.

2.1. Eligibility, Study Selection and Exclusion criteria

We used the Population, Intervention, Comparison, Outcome, and Study design as 

the criterion for inclusion of papers in this review [38]. Population: older human 

adults. Intervention: fatigue induced by prolonged physical/muscle and mental 

tasks. Comparison: gait in fatigue and non-fatigued state. Outcomes: gait kinematics 
(e.g., spatial and temporal stride parameters, joint angle, joint angular, acceleration 

outcomes), kinetics (e.g., force outcomes as momentum, work and power, ground 

reaction force), electromyography (e.g., amplitude and temporal parameters 

used to assess muscle activation). For the analysis of gait variability and stability, 

we considered the standard deviation, coefficient of variation, and measures of 
variability regarding gait dynamics, such as root means square (RMS), sample and 

multi-scale entropy methods, detrended fluctuation analysis, and local dynamic 
stability and margin of stability, respectively. We also considered gait performed 

under different conditions such as obstructed gait, level surface walking, and 
treadmill walking. Finally, randomized controlled trials, non-randomized controlled 
trials, and non-randomized non-controlled trials were included.

From the initial yield, obtained by combining original articles from electronic 

databases and targeted searches, titles and abstracts were screened. When a 

study was potentially eligible and relevant, it was selected for a full-text analysis 
and then subjected to a quality analysis. Studies that analyzed the effects of 
fatigue on gait in age groups other than only in older adults were included, but 

we considered the data only for older adults (over 63 years). When the information 

was considered insufficient based on title and abstract alone, the full text was 
analyzed to decide on inclusion.

We had excluded studies that examined running and stair climbing. In addition, 

studies unrelated to induced fatigue (decline in performance and/or increase in 

2
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self-reported fatigue) by sustained physical and mental activities or that could not 
indicate a measurement of induced fatigue, a lack of quantitative gait outcomes 

and/or a lack of older adults in the sample were excluded at the initial screening 

of titles and abstracts.

2.2. Quality assessment

Two of the authors (PCRS, FAB) screened candidate papers and worked based 

on a set of guidelines to improve inter-rater reliability. Both authors analyzed 
the methodological quality of the included studies by using a quality appraisal 

tool [40]. This appraisal tool relates to the internal and external validity of the 

measurement and the generalizability of the results. For each question, ‘1’ is rated 

when the criterion was met, ‘0.5’ when information is lacking detail or clarity, and 

‘0’ if the criterion was missing. A higher total score represents a higher quality of 

the study. In case of discrepancies between the two authors, a third author (TH) 

was consulted to make a decision about inclusion.

2.3. Data extraction and analysis

Two of the authors (PCRS, FAB) extracted the papers, independently, and 

synthesized data in tables and together, both authors checked the tables. In case 

of an indecision, a third author (TH) was consulted. The data were coded for: number 

of participants, age, sex, protocol to induce performance fatigability (sit-to-stand, 
cognitive task, walking test), measurement of fatigue (decline in performance, 

increase in self-reported fatigue), gait protocol (treadmill, level walking, walking with 
obstacle crossing), and gait outcomes (kinematic and kinetic data, variability, muscle 

activity). It was not necessary to contact any authors to get information regarding 

the included papers. We used Cohen’s d to calculate the effect sizes (ES) to quantify 
whether the magnitude of changes in gait outcomes induced by sustained muscle or 

mental activity is relevant. ES values of 0.21 - 0.49 indicate small, 0.50 - 0.79 indicate 
medium, and ≥ 0.80 indicate large practical effects [41]. Due to the heterogeneity 
of the outcomes, lack of consistent results, and the low number of studies that met 

eligibility criteria, we were unable to perform a meta-analysis.

3. RESULTS

3.1. Study Characteristics

The Pubmed and Web of Science searches yielded 1,274 studies and one study 

was included from the list of reference [42]. After screening for title, abstract and 

remove the duplicates, 61 studies were selected for analyses, and, after reading 
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the full text, a final sample size of 11 studies was included in the review (Fig 1). 
The included studies stated the aims sufficiently, gave an appropriate description 
of the methods, detailed the outcomes clearly, and provided an interpretation of 

the key findings (S2 Table).

Figure 1. PRISMA flow diagram.

The current review was based on 249 healthy older adults with a mean age of 71.5 

(±4.66) years (Table 1), 92 females (based on data of 9 studies that reported sex), 

with normal body composition (body mass index: 26.1±1.94 kg/m²). Two studies 

did not report the subjects’ sex [23,43] (Table 1).

3.2. Effects of fatigue protocols on fatigue outcomes
The studies used heterogeneous protocols to induce a decline in muscle 

performance, including repeated muscle contractions (n=7 studies), knee 

extension/flexions (n=5), sit-to-stands (n=4), endurance (n=3, treadmill and 
cycling), isokinetic (n=2, knee and ankle), hip abductions (n=1), and prolonged 

mental tasks (n=1, go/no go task for 90 min) (Tables 1, 2). Six, three, and two studies 

indicated the state of fatigue, respectively, as a decline in voluntary force, inability 

to perform the movement, and movement slowing (Table 1). The reduction in force 

ranged between ~10 to ~55% and varied between protocols. The sit-to-stand task, 

2
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for example, reduced voluntary force by ~9 to 13% [25,26]. The isokinetic protocols 

considered fatigue as reductions to 50% of the initial maximum voluntary torque 

[27,44]. Unilateral squats performed until exhaustion reduced knee extension 

force by 17% [45]. Longer reaction time was also observed post vs. pre sustained 

endurance protocol [21]. Five studies reported an increase in self-reported 
fatigue (indicated by the rating of perceived exertion and by fatigue perception) 

(Table 1 and 2) [21,25,32,43,46]. Two studies [25,46] indicated that older adults 

reported near maximal perceived exertion (‘very hard’ to ‘maximum exertion’) 

after repeated muscle contractions. Two studies [21,43] indicated a high rating 

of self-reported fatigue in response to endurance protocol, scores ranged from 
‘hard’ (15) to ‘maximal exertion’ (20) on the Borg scale. One study [32] determined 

fatigue as a decrease in motivation by 10%, as examined by wakefulness, mood, 

and arousal dimension of the Multidimensional Mood Questionnaire (ES range: 

0.27 to 0.95) and up 2x of increase in fatigue state assessed by Profile of Mood 
States (ES: 0.92) following a prolonged period of mental activity. One study [23] 

also indicated an increase (range: 25 to 35 beats per minute) in heart rate (ES: 

0.65) after endurance exercise.



32

Fatigue on older adults’ gait: A systematic review

T
a

b
le

 1
. D

es
cr

ip
ti

o
n

 o
f 

th
e 

ch
ar

ac
te

ri
st

ic
s 

o
f 

th
e 

p
ap

er
s 

se
le

ct
ed

.

H
e

lb
o

s
ta

d
 

e
t 

a
l.

[4
7

]

G
ra

n
a

c
h

e
r 

e
t 

a
l.

 [
2

7
]

G
ra

n
a

c
h

e
r 

e
t 

a
l.

[4
4

]

H
a

tt
o

n
 

e
t 

a
l.

[2
6

]

B
a

rb
ie

ri
 

e
t 

a
l.

 

[2
5

]

N
a

g
a

n
o

 e
t 

a
l.

 [
2

3
]

T
o

e
b

e
s 

e
t 

a
l.

 

[4
5

]

A
r
v

ir
 

e
t 

a
l.

 

[4
6

]

H
a

m
a

c
h

e
r 

e
t 

a
l.

 [
4

3
]

M
o

rr
is

o
n

 

e
t 

a
l.

 

[2
1

]

B
e

h
re

n
s 

e
t 

a
l.

 

[3
2

]

P
ar

ti
ci

p
an

ts
4

4
14

16
3

0
4

0
11

10
17

18
3

0
16

m
al

e
/f

em
al

e 
(N

)
10

/3
4

14
/0

8
/8

17
/1

3
4

0/
0

n
/m

4
/6

5
/1

2
n

/m
14

/1
6

6
/1

0

ag
e 

(y
rs

)
79

.3
67

.2
71

.3
78

.3
69

.3
74

.2
6

3
.4

7
3

.2
69

69
.4

7
2

.2

b
o

d
y 

in
d

ex
 

(k
g

/m
²)

24
.4

2
5

.1
2

5
.2

27
.2

26
.6

26
.2

n
/m

24
.7

2
5

.5
31

.1
2

5
.5

F
a

ti
g

u
e

 p
ro

to
c

o
l

m
u

sc
le

 
co

n
tr

ac
ti

o
n

ST
S 

- 
K

n
ee

IK
 –

A
n

kl
e

IK
 -

K
n

ee
S

T
S 

– 
K

n
ee

S
T

S 
– 

K
n

ee
Sq

ua
t -

 
K

n
ee

 U
L

A
bd

 - 
H

ip
 U

L

en
d

u
ra

n
ce

6-
m

in
 fa

st
-

W
al

ki
n

g
C

yc
le

 –
 

Er
go

m
et

er
Tr

ea
d

m
ill

 
-W

al
k

m
en

ta
l t

as
k

G
o

/ 
n

o
 

go
 t

es
t

F
a

ti
g

u
e

 o
u

tc
o

m
e

s

p
ar

am
et

er
s

↓ 
P

ac
e 

o
f 

M
o

v
↓F

o
rc

e
↓F

o
rc

e
↓F

o
rc

e
↓F

o
rc

e
↑ 

R
P

E
↑H

ea
rt

 
R

at
e

↓F
o

rc
e

↑ 
R

P
E

↓P
ro

p
↑ 

R
P

E
↓F

o
rc

e
↓R

T
↑R

P
E

↓M
o

ti
v

↑ 
Fa

ti
gu

e 
st

at
e

N
: s

am
pl

e,
 n

/m
: n

ot
 m

en
tio

ne
d,

 S
TS

: S
it-

to
-S

ta
nd

 t
es

t, 
IK

: I
so

ki
ne

tic
, A

B
D

: A
bd

uc
tio

n,
 U

L:
 u

ni
la

te
ra

l, 
M

ov
: M

ov
em

en
t, 

RP
E:

 R
at

in
g 

of
 P

er
ce

iv
ed

 
E

xe
rt

io
n

, R
T:

 R
ea

ct
io

n
 T

im
e,

 P
ro

p
: P

ro
p

ri
o

ce
p

ti
o

n
, M

o
ti

v:
 M

o
ti

va
ti

o
n

.

2



33

Chapter 2

T
a

b
le

 2
. S

tu
d

y 
ch

ar
ac

te
ri

st
ic

s 
fo

r 
in

cl
u

d
ed

 s
tu

d
ie

s.

F
a

ti
g

a
b

il
it

y
G

a
it

S
tu

d
y

N
 –

 o
ld

e
r 

a
d

u
lt

s
P

ro
to

c
o

l
O

u
tc

o
m

e
s

G
a

it
 C

o
n

d
it

io
n

s
G

a
it

 O
u

tc
o

m
e

s
F

a
ti

g
u

e
-r

e
la

te
d

 c
h

a
n

g
e

s 

(e
ff

ec
t 

si
ze

s)

H
el

b
o

st
ad

 
et

 a
l. 

[4
7

]

22
 - 

Fa
tig

ue
 

G
ro

u
p

 (F
G

) 
22

 - 
Co

nt
ro

l 
G

ro
u

p
 (C

G
)

Si
t-

to
-s

ta
nd

↓ 
ti

m
e 

an
d

 
ve

rt
ic

al
 

d
is

p
la

ce
m

en
t 

o
f 

m
o

ve
m

en
t 

th
e 

si
t-

to
-s

ta
nd

O
ve

rg
ro

u
n

d
 le

ve
l 

w
al

ki
n

g 
(L

W
)

 A
P,

 M
L 

an
d 

V.
 T

ru
nk

 a
cc

. a
nd

 in
te

r-
st

ri
d

e 
tr

u
n

k 
ac

c 
va

r;
.

SL
, S

W
, a

n
d

 S
p

;
SL

-v
ar

 a
nd

 S
W

-v
ar

.

FG
 v

s.
 C

G
: ↑

 S
W

 (E
S:

 1
.5

1)
, M

L 
tr

u
n

k 
ac

c 
(E

S:
 1

.2
7

), 
SL

 V
ar

 (E
S:

 
2

.6
1)

 a
n

d
 ↓

 V
. (

E
S:

 2
.0

6
) a

n
d

 A
P

 
(E

S:
 0

.8
0)

 in
te

r-
st

ri
de

 T
ru

nk
 

ac
c 

va
r

G
ra

n
ac

h
er

 
et

 a
l. 

[2
7

]
14

Is
o

ki
n

et
ic

 a
n

kl
e 

e
xt

en
si

o
n

↓ 
in

 ~
5

0
%

 o
f 

m
ax

im
al

 t
o

rq
u

e

P
er

tu
rb

at
io

n
 

(d
e

ce
le

ra
ti

n
g

) o
n

 
tr

ea
d

m
ill

 w
al

ki
n

g

Fu
nc

tio
na

l r
efl

ex
 a

ct
iv

it
y 

(F
R

A)
 a

nd
 

la
te

n
cy

 o
f m

. T
ib

ia
lis

 A
n

te
ri

o
r 

(T
A

), 
La

te
n

cy
 in

 T
A

, E
M

G
 a

ct
iv

it
y 

o
f t

h
e 

m
. 

P
er

o
n

eu
s,

 S
o

le
u

s 
an

d
 V

as
tu

s 
M

ed
ia

lis
, 

C
o

ac
ti

vi
ty

 a
n

d
 m

ax
im

al
 a

n
gu

la
r 

ve
lo

ci
ty

.

↓ 
FR

A
 in

 T
A

 (E
S:

 0
.5

6
), 

↑ 
co

ac
ti

vi
ty

 (E
S:

 0
.5

8)
 a

n
d

 
m

ax
im

al
 a

n
gu

la
r 

ve
lo

ci
ty

 (E
S:

 
0

.6
4)

.

G
ra

n
ac

h
er

 
et

 a
l. 

[4
4]

16
Is

o
ki

n
et

ic
 k

n
e

e 
e

xt
en

si
o

n
↓ 

in
 ~

5
0

%
 o

f 
m

ax
im

al
 t

o
rq

u
e

LW
 in

 s
in

gl
e-

(S
T)

 
an

d 
du

al
-t

as
k 

(D
T)

Sd
L,

 G
ai

t 
Sp

, D
T 

co
st

 in
 S

d
L 

an
d

 g
ai

t 
Sp

 
an

d
 t

h
e 

St
an

d
ar

d
 d

e
vi

at
io

n
 o

f 
th

e 
Sd

L 
in

 
S

T 
an

d
 D

T 
co

n
d

it
io

n
s

D
T:

 ↑
 G

ai
t 

Sp
 (E

S:
 0

.5
5

); 
Sd

L 
(E

S:
 

0
.4

5
) a

n
d

 ↓
 S

D
 o

f 
Sd

L 
(E

S:
 0

9
5

).

H
at

to
n

 e
t 

al
. 

[2
6

]
3

0
Si

t-
to

-s
ta

nd
↓ 

in
 9

.5
%

 o
f 

th
e 

p
ea

k 
o

f 
fo

rc
e 

o
n

 
kn

e
e 

e
xt

en
si

o
n

O
b

st
ru

ct
e

d
 

w
al

ki
n

g 
(O

W
) w

it
h

 
a 

se
co

n
d

ar
y 

vi
su

al
 

ta
sk

St
d

, S
p

 o
f 

o
b

st
ac

le
 c

ro
ss

in
g

, T
ra

il 
an

d
 le

ad
 li

m
b

 v
er

ti
ca

l a
n

d
 h

o
ri

zo
n

ta
l 

d
is

ta
n

ce
 t

o
 t

h
e 

o
b

st
ac

le
, a

n
d

 V
. l

o
ad

in
g 

ra
te

.

↑ 
V

 lo
ad

in
g 

ra
te

 o
f 

th
e 

le
ad

 li
m

b
 

(E
S:

 0
.2

7
).

B
ar

b
ie

ri
 e

t 
al

. [
2

5
]

20
 –

 (6
0-

70
 

ye
ar

s 
- G

60
)

2
0 

– 
(o

ve
r 

70
 

ye
ar

s 
- G

70
)

Si
t-

to
-s

ta
nd

↓ 
in

 ~
13

%
 o

f 
th

e 
p

ea
k 

o
f 

fo
rc

e
↑ 

R
P

E
LW

 a
n

d
 O

W
Sd

L,
 S

d
D

, S
p

, a
n

d
 S

W
 (L

W
 a

n
d

 O
W

). 
SL

, 
Sd

, S
p

, T
ra

il 
(T

) a
n

d
 L

ea
d

 (L
) v

er
ti

ca
l 

d
is

ta
n

ce
 t

o
 t

h
e 

o
b

st
ac

le
 (

V
O

).

LW
 a

n
d

 O
W

: ↑
 S

d
L 

/ 
SL

 (E
S:

 0
.3

5 
/ 

0.
0

4)
, S

W
 (E

S:
 0

.3
6 

/ 
0.

19
), 

Sp
 

(E
S:

 0
.6

5 
an

d
 0

.3
1)

, ↓
 S

d
D

/S
d

 
(E

S:
 0

.4
3 

an
d

 0
.4

5)
. O

W
: ↑

 T
V

O
 

(E
S:

 0
.1

)

N
ag

an
o

 e
t 

al
. [

2
3

]
11

En
d

u
ra

n
ce

 
(t

re
ad

m
ill

 
w

al
ki

n
g

)

↑ 
~3

5%
 in

 h
ea

rt
 

ra
te

Tr
ea

d
m

ill
 w

al
ki

n
g

SL
 (n

o
rm

al
iz

e
d

 b
y 

lim
b

 le
n

g
th

), 
D

sT
 (%

) 
an

d
 S

W
 a

n
d

 M
in

im
u

m
 F

o
o

t 
C

le
ar

an
ce

↑ 
SL

 (E
S:

 0
.6

3)
, D

sT
 (E

S:
 0

.1
2)

, 
V

ar
 S

W
 (E

S:
 n

/p
) ↓

 M
in

im
u

m
 

Fo
o

t 
C

le
ar

an
ce

 (E
S:

 0
.7

)



34

Fatigue on older adults’ gait: A systematic review

T
a

b
le

 2
. S

tu
d

y 
ch

ar
ac

te
ri

st
ic

s 
fo

r 
in

cl
u

d
ed

 s
tu

d
ie

s.
 (c

o
n

ti
n

u
ed

)

F
a

ti
g

a
b

il
it

y
G

a
it

S
tu

d
y

N
 –

 o
ld

e
r 

a
d

u
lt

s
P

ro
to

c
o

l
O

u
tc

o
m

e
s

G
a

it
 C

o
n

d
it

io
n

s
G

a
it

 O
u

tc
o

m
e

s
F

a
ti

g
u

e
-r

e
la

te
d

 c
h

a
n

g
e

s 

(e
ff

ec
t 

si
ze

s)

To
eb

e
s 

et
 a

l. 
[4

5
]

10

U
n

ila
te

ra
l 

sq
u

at
 e

xe
rc

is
e 

u
n

ti
l t

as
k 

fa
ilu

re
.

