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ABSTRACT 

Although fine motor performance declines with increasing age, older adults are able to improve 

their performance with motor practice. However, existing studies show mixed results regarding 

an effect of age on the amount of learning. Moreover, less is known about how age- and learning 

dependent behavioral changes are reflected on a neurophysiological level. Alpha and, 

especially, beta power assessed using electroencephalography (EEG) represent reliable markers 

of neurophysiological processes during motor task performance that need more attention in 

aging literature. Moreover, acute cardiovascular exercise has been shown to improve motor 

performance and trigger motor learning processes in young adults. However, this promising 

approach has not been considered in aging literature so far. Furthermore, the physical fitness 

level seems to be positively associated with motor performance and motor learning processes. 

But again, less is known about this association in healthy older adults. Both approaches might 

help to better understand or even counteract age-related changes in fine motor performance and 

motor learning. 

 To explore these research topics, two empirical studies were conducted within this 

dissertation project. In both studies, motor performance and motor learning were assessed on a 

behavioral level using a precision grip force modulation task. The force modulation task 

required participants to match a visually presented sinusoidal target force by applying isometric 

force with the thumb and index finger to a force plate. Processes on a neurophysiological level 

were measured with an EEG and analyzed with a main focus on (alpha and) beta power. Study 

1 aimed to further characterize age-related differences in fine motor performance and motor 

learning on a behavioral and neurophysiological level. Furthermore, key influencing factors 

that determine fine motor performance and motor learning in older adults on a behavioral level 

were investigated. Hence, a sample of young adults and older adults performed a short-term 

motor learning session, conducted a cardiovascular fitness test, motor fitness tests, and strengths 

tests. Study 2 focused on the effects of a session of acute exercise on fine motor performance 

and motor learning in a sample of healthy older adults. Participants were assigned to an 

experimental group (performing a session of acute cardiovascular moderate intensity exercise 

on a stationary bicycle) or a control group (listening to an audiobook). Both groups performed 

a motor learning experiment over two consecutive days. 

 Young adults outperformed older adults in terms of performance variability, temporal 

precision, and force precision in the force modulation task. The lower behavioral performance 
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was accompanied by higher beta activity in parietal and occipital areas. Although results were 

different with respect to the analyzed parameter, overall, the amount of motor learning in the 

force modulation task was not diminished in older adults compared to young adults. Beta power 

during motor performance was not affected by motor practice. However, beta power at rest 

increased from pre practice to post practice, especially in older adults. Fine motor performance 

of older adults was increased more directly after an acute cardiovascular exercise session than 

after rest. Moreover, frontal beta activity was higher directly after exercise, pointing to better 

cognitive resources to perform the task after exercise than after rest. Third, a high 

cardiovascular fitness level predicted a good fine motor performance in the force modulation 

task in older adults.  

 Findings of the current dissertation project enhance the understanding of age-related 

changes in fine motor performance and motor learning using a precision grip force modulation 

task. Furthermore, approaches are presented that counteract age-related changes, improve 

motor functions, and determine good levels of fine motor performance in healthy older adults. 
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ZUSAMMENFASSUNG 

Obwohl die Feinmotorik mit zunehmendem Alter abnimmt, können ältere Menschen ihre 

Leistung durch motorisches Training verbessern. Es ist jedoch unklar, ob der motorische 

Lernzuwachs durch das Altern beeinflusst wird. Außerdem ist wenig bekannt darüber, wie sich 

Veränderungen auf der Verhaltensebene auf neurophysiologischer Ebene widerspiegeln. Alpha 

(8-13 Hz) und – insbesondere – Beta Power (8-13 Hz), messbar mit der Elektroenzephalographie 

(EEG), sind verlässliche Marker neurophysiologischer Prozesse während der Durchführung von 

motorischen Aufgaben, welche in der entsprechenden Altersliteratur bislang zu wenig 

Beachtung gefunden haben. Des Weiteren wurde gezeigt, dass akute kardiovaskuläre 

Belastungen bei jungen Erwachsenen motorische Leistungen verbessern und motorische 

Lernprozesse steigern können. Dieser vielversprechende Ansatz wurde jedoch in der 

Altersliteratur bisher nicht erforscht. Außerdem scheint das körperliche Fitnessniveau positiv 

mit der feinmotorischen Leistung sowie mit motorischen Lernprozessen zusammenzuhängen. 

Aber auch hier ist weniger über diesen Zusammenhang bei gesunden älteren Erwachsenen 

bekannt. Beide Ansätze könnten helfen, altersbedingte Veränderungen in der Feinmotorik und 

dem motorischen Lernen besser zu verstehen oder ihnen sogar entgegenzuwirken. 

Innerhalb dieses Dissertationsprojekts wurden zwei empirische Studien durchgeführt, 

um die vorgestellten Themengebiete zu erforschen. In beiden Studien wurden die Feinmotorik 

und das motorische Lernen auf der Verhaltensebene anhand einer Kraftmodulationsaufgabe 

untersucht. Während der Kraftmodulationsaufgabe mussten die Probanden die eigene Kraft so 

präzise wie möglich an eine vorgegebene sinusförmige Zielkurve anpassen. Dazu mussten sie 

eine isometrische Kraft in einem Präzisionsgriff mit Zeigefinger und Daumen auf eine 

Kraftmessplatte ausüben. Neurophysiologische Daten wurde mittels EEG erhoben und anhand 

von (Alpha und) Beta Power analysiert. Studie 1 hatte außerdem das Ziel, altersbedingte 

Veränderungen in der Feinmotorik und dem motorischen Lernen auf Verhaltensebene und 

neurophysiologischer Ebene zu untersuchen. Zusätzlich wurden entsprechende Einflussfaktoren 

auf die Feinmotorik und auf das motorische Lernen bei älteren Erwachsenen auf 

Verhaltensebene ermittelt. Daher führte eine Stichprobe von jungen und älteren Erwachsenen 

zusätzlich zu einem motorischen Lernexperiment einen kardiovaskulären Fitnesstest, Tests zur 

motorischen Fitness sowie Krafttests durch. Studie 2 untersuchte die Effekte einer akuten 

körperlichen Belastung auf die feinmotorische Leistung und das motorische Lernen bei 

gesunden älteren Erwachsenen. Die Probanden wurden in eine Experimentalgruppe 

(Durchführung einer akuten kardiovaskulären Belastung in einer moderaten Intensität auf einem 
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Fahrradergometer) oder in eine Kontrollgruppe (Hören eines Hörbuchs) aufgeteilt. Beide 

Gruppen haben ein motorisches Lernexperiment über zwei aufeinanderfolgende Tage 

durchgeführt. 

Die jungen Erwachsenen führten die Kraftmodulationsaufgabe hinsichtlich Variabilität, 

zeitlicher Genauigkeit sowie kraftbezogener Genauigkeit besser durch als die älteren 

Erwachsenen. Ältere Erwachsene zeigten während der Durchführung der motorischen Aufgabe 

mehr parietale und okzipitale Beta-Aktivität. Obwohl sich die Ergebnisse je nach ausgewerteten 

Parameter leicht unterschieden, kann übergeordnet zusammengefasst werden, dass ältere 

Erwachsene im Vergleich zu jungen Erwachsenen keinen altersbedingten Rückgang in der 

motorischen Lernleistung der Kraftmodulationsaufgabe zu verzeichnen hatten. Die Beta-

Aktivität während der Durchführung der Kraftmodulationsaufgabe wurde durch das motorische 

Training nicht beeinflusst. Allerdings erhöhte sich die Beta-Aktivität in Ruhe von vor dem 

Training zu nach dem Training, insbesondere bei den älteren Erwachsenen. Des Weiteren wurde 

gezeigt, dass die Feinmotorik bei älteren Erwachsenen nach einer akuten kardiovaskulären 

Belastung stärker verbessert war als nach einer Ruhephase. Die frontale Beta-Aktivität war 

direkt nach der akuten Belastung erhöht, was auf verbesserte kognitive Ressourcen hindeutet, 

die zur Ausführung der Aufgabe genutzt werden konnten. Außerdem wurde herausgefunden, 

dass ein hohes kardiovaskuläres Fitnesslevel von älteren Erwachsenen eine gute feinmotorische 

Leistung in der Kraftmodulationsaufgabe vorhersagt. 

Die Ergebnisse der vorliegenden Arbeit verbessern das Verständnis altersbedingter 

Veränderungen der Feinmotorik und des motorischen Lernens anhand einer 

Kraftmodulationsaufgabe. Darüber hinaus werden Ansätze vorgestellt, um den altersbedingten 

Veränderungen entgegenzuwirken, die motorischen Funktionen zu verbessern sowie eine gute 

feinmotorische Leistung bei älteren gesunden Erwachsenen hervorzusagen.
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1 General introduction 

In our aging society, an increasing amount of older adults is facing the challenge of maintaining 

an independent lifestyle. The ability to perform fine motor tasks represents one crucial aspect 

of self-determined living, as fine motor control is essential for countless daily activities (Fauth, 

Schaefer, Zarit, Ernsth-Bravell, & Johansson, 2017; Zimerman et al., 2013). From buttoning up 

a blouse in the morning, picking the correct kind of coin from a purse at the bakery, opening 

the front door with a key after grocery shopping, preparing vegetables for lunch, playing board 

games in the afternoon, or initiating a skype call to communicate with the children in the 

evening – the precise control of finger forces accompanies older adults throughout the whole 

day. Furthermore, older adults need to learn new fine motor skills or adapt fine motor skills to 

modified conditions to keep up with new technologies, like handling touch pads of modern 

mobile devices or playing with a tiptoi ® with their grandchildren.  

However, fine motor control declines with increasing age (Carmeli, Patish, & Coleman, 

2003; Diermayr, McIsaac, & Gordon, 2011). Given this huge scope of applications in daily 

living, it seems fundamental to further investigate age-related changes during fine motor tasks. 

In addition to examine these changes on a behavioral level, assessing neurophysiological data 

enables to better understand corresponding processes in the brain. When young adults perform 

fine motor tasks under visual guidance, several cortical brain areas, responsible for cognitive, 

sensorimotor, and visual processing, are activated (Classen, Gerloff, Honda, & Hallett, 1998; 

Floyer-Lea & Matthews, 2004; Papadelis et al., 2016). However, less is known about whether 

and how brain function is altered during the performance of fine motor tasks in older adults.  

Research has shown that older adults are able to improve their fine motor skills 

(Voelcker-Rehage, 2008), and that the aging brain maintains its neuroplasticity, leading to 

reorganization of brain networks throughout the motor learning process (Burke & Barnes, 2006; 

Doyon & Benali, 2005). Nevertheless, due to the huge heterogeneity of study results (Voelcker-

Rehage, 2008) and lack of knowledge regarding accompanied neural processes specific for fine 

motor tasks (Berghuis et al., 2019), motor learning in older adults needs to be further 

characterized. In a next step, it has to be examined which factors determine, and which 

interventions enhance successful fine motor control and motor learning in older adults. The 

current work focuses mainly on two approaches: acute exercise and chronic physical fitness. 
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Acute exercise leads to enhanced cognitive performance and improved processing in the 

brain across one’s lifespan (Chang, Labban, Gapin, & Etnier, 2012; Lambourne & 

Tomporowski, 2010). Recent research has also indicated that single sessions of acute exercise 

trigger mechanisms, which are thought to facilitate motor control and motor learning, as well 

as improve functioning in motor brain areas (El-Sayes, Harasym, Turco, Locke, & Nelson, 

2018; Lehmann & Taubert, 2018; Singh & Staines, 2015). Based on these findings, several 

studies were published within the last years investigating the effect of acute exercise on motor 

behavior and motor learning in young adults (e.g., Roig, Skriver, Lundbye-Jensen, Kiens, & 

Nielsen, 2012; Snow et al., 2016; Thomas, Beck, et al., 2016). However, there was a lack of 

research addressing this topic with healthy older adults. 

The second approach is to examine which factors are associated with a good level of 

fine motor performance, and which factors predict successful motor learning in older adults 

(Liu et al., 2017). Especially the influence of the physical fitness level needs to be further 

investigated, as regular exercise seems to promote molecular, cellular, structural, and functional 

mechanisms that facilitate motor control and trigger motor learning processes (El-Sayes et al., 

2018; Lehmann & Taubert, 2018). Despite the knowledge of potential mechanisms in the brain, 

few studies have investigated the association of physical fitness and fine motor performance or 

physical fitness and motor learning in older adults on a behavioral level.  

Taken together, this dissertation project aimed to better understand age-related changes 

in fine motor performance and motor learning, examined the influence of a session of acute 

exercise and the physical fitness level on fine motor performance and motor learning in older 

adults, and investigated respective neurophysiological processes. Fine motor performance and 

motor learning were assessed with a force modulation task, requiring participants to match a 

visually presented target force by applying force on a force transducer with a precision grip. 

Neurophysiological processes were measured using electroencephalography (EEG). Data from 

two studies, conducted at the Jacobs University Bremen (study 1) and at the Chemnitz 

University of Technology (study 2) were included in the current work.  

This thesis continues with the theoretical background (chapter 2), outlines the derived 

research aims (chapter 3), and introduces main research methods (chapter 4). Chapter 5 includes 

four publications and one section containing unpublished results derived from this dissertation 

project. In chapter 6, overarching findings are discussed. Finally, main conclusions are 

presented in chapter 7. 
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2 Theoretical background  

2.1 Fine motor performance and motor learning 

Several fine motor tasks require a complex interaction of cognitive, motor, sensory, and 

visual processes, like anticipating changes in force loads, precise adjustment of finger forces, 

processing sensory information, and assimilating visual feedback (Castiello, 2005; Diermayr et 

al., 2011; Flanagan & Wing, 1993; Westling & Johansson, 1984). To get a comprehensive 

understanding, motor functions and changes with practice are introduced on a behavioral level 

in terms of motor output, as well as on a neurophysiological level in terms of brain activity. 

2.1.1 Force modulation tasks 

Fine motor control under visual guidance can be assessed with several different motor 

paradigms. One category is visuomotor ‘force modulation’ tasks (also referred to as ‘force 

tracking tasks’, ‘force matching tasks’, or ‘accuracy-tracking tasks’). During the performance 

of a force modulation task, participants have to continuously match their own applied force to 

a visually presented target force, which requires a permanent interaction between motor and 

visual processes (Vaillancourt & Newell, 2003; Weir, Stein, & Mialt, 1989). Target force 

profiles are either constant (Galganski, Fuglevand, & Enoka, 1993; Vieluf, Mahmoodi, Godde, 

Reuter, & Voelcker-Rehage, 2012) or dynamic, such as sine-wave patterns (Jagacinski, Liao, 

& Fayyad, 1995; Vaillancourt, Larsson, & Newell, 2003). Higher performance errors were 

reported while tracking dynamic force profiles compared to constant force profiles in young 

adults (Hu & Newell, 2010), indicating a higher difficulty level of dynamic force profiles.  

Force modulation tasks are often conducted by abducting isometric force only with the 

index finger (Galganski et al., 1993; Laidlaw, Bilodeau, & Enoka, 2000; Sosnoff & Newell, 

2006b). Alternatively, force is applied using a power grip (Noble, Eng, & Boyd, 2013; Roig et 

al., 2012) or a precision grip (Laidlaw et al., 2000; Vieluf, Godde, Reuter, Temprado, & 

Voelcker-Rehage, 2015; Vieluf et al., 2012; Voelcker-Rehage & Alberts, 2005). When using a 

power grip, an object is placed in the palm of the hand and is gripped by the surrounding fingers 

(Castiello, 2005; Napier, 1956). In a respective force modulation paradigm, a power grip is 

performed around a cursor and the device is manipulated by wrist extension and flexion 

movements (Roig et al., 2012; Thomas, Beck, et al., 2016). During a precision grip, a small 

object is placed between the index finger and the thumb (Castiello, 2005; Westling & 

Johansson, 1984). This dissertation project employed a reliable force modulation task, which 
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has been validated in previous studies (Vieluf et al., 2012; Voelcker-Rehage & Alberts, 2005). 

Participants were required to apply force with their dominant right hand to match a sinusoidal 

target force with isometric precision grip on a load cell. The precision grip force modulation 

paradigm is well-suited to investigate fine motor skills in controlled conditions, as the task 

requires a precise adjustment of force, as well as exact coordination between motor and visual 

processes, which are needed in everyday life. 

As the applied force is never perfectly smooth, fluctuations around the target force are 

assessed to quantify fine motor performance (Enoka et al., 2003; Laidlaw et al., 2000). In 

dynamic force profiles, differences between target and applied force can be caused by temporal 

deviations as well as by errors in applying a sufficient amount of force (Vieluf, Godde, Reuter, 

& Voelcker-Rehage, 2013). The root mean squared error (RMSE) and the standard deviation 

of the deviations (SD) represent measures of overall tracking variability, combining 

information of temporal and force-related errors (Vieluf et al., 2013; Vieluf et al., 2017). The 

parameters relative timing (Trel) and relative force (Frel) can be calculated to further disentangle 

temporal and force-related errors in sinusoidal target force profiles. Relative timing (Trel), 

assessing the temporal deviation in x-direction, represents a marker of temporal precision, 

whereas relative force (Frel), computing the force deviation in y-direction, denotes a parameter 

of force precision (Kelso & Schöner, 1988; Vieluf et al., 2015; Zanone & Kelso, 1992). 

2.1.2 Motor performance, motor practice, and motor learning 

The term motor performance refers to an observable production of a voluntary 

movement (Schmidt & Wrisberg, 2008). The level of motor performance represents a transient 

status of motor behavior, susceptible to external and internal fluctuations (Schmidt & Wrisberg, 

2008; Shumway-Cook & Woollacott, 2007). Therefore, the term fine motor performance refers 

to a baseline status in the current dissertation project, measured before practice or before the 

start of an intervention (i.e., quantified as a pre-test performance). Motor practice refers to 

repetitions of the demanded motor behavior, leading to significant performance improvements 

(Schmidt & Wrisberg, 2008). For example, practicing force modulation tasks caused superior 

performance, reflected by smaller force errors and enhanced accuracy (Boe, Cassidy, McIlroy, 

& Graham, 2012; Floyer-Lea & Matthews, 2004). Effects of motor practice can be examined 

by testing the actual performance level during a post-test directly after practice or by calculating 

the rate of improvement within practice sessions (Roig, Ritterband-Rosenbaum, Lundbye-

Jensen, & Nielsen, 2014; Voelcker-Rehage, 2008). Motor learning, instead, relates to a more 

stable change in motor behavior and compromises “the changes, associated with practice or 
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experience, in internal processes that determine a person’s capability for producing a motor 

skill” (Schmidt & Wrisberg, 2008, p. 11). Motor learning can be classified into different 

learning stages based on practice time or cognitive effort to perform the task (Fitts & Posner, 

1967; Lohse, Wadden, Boyd, & Hodges, 2014). The main focus of this dissertation project is 

on short-term motor learning, referring to a practice duration of less than an hour (Lohse et al., 

2014). This initial learning period is characterized by high cognitive demands and fast 

performance improvements (Fitts & Posner, 1967; Karni et al., 1998; Ungerleider, 2002).  

The success and persistence of motor learning is assessed by retention or transfer tests 

(Schmidt & Lee, 2011). In a retention test, a motor skill is performed after a time period during 

which neither the practiced skill nor an interfering task was executed (Doyon & Benali, 2005; 

Schmidt & Lee, 2011). During this time, fragile motor memory traces consolidate to a stable 

memory trace, resulting in a superior motor performance (Doyon & Benali, 2005; Dudai, 2004; 

Muellbacher et al., 2002). Memory consolidation can be classified in short-term motor memory, 

including the time period of seconds to hours after practice, and in long-term motor memory, 

containing hours to months after practice (Lutz, Martin, & Jäncke, 2010; McGaugh, 2000; Roig 

et al., 2014; Shea & Morgan, 1979). Transfer tests investigate whether someone is able to adapt 

the learned performance to novel task situations (Magill, 2004; Schmidt & Lee, 2011). In 

transfer tests, either the context in which the person performs the skill is different, for example 

by changes in feedback or physical environment, or the skill itself is altered, for example by 

changed task characteristics (Magill, 2004). Transfer tasks can be structurally similar to the 

practiced task (near transfer) or dissimilar to the practiced task (far transfer) (Karbach & Kray, 

2009; Rosalie & Müller, 2012). Modifying minor characteristics of a practiced task can be 

considered as a near transfer, whereas more severe modifications up to completely different 

task characteristics defines a far transfer task (Toglia, 1991). 

2.1.3 Neural correlates of fine motor performance and motor learning 

A widely distributed network of brain regions is activated while performing a force 

modulation task, including frontal, central, parietal, and occipital brain areas (Classen et al., 

1998; Floyer-Lea & Matthews, 2004; Papadelis et al., 2016). The following sections focus on 

findings in cortical brain areas relevant for the introduced precision grip force modulation task, 

introduce the neuroscientific research methods used for this dissertation project, 

electroencephalography (EEG), and discuss the main knowledge regarding neurophysiological 

processes during motor performance and learning. 
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2.1.3.1 Brain regions of interest 

The anterior part of the frontal cortex, i.e., the prefrontal area, is linked to cognitive 

processes such as evaluating sensory information or attentional processes (Halsband & Lange, 

2006; Purves et al., 2012; Trepel, 2012). Prefrontal brain areas involved during visually guided 

grasping movements as well as visuomotor tracking tasks (Castiello, 2005; Floyer-Lea & 

Matthews, 2004; Godde, Trautmann, Erhard, & Voelcker-Rehage, 2018; Seidler et al., 2010; 

Wong, Chan, & Mak, 2014) indicate that cognitive resources are required to accomplish these 

motor tasks. Prefrontal activity decreases during the initial learning phase, presumably 

reflecting that decreased attention is needed for task execution with increasing task familiarity 

(Halsband & Lange, 2006; Lohse et al., 2014 for reviews). 

The posterior part of the frontal cortex, including the precentral gyrus, is categorized as 

the central area in EEG research (Dickter & Kieffaber, 2014). The precentral gyrus comprises 

the primary motor cortex (M1) (Trepel, 2012). M1 reflects the most important source of 

ascending projections to the motor neurons and is crucial for the voluntary control of 

movements (Purves et al., 2012). Thus, M1 is active during the performance of visuomotor 

tracking tasks (Floyer-Lea & Matthews, 2004; Ghilardi et al., 2000). Force modulation tasks 

performed in a unimanual precision grip require motor activity of both hemispheres (Ehrsson 

et al., 2000). Findings on M1 activity changes with motor practice were mixed: activity in M1 

was found to decrease, remain stable, or increase, probably depending on the specific motor 

task and length of practice (Halsband & Lange, 2006; Lohse et al., 2014 for reviews). 

Functional magnetic resonance imaging (fMRI) studies revealed that within the initial learning 

phase of a force modulation task, activity in M1 decreased (Floyer-Lea & Matthews, 2004, 

2005), possibly reflecting that afferent input becomes more effective (Floyer-Lea & Matthews, 

2004). 

The parietal cortex is located posterior to the frontal cortex behind the central sulcus 

(Trepel, 2012). The parietal cortex is also active during force modulation task performance and 

the initial stages of motor learning processes (Floyer-Lea & Matthews, 2005; Halsband & 

Lange, 2006). This brain area is involved in processes of directing attention to stimuli, object 

recognition, assimilating sensory stimuli, and integrating feedback processes (Halsband & 

Lange, 2006; Purves et al., 2012; Rearick, Johnston, & Slobounov, 2001). Again, research 

seems heterogeneous as some studies indicated increased parietal activation, whereas other 

reported decreased activation in parietal brain areas during initial motor learning (Halsband & 

Lange, 2006; Lohse et al., 2014). 
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Finally, the occipital cortex represents the most posterior area of the brain and is known 

as the main location of the visual system (Trepel, 2012). Accordingly, activity in occipital areas 

appears to reflect processing of visual information (Purves et al., 2012; Sehatpour et al., 2008), 

and has been detected during the performance of force modulation tasks (Classen et al., 1998; 

Erla et al., 2012). Activity in the occipital cortex was less considered in motor learning research. 