↓ 
17

.3
%

 K
n

e
e 

e
xt

en
si

o
n

 
st

re
n

g
th

U
n

p
er

tu
rb

e
d

 
an

d
 p

er
tu

rb
e

d
 

(p
u

sh
 t

h
e 

tr
u

n
k)

 
tr

ea
d

m
ill

 w
al

ki
n

g

3-
D

 L
yE

 o
f t

he
 tr

un
k,

 tr
un

k 
ve

l, 
an

d
va

r 
o

f 
tr

u
n

k 
ve

l, 
ti

m
e 

to
 r

et
u

rn
 t

o
u

n
p

er
tu

rb
e

d
 g

ai
t 

p
at

te
rn

 o
n

 s
ta

n
ce

 
an

d
 s

w
in

g 
p

h
as

e.
 D

e
vi

at
io

n
 o

f 
tr

u
n

k 
ki

n
em

at
ic

 a
ft

er
 p

er
tu

rb
at

io
n

.

↓ 
T

im
e 

to
 r

et
u

rn
 t

o
 t

h
e 

u
n

p
er

tu
rb

e
d

 g
ai

t 
p

at
te

rn
 o

n
 

sw
in

g 
p

h
as

e 
(E

S:
 0

.6
7

) a
n

d
 

d
e

vi
at

io
n

 a
ft

er
 p

er
tu

rb
at

io
n

 
(E

S:
 1

.8
)

A
rv

ir
 e

t 
al

. 
[4

6
]

17
U

n
ila

te
ra

l h
ip

 
ab

d
u

ct
o

r

↓ 
H

ip
 p

o
si

ti
o

n
 

se
n

se
 a

n
d

↑ 
R

P
E

Tr
ea

d
m

ill
 w

al
ki

n
g

Sd
D

 m
ea

n
s 

an
d

 s
ta

n
d

ar
d

 d
e

vi
at

io
n

s;
 

M
L 

tr
u

n
k 

ve
l; 

H
ar

m
o

n
ic

 R
at

io
 (H

R
) o

f 
M

L 
an

d
 A

P
; L

o
ca

l D
iv

er
ge

n
t 

E
xp

o
n

en
ts

 o
f 

M
L 

an
d

 A
P,

 a
cc

el
er

at
io

n
 a

n
d

 p
o

si
ti

o
n

.

↑ 
Sd

D
 V

ar
 (n

/p
) a

n
d

 ↓
 H

R
 o

f 
M

L 
(E

S:
 0

.4
9)

.

H
am

ac
h

er
 

et
 a

l. 
[4

3
]

18
En

d
u

ra
n

ce
 

(c
yc

le
 

er
go

m
et

er
)

↑ 
R

P
E

Tr
ea

d
m

ill
 w

al
ki

n
g

Lo
ca

l d
yn

am
ic

 S
ta

b
ili

ty
 (L

D
S)

 o
f 

th
e 

w
al

ki
n

g 
(L

yE
) o

f 
3

D
 t

ru
n

k 
lin

ea
r 

ac
c.

↓ 
LD

S 
(E

S:
 0

.7
3)

M
o

rr
is

o
n

 e
t 

al
. [

21
]

15
 –

 (6
0-

70
 

ye
ar

s 
- G

60
)

15
 –

 (o
ve

r 
70

 
ye

ar
s 

- G
70

)

En
d

u
ra

n
ce

 
(i

n
cr

em
en

ta
l 

in
cl

in
e 

tr
ea

d
m

ill
 

w
al

ki
n

g
)

↑ 
R

P
E;

↓ 
St

re
n

g
th

G
70

: ↓
 R

ea
ct

io
n

 
ti

m
e.

LW
G

ai
t 

SP
, S

d
L,

 S
d

D
, a

n
d

 C
A

D
.

G
70

: ↑
 G

ai
t 

SP
, S

d
L,

 S
d

D
 a

n
d

 
C

A
D

B
eh

re
n

s 
et

 
al

. [
3

2
]

16

M
en

ta
l 

d
em

an
d

in
g 

(9
0

m
in

) v
s.

 a
n

d
 

co
n

tr
o

l t
as

k.

↓ 
10

 %
 M

o
ti

va
ti

o
n

;
↑ 

10
0

%
 F

at
ig

u
e 

st
at

e
LW

 in
 S

T 
an

d
 D

T
M

ea
n 

an
d 

Co
efi

ci
ci

en
t o

f v
ar

ia
tio

n 
(C

oV
) 

o
f 

G
ai

t 
Sp

, S
d

L,
 S

tT
, D

sT
 a

n
d

 S
w

T 
in

 S
T 

an
d

 D
T 

co
n

d
it

io
n

↑ 
C

o
V

 o
f 

Sp
 (E

S:
 0

.6
6

), 
Sd

L 
(E

S:
 

0
.6

7
), 

St
T 

(E
S:

 0
.5

9)
, D

sT
 (E

S:
 

0
.5

9)
 a

n
d

 S
w

T 
(E

S:
 0

.4
1)

SL
: S

te
p

 L
en

g
th

; S
d

L:
 S

tr
id

e 
Le

n
g

th
; S

W
: S

te
p

 W
id

th
; S

d
W

: S
tr

id
e 

W
id

th
; S

D
: S

te
p

 D
u

ra
ti

o
n

; S
d

D
: S

tr
id

e 
d

u
ra

ti
o

n
 S

p
: S

p
ee

d
; S

tT
: S

ta
n

ce
 T

im
e;

 S
w

T:
 

Sw
in

g 
Ti

m
e;

 D
sT

: D
o

u
b

le
 s

u
p

p
o

rt
 T

im
e;

 C
A

D
: C

ad
en

ce
; L

W
: O

ve
rg

ro
u

n
d

 le
ve

l w
al

ki
n

g
; O

W
: O

b
st

ac
le

 w
al

ki
n

g
; a

cc
: a

cc
el

er
at

io
n

; v
el

: v
el

o
ci

ty
, R

P
E:

 
Ra

tin
g 

of
 P

er
ce

iv
ed

 E
xe

rt
io

n;
 v

ar
: V

ar
ia

bi
lit

y;
 C

oV
: C

oe
ffi

ci
en

t o
f v

ar
ia

tio
n;

 M
L:

 M
ed

ia
l-l

at
er

al
; A

P:
 A

nt
er

op
os

te
ri

or
; V

.: 
Ve

rt
ic

al
, F

R
A

: F
un

ct
io

na
l R

efl
ex

 
Ac

ti
vi

ty
; D

T:
 D

ua
l-T

as
k;

 S
T:

 S
in

gl
e-

Ta
sk

; R
W

: R
eg

ul
ar

 W
al

ki
ng

; O
W

: O
bs

ta
cl

e 
w

al
ki

ng
; L

D
S:

 L
oc

al
 D

yn
am

ic
 S

ta
bi

lit
y.

2



35

Chapter 2

3.3. Effects of fatigue protocols on gait
Table 2 shows changes and ESs in gait outcomes after sustained muscle and 

mental activities. Six studies evaluated outcomes during overground walking 

with [25,26] or without obstruction [21,25,26,32,44,47] while single- and dual-
task walking [32,44]. Five studies assessed the effects of muscle performance 
fatigability on gait while walking on a motorized treadmill with [27,45] or without 

a perturbation [23,27,43,45,46].

Muscle performance fatigability affected stride outcomes [23,25,26,44–47], gait 
stability [43], gait variability [44,46,47], and muscle activation [27] during gait. 

Stride velocity increased by ~10 cm/s (ES= 0.6), stride length by 4.8cm (ES: 0.27) 

[21,25,44] or by 0.3 units of normalized stride length (ES: 0.63) [23], step width by 

~2 cm (ES: 0.80) [25,47], percentage of double support (~2%, ES: 1.22) [23], and a 

decrease in stride duration by 2ms (ES: 0.42) [25] and standard deviation of stride 

length by 1 cm (large ES: 0.95) [44] after sustained muscle activity. After muscle 

performance fatigability, local dynamic stability of 3-D trunk acceleration and 
symmetry in medial-lateral direction of trunk acceleration decreased by 0.1 max 
LyE (ES: 0.73) [43] and by 22 in harmonic rate (ES: 0.49) [46], respectively and the 

anteroposterior and vertical inter-stride trunk acceleration variability increased 
by 8% and 11% (ES: 0.8 and 2.06), respectively [47]. However, other studies did 

not indicate effects of muscle performance fatigability on step length (p > 0.05) 
[26,45,47], and unilateral muscle fatigability protocols did not affect the local 
dynamic stability during treadmill walking [45,46].

A decline in force induced by sustained muscle activity increased the coactivity 

between m. soleus and m. tibialis anterior by ~12% (ES: 0.6) and delayed functional 

reflex activity in the m. tibialis anterior over a 120-ms interval following treadmill 
decelerations by ~41% (215.7 to 174.7; ES: 0.56) [27]. While walking on an obstacle 

course, muscle performance fatigability reduced step duration by 5ms (ES: 0.45) 

and increased step velocity by 6 cm/s (ES: 0.31), step width by 1 cm (ES: 0.20), 

toe clearance of trailing limb to obstacle by 1 cm (ES: 0.10) [25], and the vertical 

loading by 4.3 N kg-1 m-1 (ES: 0.27; all p < 0.05) [26]. These results suggest that 

muscle performance fatigability induced adaptations in the mean and variability of 

spatial-temporal stride parameters during overground level walking and obstacle 
negotiation and increased the coactivation and delayed functional muscle reflex 
during treadmill walking decelerations.

Reduced mental performance was associated with an increased coefficient of 
variation of gait velocity from ~6% to 11%, stride length from ~4% to 7%, stance 
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time from ~7% to 13%, double support time from ~7% to 16% (ES: 0.50 to 0.68) and 

swing time from ~9% to 14% (ES: 0.41, all p < 0.05) during level walking in dual- but 
not in single-task condition [32].

4. DISCUSSION

We systematically reviewed studies that compared the effects of experimentally 
induced muscle and mental performance fatigability on gait kinematics, variability, 

kinetics, and muscle activity in healthy older adults. Muscle performance fatigability 

affects spatial and temporal features of gait and, mainly, inter-stride trunk 
acceleration variability. In contrast, sustained mental activity tends only to affect 
step variability during dual-tasking. The evidence supports the hypothesis that 
healthy older adults adapt spatial-temporal features of gait in a fatigue-type specific 
manner. We discuss these findings with a perspective on whether experimentally 
induced fatigue is a viable model for the study of gait adaptability in old age.

Muscle fatigue protocols were effective and induced sizable reductions in 
voluntary force (ES range: 0.30 to 1.32), an accepted marker of performance 

fatigability [8]. However, the protocols varied widely and included: 1) Repetitive 

muscle contractions of knee and ankle extensors with different instructions; 2) The 
STS task performed rapidly or at a fixed speed, and 3) Endurance tasks involving 
rapid walking for six minutes, incline walking on a treadmill, or incremental cycle-
ergometer tests (Table 2). This large variation in methods inducing fatigue is one 

source of the inconsistent effects on gait because cyclical lower extremity tasks 
could, in fact, entrain rather than perturb gait, diminishing the interference effects 
and the need for participants to invoke adaptations in their walking pattern.

It is however curious that even when participants performed ~70 knee extensions 

or ankle plantarflexions at a maximal effort and the maximum voluntary force 
decreased by 50% (ES: ~1.3) [27,44], changes in spatiotemporal gait variables were 

moderate but in the unexpected direction (ES: 0.47 to 0.58, Table 2). Indeed, stride 

length (~4%), gait speed (~10%), and step width (~11%) tended to increase and 

stride duration (~4%) tended to decrease (ES: 0.4 to 0.8) [21,25,44]. It seems that 

gait has actually become more dynamic. The step and speed changes might reflect 
adaptations to the marked increase in trunk acceleration and variability in the 

vertical and anteroposterior directions (ES: 0.80 to 2.06, Table 2) [47].

2
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Why did performance fatigability not elicit larger changes in gait and necessitate 

more substantive adaptive responses to the perturbations? One possibility is 

that torque and power demands during gait were still below the levels of joint 

torques and powers fatigued muscles could produce [48]. It was also reported 

that participants could compensate by more strongly activating muscles that 

were less or not affected by the task [28]. Whether gait is tested overground 
or on a treadmill affected the results, as studies that reported small fatigue 
effects on spatial-temporal parameters tested gait using an overground protocol 
[21,25,44,47] but those that found no effects used a treadmill [45,46]. Walking 
on a treadmill at a set speed makes gait kinematically uniform and minimizes the 

potential for adaptations to occur [49,50], especially in step variability [51,52]. This 

argument is borne out by a lack of fatigue effects on gait when participants were 
tested on treadmill [45,46] compared with the small but meaningful decreases in 

the autocorrelation and increases in variability of ML trunk acceleration during 

overground gait [47]. The use of unilateral fatigue protocols did induce some gait 

asymmetry but left all other gait outcomes virtually unaffected in older adults [46]. 
Finally, increases in gait velocity and step length after a fatigue protocol suggest 

that a warm-up instead of an interference effect might have occurred. However, we 
need to consider even these small changes in gait with caution because a number 

of studies reported no changes in gait metrics after a variety of muscle fatigue 

protocols, making all of the data combined inconsistent [26,45,46].

Muscle performance fatigability can modify muscle activation in single joint tasks 

and also during gait. For example, decreases in level of force delayed muscle 

activation onset in older adults while rising from a chair [31]. After ankle muscle 

fatigability, coactivation of agonist and antagonist ankle muscles increased by ~12% 

during gait and there was 41% delay in a functional reflex when older adults were 
prompted to respond to gait perturbations [27]. It is speculated that sustained 

muscle activity-related increase in coactivation during gait [53,54] reflects changes 
in the afferent feedback [29,55]. However, such an interpretation is complicated by 
a coupled increase in plantarflexion angular velocity and increase in coactivation 
of the soleus and tibialis anterior muscles during gait, a counterintuitive outcome 

because coactivation would tend to stiffen instead of accelerating joint motion. 
While suggested [28], we found no direct evidence for activation substitution, i.e., 

reduction in muscle activation of the fatigued muscle group being compensated by 

increases in activation of muscles at adjacent joints. Together, the evidence is scant 

that there is an age- and perturbation-specific adaptation in muscle activation in 
response to fatigue perturbations.
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Performing a mental task for a prolonged period increased gait variability only 

during dual-task gait [32]. This limited effect is in line with the hypothesis emerging 
from imaging studies suggesting the involvement of complementary brain 

areas in gait, attention, and executive function while walking and performing a 

cognitive task at the same time [36,56]. Accordingly, sustained mental activity 

affects cognitive functions known to be involved in gait control, resulting in an 
interference with gait automaticity. This interference increases step variability. In 

single-task conditions, the interference created by the sustained mental activity 
may not be large enough, producing no measurable effects on any of the gait 
outcomes reviewed here.

While there has been a concerted effort to use fatigue as a perturbation model 
(Tables 1-2), its viability to study the effects of age on gait adaptability remains 
unclear. When combined with data from young individuals, the reviewed data 

revealed a lack of age effect, suggesting that the nature, magnitude, and focality of 
the perturbations lacks specificity to age and gait. Indeed, fatigue-induced changes 
in gait were quantitatively similar in healthy younger and older adults and also 

similar in healthy older adults and Parkinsonian patients [25,28,57]. The original 

intent of these studies was to make healthy, fatigue-free older adults fatigued to 
simulate the fatigued state. However, it is unclear if the experimentally induced 

fatigue state and the fatigue state de novo present in older people are qualitatively 

and quantitatively similar. It seems that when muscle fatigue is induced with 

repetitive single-joint muscle contractions such as knee extension-flexion, the 
ensuing fatigue is predominantly a localized force impairment while the fatigue 

state in older adults is the result of a combination of impaired physiology, reduced 

homeostasis, a bias in effort perception, and altered cognitive function. When 
however, a multi-joint protocol is used (i.e., six-minute walk test), any adaptation 
in gait after the task is the result of a combined physiological and cognitive 

(behavioral) effect.

Such limitations and the diversity in fatigue protocols shape the implementation 

of this perturbation model in the future. The viability of the model will increase 

if studies move from its descriptive application to hypothesis-driven designs. 
There is a need to determine the effects of muscle performance fatigability on 
motor outcomes that are specific and also not specific to the fatigue task, an 
approach that would improve experimental control and the validity of conclusions. 

Future studies should also evaluate cognitive outcomes because the adaptive 

processes may not be confined to motor (gait) function alone. Therefore, future 
studies should include motor-cognitive dual-task assessments when probing age-

2
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differences in adaptations to fatigue. There is a strong need for studies examining 
the effects of prolonged mental tasks on gait biomechanics and variability. Such 
studies should set fatigability and gait as the main outcomes in older adults [58]. 

Such an approach would strengthen our understanding of the role cognition plays 

in gait control. Perhaps the most critical gap in knowledge is related to a lack of 

studies comparing gait outcomes in older adults with and without self-reported 
fatigue. Only after such studies could we meaningfully interpret gait adaptations 

in healthy older adults after experimentally induced muscle or mental fatigue.

In conclusion, muscle performance fatigability affects spatial and temporal 
features of gait and, mainly, inter-stride trunk acceleration variability. In contrast, 
sustained mental activity tends only to affect step variability during dual-tasking. 
A critical and immediate step for future studies is to determine the effects of self-
reported fatigue on gait biomechanics and variability in healthy older adults to 

verify the viability of experimentally induced fatigue as a model for the study of 

gait adaptability in old age.
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S1 Table. Search Terms

The PubMed search terms (syntax) used in the present review to identify to determine the 
effects of muscle and mental performance fatigability on kinematics, variability, kinetics, and 
muscle activity of healthy older adults’ gait. Syntax was adapted to Web of Science.