Few studies reported that occipital activity increases with practice in the initial phase of learning 

(Lohse et al., 2014), which may indicate enhanced visual processing. 

2.1.3.2 Neurophysiological processing 

The electroencephalography (EEG) represents a non-invasive technique applied to 

investigate neurophysiological processes in the human brain (for an extensive overview and 

explanation of the EEG and other research techniques in neuroscience see for example Carter 

& Shieh, 2015). EEG measures electrical activity on the scalp, which is produced by 

synchronized post-synaptic potentials of a large number of neurons (Dickter & Kieffaber, 2014; 

Luck, 2005; Purves et al., 2012; cf. Teplan, 2002 for physiological details regarding the origin 

of the electrical current). In motor tasks, in which a movement or a motor behavior lasts several 

seconds, EEG data is mainly analyzed in the frequency domain (e.g., Classen et al., 1998; Erla 

et al., 2012; Koyama, Hirasawa, Okubo, & Karasawa, 1997; Rilk, Soekadar, Sauseng, & 

Plewnia, 2011; Sailer, Dichgans, & Gerloff, 2000). To analyze EEG oscillations in the 

frequency domain, raw signals are transformed with a Fourier transformation into a power 

spectrum (Teplan, 2002). The size of oscillations within specified time periods is measured to 

calculate the power within a frequency range (unit: µV2) (Klimesch, 2012). EEG frequencies 

are commonly categorized into different frequency bands: delta (0.5 – 4 Hz), theta (4 – 8 Hz), 

alpha (8 – 13 Hz), beta (13 – 30 Hz), and gamma (30–80 Hz) (Babiloni et al., 2006; Dickter & 

Kieffaber, 2014; Teplan, 2002). Power in the alpha frequency band and, especially, in beta 

frequency band seem to be sensitive to detect motor task-related activity and changes with 

motor practice (Andres et al., 1999; Classen et al., 1998; Dal Maso, Desormeau, Boudrias, & 

Roig, 2018; Erla et al., 2012; Gerloff et al., 1998; Rilk et al., 2011).  

Alpha oscillations originate in the thalamus, when no sensorimotor information is 

processed (Hughes & Crunelli, 2005). Thus, alpha oscillations are the dominant frequency on 

the human scalp when a person is awake and relaxed (Hughes & Crunelli, 2005; Klimesch, 

1999). Although countless studies on alpha activity exist, its physiological role is still under 

debate (for different theories of alpha oscillations cf. reviews of Başar, 2012; Bazanova & 

Vernon, 2014; Jensen & Mazaheri, 2010; Klimesch, 2012). For example, alpha oscillations are 
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thought to indicate active inhibition and are also linked to processing of cognition information 

(Babiloni et al., 2011; Klimesch, 2012). When sensorimotor information is processed, alpha 

oscillations desynchronize, leading to a decrease in alpha power (Hughes & Crunelli, 2005). 

Thus, during the performance of force modulation tasks, oscillatory alpha power was lower 

compared to a resting state in frontal, central, parietal, and occipital cortical areas in young 

adults (Classen et al., 1998; Erla et al., 2012; Rilk et al., 2011). This phenomena is termed task-

related power (TRPow) decrease. TRPow decreases in the alpha frequency range over the 

sensorimotor cortex are believed to reflect active sensorimotor processing, and thus, enhanced 

activity compared to at rest (Başar, Başar-Eroğlu, Karakaş, & Schürmann, 2000; Pfurtscheller 

& Da Silva, 1999). Alpha activity got weaker while practicing a (bimanual) motor sequence 

learning task (Andres et al., 1999; Zhuang et al., 1997) or a visuomotor mirror drawing task 

(Wong et al., 2014), whereas practicing a power grip tracking task did not affect alpha TRPow 

(Kranczioch, Athanassiou, Shen, Gao, & Sterr, 2008). 

Beta oscillations have always been associated with the processing of motor and sensory 

information (Engel & Fries, 2010; Khanna & Carmena, 2015; Spitzer & Haegens, 2017 for 

reviews). Current research assumes that beta oscillations reflect maintaining a status quo of 

motor output, but they are also associated with processing cognitive information (Engel & Fries, 

2010; Spitzer & Haegens, 2017). However, the exact functional role remains unknown (Engel 

& Fries, 2010; Spitzer & Haegens, 2017). During the performance of force modulation tasks, 

TRPow decreases in frontal, central, parietal, and occipital cortical areas were also reported in 

the beta band in young adults (Classen et al., 1998; Erla et al., 2012; Rilk et al., 2011). This 

desynchronization of beta oscillations seems to reflect active online control of the motor task 

and feedback processes of the motor system, both indicating enhanced activity (Baker, 2007; 

Engel & Fries, 2010; van Wijk, Beek, & Daffertshofer, 2012). Practicing a motor task also led 

to a decline in task-related beta activity. Studies with young adults found that beta TRPow 

decreases in frontal and sensorimotor cortical areas were weaker after practice compared to 

baseline (Kranczioch et al., 2008; Nakano, Osumi, Ueta, Kodama, & Morioka, 2013; Pollok, 

Latz, Krause, Butz, & Schnitzler, 2014; Studer, Koeneke, Blum, & Jäncke, 2010). Kranczioch 

et al. (2008) assumed that these changes in beta activity are based on modifications in local 

interactions between main neurons and interneurons, and interpreted these processes as 

improved automaticity (Kranczioch et al., 2008). Thus, the amount of beta activity change with 

motor practice seems to reflect a correlate of early cortical reorganization (Pollok et al., 2014).  
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2.2 Fine motor performance and motor learning in older adults 

Aging is accompanied by multiple changes in the periphery of the human body and in 

central areas of the brain. These age-related changes are associated with modifications on a 

behavioral level, such as a decline in motor performance, as well as on a neurophysiological 

level, i.e., changes in brain activity (Godde, Voelcker-Rehage, & Olk, 2016; Li et al., 2015 for 

overviews). This chapter starts with an overview about age-related changes during fine motor 

performance on a behavioral level, followed by neurophysiological findings with a focus on 

alpha and beta power. Then the association of aging and motor learning are reviewed on 

behavioral and neurophysiological levels. Findings focus on alterations relevant to perform a 

force modulation task. Unless stated differently, the categorization of older adults refers to age 

groups including healthy persons ≥ 65 years of age, whereas the categorization of young adults 

refers to healthy participants approximately 18 – 30 years of age. 

2.2.1  Age-related changes in fine motor performance  

The ability to control precise grasping forces declines with increasing age (Christou, 

2011; Diermayr et al., 2011 for reviews). Several physiological changes in the aging hand, as 

well as neural changes in the aging central system account for this age-related deterioration 

(Carmeli et al., 2003; Faulkner, Larkin, Claflin, & Brooks, 2007; Oomen & van Dieen, 2017; 

Seidler et al., 2010 for reviews). The decline in fine motor performance becomes apparent – 

amongst others – during the performance of force modulation tasks: Older adults performed 

worse than young adults in force modulation tasks with a constant (Galganski et al., 1993; 

Laidlaw et al., 2000) or with a dynamic (i.e., sine-wave) force profile (Voelcker-Rehage & 

Alberts, 2005). The difference in motor behavior between young adults and older adults was 

more prevalent during dynamic force profiles compared to constant force profiles in force 

modulation tasks (Keogh, Morrison, & Barrett, 2006; Lindberg, Ody, Feydy, & Maier, 2009; 

Vaillancourt et al., 2003). Furthermore, age-associated changes were found to be more 

prominent in lower than in higher forces (Oomen & van Dieen, 2017 for a review). 

The lower fine motor performance level of older adults compared to young adults during 

unimanual precision grip force modulation tasks with a sinusoidal force profile was reflected 

by increased force variability and decreased accuracy (Voelcker-Rehage & Alberts, 2005, 2007; 

Voelcker-Rehage, Stronge, & Alberts, 2006). A study by Vieluf et al. (2013) compared the 

performance in this task between middle-aged older adults (55 – 65 years of age) and young 

adults, revealing that middle-aged older adults performed the sine waves with smaller 



Theoretical background    14 

amplitudes and with a higher temporal delay than young adults. Studies with older adults (≥ 65 

years of age) are needed to further investigate the differentiation in temporal precision and force 

precision in this age group. 

2.2.2  Age-related changes in neurophysiological processing during fine motor 

performance 

The human brain undergoes several modulations in brain function with increasing age. 

Age-related changes in brain activity can be caused by modifications in brain physiology, i.e., 

changes in neurotransmitter systems or with respect to hemodynamics, and by changes in brain 

structures, i.e., a decline of brain volume in specific brain areas, such as the prefrontal cortex 

(Burke & Barnes, 2006; Godde et al., 2016 for detailed reviews). The current section focusses 

on age-related changes in neurophysiological processes relevant for fine motor performance. 

Although task-related activity in the alpha and beta frequency bands reflects reliable 

markers of motor processing, only few studies have compared alpha or beta power during the 

performance of motor tasks between young adults and older adults. During the performance of 

simple finger movements without visual feedback (such as finger tapping), older adults seem 

to require more processing resources than young adults, as depicted by stronger TRPow 

decreases of central and parietal areas in the alpha band (Derambure et al., 1993; Heinrichs-

Graham & Wilson, 2016; Sailer et al., 2000) and in the beta band (Sailer et al., 2000). In line 

with the above-mentioned interpretation, stronger alpha and beta TRPow decreases seem to 

reflect that older adults require more sensorimotor and sensory processing resources to perform 

the motor task than young adults. Some authors interpreted this finding as a less efficient 

processing strategy in older adults (Heinrichs-Graham & Wilson, 2016; Sailer et al., 2000). A 

study by Etnier and Landers (1998) reported no age-related difference in alpha power (frontal, 

central, parietal, and temporal electrodes) during the performance of a continuous mirror 

tracking task between young adults and older adults. However, the authors calculated alpha 

power during the task only, not considering alpha power at rest, impeding comparability with 

other studies. Considering EEG data at rest is important when comparing task-related activity 

between young adults and older adults, to avoid that potential age-related differences in the 

EEG at rest affecting the comparison between age-groups regarding task-related activity. 

Although existing literature reveals heterogeneous findings, several studies indicated 

significant differences between young adults and older adults with respect to alpha and beta 

power at rest. For example, older adults had less alpha power at rest than young adults (Babiloni 

et al., 2006; Klimesch, 1999; Markand, 1990), whereas older adults showed higher beta power 
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at rest than young adults (Heinrichs-Graham & Wilson, 2016; Koyama et al., 1997; Rossiter, 

Davis, Clark, Boudrias, & Ward, 2014; Veldhuizen, Jonkman, & Poortvliet, 1993). 

It has been reported repeatedly that older adults show more prefrontal and sensorimotor 

brain activity than young adults during the performance of a motor task, indicating that older 

adults require more cognitive and motor processing resources to accomplish the task (Ren, Wu, 

Chan, & Yan, 2013; Seidler et al., 2010 for reviews). Due to the enhanced cognitive effort, 

patterns of brain activity observed during cognitive task performance in older adults might also 

occur during the performance of motor tasks in this age group. The PASA model (Posterior-to-

Anterior Shift in Aging; Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008) and the HAROLD 

model (Hemispheric Asymmetry Reduction in OLDer adults; Cabeza, 2002) represent 

fundamental aging theories, describing typical patterns of brain activity during the performance 

of cognitive tasks in older adults. The PASA model specifies that activity in posterior brain 

regions decreases, while activity in frontal brain regions increases during cognitive 

performance in older adults compared to young adults (Davis et al., 2008). During the 

performance of cognitive (Babiloni et al., 2004) and sensory tasks (Reuter, Voelcker-Rehage, 

Vieluf, Winneke, & Godde, 2013), older adults showed reduced event-related alpha 

desynchronization (ERD; analogous to a TRPow decrease) over the parietal cortex relative to 

young adults. The HAROLD model refers to the phenomenon that older adults have a de-

lateralization of brain activity during cognitive tasks, leading to more homogenous activation 

over both hemispheres compared to young adults (Cabeza, 2002). In line with this model, older 

adults showed more de-lateralized brain activity during the performance of simple motor tasks 

(i.e., finger tapping or reaction time tasks) (Derambure et al., 1993; Vallesi, McIntosh, 

Kovacevic, Chan, & Stuss, 2010). Ward and Frackowiak (2003) further reported enhanced de-

lateralization in motor brain areas during the performance of isometric power grip tracking tasks 

in an fMRI study. However, neither aging phenomena have been investigated during the 

performance of a precision grip force modulation tasks by use of task-related power in the alpha 

and beta band. 

2.2.3  Motor practice and motor learning in older adults 

Although older adults show an age-related decrease in fine motor performance, they are 

able to improve their fine motor skills considerably with motor practice (Voelcker-Rehage, 

2008 for a review). Several studies using force modulation tasks indicated that single sessions 

of practice led to significant performance improvements in older adults (Etnier & Landers, 

1998; Lutz et al., 2010; Voelcker-Rehage & Alberts, 2005, 2007; Wu, Pazin, Zatsiorsky, & 
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Latash, 2013). An essential question in aging research is whether older adults are able to learn 

to the same amount as young adults, or whether aging is associated with decreases in the amount 

of learning. Unfortunately, existing literature does not allow a clear answer. When focusing on 

motor paradigms comparable to the force modulation task used in this dissertation project, and 

on studies on the phase of short-term motor learning, results are very heterogonous: Etnier and 

Landers (1998) reported that older adults have a smaller rate of improvement than young adults, 

Voelcker-Rehage and Alberts (2005), describe the opposite results, and several others report no 

effect of age on the rate of improvement (Godde, Trautmann, Erhard, & Voelcker-Rehage, 

2017; Lutz et al., 2010; Vieluf et al., 2015; Wu et al., 2013). Of note, the same inconsistency 

was reported for other motor tasks and learning paradigms, like motor sequence learning 

(Bhakuni & Mutha, 2015; Brown, Robertson, & Press, 2009; Daselaar, Rombouts, Veltman, 

Raaijmakers, & Jonker, 2003) or long-term motor practice of force modulation tasks over 

several days (Francis, Macrae, Spirduso, & Eakin, 2012; Lazarus & Haynes, 1997). Specific to 

the force modulation paradigm, it needs to be investigated whether older adults focus 

improvements on temporal aspects or whether they prioritize force precision.  

Compared to the inconsistencies regarding the amount of learning, the few existing 

studies on visuomotor tracking tasks indicate that long-term motor memory consolidation 

assessed during delayed retention tests seems to be limited in older adults (Berghuis et al., 2015; 

Roig et al., 2014). Although older adults performed on the same level during a retention test 24 

hours after practice ended as at the end of practice, young adults revealed increased 

performance during the retention test, indicating so-called ‘offline learning’ based on successful 

long-term motor memory consolidation (Berghuis et al., 2015; Roig et al., 2014). Furthermore, 

older adults showed greater susceptibility to interference with a different motor task, also 

indicating diminished motor memory consolidation compared to young adults (Roig et al., 

2014).  

The capability to transfer the learned performance to related variants of the practiced 

motor tasks (near transfer), does not seem to be affected by increasing age. Studies from the 

field of sensorimotor adaptation reveal that older adults did not differ from young adults with 

respect to their saving scores during a transfer test with rotated force profiles (Bock & 

Girgenrath, 2006; Langan & Seidler, 2011; Seidler, 2007). A study using a bimanual force 

modulation task (steering wheel tracking) also reported no effect of age on the performance 

during a transfer task using untrained randomized force profiles (Lutz et al., 2010). 
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2.2.4  Age-related changes in neurophysiological processing with motor practice 

Until about 20 years ago, it was assumed that brain structures of older people were, 

despite age-related deterioration, immutable. Today it is known that even the brains of very old 

adults retain their plasticity (Burke & Barnes, 2006; Godde et al., 2016 for overviews). Several 

studies have examined age-related changes during motor learning in the brain with motor 

sequence or sensory motor adaptation paradigms (Doyon & Benali, 2005 for a review). 

However, less is known about how aging affects neural mechanisms during motor practice and 

motor memory consolidation processes with force modulation tasks. An fMRI study by Godde 

et al. (2018) investigated brain activity at the beginning and end of motor practice a force 

modulation task in a sample of middle-aged older adults (54 – 64 years of age) and young 

adults. Middle-aged older adults revealed significant reductions of brain activity, even higher 

than in the young adults, in brain areas that are known to indicate compensatory overactivation, 

such as the prefrontal and parietal cortex, demonstrating the plasticity in the aging brain 

throughout the process of practice (Godde et al., 2018). There is, however, a lack of studies 

assessing neural correlates, such as beta power, during the course practice in a force modulation 

task in older adults (≥ 65 years of age). Instead, a plenty of EEG studies focuses on motor 

sequence learning (e.g., Beaulieu, Bourassa, Brisson, Jolicoeur, & De Beaumont, 2014), or 

investigate data in the time domain analyzing event-related potentials (ERPs) (Krigolson, 

Cheng, & Binsted, 2015 for an overview), impeding a direct comparison with task-related beta 

power. 

Thus, to sum up, more studies are needed that characterize age-related changes during 

the performance as well as learning of a precision grip force modulation task on a behavioral 

level. Moreover, task-related power in the alpha band, and especially the beta band seem to be 

reliable markers to determine age-related changes in neurophysiological processing during fine 

motor performance and motor learning.  
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2.3 Acute exercise – an intervention to trigger motor processes in older 

adults? 

The term acute exercise is used to describe effects of one single session of 

(cardiovascular) exercise. The examined outcomes of acute exercise are manifold: studies have 

investigated its effect on physiological processes in the body, neurophysiological processes in 

the brain, and psychological constitution (Basso & Suzuki, 2017; Chang et al., 2012 for 

reviews). Furthermore, a great amount of acute exercise research in the last decades focused on 

the effects of exercise on cognitive processes, mostly reporting positive associations across the 

lifespan (Chang et al., 2012; Hübner & Voelcker-Rehage, 2018; Roig, Nordbrandt, Geertsen, 

& Nielsen, 2013; Tomporowski, 2003 for literature overviews). More recent research has 

shown that acute cardiovascular exercise sessions also trigger mechanisms in the brain and the 

periphery that lead to improved motor processing and motor behavior in young healthy adults 

(e.g., Perini, Bortoletto, Capogrosso, Fertonani, & Miniussi, 2016; Skriver et al., 2014; Thomas, 

Johnsen, et al., 2016). However, there was a lack of published studies which examine this 

association in a sample of healthy older adults. Thus, the following sections summarize studies 

conducted with young adults. 

2.3.1 Effects of acute exercise on motor performance and learning 

A fundamental basis for researching effects of acute exercise on upper limb motor 

control is the insight that cardiovascular exercise, mainly performed with lower extremities, has 

an impact not only in motor areas representing lower extremities, but also in brain regions 

representing upper extremities (Singh, Duncan, Neva, & Staines, 2014; Smith, Goldsworthy, 

Garside, Wood, & Ridding, 2014). Acute exercise seems to initiate changes in motor brain areas 

on a molecular and functional level, and stimulate these areas for experience-dependent 

plasticity (El-Sayes et al., 2018; Lehmann & Taubert, 2018; Singh & Staines, 2015 for reviews). 

Molecular changes include enhanced concentrations of peripheral brain-derived neurotrophic 

factor (BDNF), Insulin-Like Growth Factor-1 (IGF-1), enhanced neurotransmitter releases, and 

metabolite concentrations, such as dopamine, serotonin, norepinephrine, lactate, gamma-

aminobutyric acid (GABA), and glucose (El-Sayes et al., 2018; Lehmann & Taubert, 2018; 

Singh & Staines, 2015). Again, the exact mechanisms are not fully understood and it cannot be 

clearly separated which mechanisms potentially enhance motor performance and which 

mechanisms trigger motor learning processes. A study by Skriver et al. (2014) reported that 

higher norepinephrine release and higher lactate levels were associated with better motor 
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performance immediately after exercise, whereas enhanced levels of norepinephrine, lactate, 

and BDNF seem to be associated with a successful long-term motor memory consolidation.  

Studies investigating effects of acute exercise on motor performance or motor learning 

vary with respect to their general timing of exercise and motor practice. To better distinguish 

and understand particular findings, the current dissertation project differentiated three different 

time scales: the effect of acute exercise on motor performance, referring to study designs 

performing a motor task directly after exercise. Initial motor learning indicates motor practice 

sessions immediately after exercise (often referred to as acquisition phase), and (short-term/ 

long-term) motor memory denotes motor processes minutes to days after the exercise session 

has ended. Positive findings were reported for every category in young adults. For example, 

Perini et al. (2016) indicated enhanced motor performance in a thumb abduction task after 

moderate intensity exercise compared to after rest. Furthermore, acute exercise seemed to 

improve initial motor learning (e.g., Perini et al., 2016; Statton, Encarnacion, Celnik, & Bastian, 

2015) and motor memory consolidation (e.g., Roig et al., 2012; Skriver et al., 2014; Thomas, 

Beck, et al., 2016; Thomas, Johnsen, et al., 2016). Nevertheless, other studies did not report 

positive effects directly after exercise on motor performance (e.g., Skriver et al., 2014; Snow et 

al., 2016; Statton et al., 2015), initial motor learning (e.g., Skriver et al., 2014; Snow et al., 

2016; Thomas, Johnsen, et al., 2016), or motor memory consolidation (e.g., Snow et al., 2016; 

Statton et al., 2015), indicating the heterogeneity of study results.  

Investigating the influence of acute exercise on fine motor performance and motor 

learning, particularly in a sample of older adults, seems reasonable for two main reasons. First, 

several studies with older adults have shown that acute exercise results in better cognition 

functions directly after exercise (Hübner & Voelcker-Rehage, 2018 for an overview). These 

positive effects are probably mediated by enhanced levels of physiological arousal (i.e., 

reflected by increased heart rate or higher oxygen uptake and mediated by enhanced levels of 

neurotransmitter such as dopamine), enabling improved attention and information processing 

(Lambourne & Tomporowski, 2010; Winter et al., 2007). Furthermore, it is known that older 

adults need high levels of cognitive resources to perform or learn a motor task, especially in the 

initial phase of practice (Halsband & Lange, 2006; Ren et al., 2013 for reviews). Thus, enhanced 

cognitive processing induced by a session of acute cardiovascular exercise could also improve 

motor performance or initial learning in the age group of older adults. The second reason, is 

that long-term motor memory consolidation seems to be diminished in older adults compared 

to young adults (Berghuis et al., 2015; Brown et al., 2009; Nemeth & Janacsek, 2011; Roig et 
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al., 2014). Different studies tried to facilitate motor learning in older adults with artificial 

methods, like transcranial Direct Current Stimulation (tDCS), requiring the application of 

electrical current to participants heads (Hardwick & Celnik, 2014; Nitsche et al., 2003). Acute 

exercise, instead, might be an alternative, less precarious, ‘natural’ way of boosting motor 

memory consolidation in this age group. 

2.3.2 Changes in neurophysiological processing after acute exercise 

The described molecular modifications induced by acute exercise are associated with 

changes in brain functions. For example, several studies indicate enhanced activity in 

sensorimotor brain areas immediately after cardiovascular exercise (Christensen et al., 2000; 

Fontes et al., 2015; Hiura et al., 2014). Furthermore, acute exercise induces an increased 

cerebral blood flow in M1 during the performance of a finger tapping task in young adults 

(Smith, Paulson, Cook, Verber, & Tian, 2010). Others also reported enhanced activity in frontal 

brain areas after acute exercise, indicating improved task processing (Hyodo et al., 2012; Tsujii, 

Komatsu, & Sakatani, 2013). A study with older adults revealed enhanced alpha 

desynchronization in frontal brain regions during the performance of a cognitive task after acute 

exercise, also pointing to better task processing (Chang, Chu, Wang, Song, & Wei, 2015). 