 Terms Keywords

Inclusion

#1 - Population AND (Old OR Elderly OR Adults)

#2 - Intervention AND (Fatigue OR Tiredness OR Fatigability)

#3 - Outcomes NOT (Gait OR Walking OR “kinematic parameters” OR 
“Gait biomechanics” OR “Muscle activation” OR “Joint 
Coordination” OR Kinetic OR “Inverse Dynamic” OR 
“Gait Variability” OR “Gait Stability”)

Exclusion

 #4 - Exclusion (Patient NOT Disease NOT Stroke NOT Diabetes 
NOT Neuropathy NOT Amputation NOT “Multiple 
sclerosis” NOT “Cerebral palsy” NOT Parkinson 
NOT Cancer NOT Obese NOT Fracture NOT 
Dysfunction NOT “Cognitively impaired” NOT Frail 
NOT Demented NOT Alzheimer NOT “Pilot study”)

Additional 
Filters

Language English

Data 1987 - 2019
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ABSTRACT

Background: Gait adaptability in old age can be examined by responses to various 

perturbations. Fatigability due to mental or muscle exercises can perturb internal 

cognitive and muscle resources, necessitating adaptations in gait.

Research question: What are the effects of age and mental and muscle fatigability 
on stride outcomes and gait variability?

Methods: Twelve older (66 to 75yrs) and twelve young (20 to 25 yrs) adults walked 

at 1.2 m/s before and after two fatigue conditions in two separate sessions. Fatigue 

conditions were induced by repetitive sit-to-stand task (RSTS) and by 30-min of 
mental tasks and randomized between days (about a week apart). We calculated 

the average and coefficient of variation (CV) of stride length, width, single support, 
swing time and cadence, and the detrended fluctuations analysis (DFA) based on 
120 strides time intervals. We also calculated multi-scale sample entropy (MSE) and 
the maximal Lyapunov exponent (λmax) of mediolateral (ML) and anteroposterior 
(AP) trajectories of the Center of Pressure (CoP).

Results: In both age groups, RSTS modestly affected stride length, single support 
time, cadence, and CV of stride length (p ≤ 0.05), while the mental task did not 
affect gait. After fatigability, λmax - ML increased (p ≤ 0.05), independent of fatigue 
condition. All observed effects were small (η²: 0.001 to 0.02).

Significance: Muscle and mental fatigability had minimal effects on gait in young 
and healthy older adults possibly because treadmill walking makes gait uniform. 

It is still possible that age-dependent muscle activation underlies the uniform gait 
on the treadmill. Age- and fatigability effects might be more overt during real life 
compared with treadmill walking, creating a more effective model for examining 
gait and age adaptability to fatigability perturbations.

Key Words: Performance fatigability; Perceived fatigability; Gait dynamics; Stride 

outcomes; Treadmill walking; Aging

List of abbreviations: AP, anteroposterior;Cong, Congruent answer; CoP, Center of Pressure Position; 

CPT, continuous performance test; CV, coefficient of variation; DFA, detrended fluctuation analysis; Incong, 
Incongruent Answer; MFI, multidimensional fatigue inventory; ML, mediolateral; MMSE, mini-mental state 
examination; MSE, multi-scale sample entropy; MVIF, maximum voluntary isometric force; PVT, Psycho-
motor vigilant test; RSTS, repetitive sit-to-stand task; RT, reaction time; SL, stride length; SPPB, short 
physical performance battery; SST, single support time; SW, step width; SwT, swing time; V, vertical; VA, 

Voluntary Activation; VAS, visual analogue scale; η², eta Squared; λmax, maximum Lyapunov exponent.



54

Prolonged physical and mental exercise on adults’ gait

1. INTRODUCTION

Natural aging modifies gait [1]. Older compared to young adults walk slower, with 
shorter strides, longer single-support and swing time, and higher gait variability 
[1]. Age-typical changes on gait also involve gait dynamics outcomes which reflect 
complementary characteristics of gait performance. Whereas Detrended Fluctuations 

Analysis (DFA) indicates absence/presence of correlation between strides [2], Multi-
scale Sample Entropy (MSE) and maximal Lyapunov exponent (λmax) measure the 
complexity/regularity of signal and the capacity to resist to small perturbation, 

respectively [3,4]. These outcomes are associated with a decline in cognitive function, 

mobility disability, and higher fall risk [3–5]. An important question is how older adults 

adapt their gait to external perturbations. Mechanical/external perturbations, as 

models [6], evoke age-specific adaptations in gait. Another model of gait perturbation 
is fatigue that interferes with internal resources [7]. There is still an inadequate 

understanding of how behavioral interventions, such as fatigue by enrollment in 

physical and cognitive exercise, may affect gait outcomes in older adults. Fatigue, as 
a state, emerges from a decline in an objective measure of performance over time 

(performance fatigability), and from a subjective increase in difficulty to continue 
a task (perceived fatigability) [7]. Protocols to induce fatigability involve sustained 

muscle/physical and/or demanding mental tasks. The responses to fatigability due 

to cognitive and/or physical exercises could be of interest in the assessment and 

development of interventions aiming to improve mobility in older adults.

Repetitive sit-to-stand (RSTS) is a model to induce fatigability and to examine age-
adaptations in gait [8–10]. After RSTS, there is a decrease in maximal voluntary 

isometric force (MVIF) of the quadriceps muscle by 9% in older adults [8,9] and 

an increase in the level of activation of the fatigued quadriceps coupled with 

compensatory increases in plantarflexor activation [11]. After RSTS, older adults 
walk overground with 4% shorter stride duration, 2 cm wider steps [9,10], and 

increase step length and trunk variability [10]. Endurance activity [12,13] and leg 

press and calf raise exercise [14] produced inconsistent changes in local dynamic 

stability during treadmill walking.

Gait is not a fully automated motor act involving cortical and cognitive control [5]. 

Interference with executive function and attention, as in dual-tasking, slows gait 
and increases stride duration variability [5]. Specifically, performing a demanding 
mental task for a prolonged period can reduce intrinsic motivation, executive 

function, and attention and increase up to two times the coefficient of variation 
(CV) of stride outcomes in older adults [15]. Because older adults may have

3
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impaired cognition, it is conceivable that fatigability-induced by demanding mental 
tasks would amplify age-differences in gait.

Therefore, we determined the effects of age, RSTS, and a prolonged mental effort 
on the spatial and temporal stride outcomes and gait dynamics during treadmill 

walking. For gait dynamics, we quantified the center of pressure (CoP) variability 
and stability. We also examined the effects of age and sustained periods of mental 
task on stride outcomes and gait dynamics. We hypothesized that both forms 

of fatigability would decrease stride length and stability, increase cadence, and 

variability of step times and CoP trajectories. However, we expected larger effects 
in older compared with young adults and greater effects on gait as a result of the 
RSTS compared with a sustained period of demanding mental task.

2. METHOD

2.1. Participants

Twelve older and twelve young adults were recruited by word of mouth from 

the community to participate in the study (Table 1). Exclusion criteria were: 

neurological and cardiovascular disease; self-reported pain, musculoskeletal injury 
or surgery in the lower extremities that could affect the protocol; inability to walk 
without an assistive device; high-level of self-reported fatigue. All participants 
signed an informed consent form approved by the Ethical Committee of the Center 

for Human Movement Sciences at the UMCG.

Table 1. Participants Characteristics and score on questionnaires.

Older Young p-value

Groups’ characteristics

N (male and female) 12 (7 and 5) 12 (7 and 5) -

Age (yrs) 71 ±3.76 22.45 ±1.69 < 0.01

Height (cm) 173.13 ±7.70 177.45 ±9.17 0.17

Body mass (kg) 73.92 ±10.15 69.81 ±11.38 0.71

SPPB (scores) 12.00 ±0.00 12.00 ±0.00 1.00

MFI (scores) 34.58 ±9.81 38.18 ±9.36 0.52

STS

Repetition (rep) 134.12 ±114.71 583.3 ±173.62 < 0.01

Duration (min) 4.47 ±3.99 19.48 ±5.92 < 0.01

 Values are means and SDs. SPPB: Short Physical Performance Battery; MFI: Multidimensional 
fatigue inventory; STS: Sit-to-Stand.
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2.2.  Procedure

Participants visited the laboratory on two days about 6 to 8 days apart at the same 

time of the day for ~2h each. They were instructed to avoid exhaustive exercises 

the day before testing. During the first visit, participants completed Mini-Mental 
State Examination (MMSE) [16], Multidimensional Fatigue Inventory (MFI) [17], 

the Short Physical Performance Battery (SPPB) [18], and had the demographic 

characteristics recorded. The experimental conditions were randomized between 

sessions: Session A: RSTS; Session B: Mental Task. In both Sessions, participants 

walked on the treadmill and performed the MVIF before and after experimental 

conditions (Fig. 1).

Fig. 1. Experimental design. MVIF, Maximum Voluntary Isometric Force; RSTS, repetitive 
Sit-to-stand.

2.3.  Walking condition

Without holding the handrail but wearing a harness, participants walked on a 

treadmill with two embedded force plates (M-gait, Motekforce, Amsterdam, NL) 
that measured 3-D ground reaction forces (N) and moments of force (Nm) under 
each leg at 1 kHz. Participants walked for 3 min at a fixed speed of 1.2 m/s. This 
speed was chosen to be similar to the older adults’ comfortable speed [19,20] 

and to test both age groups in the same condition, eliminating a speed-effect on 
gait [19,20].

2.4.  MVIF and electrical stimulation

MVIF and twitch interpolation were done on a custom-built dynamometer [21]. 
Participant’s non-dominant leg was strapped to the lever arm with the knee 90° 
flexed. Placement of electrodes, the procedure to determine the stimulation 

3
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intensity, and the stimulator were described previously [21]. Participants then 

performed maximum voluntary contractions before and after each experimental 

condition. Participants were instructed to contract the quadriceps as rapidly 

and forcefully as possible and maintain it for 5 s. Double electrical pulses were 

discharged on the plateau of MVIF (superimposed twitch), followed by two 

twitches at rest. We calculated the MVIF before twitch and the voluntary activation 

(1-(superimposed twitch /potentiated twitch))*100 [21]

2.5.  Experimental conditions

Participants performed RSTS, with the arms crossed at the chest, at 30 beats/

min (chair: 0.43x0.41x0.42m). The protocol was stopped either when participants 

indicated an inability to continue or after 30 minutes. Duration and number of 

repetitions were recorded.

In session B, participants performed three mentally demanding tasks on a 

computer for 10 min each [22]: the Psychomotor Vigilance Task (PVT) [23], the 

Continuous Performance Test (CPT) and the Stroop test [22]. RT was assessed 

for all tasks and the accuracy (% of the correct answer) for Stroop (congruent 

and incongruent responses) test and CPT. Outcomes of the mental tasks were 

averaged over windows of 1 min, then an overall mean was calculated considering 

Time 1 (2 to 5min) and Time 2 (6 to 10min). Participants, after familiarized with the 

scales, reported perceived fatigue (Visual Analogue Scale - VAS, 0mm=no perceived 
fatigue 100mm=completely fatigued) for session B [22], and rate of perceived 

exertion (6 to 20 Borg scale) [24], for both sessions, before and immediately after 

experimental conditions.

2.6. Gait analysis and outcomes

We combined the data from the two force plates to identify heel contact and toe-
off from ground forces and, combined with the moments data, we computed the 
Center of Pressure Position (CoP) in AP and ML directions [6].

Taking the middle 120 strides, mean and CV was calculated for Stride length 

(SL), Step width (SW), Single support time (SST), Swing time (SwT), Cadence and, 

DFA. DFA quantifies absence/presence of long-range correlations between stride 
time intervals using a window of length n (n=N/4), being N=120 strides that are 

considered as acceptable power in between- and within-subjects designs involving 
older adults [2]. Values of α>0.5 indicate persistence in the stride time intervals 
and <0.5 indicate alternation of larger- and smaller-than the average values.
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Based on CoP trajectories in ML and AP direction, we calculated: 1) MSE, as an 

indication of gait complexity. It implies predictability of fluctuation patterns over 
time by increasing the length τ (τ=7) in the average of data point non-overlapping 
window (r=0.02).MSE=Zero represents data predictability [25]; 2) The λmax was 
quantified by the log of the expansion between the CoP trajectories by using Wolf 
algorithm (embedding of n=7 dimensions, delay τ of 10 samples), which is the 
most appropriated to evaluate λmax from relatively small data sets [26]. Large 
λmax indicate lower local dynamic stability (smaller ability to resist perturbations) 
[26]. Both methods, MSE and λmax, were previously employed in relatively small 
lengths, i.e., 3 min walking [4,26].

2.7.  Statistical analysis

Power calculation (G*Power software) required a minimum of 24 participants 
(probability of 82% to detect a difference in SL at 5% of significance). Using, SPSS 
(SPSS Inc., USA), when the Shapiro-Wilk test revealed non-normal distribution, 
data were log-transformed. A Student’s t-test between groups was applied to 
compare the characteristics, questionnaires and SPPB, and RSTS outcomes. To 

compare mental task performance, an ANOVA was applied with between-Group 
factor group (young vs. older) and within-Time factor (time 1 vs. time 2). ANOVAs 
with between-Group factor and within-Experimental condition (RSTS vs. mental), 
and Time (pre- vs. post-experimental conditions) factors were applied for the 
Borg scale, MVIF and voluntary activation, and the gait outcomes. Tukey’s post 

hoc contrast was used to identify significant differences. The level of significance 
adopted was p≤0.05. Effect sizes were estimated concerning eta square (η²). 
η²≥0.02 indicate small, ≥0.13 intermediate, and ≥0.26 large effects [27].

3. RESULTS

3.1.  Participants

Table 1 shows that the two age groups had similar characteristics (all p>0.05).

3.2.  Experimental conditions

Young performed up 4x longer RSTS than older participants (Table 1, T22=7.40, 

p<0.01, T22=7.39, p<0.01 respectively). Fig. 2a and Table 2 show the group by 

experimental condition by time interaction for the Borg scale (p<0.01), indicating 

an increase after RSTS (p < 0.01) but not after the mental tasks (p>0.05). Older 
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vs. young adults reported higher exertion levels pre-fatigue. Fig. 2b and Table 2 
show time by experimental conditions interaction for MVIF indicated a decrease 

by 17% in both groups after RSTS (p<0.05) but only ~2% after the mental tasks 

(p>0.05). Group main effect revealed that older adults performed ~40% less MVIF 
than young (p<0.01).

Fig. 2. Average and standard deviation of young (grey line) and older (black line) adults: (a) 
rating of perceived exertion and (b) MVIF pre- and post-fatigue, and (c) mental task per-
formance for the RT of PVT and Stroop test (congruent and incongruent answers) and for 
accuracy on Stroop test, considering time 1 (first minutes) and time 2 (last minutes). Con-
tinuous and dashed lines represent RSTS and mental task, respectively. aTime main effect, 
bGroup main effect, eTime by Experimental conditions interaction, fGroup by Experimental 
conditions by Time interaction.
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Table 2. Mean and standard deviation of experimental conditions outcomes in Older and 
Young groups.

Experimental conditions outcomes

RSTS Mental tasks

Pre Post Pre Post

Borg 
Scale f

Older 8.42 ±2.42 19.58 ±9.0 8.58 ±2.39 10.83 ±3.21

Young 6.67 ±1.23 18.00 ±1.91 6.92 ±1.38 7.33 ±1.43

MVIF 
(N) b, e, f

Older 422.08 ±133.17 354.83 ±116.33 391.25 ±188.57 373.92 ±102.41

Young 676.25 ±244.71 563.27 ±208.72 676.17 ±270.81 657.83 ±284.57

VA (%)
Older 86.50 ±11.22 87.56 ±13.21 85.50 ±14.78 89.33 ±13.47

Young 88.65 ±17.65 87.93 ±14.35 90.67 ±11.22 90.58 ±8.64

 MVIF, Maximum Voluntary Isometric Force; VA, Voluntary Activation.
aTime main effect, bGroup main effect, cExperimental condition main effect, dTime by Group 
interaction, eExperimental conditions by Time interaction, f Time by Group by Experimental 
conditions interaction.

Fig. 2c shows time main effect (p<0.05) with a longer RT for PVT (~7%) and 
Stroop test (~15% for congruent and incongruent), and Accuracy for incongruent 

responses in Stroop decreased by 5% (p<0.05), and CPT RT was ~9% shorter at time 

2 compared with time 1. (p<0.05). The VAS was significantly higher after (~30mm) 
than before the mental task. Group main effects (p<0.05) indicated that the older 
had longer RTs for the PVT (12%), and the Stroop test (congruent responses by 

56%; incongruent responses by 65%) than young adults (Table 3). There was no 

Time by Group interaction (p>0.05).
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Table 3. Mean and standard deviation of mental tasks outcomes in Older and Young groups, 
considering time 1 (minutes 2 to 5) and time 2 (minutes 6 to 10).

Mental Tasks Outcomes

Time 1 Time 2

RT (ms)

PVT a, b, d
Older 256.02 ±37.78 281.05 ±41.85

Young 231.68 ±34.44 244.15 ±23.11

Stroop – Cong a, b, d
Older 965.01 ±214.13 1130.87 ±420.33

Young 611.43 ±91.45 725.71 ±108.09

Stroop – Incong a, b, d
Older 1127.92 ±286.75 1261.8 ±514.39

Young 632.35 ±97.79 807.43 ±145.35

CPT a, b
Older 395.02 ±125.22 370.35 ±93.93

Young 306.16 ±71.35 302.22 ±66.89

Accuracy (%)

Stroop – Cong a, b
Older 99.08 ±1.49 96.06 ±4.81

Young 94.93 ±4.31 95.66 ±4.98

Stroop – Incong a, b, d
Older 95.83 ±8.40 91.47 ±14.01

Young 96.11 ±5.74 90.77 ±11.84

CPT a, b, d
Older 80.00 ±19.05 80.47 ±17.58

Young 89.59 ±9.35 92.39 ±5.06

 Visual Analogue Scale (mm) a Pre - mental tasks Post - mental tasks

Older 9.75 ±8.35 47.83 ±26.18

Young 10.33 ±8.66 49.25 ±15.25

RT, Reaction Time; PVT, Psychomotor Vigilance Test; Cong, Congruent answer; Incong, 
Incongruent Answer; CPT, Continuous Performance Test; RT.
aTime main effect, bGroup main effect, cExperimental condition main effect, dTime by Group 
interaction, eExperimental conditions by Time interaction, f Time by Group by Experimental 
conditions interaction.

3.3.	 Effects	of	the	experimental	condition	and	age	on	gait
As a secondary analysis, we separately compared the effects of experimental 
conditions on gait outcomes in a speed condition from 20-30% faster than the 
comfortable. For both gait speed, detailed ANOVA and outcomes are presented 

in Supplementary Material T1, T2, and T3.

Fig. 3a shows the experimental condition by time interaction in stride outcomes. 

Post hoc revealed significant effects of RSTS on SL, CV of SL, SST, and cadence 
(p≤0.05). No significant changes were observed after the mental task (p>0.05) (η²: 
0.001 to 0.007).
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Group main effects revealed that older adults walked with a higher CV of SL, CV of 
SST, CV of SwT, and lower SwT (p<0.05 for all) than young adults (η²: 0.10 to 0.155).