However, most EEG studies analyzing data in the frequency domain after acute exercise 

measured the EEG at rest and not during the performance of a cognitive or motor task (Crabbe 

& Dishman, 2004 for a review; for newer studies: Fumoto et al., 2010; Moraes et al., 2011; 

Schneider et al., 2009; Wollseiffen et al., 2015). Only two studies were identified, assessing 

spectral EEG power during motor performance after an acute exercise session compared to after 

rest. Mierau et al. (2009) investigated the effect of an acute high intensity exercise session on 

motor performance and initial motor learning in a motor adaptation paradigm with young adults. 

Although they found enhanced performance improvements immediately after exercise 

compared to after rest, no effects in alpha or beta power after acute exercise were reported 

(Mierau et al., 2009). The authors suggested a methodological weakness for the non-significant 

finding in EEG data: alpha and beta power were calculated over the whole scalp, and not with 

respect to particular regions of interest, preventing a region-specific statement of activity. The 

second study is a recent publication by Dal Maso et al. (2018), who examined ERD in the alpha 

and beta bands during the performance of a power grip force modulation task after a session of 

acute exercise in young adults. Within the time period of short-term motor memory 

consolidation (30 to 90 minutes after the acute exercise session), participants in the 

experimental group had weaker ERD (i.e., less activation) in the beta band, but not in the alpha 
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band, in sensorimotor areas after acute exercise than participants of a control group after rest 

(Dal Maso et al., 2018). The authors assumed that participants in the acute exercise group were 

able to use the neural substrates involved in motor memory consolidation more efficiently than 

the resting control group (Dal Maso et al., 2018).  

In summary, although there was an increasing interest in the positive effects of acute 

exercise on motor functions over the last decade, to the best of my knowledge, no study has 

been published in a scientific journal that investigated the effects of acute exercise on upper 

extremity fine motor performance and motor learning on a behavioral and neurophysiological 

level in a sample of healthy older adults. Thus, the current dissertation project aimed to fill this 

research gap. 

2.4 Physical fitness – an individual lifestyle factor positively associated with 

motor processes in older adults? 

It is further important to examine factors that are associated with a good fine motor 

performance level or a high motor learning capacity in older adults to understand changes in 

older adulthood and develop interventions to counteract age-related declines (Liu et al., 2017). 

Multiple factors affecting hand function in older adults have been identified. Carmeli et al. 

(2003) differentiated between intrinsic factors (e.g., metabolic disorders, pathological changes, 

and genetic determinations) and extrinsic factors (e.g., environmental factors, injuries, and 

physical fitness). The current work focusses on one important factor that needs further attention: 

the physical fitness level. Over 15 years ago, Colcombe and Kramer (2003) published their 

influential meta-analysis about the effect of fitness and physical activity on cognitive 

performance in older adults. Countless studies have been added since, attesting a positive 

influence of physical activity on cognition functions and brain health in older adults (Hillman, 

Erickson, & Kramer, 2008; Levin, Netz, & Ziv, 2017; Voelcker-Rehage & Niemann, 2013 for 

reviews). However, few studies have investigated whether the physical fitness of older adults 

is positively associated with fine motor control and motor learning. 

Before summarizing existing findings about the latter association, some terms need to 

be specified and distinguished from each other. The term physical activity refers to a broad 

construct of bodily movements, including planned exercise as well as activities of daily life, 

such as housework or gardening (Baecke, Burema, & Frijters, 1982; Bherer, Erickson, & Liu-

Ambrose, 2013; Caspersen, Powell, & Christenson, 1985). Exercise, as one part of physical 

activity, is defined as planned and repetitive physical activity aiming to improve the physical 
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fitness level (Caspersen et al., 1985; Hillman et al., 2008). Cardiovascular fitness level is 

defined as an objectively assessed fitness status, specified by the maximal rate of oxygen 

consumption (VO2-max) and/or the maximum Watt performance (MaxWatt) (Caspersen et al., 

1985). In studies with older adults, the peak oxygen consumption (VO2-peak) is assessed 

instead of VO2-max to avoid exertion until voluntary exhaustion in this age group (Niemann, 

Godde, & Voelcker-Rehage, 2016; Voelcker-Rehage, Godde, & Staudinger, 2011). Motor 

fitness refers to coordinative abilities related to information processing, including measures of 

movement speed, reaction speed, balance, and fine motor coordination (Niemann et al., 2016; 

Voelcker-Rehage & Niemann, 2013). Physical fitness includes several components of fitness, 

such as cardiovascular, coordinative, or strength exercise (Caspersen et al., 1985). Therefore, 

the term physical fitness (level) is used as a hypernym for the above-described constructs in 

this dissertation project. Thus, in contrast to the previous chapter 2.3 on acute exercise, 

considering effects of single exercise sessions, the current chapter focusses on research 

investigating physical fitness over a longer period (weeks to years). 

 To focus analyses on the main influencing factor of interest – the physical fitness level 

of older adults – this project abstained from investigating a possible association with EEG data 

(i.e., examining the effects of the physical fitness level on EEG correlates during fine motor 

performance and motor learning). Instead, analyses were extended to other important, 

potentially related influencing lifestyle factors on a behavioral level. 

2.4.1 Physical fitness and fine motor performance  

Chronic physical activity seems to influence motor functioning on multiple levels. Up 

to now, different explanatory approaches and theoretical models exist, aiming to explain how 

the processes interact with each other (El-Sayes et al., 2018; Stillman et al., 2016). Recently, 

El-Sayes et al. (2018) proposed a model claiming that chronic cardiovascular exercise 

influences motor processes on a molecular, cellular, structural, and functional level. First, 

chronic exercise induces changes on a molecular level, such as boosting levels of BDNF, 

vascular endothelial growth factor (VEGF), and IGF-1 (El-Sayes et al., 2018). Second, the 

described molecular changes seem to trigger modifications on a cellular level, such as increases 

in angiogenesis (increased brain vascularization), gliogenesis (formation of astrocytes, 

oligodendrocytes, and microglia), neurogenesis (formation of new neurons), and 

synaptogenesis (formation of new synapses between neurons) (El-Sayes et al., 2018). Of note, 

these cellular modifications have been investigated mainly in animal research (see for example: 

McCloskey, Adamo, & Anderson, 2001; Van Praag, Kempermann, & Gage, 1999; Vissing, 
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Andersen, & Diemer, 1996). Third, the reported molecular and cellular changes lead to 

alterations in brain structure and brain function, such as higher volume in motor brain areas or 

enhanced levels of activity (El-Sayes et al., 2018). Finally, chronic cardiovascular exercise 

results – via the reported mechanisms – in behavioral changes, which are reflected by 

improvements in cognitive or motor performance (El-Sayes et al., 2018). 

Only few studies have investigated the association between physical fitness and fine 

motor performance using force modulation tasks in older adults. A cross-sectional study by 

Krampe, Smolders, and Doumas (2014) revealed no significant difference between (self-

reported) physically inactive and active older adults with respect to their performance in a force 

tracking task. In contrast, an eight-week cardiovascular exercise program led to improved force 

tracking task performance (Bakken et al., 2001). There are, however, several studies which 

assess the association with other types of motor tasks. For example, Van Halewyck et al. (2015) 

revealed that physically active older adults performed better in a manual aiming task, requiring 

precise dynamic flexion and extension movements of the wrist, compared to less fit older adults. 

Existing studies need to be systematically compiled to have a well-founded overview of the 

research results, depending on the type of motor task, type of physical activity, or study design. 

2.4.2 Physical fitness and motor learning 

Early evidence of positive effects of exercise on learning came from animal studies 

about 20 years ago from Van Praag et al. (1999) (see Lehmann & Taubert, 2018 for an extensive 

historical overview of respective literature). Van Praag et al. (1999) showed that rats which 

performed cardiovascular exercise for more than four months had better results in the Morris 

water-maze learning paradigm than inactive rats. The authors assumed that this effect was 

mediated by hippocampal neurogenesis and synaptic plasticity (Van Praag et al., 1999). Up to 

now, multiple mechanisms are known that seem to mediate the positive effects of chronic 

cardiovascular exercise on motor learning (Lehmann & Taubert, 2018 for an extensive 

overview). Mechanisms seem to overlap with the above-described processes that mediate better 

motor control in general. While El-Sayes et al. (2018) connected the described processes not 

only to motor performance, but also to motor learning processes, Lehmann and Taubert (2018) 

found similar mechanisms only as boosting mechanisms for learning. After evaluating existing 

literature, the latter authors hypothesized that cardiovascular “exercise improves motor learning 

through facilitation of motor learning-related neuroplasticity” (Lehmann & Taubert, 2018, p. 

207). Lehmann and Taubert (2018) summarized in their model that cardiovascular exercise 

triggers enhanced levels of lactate and nerve-growth factors (like BDNF and VEGF), leading 
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to plasticity in terms of enhanced energy supply in the brain. Motor learning leads to long-term 

potentiation and synaptogenesis, resulting in plasticity in terms of network reconfiguration, and 

both processes combined result in improved motor learning (Lehmann & Taubert, 2018).  

High levels of physical activity and of cardiovascular fitness in older adults were 

associated with enhanced improvements in the initial phase of learning a mirror tracing task 

(Etnier & Landers, 1998; Etnier, Romero, & Traustadóttir, 2001). No studies were found which 

assess the association of physical fitness with fine motor performance in force modulation tasks 

in healthy older adults. 

Finally, not only the cardiovascular fitness level might be positively associated with 

motor performance and motor learning, but also different types of exercise, such as motor 

fitness. High levels of motor fitness were associated with better cognitive performance, brain 

structure, and brain functions in older adults (Voelcker-Rehage & Niemann, 2013 for a review). 

Therefore, this dissertation project aimed to exploratively investigate whether motor fitness is 

associated with fine motor performance, and especially, motor learning in healthy older adults. 

2.4.3 Further physiological lifestyle factors of interest 

 In addition to physical fitness, other individual physiological lifestyle factors seem to 

influence the fine motor performance level or motor learning behavior in older adults. For 

example, several studies report that worse fine motor performance was associated with higher 

chronological age and fewer years of education (Liu et al., 2017; Marmon, Pascoe, Schwartz, 

& Enoka, 2011; Martin, Ramsay, Hughes, Peters, & Edwards, 2015). Furthermore, pinch 

strength (i.e., strength performed in a precision grip) as well as grip strength of older adults 

were associated with their performance in fine motor control tasks (Liu et al., 2017; Marmon et 

al., 2011; Martin et al., 2015). However, it has been not investigated whether these lifestyle 

factors are also related to successful motor learning in older adults. 

In summary, existing studies of chronic physical fitness on upper extremity motor 

performance in older adults need to be systematically analyzed. Despite the knowledge of 

potential underlying mechanisms, more studies need to investigate the effect of physical fitness 

on motor learning processes in older adults on a behavioral level. Furthermore, it seems 

important to not only consider physical fitness, but also consider related individual 

physiological lifestyle factors.
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3 Research aims 

This dissertation project aimed to better-understand age-related changes during the 

performance of a precision grip force modulation task, as well as the influence of age on motor 

practice and motor learning. Furthermore, two approaches were examined that aimed to 

enhance or determine fine motor control and motor learning in older adults. The first approach 

was to examine the influence of a short intervention: a session of acute exercise. The second 

approach was to examine the association with individual lifestyle factors, with a main focus on 

the physical fitness level. Moreover, underlying neurophysiological processes in cortical brain 

areas of interest were examined. Table 1 summarizes the overall research questions. 

Subsequently, the research aims derived from the theoretical background are introduced within 

the context of the respective paper in which they were published. 

Table 1. Summary of the overall research questions addressed per publication 

 
Systematic 

review 
Paper 1 Paper 2 Paper 3 

Unpublished 

results 

1) How does aging affect fine motor performance 

and motor learning in a precision grip force 

modulation task? 

 x  x  

2) How does aging affect EEG correlates of interest 

during fine motor performance and motor learning 

in a precision grip force modulation task? 

 x   x 

3) How does an acute exercise session affect fine 

motor performance, motor learning, and EEG 

correlates of interest in a force modulation task in 

older adults? 

x  x   

4) How is the chronic physical fitness level of older 

adults associated with fine motor performance and 

motor learning? 

x   x  

The systematic review (Hübner & Voelcker-Rehage, 2017) aimed to summarize studies 

investigating the association of acute exercise/chronic physical fitness and motor performance/ 

motor learning in upper extremity motor tasks in healthy older adults. As no study about the 

effects of acute exercise on motor performance or on motor learning in older adults was detected 

within the systematic literature search, the review mainly concentrated on the effects of chronic 

physical fitness. 

As outlined above, there was a research gap investigating the effects of age on task-

related alpha and beta power during fine motor tasks comparable to our visuomotor force 

tracking paradigm. Therefore, paper 1 (Hübner, Godde, & Voelcker-Rehage, 2018a) mainly 
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aimed to compare task-related power (TRPow) during fine motor performance in a sample of 

young adults and older adults (data of study 1). To quantify fine motor performance, data from 

the force modulation task pre-test was analyzed using a parameter of overall tracking 

performance (RMSE). EEG data recorded immediately before performing the pre-test was used 

as a rest measure, EEG data recorded during the performance of the pre-test trials served as data 

during the task, and both together were used to calculate TRPow. EEG data was analyzed in 

the alpha and beta bands from frontal, central, parietal, and occipital electrodes. Given the 

heterogeneous results regarding the effect of age on EEG oscillations at rest, alpha and beta 

power at rest was also analyzed and compared between age groups. Furthermore, paper 1 aimed 

to investigate whether older adults reveal decreased lateralization of brain activity, as well as a 

parietal-to-frontal shift during force modulation task performance compared to young adults, 

which was quantified by respective alpha and beta coefficients.  

The aim of paper 2 (Hübner, Godde, & Voelcker-Rehage, 2018b) was to study the 

influence of acute exercise on fine motor performance, initial motor learning, and motor 

memory consolidation in older adults, as well as to study accompanying neurophysiological 

processes (data of study 2). A sample of older adults was assigned to two different intervention 

groups: first, to an experimental group, which performed a moderate intensity cardiovascular 

exercise session on a stationary bicycle, or second, to a control group, which listened to an 

audiobook. Force modulation task performance and EEG recording was assessed immediately 

before the intervention, as well as during motor practice, immediately, 30 minutes, and 24 hours 

(force modulation task only) after the intervention. Motor behavior was quantified with a 

parameter evaluating overall tracking performance (RMSE). EEG data was analyzed in the beta 

band for particular frontal, central, and parietal electrodes of interest. TRPow was analyzed to 

quantify EEG activity during the force modulation task. Furthermore, EEG at rest was evaluated 

to control for a systematic effect of the acute exercise session on the EEG signals. 

Paper 3 (Hübner, Vieluf, Godde, & Voelcker-Rehage, 2019) aimed to examine whether 

aging affects improvement during motor practice and motor learning, with a specific focus on 

the question of whether aging is associated with a decline in temporal precision and/or force 

precision when participants had to match a sinusoidal target force (data of study 1). Moreover, 

the association of physical fitness with fine motor performance and motor learning in older 

adults was examined, as there was a research gap especially for the latter association. A sample 

of young and older adults performed the force modulation task in a short-term motor learning 

experiment. The study sample contained a wide range of physically unfit to very fit participants.
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Physical fitness was assessed by objective and standardized tests of cardiovascular fitness and 

motor fitness. To quantify fine motor performance, rate of improvement, and motor learning, 

data from the force modulation task pre-test, practice sessions, post-test, and retention test were 

analyzed using a parameter evaluating overall tracking performance (SD), as well as parameters 

assessing temporal precision (Trel) and force precision (Frel).  

Finally, the effect of age and motor practice on neurophysiological data was examined 

(unpublished results, data from study 1). Beta power at rest and beta TRPow in frontal, central, 

and parietal electrodes were analyzed pre and post motor practice in both age groups. 

4 General methods 

This dissertation project was conducted as part of the research project “Motor skill Learning in 

Older ADults: neurocognitive correlates, individual differences, and interventions to enable 

healthy aging” (reLOAD). The project was conducted in cooperation with Prof. Dr. Stefan 

Panzer from the University of Saarland, Prof. Dr. Ing. Willem Verwey from the University of 

Twente, and Prof. Dr. Rachael Seidler from the University of Florida (until May 2017: 

University of Michigan). The overall goal of the reLOAD project was to assess and compare 

(neurocognitive correlates of) motor learning in older adults using three different motor tasks: 

the force modulation task (Voelcker-Rehage & Alberts, 2005), the flexion-extension task 

(Panzer & Shea, 2008), and the discrete sequence production task (Verwey, 2001). However, 

the current work focuses on the force modulation task only.  

4.1 Participants 

In total, data sets of 129 healthy participants were assessed for this dissertation project 

in two different studies (information about participants that were not included in data analyses 

cf. papers 1-3). The Ethics Committee of the Faculty of Humanities of the Saarland University 

(4.3.13) approved both studies. All participants provided informed consent for study 

participation. For detailed information about the recruiting and screening process cf. Table 2. 

Data collection for study 1 took place from October 2014 to March 2015 at Jacobs University 

Bremen. A total of 55 older adults between 65 and 84 years of age (74.51 ± 4.25, all female) 

and 33 young adults between 20 and 30 years of age (22.97 ± 2.76, all female) participated in 

the study. For study 2, data sets of 41 older adults between 65 and 74 years of age (69.51 ± 

2.97, 22 female) were assessed from May to August 2016 and from February to May 2017 at 

the Chemnitz University of Technology.  
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Table 2. Overview of the recruiting and screening process for study 1 and study 2  

 Study 1 
Jacobs University Bremen 

Study 2 
Chemnitz University of Technology 

Participants 

Young adults 

(YA) 

n = 33 (all female) 

22.97 ± 2.76 years of age 
– 

Older adults 

(OA) 

n = 55 (all female) 

74.51 ± 4.25 years of age 

n = 41 (n = 22 female) 

69.51 ± 2.97 years of age 

Recruiting 
OA: Re-recruited from a participant 

data base 

YA: University mailing lists, flyer 

Newspaper articles  

Prerequisites for study 

participation 

1. OA: Age between 65 and 84  

YA: Age between 20 and 29 

2. Absence of neurological and 

cardiovascular diseases 

3. Right-handedness 

1. Age between 65 and 74 

2. Absence of neurological and 

cardiovascular diseases 

3. Right-handedness 

4. Physical active lifestyle: 

moderate intensity exercise 

for ≥ 150 minutes per week 

(Nelson et al., 2007) 

Screening 

instruments 

Demography 

and health 

Questionnaire about general demographic information (date of birth, 

gender, body height, body weight, family status, education, 

occupation) and health (subjective health, diseases, medicine, 

smoking), questions about falls (frequency, injuries, fear of falling) 

(adapted version of the Berlin Aging Study, Baltes & Mayer, 2001) 

Cognitive 

screening 

Montreal Cognitive Assessment 

(MoCA) (Nasreddine et al., 2005) 

MoCA, Mini Mental State 

Examination (MMSE) 

(Folstein, Folstein, & McHugh, 

1975) 

Physical 

activity  

Physical activity questionnaire (adapted version of Baecke et al., 

1982) 

Leisure time 

activities 

Participation in social activities during the last week (adapted version 

of the Berlin Aging Study, Baltes & Mayer, 2001) 

Handedness Edinburgh handedness inventory (Oldfield, 1971) 

Daily hand use Manual activities during daily life questionnaire (Vieluf et al., 2012) 

Manual 

dexterity 

Purdue Pegboard test (Purdue Pegboard test, model 32020, Lafayette 

Instruments, Lafayette, IN, USA 

Physical 

fitness 

Cardiovascular 

fitness 

Spiroergometry on a stationary bicycle with a ramp protocol, outcome 

parameter: peak oxygen consumption (VO2-peak) 

Motor fitness 

Heterogeneous coordinative test 

battery including movement and 

reaction speed, balance, fine motor 

coordination (Niemann et al., 2016)  

– 
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4.2 Force modulation task 

Fine motor control was assessed with a force modulation task. Participants had to 

perform a precision grip on a force transducer by placing the thumb of their dominant right 

hand on the force plate and their index finger on the back side (see Figures 1 and 2). Participants 

had to apply force to match a target force presented on a monitor as accurately as possible. If 

not stated explicitly, specifications of the force modulation task were identical in both studies.  

Participants were introduced to the task personally by the head investigator or a study 

assistant. After the introduction, the scientists moved to an adjoining room. During the actual 

data recording, participants and scientists communicated via an audio system (microphone and 

speaker). Scientists were able to observe the participants via a camera. 

In study 1, participants were seated on a chair, on which wooden plates were fixated to 

function as armrests. The force transducer was located on the right armrest in a comfortable 

position. The chair was placed about 80 cm in front of a 17-inch monitor. The monitor had a 

hardware resolution of 1200 x 1024 pixels. In study 2, participants were seated on a chair 

without armrests. The chair was placed beneath a table. The force transducer was located on 

the table in a comfortable position. Participants were seated about 60 cm in front of a 23.8-inch 

monitor. The monitor had a hardware resolution of 1920 x 1080 pixels.  

Force data were displayed and recorded with customized LabVIEW programs 

(LabVIEW, National Instruments Austin, TX, USA). In study 1, an existing LabVIEW program 

of the Jacobs University Bremen was adapted to the explicit requirements of the experiment by 

the author of this dissertation project (i.e., type of target curve, order of the trials etc.). In study 

2, the complete LabVIEW program used in study 1 was re-programmed by a technical 

employee of the Chemnitz University of Technology, leading to an exact replication of the 

program from Jacobs University Bremen. Both LabVIEW programs recorded force data at a 

sampling rate of 120 Hz and a resolution of 0.06 Newton (N). 

Target force was represented by two different irregular sine wave patterns: ISP1 and 

ISP2 (papers 1-2 comprised analyses of ISP1 trials only, paper 3 included both patterns). Each 

pattern was regarded as one trial, and each had a length of 15 seconds. Both pattern consisted 

of eight sine waves with the same minima (2 N) and varying maxima (5.1 N – 11.3 N; see 

Figures 3 and 4). Forces at the minima were chosen, as age-related changes were especially 

pronounced at low forces (Keogh et al., 2006; Vaillancourt et al., 2003). Force levels of the 

maxima were specified to ensure that the (older) participants were able to maintain the force 
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level during the test blocks and throughout the practice sessions. Young adults and older 

participants had to track patterns with the same absolute force levels in order to increase 

applicability of research results to situations of daily life, during which objects or tasks are not 

scaled to the individual strength level (Sosnoff & Newell, 2006a).  

The frequency of the sine waves (0.35 Hz – 0.78 Hz) was adapted to the varying 

maxima, leading to identical tracking velocity within each sine wave (see Figure 4). The order 

and three peak amplitudes of the particular sine waves were altered between ISP1 and ISP2, 

resulting in different tracking pattern, with identical levels of difficulty and the same total 

amount of applied force. As in study 1, only ISP1 trials were practiced, ISP2 trials were used 

as a near transfer paradigm (cf. paper 3). This design allowed the examination of whether 

participants improved their fine motor control performance or whether they learned the specific 

regularities of the sine wave pattern.  

The target force (displayed in green) appeared 200 ms before the applied force 

(displayed in yellow), reflecting a very short time interval to react to the target force. This time 

interval was based on intensive pilot tests before study 1, indicating that with a shift of 200 ms, 

older adults were able to react to the upcoming force appropriately, but also ensured that they 

saw only a small portion of the upcoming sine wave that they had to track. The x-axis presented 

five shifting seconds, and the y-axis was set to 0 – 16 N.  

Trials were intermitted by a white fixation cross on a black screen. In study 1, these 

inter-trial breaks had a duration of five seconds. Based on the experience from study 1 and oral 

feedback from the participants, the duration of the inter-trial breaks were reduced from five to 

four seconds in study 2. One block of trials consisted of either eight or ten trials (for details see 

Figures 9 and 10). Blocks were intermitted by breaks of approximately 30 seconds. During 

these breaks, participants were asked to relax their hands. 