Fig. 3. Change in magnitude (Δ post – pre experimental conditions) and standard errors con-
sidering (a) STS (black dots) and mental task (grey dots) of the stride outcomes and (b) gait 
dynamics for fixed and fast speed condition independent of the groups, for the outcomes 
that presented significant differences.

3.4.  Gait Dynamics

Time main effect (p<0.05) indicated an increase by 11% in ML λmax after the 
experimental condition (p<0.05, η²: 0.020). Experimental conditions by time 
interaction for MSE of ML-CoP (p<0.05, Fig. 3b) showed a 5% decrease after the 
mental tasks (η²: 0.015).

Group main effects revealed up to 50% higher in AP and ML λmax in older than 
young adults (p<0.05 for all, η²: 0.20 and 0.215).

4. DISCUSSION

We determined the effects of age, RSTS, and prolonged mental effort on gait. 
RSTS reduced MVIF and increased perceived exertion in both age groups. After the 

mental task, perceived fatigue was higher, and RT of PVT and Stroop tests lower. 

While both manipulations effectively induced fatigability, these interventions 
produced minimal effects on healthy adults’ treadmill walking.

3
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While the mental tasks did not affect stride outcomes, after RSTS SL and single ST 
decreased by ~2cm and ~5ms, respectively and cadence increased by ~1.5 steps/

min. Corresponding effect sizes suggested minimal functional effects (Fig. 3). These 
results agree with data collected after sustained endurance exercise, showing 

small (Cohen d: 0.10–0.4) or no effects on stride outcomes, gait variability [28], or 
on local dynamic stability of foot contact velocity and trunk accelerations [12–14] 

during treadmill walking. In contrast, when older adults walked overground, RSTS 

did affect stride outcomes and gait variability [9,10]. Repetitive leg-press plus calf 
and toe rises also increased the average and variability of the margin of stability 

during treadmill walking at a comfortable speed [14]. The inconsistent results 

between studies may be due to differences in the assessment of walking (treadmill 
vs. overground) and models to induce fatigability (muscles, tasks).

While treadmill vs. overground walking has the advantage of examining gait under 

a standardized condition, there are biomechanical differences in gait under in 
the two conditions [29]. Overground walking requires the participants to actively 

adjust features of gait, whereas the belt movement presets steps during treadmill 

walking. Treadmill walking is more reactive, which, compared with overground 

walking, necessitates lower muscle activation to generate force to advance the legs 

[29], making the cyclical movements of the legs uniform [28] and, compressing 

stride variability by 15% [30]. Thus, treadmill walking could minimize fatigue-
effects on gait [28].

Muscle contributions to gait mechanics can also account for the small perturbation 

effects on gait. RSTS tends to reduce MVIF and median frequency of the EMG of 
the knee extensors but not of the ankle muscles [9]. During walking, the knee 

extensors decelerate the center of mass and stabilize the leg at heel strike [31]. 

However, the joint power generated by the knee extensors compared with the 

plantarflexors is ~4 times lower and plantarflexor power correlates (r² >0.5 ) with 
the age-related decrease in SL and gait speed [32]. These factors support prior 
data [14], showing the effects of combined knee and ankle fatiguing exercises on 
gait variability (~10% increase in variation of the AP and ML margin of stability and 

SW) and a ~ 8% increase in SL.

Notwithstanding the lower contribution of knee than ankle muscles to limb 

mechanical work during walking, previous studies revealed that quadriceps muscle 

fatigue induced by RSTS modified contributions of the non-fatigued ankle muscles 
to gait [33]: Ankle joint work increased ~2 times while stepping down from a curb 

after RSTS [33]. Additionally, prior EMG data indicated that older women increased 
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quadriceps activity during the stance phase by ~10% after 20 min of treadmill 

walking, suggesting that compensation was needed to maintain gait [34].

The small effects induced by the RSTS task on treadmill walking in our study could 
be related to joint work during gait being submaximal. Ample reserve is left in 

the quadriceps to respond to the fatigue-induced reductions in force-generating 
capacity after hundreds of STS movements. Previous data indicated that EMG 

activation of the quadriceps muscle during habitual gait was less than 25% of 

the maximal activation [35,36]. It thus appears that, while RSTS substantially 

reduced the MVIF (Fig. 2) and its activation [11], these reductions were too small 

to necessitate changes in the mechanics of treadmill walking.

It is also conceivable that participants compensated for reduced quadriceps force 

by increasing the reliance on non-fatigued muscles [33] to keep up with belt speed 
on the treadmill. Increases in muscle activation by hip flexors and plantarflexors 
could increase stride length through an increased hip range of motion and 

more effective push-off, overriding any stride length shortening effects due 
to quadriceps fatigue. Future studies, thus, should determine if compensatory 

muscle activation appeared during walking after fatigue.

Our results indicate that sustained mental task did not affect gait outcomes, 
agreeing with previous data [15]. However, these authors reported an increase 

in the CV of speed, SL, stance phase, double support and swing time during 

dual-task walking, after the mental task [15]. These data seem to support the 
idea that prolonged mental activity is a reasonable model to study the effects 
of sustained mental task-induced fatigability on gait, resembling dual- but not 
single-task walking [15]. Moreover, after the mental tasks, perhaps participants 
rely on feedback from leg muscles and capitalize on the imposed pattern by 

the treadmill to compensate for the reduced availability of cognitive resources. 

Despite minimal fatigability effects on gait, this study proposed novel insights into 
the understanding how the mental fatigue-induced interference with cognitive 
functions would affect gait dynamics.

Although older vs. young adults walked with shorter SL (~6 cm), higher cadence (~6 

steps /min), variability (~20% of CV in SL and SwT), and λmax in AP and ML (~30%), 
unexpectedly, there was no interaction between fatigue and task in our outcomes. 

Interaction involving age and sustained muscle activity reported previously [9,37], 

did result in more pronounced adjustments in stride length (~4%), duration (~4%) 

and speed (up to 8%) in older compared with young adults during overground 

3
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walking [9] and dual-task walking [37]. It seems to complement the argument that 
overground compared with treadmill walking represents a more complex and 

challenging task, and dual-task walking requires greater sensory integration and 
executive function that could amplify the fatigability effects.

A limitation of this study is that older and young were similar in physical 

performance, global cognition, and trait of fatigue, minimizing the effects of age 
and experimental manipulations on gait. Duration of the RSTS varied between 

participants. However, the 16% average force loss we observed was greater 

than reductions reported previously [8,9]. Fatigability in the plantarflexors or 
combined knee and ankle exercises could be effective to probe the effects of age 
and fatiguability on gait [14]. Concerning mental tasks, this protocol appears to be 

effective to examine age-related changes in dual-task walking [15]. A comparison 
between treadmill vs. real world walking in the fatigue context would provide 

information if the treadmill does indeed minimize fatigability-effects on gait.

5. CONCLUSION

Muscle and mental fatigability had minimal effects on gait in young and healthy 
older adults possibly because treadmill walking makes gait uniform. It is still 

possible that age-dependent muscle activation underlies the uniform gait on 
the treadmill. Age- and fatigability effects might be more overt during real life 
compared with treadmill walking, creating a more effective model for examining 
gait and age adaptability to fatigability perturbations.
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Chapter 3

Supplementary Table 2. Mean and standard deviation of the stride outcomes, variability, 
and gait dynamic for the fixed speed gait condition in older and young adults pre and post 
STS task and mental tasks.

Gait outcomes - Fixed Speed Condition

Pre - RSTS Post - RSTS Pre Mental Post Mental

M
ea

n

Stride length 
(cm) e

Older 125.10 ±7.02 125.20 ±8.37 125.10 ±8.25 126.20 ±8.66

Young 132.04 ±8.51 129.91 ±8.54 132.65 ±8.50 132.46 ±8,99

Step Width 
(cm) a

Older 9.78 ±3.22 9.82 ±3.09 10.28 ±4.57 9.93 ±3.33

Young 11.23 ±4.57 10.78 ±4.04 10.01 ±3.60 9.71 ±4.14

Single 
support (ms) e

Older 371.6 ±25.28 372.6 ±31.60 369.6 ±28.13 375.2 ±32.79

Young 391.2 ±25.88 380.8 ±25.87 385.8 ±27.13 386.9 ±28.40

Swing time 
(ms) b

Older 672.0 ±38.32 670.7 ±42.05 672.9 ±43.95 676.5 ±44.31

Young 709.1 ±49.25 701.8 ±47.72 719.7 ±47.15 717.0 ±49.08

Cadence 
(steps/min) e

Older 114 ±6 114 ±7 114 ±7 113 ±7

Young 108 ±7 110 ±6 108 ±7 108 ±7

Co
effi

ci
en

t o
f v

ar
ia

tio
n

Stride length 
(%) a, b, e

Older 2.30 ±0.68 2.37 ±0.62 2.06 ±0.04 2.48 ±0.68

Young 1.88 ±0.39 1.87 ±0.43 1.68 ±0.36 1.96 ±0.58

Step Width 
(%)

Older 11.73 ±7.69 11.94 ±4.33 11.73 ±7.69 11.05 ±4.77

Young 9.41 ±2.03 10.22 ±2.58 12.67 ±7.35 13.84 ±7.46

Single 
support (%) b, f

Older 4.53 ±1.19 4.82 ±1.74 4.95 ±1.57 4.78 ±1.24

Young 3.61 ±0.79 3.67 ±0.85 3.50 ±087 4.35 ±1.14

Swing time 
(%) b, f

Older 3.85 ±0.91 4.24 ±1.46 4.04 ±0.96 4.33 ±1.2

Young 3.29 ±0.56 3.18 ±0.52 3.07 ±0.81 3.88 ±1.29

G
ai

t 
D

yn
am

ic
s

DFA
Older 0.83 ±0.25 0.74 ±0.17 0.71 ±0.20 0.75 ±0.21

Young 0.74 ±0.19 0.79 ±0.11 0.72 ±0.17 0.77 ±0.19

λmax - AP b
Older 0.66 ±0.24 0.61 ±0.24 0.48 ±0.16 0.59 ±0.24

Young 0.38 ±0.15 0.37 ±0.15 0.36 ±0.15 0.47 ±012

λmax - ML b, e
Older 1.06 ±0.50 1.04 ±0.29 0.99 ±0.27 1.10 ±0.43

Young 0.66 ±0.10 0.81 ±0.27 0.64 ±0.23 0.80 ±021

MSE - AP b
Older 0.10 ±0.02 0.11 ±0.02 0.10 ±0.02 0.10 ±0.02

Young 0.11 ±0.02 0.12 ±0.01 0.11 ±0.02 0.12 ±0.02

MSE - ML e
Older 0.25 ±0.03 0.25 ±0.03 0.25 ±0.03 0.24 ±0.03

Young 0.24 ±0.02 0.26 ±0.02 0.25 ±0.02 0.24 ±0.02

Legend: MSE, Multi-scale Sample Entropy; λmax, Max Lyapunov exponent; AP, Antero-
posterior; ML Mediolateral. aTime main effect, bGroup main effect, cExperimental conditions 
main effect, dTime by Group interaction, eTime by Experimental conditions interaction, f Group 
by Experimental condition by Time interaction.
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Supplementary Table 3. Mean and standard deviation of the stride outcomes, variability, 
and gait dynamic for the fast speed gait condition in older and young groups pre and post 
STS task and mental tasks.

Gait outcomes – Fast Speed Condition

Pre - RSTS Post - RSTS Pre - Mental Post - Mental

M
ea

n

Stride length 
(cm) a, b

Older 152.70 ±15.6 151.51 ±15.87 153.38 ±15.01 154.25 ±16.20

Young 167.56 ±8.75 164.06 ±9.81 168.85 ±9.16 166.87 ±10.19

Step Width 
(cm)

Older 8.28 ±2.98 8.18 ±2.73 8.21 ±3.62 7.48 ±3.37

Young 9.28 ±3.78 9.80 ±3.96 8.73 ±3.70 8.87 ±3.71

Single 
support (ms) e

Older 356.6 ±15.51 353.1 ±21.04 384.5 ±16.97 352.8 ±21.34

Young 360.3 ±16.68 352.0 ±15.52 360.1 ±15.51 361.5 ±17.45

Swing time 
(ms) a

Older 594.2 ±36.79 590.2 ±37.24 584.2 ±33.62 584.9 ±36.78

Young 590.8 ±20.91 578.7 ±0.03 595.1±22.28 593.6 ±22.33

Cadence 
(steps/min) e

Older 125 ±6 126 ±6 127 ±6 126 ±7

Young 124 ±4 127 ±5 124 ±4  124 ±5

Co
effi

ci
en

t o
f v

ar
ia

tio
n

Stride length 
(%) a, e

Older 1.81 ±0.42 1.73 ±0.38 1.92 ±0.69 2.13 ±0.98

Young 1.51 ±0.71 1.44 ±0.38 1.47 ±0.41 1.47 ±0.41

Step Width 
(%)

Older 18.41 ±7.18 17.82 ±5.21 17.1 ±4.94 21.44 ±8.48

Young 15.08 ±6.41 15.92 ±7.53 18.8 ±7.67 17.10 ±7.84

Single 
support (%)

Older 3.66 ±1.08 10 ±1.2 4.84 ±3.87 4.23 ±1.48

Young 3.27 ±1.58 3.33 ±1.66 3.36 ±1.32 3.21 ±1.09

Swing time 
(%)

Older 3.30 ±0.96 3.29 ±0.61 3.99 ±2.63 3.92 ±1.47

Young 3.11 ±1.94 3.00 ±1.66 3.25 ±1.05 3.04 ±0.87

G
ai

t 
D

yn
am

ic
s

DFA
Older 0.66 ±0.16 0.75 ±0.14 0.66 ±0.16 0.79 ±0.16

Young 0.74 ±0.15 0.75 ±0.18 0.61 ±0.19 0.68 ±0.15

λmax - AP b
Older 0.53 ±0.20 0.59 ±0.17 0.57 ±0.23 0.58 ±0.23

Young 0.39 ±0.17 0.49 ±0.28 0.40 ±0.14 0.43 ±0.17

λmax - MLb
Older 0.81 ±0.25 0.82 ±0.32 0.84 ±0.32 0.77 ±0.39

Young 0.59 ±0.18 0.51 ±0.16 0.45 ±0.14 0.54 ±0.19

MSE - AP b
Older 0.25 ±0.07 0.28 ±0.07 0.31 ±0.12 0.31 ±0.09

Young 0.34 ±0.09 0.36 ±0.08 0.36 ±0.12 0.33 ±0.08

MSE - MLe
Older 0.45 ±0.10 0.47 ±0.08 0.52 ±0.13 0.49 ±0.14

Young 0.49 ±0.10 0.53 ±0.14 0.51 ±0.14 0.47 ±0.09

Legend: MSE, Multi-scale Sample Entropy; λmax, Max Lyapunov exponent; AP, Antero-
posterior; ML Mediolateral. aTime main effect, bGroup main effect, cExperimental conditions 
main effect, dTime by Group interaction, eTime by Experimental conditions interaction, f Group 
by Experimental condition by Time interaction.
ϑFast speed for Young (YA: 1.73 ±0.09m/s) and Older adults (OA: 1.66 ±0.11m/s) was determined by 
20 to 30% higher than the comfortable speed (YA: 1.38 ±0.12m/s, OA: 1.32 ±0.15m/s, both groups 
ranged from 1.10 to 1.60m/s). The range of 20 to 30% was necessary to guarantee a substantially 
faster than 1.2 m/s (fixed speed condition) and to avoid jogging instead of walking.
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ABSTRACT

Background: Repetitive sit-to-stand (rSTS) is a perturbation model to examine 
the age-effects on adaptability in posture and gait, yet the age-effects on muscle 
activation during rSTS per se are unclear.

Research question: Whether and how do the age and exhaustive rSTS affect 
muscle activation during ascent and descent phases of the STS task?

Methods: Healthy older (n=12) and younger (n=11) adults performed rSTS to failure 

or for 30min. We assessed muscle activation magnitude, onset, and duration of 

plantar flexors, dorsiflexors, knee flexors, knee extensors, and hip stabilizers 
during the initial and late-stages of rSTS. Before and after rSTS, we measured 
maximal voluntary isometric force (MVIF), and rate of perceived exertion (RPE), 

which was also measured during rSTS.

Results: Older vs. younger adults had 35% lower MVIF. During the initial-stage of 
rSTS, older vs. younger adults activated the dorsiflexor 60% higher, all 5 muscle 
groups 37% longer, and the hip stabilizers 80% earlier. Older vs. younger adults 

completed 467 fewer STS trials and, at failure, their RPE was ~18.7 of 20 on the 

Borg scale. At the end of the rSTS, MVIC, activation of the dorsiflexor and knee 
extensor muscles decreased in both age groups (16-28%, p<0.05).

Significance: By performing remarkably fewer STS trials, older adults consequently 

had limited impact of rSTS in inducing failure in muscle activation, voluntary force, 

and motor function. Such a sparing effect may explain the minimal changes in 
gait after rSTS reported in previous studies, suggesting a limited scope of this 

perturbation model to probe the age-effects on muscle adaptation in gait and 
posture.

Keywords: Old; Fatigue; Electromyography; Functionality; Muscle strength.

List of abbreviations: ANOVA, Analysis of variance; BF, Biceps femoris long head; CI, Co-contraction 
index; CoM, Center of mass; CoP, Center of pressure; d, Cohen d effect size; DF, Dorsiflexors; EMG, Elec-
tromyography; GAS, Gastrocnemius; Glu, Gluteus medius; KE, Knee extensors; KF, Knee flexors; MFI, 
Multidimensional fatigue inventory; MVIF, Maximum voluntary isometric force; PF, Plantar Flexors; PL, 

Peroneus Longus; RF, Rectus Femoris; RMS, Root Mean Square; RPE, Rate of perceived exertion; rSTS, 

Repetitive sit-to-stand; SENIAM, Surface Electromyography for the Non-Invasive Assessment of Muscle; 
SL, Soleus; SPPB, Short Physical Performance Battery; ST, Semitendinosus; STS, Sit-to-stand; TA, Tibialis 
Anterior; TFL, Tensor Fasciae Latae; TKEO, Teager–Kaiser energy operator; VL, Vastus Lateralis; Δ, Delta;  
η
p

2, Partial Eta-Square.
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1. INTRODUCTION

Rising from and sitting down in a chair is a demanding functional task, particularly 

for older adults, as it requires leg muscle strength, large joint excursions, inter-
joint coordination, and balance [1–4]. Rising from a chair strongly activates the 

knee, ankle, and hip muscles in older adults [5–7], i.e., up to 90% of maximal 

knee extensor activation [8]. Not only the agonists but especially the antagonists 

become over-activated in older adults, resulting in agonist-antagonist coactivation 
[5,9]. Higher coactivation is associated with imbalances in the excitatory-inhibitory 
corticospinal circuits [10], which can also delay muscle relaxation in older adults 

[11]. Conceivably, the age-differences in muscle activation amplitude, combined 
with a delay in muscle relaxation during sit-to-stand (STS), would increase energy 
expenditure [10], underlying higher muscle fatigability in older adults [12].