For further descriptions of the experimental setup cf. methods sections of papers 1-3.  
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Figure 1. a) Force transducer used in study 1: Mini-40 Model, ATI Industrial Automation, Garner, N.C., USA. b) 

A person performing a precision grip on the force transducer used in study 1. The thumb was placed on the force 

plate and the index finger on a wooden plate, mounted on the back side. 

 

 

 

Figure 2. a-b) Force transducer used in study 2: FT, FX1901 OEM sensor, Variohm EuroSensor, Heidelberg, 

Germany in two different views. The force transducer is encased in a plastic sheath. c) Participant performing the 

force modulation task in the laboratory of the Chemnitz University of Technology. 

 



General methods     32 

 

Figure 3. Example data from the force modulation task. The green lines represent the target force of a) ISP1 and 

b) ISP2 trials. The yellow lines illustrate the applied force of one older participant in study 1. The white vertical 

dotted lines symbolize the beginning of data analyses. 
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Figure 4. Specifications about the target force of ISP1 (upper panel) and ISP2 (lower panel). The tables specify 

the frequency (Hz), force per time (N/sec), minimal amplitude (N min), and maximal amplitude (N max) of the 

target force per individual sine wave (numbers in the illustrations of the sine wave patterns refer to the numbers in 

the table below the illustration).  

 1 2 3 4 5 6 7 8 

Hz 0.5687 0.7844 0.6406 0.4249 0.7125 0.4968 0.3530 0.5687 

N/sec 8 8 8 8 8 8 8 8 

N min 2 2 2 2 2 2 2 2 

N max 7.0 5.1 6.2 9.4 5.6 8.1 11.3 7.0 

 1 2 3 4 5 6 7 8 

Hz 0.5687 0.7844 0.6406 0.4249 0.7125 0.4968 0.3530 0.5687 

N/sec 8 8 8 8 8 8 8 8 

N min 2 2 2 2 2 2 2 2 

N max 7.0 11.3 9.9 5.6 6.5 8.6 5.1 5.7 
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4.3 Electroencephalography 

Continuous EEG data were recorded with an active electrode system and 32 electrodes 

according to the 10–20 system (Jasper, 1958). In study 1, EEG data were recorded with the 

ActiveTwo system by BioSemi B.V., the Amsterdam, Netherlands (Figure 5a). Electrodes were 

placed at the positions Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC6, T7, C3, 

Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, P8, PO3, PO4, O1, Oz, and O2. The Common 

Mode Sense electrode and the Driven Right Leg electrode were used as ground electrodes (in 

BioSemi systems, these electrodes replaces the conventional ground electrode). In study 2, EEG 

data were recorded with the actiCHamp system by BrainProducts, Gilching, Germany (Figure 

5b). Electrodes were placed at the positions Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC3, FC1, FC2, 

FC4, FC6, T7, C3, Cz, C4, T8, CP5, CP3, CP1, CP2, CP4, CP6, P7, P3, Pz, P4, P8, O1, Oz, 

and O2. The electrode Fz was used as reference electrode. Furthermore, a ground electrode was 

located at the position Fpz.  

EEG was recorded during force modulation task performance (Figure 6) and during 

several resting periods (eyes open). Both EEG acquisition programs (study 1: ActiView from 

Biosemi B.V., Amsterdam, the Netherlands, study 2: BrainVision Recorder from BrainProducts 

GmbH, Gilching, Germany) received triggers from the force modulation program (LabVIEW, 

cf. previous section), generating an exact time stamp of the start of the particular trials. 

Various precautions have been taken to avoid detrimental effects on the EEG signals. 

In both studies, no electronical equipment was present in the room where the EEG was 

recorded. Only the EEG device was placed next to the participant, but the power supply was 

located in the adjoining technical room. Furthermore, participants were seated on chairs 

containing no metal. Before EEG measurement started, participants were asked to relax their 

facial muscles, sit relaxed and to not cross their legs (and, if necessary, they were reminded 

throughout the measurements). During the rest measurement, they were asked to look at the 

screen and relax both hands and place them on the armrest (study 1) or the table (study 2). 

All EEG data were analyzed with the Brain Vision Analyzer software (Version 2.1, 

Brain Products GmbH, Gilching, Germany). For further details about EEG data recording and 

data analyses see methods sections of papers 1 and 3. 
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Figure 5. a) The ActiveTwo system by BioSemi (Amsterdam, Netherlands) mounted on the head of a young 

participant. b) The actiCHamp system by BrainProducts (Gilching, Germany), prepared on a styrofoam head.  

 

  

Figure 6. Young female adults performs the force modulation task while EEG data is assessed using the 

actiCHamp system (BrainProducts, Gilching, Germany) in the laboratory of the Chemnitz University of 

Technology.  
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4.4 Cardiovascular fitness test 

Cardiovascular fitness was assessed by spiroergometry (ZAN600, nSpire Health, 

Oberthulba, Germany) on a stationary bicycle (study 1: Ergoline Ergoselect 100P, Bitz, 

Germany; study 2: Lode Corival cpet, Groningen, the Netherlands, Figure 7). In study 1, a 

physician was present during all tests with older adults. All other tests were conducted by 

experienced sport scientists. A ramp protocol was used to assess cardiovascular fitness, adjusted 

to participants’ age, gender, and amount of cardiovascular fitness per week to ensure optimal 

physical load (Table 3). All protocols started with a three-minute resting period (no cycling) 

and ended with a five-minute cool-down period (cycling with very little to no resistance). 

Electrocardiographic activity (recorded with a ten-lead electrocardiograph fully digital stress 

system; Kiss, GE Healthcare, Munich, Germany), breath-by-breath respiration, heart rate, and 

blood pressure were monitored continuously for each participant. Tests were concluded by 

volitional exhaustion, maintaining a predetermined respiratory exchange ratio (RER) for about 

30 seconds (study 1: older adults: RER = 1, young adults: RER = 1.1, study 2: RER = 1.05), 

incidence of risk factors (i.e., systolic blood pressure 230/115 mmHg, heart rate about > [220 – 

age]). The mean of the highest complete Watt level (duration of ≥ 4-5 seconds) was regarded 

as VO2-peak (VO2 l/min). 

Table 3. Overview of the different ramp protocols (note: young male adults were not assessed) 

 Young female Older female Older male 

< 3 hours cardiovascular 

fitness per week 

Start: 10 Watt 

Load: 15 Watt/minute 

Start: 10 Watt 

Load: 10 Watt/minute 

Start: 10 Watt 

Load: 15 Watt/minute 

≥ 3 hours cardiovascular 

fitness per week 

Start: 20 Watt 

Load: 20 Watt/minute 

Start: 10 Watt 

Load: 15 Watt/minute 

Start: 20 Watt 

Load: 20 Watt/minute 

 

 

 

 

 

 

 

 

Figure 7. a) A participant during a spiroergometry in Bremen. b) Spiroergometry setup in Chemnitz.  
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4.5 Motor fitness tests 

 A heterogeneous motor fitness test battery was performed in study 1 in accordance to a 

previous study at the Jacobs University Bremen (Niemann et al., 2016). Tests comprised the 

dimensions movement and reaction speed, balance, and fine motor coordination (Table 4 and 

Figure 8). Motor fitness was quantified using the mean of the z-transformed individual 

performances of the three dimensions (Niemann et al., 2016). 

Table 4. Overview of motor fitness test battery 

 Test Reference Description Outcome 

Movement 

and reaction 

speed 

Foot 

Tapping 

Test 

Voelcker-

Rehage and 

Wiertz (2003) 

Tap both feet simultaneously as 

quickly as possible for 20 sec while 

sitting on a chair  

Most taps (best out of two 

trials) 

Foot-Up-

and-Go 

Agility Test 

Adrian (1981) 

Sit on a chair, stand up, walk as fast as 

possible around a cone, sit down, walk 

around another cone, sit down again  

Shortest time (best out of 

three trials) 

30 s Chair 

Stand Test 

Rikli and 

Jones (2001) 

Sit on a chair and stand up with arms 

crossed across the chest and sit down 

again as often as possible in 30 sec 

Number of times 

participants stood up (one 

trial only) 

Stick-Fall 

Test 

Ehrler and 

Huth (2000) 
Grip a falling stick as soon as possible 

Shortest falling distance 

(three trials, mean of the 

best of left and right hand) 

Balance 

Backwards 

Beam Walk 

Test 

Kiphard and 

Schilling 

(1974) 

Walk backwards on a beam with three 

different widths: 6 cm, 4.5 cm, 3 cm 

(max: 8 steps per beam) 

Mean of the best trial per 

condition (three trial per 

beam) 

One-Leg-

Stand Test 

Ekdahl, 

Jarnlo, and 

Andersson 

(1989) 

Stand on one leg with the other leg 

slightly flexed (right leg, left leg each 

with eyes open, eyes closed; max of 20 

sec per condition) 

Maximal duration per 

condition (i.e., eyes 

open/closed) (mean of the 

best trial per leg) 

Fine motor 

coordination 

Purdue 

Pegboard 

test 

Tiffin and 

Asher (1948) 

Place as many pins as possible into 

holes in 30 sec (right hand, left hand, 

simultaneously)  

Most pins (mean of the 

best trial per condition) 

 

 

 

 

 

 

 

 

 

 

Figure 8. Participant performs a) Foot Tapping, b) Foot-Up-and-Go Agility, c) Backwards Beam Walk Test.   
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4.6 Study designs and general procedure 

4.6.1 Study 1 

Study 1 had the goal to further characterize age-related differences in fine motor 

performance and motor learning, and to investigate key influencing factors determining a good 

level of fine motor performance and successful motor learning in older adults. On day 1, 

cognitive screening (only older adults), a motor fitness test battery, and cardiovascular fitness 

were assessed. On day 2, participants were familiarized with the force modulation task. 

Afterwards, they performed a short-term motor learning session in a pre-test post-test design 

using the force modulation task. EEG data were collected during the whole motor learning 

session (for an overview of the procedure see Figure 9, for further details of the procedure see 

methods section of paper 3). 

 

 

Figure 9. Schematic illustration of the design of study 1. Bold text represents time points of force modulation task 

performance/practice. Grey boxes denote time points of EEG measurement. 
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4.6.2 Study 2 

Study 2 aimed to investigate the influence of an acute exercise session on fine motor 

performance and motor learning in a sample of healthy older adults. On day 1, participants 

performed cognitive screening, familiarization with the force modulation task, and the 

cardiovascular fitness test. On day 2, after completing the force modulation baseline 

measurement, participants either performed an acute exercise session at moderate intensity 

(60% of maximum Watt performed during the cardiovascular fitness test) on a bicycle 

ergometer (experimental group) or listened to an audio book (control group). Both groups 

executed force modulation practice sessions immediately, 30 minutes, and 24 hours (day 3) 

after the end of these interventions (for an overview of the procedure see Figure 10, for further 

details of the procedure see method section of paper 2). 

 

 

Figure 10. Schematic illustration of the design of study 2. Bold text represents time points of force modulation 

task performance/practice. Grey boxes denote time points of EEG measurement. 
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5 Results  

Parallel to planning, conducting and analyzing study 1 and study 2, a systematic literature 

search was performed, aiming to capture relevant literature about the association of physical 

fitness and acute exercise with fine motor control and motor learning in upper extremity tasks 

in older adults. This resulted in a systematic review, yielding important insight for study design 

and analyses of the presented studies. Therefore, the results section starts with this systematic 

review. Afterwards, the results of the studies are composed in three scientific publications 

(papers 1-3). In order to answer the research questions comprehensively, the last section of the 

results chapter summarizes further unpublished findings of study 1. Table 5 explains the 

assignment of the short terms to the whole publication references. Table 6 provides a short 

summary of the research topic, participants, outcome measures and main findings of each paper. 