Uncontrolled cadence and unnaturally slow execution rate [5] could mask age-
differences in muscle activation during STS [3,6]. Additionally, previous studies 
examined the age-effects on muscle activity during the ascent phase [6] or the 
entire STS cycle [5] without considering potential age-effects on muscle activation 
during the descent phase or on the temporal signature of muscle activation of the 

STS task. Characterization of muscle activation during the descent phase could 

increase our understanding of neural control of STS because force variability 

during eccentric force generation increases with age [13], suggesting that muscle 

activation during the ascent and descent phases of STS after an exhaustive of STS 

series might vary by age. Therefore, we firstly determined the effects of age on 
muscle activation magnitude, onset, and duration during the ascent and descent 

phases of the STS, performed at a controlled, fast cadence. We hypothesized that 

older vs. younger adults would execute the STS task with a higher, earlier, and 

longer-lasting muscle activation duration and phase-dependent change in muscle 
activation varying by age [8,14].

Healthy aging affects motor adaptability to sensory and mechanical perturbations 
[15]. Several perturbation paradigms have been used to determine age-effects 
on motor adaptability [16–19], including fatigue [18,19]. Although studies have 

attributed changes in rSTS (fatigue perturbation) to explain the age-related 
adaptability in gait [18–20], the characterization of muscle activation during 

rSTS is lacking [5]. A typical compensatory strategy to submaximal fatiguing 

tasks involves an increase in muscle amplitude in the primary and recruitment 

of additional less involved muscles [5,6]. An examination of hip, knee, and ankle 

muscle activation profiles during rSTS could provide new insights into age-related 

4
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motor adaptability. Therefore, the second aim was to determine the effects of age 
and fatigue induced by rSTS on muscle activation during initial and late-stages of 
STS. Given existing literature [6], we expected an increase in muscle amplitude 

in the primary agonist knee extensors and in muscles that show low activation 

at the start of the STS series. Because of the age-typical neuromuscular decline 
[3,5,8,21], we expected age-specific increases in muscle activation amplitude and 
duration after the execution of rSTS.

2. METHODS

2.1. Participants

Healthy older (n=12) and younger adults (n=11) participated in the study (Table 1). 

Exclusion criteria were self-reported pain, injury or surgery in the lower extremity 
muscles, and neurological and cardiologic disease. The local Ethics Committee 

approved the procedures and the informed consent document (#ECB2017.06.12_1).

2.2. General experimental procedures

Participants visited the laboratory once and completed the Multidimensional 

Fatigue Inventory [22]; performed the Short Physical Performance Battery [23], 

the maximal voluntary isometric force (MVIF) before and after rSTS (muscle 

fatigability), during which EMG activity and vertical acceleration were recorded.

2.3. MVIF

Participants, seated on a custom-built dynamometer (knee, hip in 90° of flexion), 
with the non-dominant lower leg strapped (~10cm superior to lateral malleolus), 
were instructed to contract the quadriceps as forcefully as possible and maintain it 

for 5s [18]. After familiarization, MVIF was determined as the peak of force before 

and after rSTS.

2.4. rSTS

Seated in a chair (0.43m height X 0.41m width X 0.42m depth), with the arms 

crossed at the chest, and feet placed comfortably, participants were instructed 

to stand up to full knee and hip extension and sat back until touching the seat, 

to the beat of a metronome (30 beats/min, cycle=2s). After task and cadence 

familiarization, participants performed rSTS until failure or for 30min with task 

duration and STS trials recorded. Before, during each minute, and after rSTS, 

participants rated their perceived exertion (RPE, 6–20 Borg scale) [24].
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2.5. EMG and accelerometry data recording

Following SENIAM [25], wireless EMG sensors (Trigno System, Delsys Inc.) were 

placed on Gastrocnemius Lateralis (GAS), Soleus (SL), Tibialis Anterior (TA), 

Peroneus Longus (PL), Rectus Femoris (RF), Vastus Lateralis (VL), Biceps Femoris 

long head (BF), Semitendinosus (ST), Tensor Fasciae Latae (TFL) and the Gluteus 

medius (Glu) on the dominant leg (ball kicking) [3]. Sampling frequency was 2.0kHz. 

Vertical acceleration was recorded at 148.1Hz from the mid-thigh (RF) Trigno 
acceleration channel (16-bits resolution, 50-Hz Bandwidth).

2.6. Data analysis

Data were analyzed in MatLab (The MathWorks, Inc.). The vertical acceleration 

signal was low-pass filtered (5Hz 4th order Butterworth). Each STS cycle (seat-off 
to seat-off) comprised the ascent, stand, descent, and sitting phases based on 
the vertical acceleration signal [26]. After excluding the first five STSs (adaptation 
period), the next five (initial-stage) and the last five STSs (late-stage) were considered 
for the analyses, in which for each phase, we calculated the jerk, derivative of the 

acceleration per time (m/s³), and phase duration (time intervals, s).

EMG data were visually inspected and bandpass filtered (20-450Hz). Then, 
two procedures were used: (1) For the RMS-amplitude, data were rectified and 
smoothed using a 50ms moving window. In ascent and descent phases, non-
normalized RMS-amplitude was averaged for the initial and late-stage. (2) For 
muscle onset and offset detection, Teager–Kaiser energy operator was used [27]. 
The data were then rectified and low-pass filtered with a 50Hz cutoff frequency 
[27]. Relative to seat-off, activation onsets and offsets, and muscle activation 
duration (time between muscle onset and offset) were determined. We reduced the 
10 muscles into five functional groups [6] and determined RMS-amplitude, muscle 
onset, and activation duration for: plantar flexors (GAS and SL), dorsiflexors (TA 
and PL), knee extensors (RF and VL), knee flexors (BF and ST), and hip stabilizers 
(TFL and Glu). Co-contraction index (CI) was computed for dorsiflexor vs. plantar 
flexors and knee extensors vs. knee flexors ((CI=2*Antagonist/(Agonist (primary 
action)+Antagonist))*100)[28].

2.7. Statistical analysis

In SPSS (IBM Corp.), we conducted Shapiro-Wilk tests to verify the normality of the 
outcomes. Outcomes that were not distributed normally were log-transformed. 
Group characteristics, and STS trials were compared using by T-test. We compared 
MVIF and RPE by a between-Age (younger, older adults) and within-Time (before, 
after rSTS) factors ANOVA. At initial-stage, jerk and phase duration were compared 

4
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between-Age by T-test. To compare RMS-amplitude, we conducted ANOVA 
between-Age and within-Muscle (plantar flexors vs. dorsiflexors vs. knee flexors vs. 
knee extensors vs. hip stabilizers) and Phase (ascent vs. descent) factors. Muscle 

onset and activation duration were compared by ANOVA between-Age and within-
Muscle factors. Regarding rSTS, accelerometer data were compared by ANOVA 

between-Age and within-Time (initial-stage=time 1 vs. late-stage=time 2) factors. 
CI was compared by ANOVAs between-Age and within-Phase and Time factors. 
We applied ANOVA (Age*Muscle*Phase) to compare the magnitude of change 
(Δ=time 2–time 1) of RMS-amplitude. ANOVA between-Age and within-Muscle was 
conducted to compare Δ of muscle onset and muscle activation. We set post-hoc 
and the level of significance (p≤0.05) was adjusted for multiple comparisons by 
Bonferroni correction. Cohen’s d (d) was calculated and interpreted 0.21-0.50, 
0.51-0.79, and >0.79 as small, medium and large effect sizes, respectively [29]. 
When main effects and/or interactions were observed, we reported the relative 
changes expressed as percentage, where younger, time 1 and ascent values were 

used as reference values for Age, Time, and Phase differences.

3. RESULTS

3.1. Participants and STS performance

The two age groups had similar characteristics (Table 1), but older vs. younger 

adults performed 467 fewer STS trials (p<0.01).

Table 1. Participants’ characteristics and scores on questionnaires.

Older Younger p-value

N (Male) 12 (7) 11 (6) -

Age, range (yrs) 71 (66-77) 22 (20-25) < 0.01

Height (cm) 173.1 ±2.2 177.5 ±2.8 0.17

Body mass (kg) 73.9 ±2.92 69.8 ±3.4 0.07

Body mass Index (kg/m²) 24.7 ±1.07 22.1 ±0.6 0.04

SPPB (scores) 12.0 ±0.0 12 ±0 1

MFI (scores) 35.5 ±2.94 38.2 ±2.8 0.52

N. STS (rep) 134 ±29 601 ±53 < 0.01

STS duration (min) 4.5 ±1.13 20 ±1.7 < 0.01

Values are means and SEs. SPPB: Short Physical Performance Battery; MFI: Multidimensional 
fatigue inventory.
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3.2. Force outcomes and RPE

ANOVA outcomes are detailed in Table 2.

Table 2. ANOVA main effects and interaction and partial eta-squared (η
p

2) for the outcomes.

Outcomes ANOVA effects F (1.21) p η
p

2

Force outcomes and RPE

MVIF Age main effect 8.58 < 0.01 0.29

Time main effect 31.66 < 0.01 0.60

RPE (Borg) Time main effect 424.27 < 0.01 0.95

Initial-stage

RMS-amplitude Muscle main effect 72.30 < 0.01 0.78

Age*Phase*Muscle 4.34 < 0.01 0.17

Activation Onset Muscle main effect 5.01 < 0.01 0.22

Age*Muscle 2.41 0.05 0.11

Activation duration Age main effect 16.07 0.01 0.43

Muscle main effect 8.10 < 0.01 0.28

rSTS effects

RMS-amplitude Muscle main effect 6.57 < 0.01 0.24

Ascent Phase duration Time main effect 9.95 < 0.01 0.36

CI – KF/KE Descent Age main effect 10.08 < 0.01 0.34

CI – DF/PF Descent Time main effect 12.69 < 0.01 0.28

CI – KF/KE Ascent Time main effect 6.39 0.02 0.23

RPE: Rate of perceived exertion; MVIF: Maximum voluntary isometric force; CI: Co-contraction 
Index; KF: Knee flexors; KE: Knee extensors; DF: Dorsiflexors; PF: Plantar Flexors.

Older vs. younger adults had 35% lower MVIF (Age main effect, mean±SE: 
Older=388.47±48.45, Younger=595.61±50.6, d=1.19, Fig 1a). After rSTS, MVIF 

decreased (~16%) in both age groups (Time main effect, mean±SE: Time 
1=533.7±38.15, Time 2=450.32±33.25, respectively, d=0.51, Fig 1a). RPE increased 

in both age groups combined (Time main effect; before rSTS=7.6±2.1 to after 
rSTS=18.7±1.7 score on Borg, d=5.8, Fig 1b).

4
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Figure 1. Mean and standard error of (a) Maximum voluntary isometric force (MVIF) at the 
beginning (Time 1) and end (Time 2) of rSTS. (b) Rate of perceived exertion (RPE) measured by 
6 – 20 Borg scale during each minute of rSTS in younger (filled circles) and older adults (open 
circles). Numbers on open and filled rectangles indicate the amount of older and younger 
participants who continued performing rSTS at that time. *Age differences, t Time main effect.

3.3. Age-effects on muscle activation during STS in the initial-stage
Age did not affect jerk and phase duration during ascent and descent (p>0.05).

The Age*Muscle*Phase interaction for RMS-amplitude revealed that older vs. 
younger adults rose from the chair with ~60% greater dorsiflexor RMS-amplitude 
(d=1.16, p<0.01, Fig. 2). In ascent vs. descent, dorsiflexor RMS-amplitude was ~39% 
lower (d=0.53, Fig. 2), but knee extensor amplitude was ~41% higher (d=0.95, all 

p<0.01, Fig. 2) in older vs. younger adults. Younger vs. older adults had ~143% 

lower dorsiflexor RMS-amplitude in ascent (d=2.34, p<0.001, Fig. 2).
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Figure 2. Means and Standard Errors for RMS-amplitude (Y-axis) for younger (filled col-
umns) and older (open columns) adults by muscle groups (horizontal axis) and phases of 
the sit-to-stand task (Ascent, Descent). * Age differences; # muscles that are different from 
dorsiflexors; & muscles that are different from knee extensors; ¥ descent differs from ascent.

For muscle comparison, in ascent, older adults had 65-80% higher RMS-amplitude 
in the dorsiflexors, and knee extensors vs. plantar flexors, knee flexors, and hip 
stabilizers (d=1.22-2.64, all p<0.001). Younger adults’ RMS-amplitude of knee 
extensors was 52-72% higher than dorsiflexors, plantar flexors, knee flexors and 
hip stabilizers (d=1.62-2.32, all p<0.01). In descent, both older and younger had 
60-90% higher RMS-amplitude in the dorsiflexors and knee extensors than plantar
flexors, knee flexors and hip stabilizers (d=1.38-3.11, all p<0.001).

4
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Age*Muscle interaction for muscle activation onset (Fig. 3a) revealed that older 
vs. younger activated the hip stabilizers ~80% earlier (d=1.03; p<0.03). For muscle 

comparison, participants’ muscle onsets of dorsiflexors, hip stabilizers, and knee 
extensors occurred earlier than plantar flexors (42-66%) and knee flexors (73-84%) 
(d=1.25-2.09, all p<0.01, Fig. 3a).

For muscle activation duration (Fig. 3b), older vs. younger adults had ~37% (d=1.02) 

longer muscle activation duration. Muscle main effect revealed ~32% longer 
activation in the dorsiflexors than the plantar flexors and hip stabilizers in both 
groups combined (d=1.12-1.16, all p>0.01, Fig. 3b).

Figure 3. Mean and Standard Error for (a) muscle activation onset and (b) muscle activation 
duration in seconds (X-axis) relative to seat-off (Zero) for younger (filled bars) and older 
adults (open bars) in the initial-stage. * Age differences; # muscles that are different from 
dorsiflexors; & muscles that are different from knee extensors; Φ muscles that are different 
from hip stabilizers.

3.4. Effects rSTS on muscle activation
Ascent phase duration became ~20% longer at late-stage for both groups 
combined (Time main effect, d=0.72, supplementary table 1). Participants reduced 
dorsiflexor and knee extensor RMS-amplitude by 25% after rSTS (d=0.85-1.32, all 
p<0.02, Fig. 4a).
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Figure 4. Mean and Standard Error for (a) muscle main effects for the delta score in RMS-am-
plitude (b) co-contraction index (CI) between dorsiflexors and plantar flexors, and between 
knee extensors and knee flexors in younger (filled symbols) and older (open symbols) adults. 
* Age differences, t Time main effect. # muscles that are different from dorsiflexors; & mus-
cles that are different from knee extensors.

Knee extensor and flexor CI was ~40% higher in older vs. younger in descent 
(d=1.04, p>0.01). In ascent, knee extensor and flexor CI increased by 31% in both 
age groups (d=0.60, p=0.02). In descent, dorsiflexor and plantar flexor CI increased 
by ~45% after rSTS in the two groups combined (d=0.70, p>0.01, Fig. 4b).

No effects occurred for muscle activation onset and duration (all p>0.05).

4. DISCUSSION

In partial agreement with the hypothesis, older vs. younger had lower MVIF and 

activated dorsiflexors higher, all muscles longer, and hip stabilizer earlier before 
rSTS. Older vs. younger completed 467 fewer STSs, accompanied by a quicker 

increase in RPE. At the end of the rSTS, MVIF and dorsiflexor and knee extensor 
activation amplitude decreased similarly in both age groups. We interpret the data 

to mean that older adults, to perform remarkably fewer STS trials, had limited 

4
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impact of rSTS in inducing failure in muscle activation, voluntary force, and motor 

function. Such a sparing effect may explain the minimal changes in gait after rSTS 
[18,19], suggesting a limited scope of this perturbation model to probe the age-
effects on muscle adaptation in gait and posture.

4.1.  Effects of age on muscle activation during STS before rSTS
During the first 5 STSs trials, activation of knee extensors and dorsiflexors was 70 
to 80% higher than other muscle groups (Fig. 2), confirming that rising from a chair 
requires forceful contractions of lower extremity muscles [1]. As expected, older vs. 

younger adults rose from the chair with a higher, earlier, and longer muscle activation 

pattern. The age-specific 65-90% greater knee extensor activation preferentially 
helps older adults to accelerate the center of mass (CoM) upward [1,5,6]. Such strong 

activation of the knee extensors may be needed because MVIF was 35% lower in 

older than younger adults (Fig. 1) and the activation demand can be as high as 90% 

of the maximum during ascent [8]. These data are compatible with the idea that knee 

extensor function is a strong predictor of STS performance [4,5].

A new observation was that dorsiflexor activation amplitude was over two times 
higher in older vs. younger adults to rise from a chair, which may indicate a strategy 

to increase stability. The dorsiflexors control the center of pressure (CoP) under 
the limits of stability by keeping its position close to the CoM and stabilizing the 

ankle joint [1]. Age-specific strategy is also reflected by the 80% earlier onset of 
the hip stabilizers compared to plantar and knee flexors in older adults only (Fig. 
3a). Because the phase duration of ascent was similar between groups, this early 

activation of hip stabilizers is indicative of a trunk strategy to let older adults keep 

up with the metronome. We interpret the age-specific 37% longer activation of the 
five muscle groups (Fig. 3) as an inability to relax muscles after force generation 
[11]. We conjecture that the increases in RMS-amplitude and duration are related 
to the dramatically fewer number of STS trials (Table 1) but correlation failed to 

confirm this (r range=0.01-0.4, p range=0.99-0.06).

While maximal eccentric compared with concentric voluntary force tends to 

decrease less with age [30], variability during eccentric force generation increases 

[13]. Indeed, we observed that older vs. younger had 40% lower EMG amplitude 

of the knee extensors and 30% greater activation of the dorsiflexors during 
descent vs. ascent (Fig. 2). This lower activation signifies altered inter-muscle 
coordination, as there was an age-specific 60% increase in CI (Fig. 4b). There 
is evidence suggesting an age-specific reduction in the ability to generate high 
levels of mechanical power for prolonged periods [12], agreeing with prolonged 



86

Minimized effects of repetitive sit-to-stand on muscle activation

muscle activation results (Fig. 3b). Such changes in muscle activation are known 

to increase energy costs [10] and can partially explain the age-related higher 
fatigability (quicker increase in RPE and 4.5 less STS trials, Fig 1b) [31].

4.2. Effects of rSTS on muscle activation
A remarkable finding was that older vs. younger adults performed ~4.5 times 
fewer STS trials. Independent of age, the temporal structure of the STS changed 

so that ascent duration became 20% longer and the duration of the sitting portion 

decreased (Supplementary Table 1). In this manner, subjects were able to keep up 

with the tempo dictated by the beat of the metronome.

Contrary to the increase in EMG amplitude of the primer movers or compensatory 

shifts in activation reported previously [5,6], we observed a ~25% decrease in the 

dorsiflexor and knee extensor activation after rSTS (Fig. 4a). Reductions in EMG 
activity in submaximal fatiguing tasks might be the result of a decrease in number, 

and to a lesser extent, change in the shape of muscle fiber action potentials [32–
34]. Because the MVIF also decreased by 16%, rSTS performance was probably 

limited by muscle fatigue and neural drive reductions. Such reductions possibly 

restricted older adults to perform 4.5 times fewer STS trials. The decrease in knee 

extensor and dorsiflexor RMS-amplitude explains the ~38% “apparent” increase 
in knee and ankle muscle coactivation. The inability to sustain the rSTS longer by 

older adults is likely due to the rapid increase in RPE (Fig. 1b), which represents 

a threshold for stopping, so then older adults’ short performance resulted in 

minimized further loss in neuromuscular function.

Unlike the reductions after rapid rSTS in the present study, when rSTS was 

performed 2 times slower in a higher seat (80% of the lower leg lengths), EMG 

amplitude increased [5]. Therefore, the effects of rSTS on EMG amplitude may 
be velocity- and task-dependent. Faster repetitive contractions increase the 
mechanical demand on muscle [12], reducing muscle fiber action potential 
amplitude and increasing rate of muscle fatigability [33]. Faster contractions are 

particularly difficult for older adults due to a selective loss in type 2 muscle fibers, 
and prolonged relaxation time [12,30]. In contrast to our protocol, slower rSTS 

protocols [5] progressively increased RMS-amplitude first, followed by a decrease 
due to fatigability later [33]. A high seat decreases the mechanical load and muscle 

effort (i.e., ~25% less muscle knee extensors activation) and peak joint moments 
and angles (30% less at ankle and knee) [3].

4
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The data point to the potential limitation of rSTS as a perturbation model to 

explore age-effects on gait adaptability. While participants were unable to 
continue the rSTS series, MVIF of the knee extensors declined only by 10% 

after 63 STS trials [19] and did not much further (16%) after 135 trials [18]. The 

small increase in force loss after twice as many STS trials implies that the knee 

extensors are spared from becoming dysfunctional. Such sparing effects may be 
one mechanism underlying the inexplicably trivial changes in gait biomechanics in 

obstacle crossing tasks after rSTS [19] and the nil changes in older adults’ treadmill 

walking performance [18]. The substantially fewer STS trials by older vs. younger 

supports this interpretation because, with the pace fixed, reduction in trials was 
a key strategy for older adults that resulted in minimized demand of the rSTS in 

general and the load on the knee extensors in particular. Consequently, carry-over 
of fatigue induced by the rSTS to gait is minimized, so that walking performance 

remains unaffected notwithstanding the failure in the perturbation rSTS task just 
a few minutes earlier.

4.3. Limitations and conclusions

While the old group was unusually healthy (Table 1), the similarity between the two 

age groups also eliminated functional differences as confounders, allowing us to 
examine a “pure” age-effect. Second, it would have been necessary to concurrently 
measure metabolic cost with EMG recordings to see if age-differences in muscle 
activation in the initial and fatigued stage are functionally relevant. Although 

the lack of normalization would limit the comparison of our findings with the 
literature [5,6], which normalized the EMG signal for the sake of between-group 
comparisons, there is no consensus on this process [35]. Normalization process 

differed between protocols resulting in varied results [3,5,6,35], and this process 
does not necessarily affect the capability to resolve group differences [35]. 
Further studies should consider EMG activity of additional muscles combined 

with kinetic analyses, which would provide mechanistic insights into the nature of 

the perturbation created by rSTS. In conclusion, by performing remarkably fewer 

STS trials, older adults consequently had limited impact of rSTS in inducing failure 

in muscle activation, voluntary force, and motor function. Such a sparing effect 
may explain the minimal changes in gait after rSTS reported in previous studies, 

suggesting a limited scope of this perturbation model to probe the age-effects on 
muscle adaptation in gait and posture.
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Supplementary Table 1. Jerk and duration of sit-to-stand (STS) phases (ascent, stand, descent, 
sitting for younger and older adults considering time 1 (initial-stage) and time 2 (late-stage) 
of repetitive STS.

Younger Older

Time 1 Time 2 Time 1 Time 2

Jerk

Ascent 1.75 ±0.11 1.45 ±0.10 1.94 ±0.22 1.87 ±0.44

Stand 0.05 ±0.06 0.03 ±0.05 -0.05 ±0.04 -0.03 ±0.04

Descent -1.44 ±0.10 -1.28 ±0.07 -1.43 ±0.15 -1.45 ±0.18

Sitting -0.18 ±0.09 -0.12 ±0.06 0.01 ±0.06 -0.05 ±0.04

Duration

Ascent 0.41 ±0.02 0.47 ±0.02t 0.37 ±0.04 0.49 ±0.06t

Stand 0.48 ±0.06 0.49 ±0.05 0.58 ±0.05 0.66 ±0.06

Descent 0.47 ±0.02 0.50 ±0.02 0.46 ±0.05 0.53 ±0.05

Sitting 0.70 ±0.07 0.60 ±0.08 0.73 ±0.07 0.61 ±0.07

Values are means and SEs. t Time main effect.

4





Age-specific modulation of 

intermuscular beta coherence 

during gait before and after 

experimentally induced fatigue

P. C. Rocha dos Santos1,2

C. Lamoth1; F. A. Barbieri3

I. Zijdewind4

L.T.B. Gobbi2

T. Hortobágyi1

1Department of Human Movement Sciences, University Medical Center Groningen, University of 

Groningen, Groningen, The Netherlands,

2Posture and Gait Studies Laboratory (LEPLO), Graduate Program in Movement Sciences, Institute 

of Biosciences, São Paulo State University (UNESP), Rio Claro, Brazil,

3Human Movement Research Laboratory (MOVI-LAB), Graduate Program in Movement Sciences, 

Department of Physical Education, São Paulo State University (UNESP), Bauru, Brazil.

4Department of Biomedical Sciences of Cells and Systems, University Medical Center Groningen, 

University of Groningen, Groningen, The Netherlands.

Submitted for publication



93

Chapter 5

ABSTRACT

We examined the effects of age on intermuscular beta-band (15-35Hz) coherence 
during treadmill walking before and after muscle fatigability. Older (n=12) and 

younger (n=12) adults walked on a treadmill at 1.2m/s for 3min before and after 

fatigability (repetitive sit-to-stand, rSTS). We measured stride outcomes and 
coherence from 100 steps in the dominant leg for the synergistic (biceps femoris 

(BF) – semitendinosus, rectus femoris (RF) – vastus lateralis (VL), gastrocnemius 

lateralis (GL) – Soleus (SL), tibialis anterior (TA) – peroneus longus (PL)) and for 

the antagonistic (RF-BF and TA-GL) muscle pairs at late swing and early stance. 
Older vs. younger adults had 43-62% lower GL-SL, RF-VL coherence in swing and 
TA-PL and RF-VL coherence in stance. After rSTS, RF-BF coherence in late swing 
decreased by ~20% and TA-PL increased by 16% independent of age (p=0.02). 
Also, GL-SL coherence decreased by ~23% and increased by ~23% in younger 
and older, respectively. Age affects the common neural drive via corticospinal 
tracts to synergistic muscle pairs during treadmill walking and muscle fatigability 

elicits age-specific changes in the neural drive, which could be interpreted as 
compensation for fatigue to maintain gait performance.

Keywords: muscle fatigability; electromyography; treadmill walking; oscillatory 

synchronization

List of abbreviations: ANOVA, Analysis of variance; BF, Biceps femoris long head; CNS, central nervous 

system; d, Cohen’s d; EMG, Electromyography; GL, Gastrocnemius Lateralis; MFI, Multidimensional 

fatigue inventory; MVIF, Maximum voluntary isometric force; PL, Peroneus Longus; RF, Rectus Femo-
ris; RPE, Rate of perceived exertion; rSTS, Repetitive sit-to-stand; SENIAM, Surface Electromyography 
for the Non-Invasive Assessment of Muscle; SL, Soleus; SPPB, Short Physical Performance Battery; 
ST, Semitendinosus; STS, sit-to-stand; TA, Tibialis Anterior; VL, Vastus Lateralis; η

p

2, Partial Eta-Square.
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1. INTRODUCTION

Healthy aging modifies the integrated and coordinated neural control of gait [1,2]. 
The age-related modifications in neuromuscular control are evidenced, among 
others, by the 40 to 50% increases in rectus (RF) - biceps femoris (BF) coactivation 
at heel strike during gait [3–5]. These alterations in neuromuscular control during 

gait are usually associated with age-related reductions in mechanical output at 
the ankle and increases in mechanical work generation at the hip joint [6]. Age-
specific decreases in inhibitory cortical control are accompanied by decreases 
in Ia afferent input [7] that may lead to a depression of the inputs from muscle 
afferents compensated by an augmentation of coactivation antagonistic muscles 
during gait [3,4]. Such reductions in inhibitory/excitatory cortical control impair 

cortico-muscular communication by reducing the strengths of inputs via the 
corticospinal tract during muscle contraction [8], reflecting in muscular coherence 
during walking [1,9,10].

Intermuscular coherence is a correlational measure signifying the strength in the 

frequency domain between two signals recorded from two muscles, suggesting 

the oscillatory synchronization of action potentials discharged by motor units 

[1,11]. Motor unit synchronization implies common presynaptic inputs to the 

motor neuron pool of two or more muscles [12–14], as an attempt by the central 

nervous system (CNS) to reduce the dimensionality and complexity of control [15]. 

Data from neurological patients suggest that beta-band coherence in the range of 
15-35 Hz emanates from cortical structures, including the sensorimotor cortex to
control presynaptic inputs [12,16]. In older adults, there is diminished beta-band
intramuscular coherence during swing phase, indicating a reduced common drive

within the proximal and distal part of the tibialis anterior (TA) muscle [1], results

consistent with data in hand muscles [17]. However, how healthy aging affects
coherence among muscles crossing the ankle, knee and hip joints during such a

functional task as gait has not yet been examined. Intermuscular coherence could

provide information on age-related neuromuscular adaptation by inferring the
oscillatory coupling of muscles spanning lower extremity joints.

Age-typical reductions in neuromuscular function are associated with an increase 
in effort to execute activities of daily living (41). The high effort-demand can 
increase susceptibility to muscle fatigability during gait [18]. Muscle fatigability, 

i.e., a decline in the capacity to generate voluntary force, affects motor control
[19–22]. A consequence of exercise-induced fatigability is a decrease in the
dimensionality of the control [23] by increasing common input to several muscles

5
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[24–26], which would imply impaired motor coordination during complex tasks 

[27]. Indeed, exercise-induced fatigability is likely to be related to changes in the 
excitability along the neural axis, which might increase the coupling of oscillatory 

neural inputs [24,25]. Indeed, experimental data suggest 50 to 90% increase in 

beta-band cortico-muscular and muscular-muscular coherence during voluntary 
contraction [27–29] that may evolve as a neural compensatory strategy for the 

fatigue-induced decline in performance in healthy younger adults [22,25,27,28,30]. 
Because fatigue perturbs neuromuscular control, fatigability protocols have often 

been used to probe older adults’ gait adaptability in response to this form of 

internal perturbations [31–35].

Repetitive Sit-to-Stand (rSTS) is a model to induce muscle fatigability in lower 
extremity muscles and probe gait adaptability [36]. Following bouts of rSTS, 

maximal voluntary force, the associated surface electromyography (EMG) activity, 

and median frequency of muscles involved in gait can decrease up to 18% [34,37]. 

However, previous studies found only weak evidence for age-related adaptations 
in stride metrics after fatigue [34]. The possibility exists that age-specific neural 
compensations to fatigue would minimize deterioration in stride metrics and 

preserve gait performance. In the present paper, we explore this hypothesis by 

further probing possible adaptive neural mechanisms through intermuscular 

coherence in the beta-band. Therefore, we determined the effects of age on beta-
band coherence during treadmill walking before and after experimentally induced 

fatigability. Based on age-typical distal to proximal reductions in mechanical work 
generation during treadmill walking [6], we hypothesized that older compared 

with young adults would exhibit lower coherences in ankle muscles and higher 

coherences in muscles involved in hip flexion and extension. Concerning rSTS 
effects, we expected to find that muscle fatigability would strengthen coherence 
more in healthy younger compared with older adults in synergistic and antagonistic 

muscles around the ankle and knee joints during gait.

2. METHODS

2.1.  Participants

Healthy younger (n=12, age range: 20-25y, 5F) and older (n=12, age range: 66-77y, 
5F) participants completed the study. Inclusion criteria were: Age < 25 or >65y 
and either gender. Exclusion criteria were: Lower limb musculoskeletal injury or 

surgery that could affect walking ability; inability to walk unassisted on a treadmill; 
self-reported pain in the lower extremities, and neurological or cardiac diseases. 
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The procedures of this study were performed in accordance with the Declaration of 

Helsinki [38] and were approved by the Ethical Committee of the Center for Human 

Movement Sciences, University Medical Center Groningen (#ECB2017.06.12_1). All 

participants signed the informed consent document before testing.

2.2. Procedures

The cognitive status, physical fitness, and trait level of perceived fatigability were 
assessed by the Mini-Mental State Examination [39], Short Physical Performance 
Battery (SPPB) [40], and Multidimensional Fatigue Inventory (MFI) [41], respectively. 

Participants then walked on a treadmill for 3min, performed a knee extension to 

measure maximal voluntary isometric force (MVIF), executed the rSTS to induce 

muscle performance fatigability, performed an MVIF, and walked on the treadmill 

(Figure 1), described in detail previously [34].

2.2.1.  Data acquisition

Participants, wearing a harness, walked on a treadmill instrumented with two 

force plates (Motek, Amsterdam, The Netherlands) for 3min before and after rSTS. 

They were asked not to hold onto the handrails and to look at a target (letter X) 

displayed on the wall in front of them 5m away. Walking speed was 1.2 m/s. We 

collected 3-D ground reaction forces and moments of force under each leg at 1 
kHz using a D-Flow acquisition software (Motek, Amsterdam, The Netherlands).

To record EMG activity during walking, 8 wireless sensors (dimensions—37*26*15 
mm, electrode material—silver; Trigno™ Wireless System, Delsys, Natick, MA, USA) 

were placed unilaterally on the following muscles: soleus (SL), gastrocnemius 

lateralis (GL), TA, peroneus longus (PL), vastus lateralis (VL), rectus femoris (RF), 

biceps femoris (BF), and semitendinosus (ST) according to SENIAM conventions 

[42]. EMG signals were sampled at 2 kHz. The areas where the sensors were placed, 

body hair was removed, and the skin was cleaned with alcohol. Treadmill and EMG 

data acquisition were electronically synchronized with a custom-built timer and 
event generator.

MVIF was assessed on a custom-built dynamometer. Participants, seated in a chair 
with the knee and hip in 90° of flexion, had the non-dominant lower leg strapped 
to the chairs’ lever arm (~10cm up to lateral malleolus). We instructed participants 

to contract the quadriceps as rapidly and forcefully as possible and to maintain 

force generation for 5s. MVIF was determined as the peak of force.

5
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Figure 1. (a) Experimental setup and EMG data (data filtered 5 Hz using a high-pass sec-
ond-order Butterworth filter, full-wave rectified using Hilbert transform data) of one young-
er subject before (b) and after (c) rSTS, considering 3 out of 100 heel strike (HS) events 
(dashed lines). Each plot on panel b and c consists of two muscles (represented in black 
and blue lines). Shaded areas illustrate the 350ms of analyses for late swing (-400 to -50ms 
before heel strikes) and early stance (50 to 400ms after heel strikes) phases. MVIF: Maxi-
mum voluntary isometric force; rSTS: repetitive sit-to-stand task; HS: Heel strike; BF: biceps 
femoris; ST: semitendinosus; RF: rectus femoris (RF); VL: vastus lateralis; GL: gastrocnemius 
lateralis; SL: soleus; TA: tibialis anterior, PL: peroneus longus (PL).

To induce muscle fatigability, participants performed the rSTS at 0.5 Hz in a 

standard dimension chair (0.43x0.41x0.42m). The protocol was stopped either 

when participants were unable to continue or after 30 minutes. Task duration 

and the number of repetitions were recorded. Before and after rSTS, we asked 

participants to rate their perceived exertion (RPE) on a 6 to 20 Borg Scale [43].
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2.2.2. Data analysis

Data were analyzed using custom MATLAB routines (version r2018; The MathWorks 

Inc., Natick, MA). Ground reaction forces and moments of force were filtered with 
a 15-Hz low-pass second-order zero-phase Butterworth filter. Heel contact and 
toe-off were determined using a threshold of 50N vertical ground reaction force. 
Using heel strike and toe-off, we calculated stride length, step width, stance time, 
and swing time using the average of the middle 100 strides performed with the 

dominant leg during 3min of treadmill walking before and after rSTS.

EMG data were visually inspected to verify noise and artifacts. Then, the data 

were high-pass filtered at 5 Hz using a second-order Butterworth filter, full-wave 
rectified using Hilbert transform. Then, EMG data were downsampled to 1 kHz to 
obtain the same frequency of the force data plate.

2.2.2.1  Coherence calculation

We calculated the frequency-domain coupling between two EMG signals acquired 
during the treadmill walking before and after rSTS. For EMG coherence, we set two 

windows of 350ms for analysis [1]: late swing phase (from -400 to -50ms before the 
heel strike) and early stance phase (from 50 to 350ms after the heel strike) (Figure 

1b and 1c). In both phases, we calculated coherence considering 4 synergistic muscle 

pairs: BF-ST, RF-VL, GL-SL, TA-PL, and 2 antagonistic muscle pairs: RF-BF; TA-GL.

To calculate intermuscular coherence, we first determine the auto-spectra of each 
muscle ( f

xx
 and f

yy
) and cross-spectrum ( f

xy
) of the muscle pairs (TA-PL, GL-SL, RF-VL, 

BF-ST, TA-GL, and RF-BF) using Welch’s periodogram method [24,44]. Estimates 
were obtained using 350ms windows, nonoverlapping data segments, resulting in 

a frequency of resolution of 2.86Hz. Spectral estimates of individual strides were 

then averaged across the 100 strides (same used to calculate the stride outcomes) 

and used to calculate coherence. Intermuscular coherence was calculated by the 

squared modulus of cross-spectrum divided by the product of the two auto-
spectra for each frequency (λ) [11]:

Where f
xx

 and f
yy 

are the auto-spectra of each muscle, and f
xy

 is the cross-spectrum 
of the muscle pairs (TA-PL, GL-SL, RF-VL, BF-ST, TA-GL, and RF-BF). Values of 
coherence range from 0 (absent) to 1 (completely correlated) [11] and in a 

frequency range of 0–55 Hz, normally choose to ensure that relevant frequency 
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ranges for coherence are included, since coherences during walking are evident 

between 10-50 Hz [45,46]. However, in this study we focused only on beta-band 
frequency (15-35 Hz) that indicates a common drive originates from cortical 
structures [12,16]. For each subject, intermuscular coherence was significant when 
it exceeded the confidence limit for the number of segments (L) used to estimate 
the spectrum [11,47], as given:

Where α=0.05 and L is the number of strides (N=100) used in the analysis.

For each subject and muscle pair, we ascertained from the cumulant density 

plots that high coherences were accompanied by near zero-lag synchronization 
suggesting that cross-talk did not affect coherences [16,48]. To compare coherence 
between age groups and time (before and after rSTS), intermuscular coherence of 

each subject was combined into pooled estimates for age groups for each walking 

phase before and after rSTS. Coherence estimates were Fisher transformed before 

pooling to stabilize variance [47,48]. The amount of coherence was calculated by 

the cumulative sum (area) on the range of the beta-band frequency domain (15–35 
Hz), for those bins where the coherence were significant, for each age group, 
phase, and before and after rSTS.

2.2.3. Statistical analysis

Statistical analyses were performed in SPSS for Windows (Version 25, IBM Corp, 

Armonk, NY). We conducted Shapiro-Wilk tests to examine the normality of 
outcomes. Outcomes that were not distributed normally were log-transformed. 
T-tests were used to compare the effects of age on Groups’ characteristics (age,
height, body mass, SPPB, MFI), rSTS duration, and the number of STS repetitions,

stride outcomes, and beta-band coherence before rSTS. To compare the effects
of experimentally induced fatigability, we conducted a repeated-measures ANOVA
with as between-Age (younger vs. older adults) and within-Time (time 1: before
rSTS vs. time 2: after rSTS) factors for MVIF, strides outcomes and beta-band
coherence. ANOVA effect size was estimated using partial eta squared (η

p

2) with

η
p

2 <0.25, 0.26 to 0.63 and >0.64 as small, medium and large effects size [49]. If 
interactions were significant, post-hoc comparisons for each factor were made, and 
the level of significance was adjusted for multiple comparisons by using Bonferroni 
correction. For post-hoc and t-test comparisons, Cohen’s d was calculated, and we 
interpreted 0.21 to 0.50, 0.51 to 0.79 and >0.79 as small, medium and large effect 
sizes (d), respectively [49]. To verify any possible association to age- and fatigue-



100

Age and fatigue effects on coherence during gait

effects on coherence, MVIF and its relationship with gait, as additional analysis, 
we computed correlations between the outcomes (beta-band coherence, MVIF, 
stride metrics). Before rSTS, a Spearman’s correlation was computed between 

absolute values of the outcomes that indicated significant age differences (p<0.05). 
We also computed Spearman’s correlations between absolute changes (delta, 

after - before rSTS) in the outcomes that revealed a significant Time effect. The 
level of significance was corrected by multiple correlations (p adjusted ≤0.006).

3. RESULTS

3.1. Participants characteristics and fatigability outcomes

Older and younger adults were not different in height, body mass, muscle mass, 
cognitive status, physical fitness, and trait level of perceived fatigability (Table 1).

Concerning muscle fatigability, older vs. younger performed ~4.3x fewer STS 

repetitions (T22: 7.40, p<0.01) (Table 1), accompanied by an increase in RPE from 

~8 to ~18 in the two groups (F1.22: 346.24, p<0.01, η
p

2: 0.94, d: 1.90) (Table 2). There 

were Age and Time main effects for MVIF (F1.22: 10.38 and 32.07, p<0.01 for all, η
p

2:

0.32 and 0.59) (Table 2). The Age main effect indicated that older compared to 
younger adults were weaker (~37% lower MVIF, d: 0.82). After rSTS, MVIF decreased 

in the two age groups by ~16% (d: 0.37).

Table 1. Participants’ characteristics and scores on questionnaires.

Younger Older p-value

Groups’ characteristics

n (Male) 12 (7) 12 (7)

Age (range), y 22 (20 to 25) 71 (66 to 77) <0.01

Height, cm 177.45 ±2.65 173.13 ±2.22 0.17

Body mass, kg 69.81 ±3.29 73.92 ±2.93 0.71

SPPB, scores 12 ±0.00 12 ±0.00 1.00

MFI, scores 38.18 ±2.71 34.58 ±2.83 0.52

STS

Repetition 583.3 ±50.12 134.12 ±33.11 <0.01

Duration, min 19.48 ±1.71 4.47 ±1.15 <0.01

Values are mean ±SE. SPPB: Short Physical Performance Battery; MFI: Multidimensional 
fatigue inventory; STS: Sit-to-Stand.
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3.2. Stride outcomes

Before rSTS, older vs. younger adults walked with 5% shorter strides (T1.22=2.11, 

p=0.05, d: 0.86) (Table 2).

After rSTS, swing time decreased by 3% (p<0.05, d: 0.40) but rSTS did not affect 
any other stride metrics.

Table 2. Effects of age and rSTS on stride outcome.

Young Adults Older Adults

Time Mean ±SE Mean ±SE

Fatigability outcomes

MVIF, N
Before rSTS 676.25 ±244.62 422.12 ±133.13*

After rSTS 563.78 ±197.91 t 354.83 ±116.34*,t

Borg, score
Before rSTS 6.75 ±1.22 8.42 ±2.43

After rSTS 19.25 ±2.30t 18 ±1.91t

Stride outcomes

Stride length, cm
Before rSTS 132.67 ±2.46 123.97 ±2.23*

After rSTS 130.25 ±2.17 123.63 ±2.61

Width, cm
Before rSTS 10.19 ±1.30 10.3 ±0.89

After rSTS 10.17 ±1.28 10.21 ±0.76

Swing time, s
Before rSTS 0.39 ±0.01 0.37 ±0.01

After rSTS 0.38 ±0.01t 0.37 ±0.01

Stance time, s
Before rSTS 0.72 ±0.04 0.67 ±0.04

After rSTS 0.71 ±0.04 0.67 ±0.05

Values are mean ±SE. *Older ≠ Younger adults; tAfter ≠ Before rSTS.

3.1. Coherence

Supplementary Figures 1 and 2 detail the coherence data for all muscles and the 

two age groups before and after rSTS.

Before rSTS, older vs. younger adults had ~ 55% lower GL-SL beta-band coherence 
(t22: 3.59, p<0.01, d: 2.08) in late swing and 62% and 48% lower TA-PL (t22: 2.53,

p=0.02, d: 4.44) and RF-VL coherence (t22: 3.42, p<0.01, d: 0.36) in early stance

(Figure 2).
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Figure 2. Mean and SE for the significant intermuscular coherence during walking before 
rSTS between Gastrocnemius lateralis (GL) - Soleus (SL) in swing phase and between Tibialis 
Anterior (TA) - Peroneus longus (PL) and Rectus Femoris (RF) and Vastus Lateralis in stance 
phase. YA: Younger adults. OA: Older adults.

After rSTS, in the two groups combined (Time main effect), RF-BF coherence 
decreased (F1.22: 6.68, p=0.02, η

p

2 : 0.23) in late swing and TA-PL coherence increased 
in early stance phases (F1.22: 6.45, p=0.02; η

p

2 : 0.23). RF-BF coherence decreased 
by 20% in swing phase (d: 0.35) (Figure 3a) and TA-PL coherence increased by 16% 
in stance phase (d: 0.21) (Figure 3a and 3b). After rSTS, older vs. younger had ~43 

less RF-VL in stance (F1.22: 7.63, p=0.01; η
p

2: 0.26; d: 0.86) (Figure 3c) and 44% less

TA-PL coherences (F1.22: 4.75, p=0.04; η
p

2 : 0.18; d: 0.76) in stance phase.

There was a Group by Time effect for GL-SL coherence in swing phase (F1.22: 5.03,

p=0.04; η
p

2 : 0.19) so that older vs. younger adults had 55% lower coherence at the

baseline (p<0.01; d: 1.32), without group-difference after rSTS (p>0.05). This is because 
in younger adults, GL-SL coherence after rSTS decreased (23%) (p=0.03, d: 0.43), while 
older adults GL-SL coherence after rSTS increased (23%, n.s.) (Figure 3d).

Before rSTS, there were no correlations between beta-band coherence in GL-SL 
in late swing, TA-PL and RF-VL early stance with MVIF, and stride length (r=0.20 
to 0.38; p>0.05) (Supplementary Figure 3). rSTS-induced decreases in GL-SL 
coherence during swing phase correlated with decreases in swing time (r=0.59, 

p=0.004) (Figure 4). Variables did not correlate with each other after rSTS (r=0.02 

to 0.19, p>0.05) (Supplementary Figure 4).
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Figure 3. Mean ±SE for the significant intermuscular coherence between RF-BF in swing (a), 
TA-PL (b) and RF-VL (c) in stance phase, and GL-SL (d) in swing phase during treadmill walking 
and. *Older (OA) ≠ Younger adults (YA); t After repetitive sit-to-stand (rSTS) ≠ Before rSTS.

Figure 4. Significant correlations between absolute changes in GL-SL coherence in swing 
phase and swing time due to muscle fatigability.
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4. DISCUSSION

We examined the effects of age on beta-band coherence during treadmill walking 
before and after experimentally induced fatigability. Our data confirmed the 
hypothesis of a lower beta-band coherence between specific ankle muscles during 
gait in older compared to younger adults. Against the hypothesis, we did not find 
the expected age-related increases in coherence among hip muscles. Also against 
the hypothesis, experimentally induced fatigability did not strengthen the beta-
band coherence across synergistic and antagonistic muscle pairs around the ankle 

and knee joints during gait in an age-specific manner. We, however, observed 
that older adults developed a compensatory neural strategy by increasing the 

TA-PL and GL-SL beta-band coherence in response to experimentally induced 
fatigability. Together, age affects the common neural drive via corticospinal 
tracts to synergistic muscle pairs during treadmill walking and muscle fatigability 

elicits age-specific changes in the neural drive, which could be interpreted as 
compensation for fatigue to maintain gait performance.

Concerning the age-effects on beta-band coherence during treadmill walking, we 
found that beta-band coherence was 44 to 62% lower in TA-PL, GL-SL, and RF-VL 
in older vs. younger adults during gait before rSTS (Figure 2). The age-effects 
on intermuscular coherence agree with previous intramuscular coherence data 

indicating an age-typical reduction in coherence between proximal and distal 
TA [1,9]. However, our data extend those previous findings [1,9] by showing age-
related reductions in coherence between synergistic ankle and knee muscle pairs. 

The age-related reductions in coherence between GL-SL, TA-PL, and RF-VL may 
be related to the age-typical decline/weakness of common presynaptic inputs 
to the motor neuron pool [17] that potentially result in a reduced oscillatory 

behavior between muscles activated during walking [1,10,50,51]. Indeed, brain 

data suggest enhanced inhibitory cortical control in old age that is associated 

with reduced oscillatory activation of motoneurons [52]. The inhibitory control 

may reflect the number and strength of neural commands from the cortex to 
the muscles, as confirmed by the reduced cortico-muscular coherence [1,50]. 
Because it is widely believed that intermuscular beta-band coherence may arise 
from shared inputs via branched corticospinal pathways [16,17,45,50], reduced 

beta-band coherence in older adults might be indicative of inefficiency in the 
CNS to reduce the dimensionality by sending common drives to muscles that 

exert similar functions [17]. The reductions in beta-band coherence, therefore, 
may reflect a decline in motor performance [53]. Indeed, the reduced beta-band 
coherence in the ankle and knee synergistic extensor muscles in older adults were 
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accompanied by altered stride pattern, i.e., ~10cm shorter stride length (Table 2), 

although the correlation failed in showing any association.

Curiously, our results indicated age-differences only for synergistic (RF-VL, TA-PL, 
and GL-SL, Figure 2) but not for antagonistic muscle pairs coherence (RF-BF and 
TA-PL). Such findings only in synergistic and not in antagonistic muscle pairs are 
reasonable, considering synergistic/antagonistic muscle cooperation during the 

gait cycle. For example, the gastrocnemius and soleus act together to stabilize 

the ankle and to absorb the energy generated by the braking impulse at heel 

strike [54]. Reduced beta-band coherence in these muscles can imply event-related 
desynchronization during gait, indicating less muscle coordination to stabilize the 

ankle joint during the braking impulse [55].

The data also suggest a reduced common neural drive for TA and PL (62%) during 

early stance phase (Figure 2) and for RF and VL (48 and 43%) in both late swing 

and early stance phases in older compared with younger adults (Figure 2, 3b and 

3c). These two muscle pairs work to decelerate the center of mass and stabilize 

the joints, keep the toe-clearance, and maintain the natural stance movement 
mechanics [54]. A lack of coherence for the antagonistic RF-BF and TA-GL muscle 
pairs before rSTS might suggest that independent neural commands are being 

delivered to each muscle. This idea is further supported by previous data showing 

lower intermuscular coherence in antagonistic vs. synergistic muscle pairs [46], 

and by studies that indicate that such antagonistic muscles activate in different 
moments of the gait cycle [54]. Although we observed age-related changes in 
beta-band coherence in synergistic muscles, there was an absence of accentuated 
antagonistic intermuscular beta-band coherence in healthy older adults, such 
as those observed in spinal cord injury population [16]. Possibly, the lack of 

antagonist beta-band coherence may be due to the relatively preserved condition 
of the corticospinal tract in healthy old vs. spinal cord injury population [16,56].

Our findings extend the current literature [1,9] to infer an age-related decline in 
the oscillatory coupling between muscles spanning lower extremity joints (ankle, 

knee and hip). The age-related decrease in common neural input occurred in 
synergistic lower extremity muscles. Curiously, such decreases seem not to be 

related to the age-typical reductions in mechanical output at the ankle and the 
increases in mechanical work generation at the hip joint [6]. Reduced RF-VL, TA-PL, 
and GL-SL beta-band coherence in older vs. younger adults indicated a general 
age reduction in the common neural drive via corticospinal tracks to synergistic 

muscle pairs during treadmill walking. Such age-specific reductions in beta-band 
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coherence between synergistic muscle pairs before rSTS were further modulated 

in order to compensate for the muscle fatigability in older adults, thus keeping 

the stride metrics of gait performance unchanged (Table 2).

With regards to the fatigability effects on beta-band coherence, we expected that 
muscle fatigability would strengthen coherence around the ankle and knee joints 

during gait more so in healthy younger than in older adults. We, however, observed 

an age-specific modulation intermuscular coherence in ankle muscle pairs after 
muscle fatigability. Such a modulation suggests that older adults developed a 

compensatory strategy in response to the decline in motor performance induced 

by rSTS to maintain neural control of lower extremity muscles during gait, resulting 

in unchanged stride metrics of gait performance.

A common fatigue-related effect is an increase in intermuscular beta-band 
coherence due to a compensatory mechanism of CNS to increase the strength of 

the common neural drive to muscles to maintain the target force or performance 

[24,25,27]. Therefore, our result of a subtle increase in TA-PL beta-band coherence 
in stance phase is in line with the expected changes in coherence after rSTS. 

In contrast and unexpectedly, both age groups revealed a slight decrease in 

RF-BF (although it is only visible to older adults) intermuscular coherence in the 
stance phase. Additionally, the particular age adaptation in synergistic GL-SL 
intermuscular coherence in stance phase was also unforeseen.

Perhaps, the most intriguing result was the age-specific adaptation in intermuscular 
coherence in ankle muscle pairs after muscle fatigability. While there was 23% 

decrease in GL-SL common drive in younger adults, older adults showed 23% 
increase in this coherence after muscle fatigability (Figure 3d). In addition, the main 

effect indicated a 16% increase in TA-PL coherence in the two age groups after 
rSTS, driven by the 55 vs. 1% increase in older and younger adults (Figure 3b). Thus, 

there was a trend for age by time interaction in this important outcome (p=0.075; 

η
p

2: 0.14). One possible interpretation for age-differences in these intermuscular 
coherences is compensation for the decline in motor performance induced by 

rSTS. Age-specific increase in these coherences may reflect higher susceptibility to 
fatigability [18] and/or an age-related increase in demand of walking after muscle 
fatigability [5]. Indeed, while both age groups showed similar decreases in MVIF, 

older compared with younger adults performed remarkably fewer STS repetitions 

(Table 2).
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Maximal voluntary contraction-induced fatiguability was associated with 
physiological tremor, which was interpreted as an increase in afferent feedback 
from muscle spindles to the motor units [29]. The increase in feedback presumably 

strengthens the correlated inputs to motor units as fatiguability progresses [29]. 

Our results partially support this finding because while we observed increases in 
beta-band coherence, the increase in alpha-band coherence was minimal, as were 
the correlations between these two coherences in older adults (data not shown). 

Concerning the higher walking demand, previous data showed that the metabolic 

cost of gait was ~20% higher, which was related to 67% higher agonist muscle 

activation and 153% greater antagonist coactivation during walking [5]. Together, 

the higher muscle fatigability effects and higher walking demand in older compared 
with younger adults seem to have elicited compensatory neural adaptations to 

muscle fatigability, making it possible for older adults to continue to walk.

The small decreases in intermuscular coherence between antagonist muscle pairs 

(RF-BF) were somewhat unexpected. Normally such coherences tend to increase 
rather than decrease after muscle fatigability. The increases are attributed to 

enhanced cortical excitability to compensate for muscle fatigability [24,30], 

normally associated with higher coactivation. Although high cortical excitability 

due to muscle fatigability is a physiological explanation for both increases in muscle 

amplitude and coherence [24,30], we recognize that increases in intermuscular 

coherence do not necessarily mean an increase in coactivation. In addition, both 

increased coactivation and antagonistic intermuscular coherence could impair 

muscle coordination and motor performance [4,25].

The changes in beta-band coherence after experimentally induced fatigability 
were not accompanied by any meaningful changes in stride outcomes during 

treadmill walking (Table 2). Our results indicating only small changes in swing 

time (0.01s) for young adults reiterate the minimal effects of age and fatigability 
on strides outcomes observed previously [34]. Possibly, those changes in beta-
band coherence may represent a compensatory neural strategy in response to 

experimentally induced fatigability to maintain the strides metrics unchanged.

As limitations, albeit intermuscular coherence during gait has recently received 

attention, the interpretation of such data is not straightforward. It is because relating 

individual variation in intermuscular coherence to variation in gait behavior due to 

age or perturbations, as done here, has been moderately successful at best [1,9]. 

Furthermore, the influence of EMG rectification on coherence has been discussed 
[55,57,58]. We adopted an use EMG rectification procedure because it amplifies 
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temporal information about motor unit action potentials during submaximal tasks, 

as gait [55,57–59], and helps with the interpretation of the results with the literature 

[1,10,45,46,50,55,60]. The Fourier transformation (a standard protocol used in 

coherence analyses [1,10,45,55]) is valid for stationary signals, a condition unlikely 

to be met in gait. To address this limitation, we analyzed coherence in short time 

windows during swing and stance phases of gait. Similarity of temporal features of 

gait before and after fatigability in younger and older adults further decreased the 

likelihood of non-stationarity in the signal (Table 2).

The current study contributes to the understanding of how healthy aging brings 

about adaptations to muscle activation during gait and how such adaptations 

might turn into compensations to help maintain gait performance on the treadmill. 

In conclusion, age affects the common neural drive via corticospinal tracts to 
synergistic muscle pairs during treadmill walking and muscle fatigability elicits age-
specific changes in the neural drive, which could be interpreted as compensation 
for fatigue to maintain gait performance.
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SUPPLEMENTARY MATERIALS

Supplementary Fig 1. Means (lines) and standard errors (shaded areas) of intermuscular 
coherence for all muscle pairs during 100 swing phase events. Younger adults (YA) = black; 
Older adults (OA) = red; Before = continuous lines; after rSTS = dashed lines. Shaded rect-
angle = beta-band frequency (15 to 35hz).
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Supplementary Fig 2. Means (lines) and standard errors (shaded areas) of intermuscular 
coherence for all muscle pairs during 100 stance phase events. Younger adults (YA) = black; 
Older adults (OA) = red; Before = continuous lines; after rSTS = dashed lines. Shaded rect-
angle = beta-band frequency (15 to 35hz).
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This thesis examined the effects of age on gait adaptability following experimentally 
induced fatigue. Figure 1 illustrates the experimental design and summarizes the 

main findings by chapter. In chapter 2, the systematic review revealed that although 
fatigability affects spatial and temporal features of gait according to the type 
of fatigue, the underlying mechanism of muscle and mental fatigability remains 

unclear. In chapter 3, we found that muscle and mental fatigability minimally 

affected healthy young and older adults’ gait, possibly because treadmill walking 
made gait uniform. We interpret the data to mean that: 1) mental fatigability 

might elicit effects whenever walking is coupled with higher cognitive involvement 
(e.g., dual-task walking); 2) age-dependent neuromuscular modulation might 
compensate for the fatigability effects to maintain gait performance; and/or 3) 
the repetitive sit-to-stand task might not specifically induce substantial changes 
in key elements of gait, thereby limiting the scope of this protocol to examine 

age-related gait adaptations to fatigue. In chapter 4, we examined the effects of 
age and exhaustive repetitive sit-to-stand on muscle activation during ascent and 
descent phases of the sit-to-stand task. We found that by performing remarkably 
fewer sit-to-stand trials, older adults had minimized fatigability effects on muscle 
activation, voluntary force, and motor function, producing minimal changes in 

stride outcomes and gait dynamics after repetitive sit-to-stand seen in Chapter 
3. However, Chapter 5 shows that notwithstanding the subtle modifications in
muscle activation and voluntary force, repetitive sit-to-stand produced an age-
specific compensatory strategy in the neural drive to maintain gait performance.
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1. FATIGUE AND AGE EFFECTS ON STRIDE OUTCOMES AND
DYNAMIC FEATURES OF GAIT

After experimentally induced fatiguability, the most often observed changes 

occurred in stride outcomes and gait dynamics (Chapter 2, Table 2 [1–7]), both 

becoming more pronounced for induced fatigue-type specificity (specific vs. 
non-specific gait fatigability protocols) and for gait assessment (overground vs. 
treadmill walking) (Chapter 2, [1,3,4]).

From the perspective of fatigue-type specificity, although fatigability evokes 
adaptations in spatial and temporal stride outcomes and dynamics gait features, 

those adaptations were moderate or even subtle depending on how specific the 
fatigability protocol and the gait conditions were [1]. Local specific muscle fatigability 
evokes only small adjustments of stride outcomes during treadmill walking (e.g., 2cm 

(2%) of decreased stride length (Chapter 3 [8])) and overground walking (e.g., 4 to 5 cm 

(3-5%) of increased stride length [6,7]), even in a protocol that targeted a decrease of 
50% in the relative maximum knee torque [7]. Such small results indicated that non-
specific gait fatigability, such as repetitive sit-to-stand and dynamometer exercise, 
might not be optimal to perturb the gait necessitating substantial adaptations.

Presumably, non-specific gait fatigability protocols do not target specific key 
elements of gait, such as those pertaining to rhythm/temporal activation control 

(central pattern generators) and the magnitude of muscle activation driven by 

cortical inputs [9]. Thus, gait would not be perturbed because the key elements 

of gait control can operate within a normal range. This hypothesis is partially 

supported by the literature that indicates substantial changes in stride outcomes 

after fatigability induced by specific gait protocol (e.g.,18% increase in stride 
velocity after fatiguability induced by incremental walking task) [5]. On the other 

hand, despite some substantial gait adaption to specific gait fatigability protocols 
[2], the gait adaptability to fatigability remains inconclusive in healthy older adults 

[10,11]. For example, long-distance walking for 30 min increased asymmetry on 
ankle and knee angular velocity variabilities, but inexplicably, those increases were 

mitigated after 60 min of treadmill walking [11].

Concerning mental performance fatigability, interference with cognitive resources 

due to fatigability indicated to be a useful model to perturb gait in dual-task 
overground walking [1,12]. This concept is indeed supported by previous evidence 

that suggested that mental-fatigability affected gait variability (e.g., increase by 4 
to 16% in coefficients of variations in stride metrics) during dual- but not single-
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task in older adults’ overground walking [12]. Therefore, age-related adaptability 
to mental performance fatigability is likely apparent only during walking conditions 

with high cognitive involvement. Such apparent effects of mental fatigue on gait 
performance during dual-task walking in older adults might be evident because, 
when gait control is perturbed, older adults prioritize gait adaptation at the 

expense of cognitive performance [13].

Fatigability effects on gait appear to be influenced by conditions in which gait is 
assessed. More overt effect of experimentally induced fatigability was observed 
during gait protocol in overground vs. treadmill walking situation. Presumably, the 

invariant pattern imposed by the treadmill [14,15] minimizes any potential age-related 
adaptation to experimentally induced fatigability. In contrast, walking situations that 

simulate real-life walking (e.g., overground walking), or even more complex condition 
(e.g., combine fatigue with external walking perturbation, obstacle avoidance, stair 

gait) require more active gait control and may represent higher susceptibility to the 

fatigability effects compared to treadmill walking [14,16].

While numerous studies focused on age-associated adaptability in stride outcomes 
in response to performance and perceived fatigability (Chapter 2, [1–3,5,7,17–20]), 

the underlying neural mechanism of gait adaptability due to fatigability remain 

mostly unanswered. Curiously, these studies indirectly attributed changes in 

stride outcomes to the effects of induced fatigability on neuromuscular control 
[2,3,5,7,17–20], but failed in analyzing it. Specifically considering the present 
data, we suggest that age-dependent modulations in the common neural drive 
(intermuscular coherence) might have compensated for the muscle performance 

fatigability effects on gait. Thus, the participants could keep the stride metrics of 
gait performance unchanged after repetitive sit-to-stand.

In chapter 5, we examined if age-dependent modulation in neuromuscular control 
may be mediating the fatigability effects on gait metrics. The first new observation was 
that age-related reduction (45 to 68%) in beta-band coherence extended the previous 
findings [21–23] to be present not only in ankle dorsiflexor (Tibialis anterior and 
Peroneus longus) but also in gastrocnemius lateralis-Soleus and Rectus femoris-Vastus 
Lateralis muscle pairs. Reduced beta-band coherence, indicative of corticomuscular 
communication, in older adults might be indicative of inefficiency in the central 
nervous system to reduce the dimensionality by sending common drives to muscles 

that exert similar functions [24]. This assumption is plausible because it is widely 

assumed that intermuscular beta-band coherence may happen from pooled inputs via 
branched corticospinal tracts [24–27]. This inefficiency in the central nervous system in 

6
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reducing the dimensionally motor control would impair the synchronization of muscle 

units firing [28], affecting motor coordination. It explains the poor gait performance 
in older adults (Chapter 3 and Chapter 5) and would signalize higher energy cost to 

control coordinated movement, as gait [29]. Age-specific modulation in coherence 
before repetitive sit-to-stand point to the necessity of further compensatory neural 
modulation due to fatigability, mainly in the old group.

Indeed, our data indicated an age-specific modulation in neuromuscular control 
during gait after fatigability (Chapter 5). Such age-modulation was mostly observed 
by a specific increase (~23 to 49 %) in Gastrocnemius Lateralis-Soleus coherence 
in swing and Tibialis Anterior-Peroneus Longus in stance phases in older adults. 
While in younger, a decrease in Gastrocnemius Lateralis-Soleus coherence 
(~23%) and only a slight increase in the Tibialis Anterior-Peroneus Longus (1%) 
was witnessed. This modulation suggests that older adults evoked compensatory 

neural strategy to compensate muscle fatigability, indicated by a strengthening in 

common neural inputs via branched corticospinal tracts. Strengthened coherence 

is described as a compensatory attempt of the central nervous system in reducing 

the dimensionality of the motor system to send shared drives to two close 

synergistic muscles during gait [9,30]. Presumably, age-specific neuromuscular 
gait modulation due to muscle fatigability might occur because of age-specific 
neuromuscular deterioration. Such neuromuscular deterioration contributes to 

age-related changes in mechanical output during gait [31], causing older adults to 
evoke a compensatory neural strategy due to muscle fatigability to keep the stride 

metrics of treadmill walking unchanged (Chapter 3 and Chapter 5).

2. FATIGUE AS A MODEL TO UNDERSTAND AGE-
RELATED GAIT ADAPTABILITY

Experimentally induced fatigability as a perturbation model has been extensively 

used to examine age-related adaptability in functional tasks (e.g., postural and 
gait [12,32,33]). Those studies explained alterations in behavioral outcomes of a 

subsequent gait and posture through the physiologic and psychological effects 
of the perturbation model. However, these protocols failed in measuring the 

perturbation model per se, which unsubstantiated all the explanation for the 

age-related adaptability to fatigability. In chapter 4, we verified the age-specific 
changes in muscle activation due to repetitive sit-to-stand, muscle fatigability 
model. Additionally, although we did not test, we also explored the literature to 

understand how demanding mental tasks would impair movement control.
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2.1.  Repetitive sit-to-stand as a perturbation model

While numerous studies used repetitive sit-to-stand as a perturbation model to 
examine age-related adaptability in gait [4,6,8,19,34], the reason for the use of the 
repetitive sit-to-stand as fatigability perturbation is unclear. Our suspicion for this 
widespread usage of repetitive sit-to-stand is because sit-to-stand is one of the 
most muscle demanding functional tasks [35–37], which requires relatively higher 

muscle effort compared even with ascent or descent of stairs [1]. In addition, 
repetitive sit-to-stand is particularly harder for older vs. younger adults to execute 
due to the age-typical degenerative process in neuromuscular function [38].

In chapter 4, we determined the effects of repetitive sit-to-stand on muscle 
activation during initial- and late-stages of sit-to-stand and on maximum force to 
probe the repetitive sit-to-stand as a perturbation model to examine age-related 
gait adaptability. The most notable evidence was an overwhelmingly increasing 

in rate of perceived exertion that accompanied 467 fewer sit-to-stand trials in 
older (134) vs. younger adults (601). While older and younger adults signalized to 

be unable to continue with sit-to-stand, the reduction in the maximum voluntary 
isometric force and knee and dorsiflexor activation, in both age groups, were 
limited to 16% and 25%, respectively. The relatively subtle decrease in the level 

of maximal force and electromyography activation after hundreds of sit-to-stand 
trials point to the potential limitation of this task as a perturbation model to 

explore age-effects on gait adaptability.

Combining repetitive sit-to-stand performance, and its effects on muscle force 
and activation, it seems plausible that older adults, to perform a drastically 

reduced number of sit-to-stand trials, had spared knee extensors from becoming 
dysfunctional. This observation is endorsed by other studies that verified even 
small effects of repetitive sit-to-stand on the maximal torque (7 to 10%) [18,19]. Such 
sparing effects of repetitive sit-to-stand on muscle function may underlie the trivial 
changes in gait biomechanics in obstacle crossing tasks [19] and minimal effects 
of repetitive sit-to-stand on treadmill walking performance (Chapter 2 and 3 [1,8]).

Curiously, even with limited effects, repetitive sit-to-stand elicits an age-specific 
compensatory strategy in the neural drive to maintain unchanged gait performance. 

The age-specific modulations in the neural drive during treadmill walking were 
accompanied by the repetitive sit-to-stand effects on muscle force and activation. 
However, it is perhaps pretentious to assume that age-specific modulation in Tibial 
anterior-Peroneus Longus, Gastrocnemius Lateralis-Soleus and Rectus Femoris-
Vastus Lateralis is entirely consequences of repetitive sit-to-stand since changes 

6
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between repetitive sit-to-stand outcomes and coherence did not correlate (r=0.20 
to 0.38; p>0.05, Chapter 5). Instead, it seems reasonable that the age-specific 
modulation in common neural drive during treadmill walking after repetitive sit-
to-stand may arise from a combination of subtle changes in muscle activation, 
maximum torque [39,40], the overwhelming increase in rate of perceived exertion 

due to fatigability (signal of central fatigue) [41], age-related degeneration in 
neuromuscular control [21,23], and possible changes in somatosensorial feedback 

due to repetitive sit-to-stand (not assessed here) that impair the neural control of 
gait [9]. Altogether, the arguments indicate a limitation of repetitive sit-to-stand as 
a perturbation model to examine age-related gait adaptabilities.

2.2. Demanding mental task as a perturbation model

Mental performance fatigability is described as a psychophysiological state due 

to prolonged exposure to a demanding mental task [42,43]. While psychologically 

this state is associated to a decline in motivation accompanied by increased self-
reported fillings of tiredness [44], physiologically mental performance fatigability 
is, for example, related to changes in brain activity across Alpha, Beta and Theta 

bands in frontal, central and posterior brain areas [45]. Together, it is reasonable to 

believe that mental performance would affect the top-down control of movement 
[46], but, mainly, in a task in which the allocation of cognitive resources/functions is 

highly required [12]. In this sense, experimental protocol as a single task treadmill 

walking or standing postural task in which the cognitive involvement is small, 

the effects of mental performance fatigability may be minimal or even absent 
[8,33]. Conceivably, demanding mental tasks would be an appropriate model to 

examine age-related adaptation to mental fatigability in dual-task walking task 
[12], preferably in more active gait conditions, such as overground walking.

3. LIMITATION AND FUTURE DIRECTIONS

Collectively the results suggest that protocols of induced fatigability may evoke 

adaptations in a fatigability-type specific way. For this reason, high muscle 
demanding fatigability protocols that target specific key elements of gait might 
be useful to examine the effects of age and fatigue on gait adaptability [10]. 
In addition, there is a need to determine the effects of muscle performance 
fatigability on motor outcomes that are both specific and not specific to the 
fatiguing task, an approach that would improve experimental control and the 

validity of conclusions. Further studies should drive the hypothesis not only for the 
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strides outcomes but focus on understanding the underlying neural mechanism 

related to muscle fatigability effects in older adults’ gait mechanics.

Using a treadmill to examine the effects of age and fatigue in gait adaptability can 
minimize such effects because treadmill walking minimizes gait variability [14,47]. 
Possibly, this treadmill influence may have mitigated the mental and muscle 
fatigability effects on gait. Thus, assessing gait adaptability to experimentally 
induced fatigability during more reactive gait control, such as overground walking, 

or even more complex gait conditions (e.g., perturbed gait, obstacle crossing, 

dual-task walking, step up and down in a curb) can augment the potential effects 
of fatigability in gait [1]. Since age-related changes in gait are pronounced in 
these gait conditions [48–50], such complex gait would also increase the niche 

for examining the age and fatigability effects on gait.

Especially regarding mental performance fatigability, although demanding 

mental tasks effectively induced mental performance fatigability (Chapter 3), 
the adaptability on gait evoked by this protocol was minimal. Probably, healthy 

subjects would walk without any effect of mental fatigability because small 
cognitive resources are required during single treadmill walking. Future studies 

that intend to understand the effects of mental performance fatigability during 
gait should consider examining dual-task walking. We also suspect that if such 
fatiguing protocols focus on a specific cognitive function, e.g., attention, the 
secondary task during dual-task walking should also have high involvement of 
the specific cognitive function (attention). These specifics aspects of the task are 
likely determinant to examine mental fatigability effects on gait adaptability.

Limitations of this thesis also involve the characteristics of the participants. The two 

age groups were functionally similar (as observed by physical performance tasks, 

global cognition, and trait of fatigue), representing an unusually healthy segment 

of older adults. However, the similarity between the two age groups eliminated 

“confounders” functional differences, permitting us to examine a “purer” age-effect. 
Studies with fatigability protocols applied for a “typical” segment of older adults 

would broaden the scope and can be more representative of this population. It would 

also magnify the age-specific modulation for fatigue. Still considering population 
selection, perhaps, the most critical gap in knowledge is related to comparative 

studies of gait adaptation in older adults with and without self-reported fatigue. 
Such studies would provide meaningful insights into adaptations in healthy older 

adults after experimentally induced muscle or mental fatigability.

6
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4. CONCLUSIONS

This thesis examined the effect of age and experimentally induced mental and 
muscle fatigability on gait. Muscle and mental fatigability had minimal effects on 
stride outcomes and dynamic gait features in younger and healthy older adults, 

possibly because treadmill walking makes gait uniform. We surmised that the 

overwhelming increase in perceived fatigue produced by repetitive sit-to-stand 
in older adults was accompanied by only subtle modifications in muscle force and 
activation, limiting the scope of this perturbation model to probe the age-effects 
on muscle adaptation in gait and posture. The effects of age and fatigability might 
be more overt during real-life or complex walking tasks (dual-task, perturbed 
walking) compared with treadmill walking and, perhaps, more effective model for 
examining gait and age adaptability to fatigability should considering specific gait 
fatigue-type. However, even with limited effects, repetitive sit-to-stand elicits age-
specific changes in the neural drive, which could be interpreted as compensation 
for fatigue to maintain gait performance.
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