Table 5. Allocation of the short term used in this dissertation project with the full publication title 

Term Title of the publication 

Systematic 

review 

Hübner, L., & Voelcker-Rehage, C. (2017). Does physical activity benefit motor 

performance and learning of upper extremity tasks in older adults?–A 

systematic review. European Review of Aging and Physical Activity, 14(1), 15. 

doi:10.1186/s11556-017-0181-7 

Paper 1 Hübner, L., Godde, B., & Voelcker-Rehage, C. (2018a). Older adults reveal enhanced 

task-related beta power decreases during a force modulation task. Behavioural 

Brain Research, 345, 104-113. doi:10.1016/j.bbr.2018.02.028 

Paper 2 Hübner, L., Godde, B., & Voelcker-Rehage, C. (2018b). Acute exercise as an intervention 

to trigger motor memory consolidation and EEG beta activity in older adults. 

Neural Plasticity, 2018, 4756785. doi:10.1155/2018/4756785 

Paper 3 Hübner, L., Vieluf, S., Godde, B., & Voelcker-Rehage, C. (2019). Explaining individual 

differences in fine motor performance and learning in older adults: the 

contribution of muscle strength and cardiovascular fitness. Journal of Aging and 

Physical Activity, 27(5), 725-738. doi: 10.1123/japa.2018-0289 

Unpublished 

results 

Section 5.5 of the current work: Influence of motor practice on task-related beta power 

in a sample of young and older adults. 
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Table 6. Overview of research topic, sample, outcome measures and main findings of the publications 

 Data 

from 
Research topic Sample 

Outcome measures 
Main findings 

FM task EEG 

Systematic 

review:  

Hübner & 

Voelcker-

Rehage, 

2017 

- 

Association of 

chronic physical 

activity and motor 

performance/ 

learning in upper 

extremity tasks in 

OA 

- - - 

• Heterogeneous findings on the association physical activity and motor 

performance with a tendency to positive results 

 Methodological weaknesses of included studies (e.g., subjective measures 

of physical activity, median split between active and inactive OA) 

 Results vary depending on the study design, complexity of the motor task, 

exercise intensity 

• High physical fitness level facilitates initial motor learning 

• No study examined the effect of acute exercise on motor performance or motor 

learning in a sample of healthy OA so far 

Paper 1:  

Hübner, 

Godde, & 

Voelcker-

Rehage, 

2018a 

Study 

1 

Age differences 

with respect to fine 

motor performance 

in the FM task, 

EEG power at rest 

and EEG TRPow 

during the FM task 

YA, 

OA 
RMSE 

Alpha  

(8-13 Hz) 

and beta  

(13-30 Hz) 

power at 

rest and 

TRPow 

• OA performed FM task worse than YA 

• OA revealed a tendency toward less alpha power over all ROIs, mainly 

determined by an age-related difference in frontal ROI  

• OA had higher beta power at rest in frontal, central, and parietal ROIs  

• After controlling for power at rest, there was no effect of age in alpha TRPow, 

but in beta TRPow: OA had enhanced beta TRPow decreases (i.e., stronger 

activity) in parietal and occipital ROIs 

• Age-related difference in frontal lateralization: beta activity was stronger on 

the left frontal than on the right frontal side in OA, and vice versa in YA  

Paper 2:  

Hübner 

Godde, & 

Voelcker-

Rehage, 

2018b 

Study 

2 

Influence of acute 

exercise on fine 

motor performance, 

motor learning and 

EEG beta power in 

OA 

OA RMSE 

Beta  

(13-30 Hz) 

power at 

rest and 

TRPow 

• Fine motor performance tended to be enhanced more immediately after acute 

exercise than after rest (marginal significant) 

• No significant facilitation of short-term and long-term motor memory 

consolidation by acute exercise 

• Stronger declines in beta activity in the contralateral frontal brain area 

immediately after acute exercise compared to after rest 
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 Data 

from 
Research topic Sample 

Outcome measures 
Main findings 

FM task EEG 

Paper 3:  

Hübner, 

Vieluf, 

Godde, & 

Voelcker-

Rehage, 

2019 

Study 

1 

Compare YA and 

OA in a short-term 

motor learning 

session; examine 

individual learning 

differences in OA  

YA, 

OA 

SD, Trel, 

Frel 
- 

• Learning rate of OA was steeper for SD and Trel than in YA, but similar 

between age groups for Frel 

• No age-related differences in short-term motor memory consolidation 

(retention test) or transfer to an unpracticed sine wave pattern (transfer test) 

• Local muscle strength and high cardiovascular fitness positively predicted 

fine motor performance in OA 

• Initial fine motor performance, local muscle strength and motor fitness 

negatively predicted motor learning rate in OA 

Un-

published 

results 

Section 5.5 

Study 

1 

Compare YA and 

OA in beta power 

at rest and TRPow 

before and after 

motor practice  

YA, 

OA 
- 

Beta  

(13-30 Hz) 

power at 

rest and 

TRPow 

• Beta TRPow did not change significantly from pre-test to post-test over both 

age groups and all ROIs (frontal, central, parietal, and occipital) 

• Beta at rest increased from pre practice to post practice in OA for all ROIs, 

over both groups of age in the frontal area 

Note: EEG = electroencephalography, FM task = force modulation task; Frel = relative force; OA = older adults; RMSE = root mean squared error; ROI = region of interest, SD = standard deviation 

of the differences; Trel = relative timing; TRPow = task-related power; YA= young adults
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5.1 Systematic review: Does Physical Activity Benefit Motor Performance 

and Learning of Upper Extremity Tasks in Older Adults? – A 

Systematic Review 

Hübner, L., & Voelcker-Rehage, C. (2017). Does physical activity benefit motor performance 

and learning of upper extremity tasks in older adults?–A systematic review. European 

Review of Aging and Physical Activity, 14(1), 15. doi:10.1186/s11556-017-0181-7 

The published article is available via the following link:  

https://doi.org/10.1186/s11556-017-0181-7 

 

Abstract 

Upper extremity motor performance declines with increasing age. However, older adults need 

to maintain, learn new and relearn known motor tasks. Research with young adults indicated 

that regular and acute physical activity might facilitate motor performance and motor learning 

processes. Therefore, this review aimed to examine the association between chronic physical 

activity and acute bouts of exercise on motor performance and motor learning in upper 

extremity motor tasks in older adults. Literature was searched via Cochrane library, PubMED, 

PsycINFO and Scopus and 27 studies met all inclusion criteria. All studies dealt with the 

influence of chronic physical activity on motor performance or motor learning, no appropriate 

study examining the influence of an acute bout of exercise in older adults was found. Results 

concerning the association of chronic physical activity and motor performance are mixed and 

seem to be influenced by the study design, kind of exercise, motor task, and exercise intensity. 

Regarding motor learning, a high physical activity or cardiovascular fitness level seems to 

boost the initial phase of motor learning; results differ with respect to motor retention. Overall, 

(motor-coordinative) intervention studies seem to be more promising than cross-sectional 

studies. 

Keywords: Physical activity, Cardiovascular exercise, Acute exercise, Coordinative exercise, 

Aging, Motor performance, Motor learning 

  

https://doi.org/10.1186/s11556-017-0181-7
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Background 

Upper extremity motor performance as required for grasping, reaching or holding an object, 

declines with increasing age, having a strong impact on older adults’ activities of daily living 

([13] for a review). Physical activity does not only have a positive influence on physiological 

health, psychological well-being, and cognitive performance [20, 26], it might also improve 

motor performance and motor learning processes. Up to now, most research on physical 

activity and motor performance or learning has been done with young adults revealing 

heterogeneous, but promising results ([28] for a review on motor performance in children and 

adolescents; [78] for a general review on motor learning). This positive association might also 

exist in older adults and might foster them to maintain performance levels, learn new and 

relearn known motor tasks as part of new task training, recreational pursuits, or rehabilitation. 

A positive association between physical activity and motor performance or learning in older 

adults would also offer promising areas of research, e.g., in a clinical setting for rehabilitation 

after stroke ([70] for a review). 

Some defining characteristics 

When dealing with the effects of physical activity in motor performance and learning 

studies, one needs to specify some defining characteristics of related terms, such as physical 

activity, exercise, cardiovascular fitness, motor performance and motor learning. Physical 

activity is defined as bodily movements produced by skeletal muscles and incorporates 

occupational, sports, and other unspecified activities in daily life domains [9]. Exercise as a 

subset of physical activity is characterized as planned, repetitive and done with the purpose to 

improve physical fitness level [9]. The physical activity level is often measured subjectively by 

standardized physical activity questionnaires that are used to calculate the estimated energy 

expenditure of a person spent during physical activity and exercise. Less often, it is evaluated 

objectively by use of activity trackers or pedometers that assess, e.g., number of steps or energy 

expenditure. The cardiovascular fitness level (or: fitness level) in turn represents the actual 

cardiovascular fitness status of a person, often assessed by objective measures to determine 

participant’s maximal rate of oxygen consumption (VO2max). Again, fitness level can be 

estimated subjectively by self-report. However, objective measures typically have higher 

accuracy and validity than subjective ones. 

The term motor performance refers to a temporary status of motor behavior, for 

example assessed during a motor practice session [68]. In contrast, motor learning represents 
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relatively stable changes of the capability to perform a motor task related to practice and aimed 

interventions [63]. Motor learning – as it is defined in this paper – encompasses the acquisition 

of new unknown skills or tasks as well as the relearning or improvement of skills acquired in 

the past. According to Lohse et al. [39], roughly, three time scales of motor learning can be 

distinguished: short-term (less than one hour of practice), medium-term (one hour to less than 

24 h of practice) and long-term practice (more than 24 h to five weeks of practice). Levels of 

skill acquisition can also be classified with respect to learning phases: the first stage, the initial 

phase of learning, is characterized by fast and high performance improvements within the first 

practice session. Further stages are an intermediate -, a consolidation -, an automatization - and 

finally a retention phase, in which motor tasks can be performed even after a delay of practice 

[14, 57]. 

Further, when examining the association between physical activity and motor 

performance or learning, we have to distinguish between so-called chronic and acute exercise 

effects. Studies on chronic exercise investigated long-term exercise effects assessed as an 

individual’s general physical activity level, sports participation or cardiovascular fitness level 

in a cross-sectional or interventional design. In contrast, studies on acute exercise examined 

the influence of a single bout of exercise (mostly cardiovascular) by use of an experimental 

(exercisers) and a control group (rest) in an interventional design. When investigating the 

influence of acute exercise on motor performance, the task performance takes place directly 

after the exercise. To focus on the influence of acute exercise on motor learning, the task is 

typically conducted during delayed retention tests (e.g., 24 h later) as motor memory needs 

time for consolidation ([32] for a review). 

Chronic physical activity and motor performance or learning 

A positive association between physical activity and cognitive performance is well 

established ([26] for a general review; [69] for a meta-analysis with children; [85] for a review 

regarding respective changes in brain structure and function). Recent approaches seem to attest 

a positive relationship between chronic engagement in physical activity and motor performance 

([28] for a review with children and adolescents), however, research investigating the 

association between physical activity and motor learning is missing to a large extend ([78] for 

a review). As several studies have shown that physical activity is associated with enhanced 

cognitive processing ([11] for a meta-analysis) and even motor tasks require a certain amount 

of cognitive resources, particularly in older adults [64], motor performance might also be 
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improved by regular engagement in physical activity. The same might be true with regard to 

motor learning. Particularly the initial phase of learning is characterized by high cognitive loads 

([24] for a review) as the phase of automatization is not yet reached [57], and therefore, the 

initial motor learning processes might also be improved by regular engagement in physical 

activity. 

Recent literature further indicates that regular physical activity or exercise induces 

biochemical and structural changes that might also benefit motor performance and learning. 

For example, cardiovascular exercise interventions led to changes in areas of the brain 

responsible for motor control, indicated by enhanced blood flow in the motor cortex ([88] for 

young adults), enlarged activity of the sensorimotor network ([84] for older adults), increased 

volume of the basal ganglia ([48, 51] for older adults), or enhanced white matter volume ([65] 

for a review and meta-analysis). Further, coordinative exercise interventions resulted in 

increased hippocampus volume [50], a brain area known to be involved in motor learning [2, 

23] and basal ganglia volume [51]. Changes in hippocampus volume seem to be associated 

with enhanced levels of brain-derived neurotrophic factor (BDNF) [22, 87]. Dancing led to 

increased volume of the precentral gyrus – a further area being crucial for motor control – and 

this enhanced volume was associated with increased levels of BDNF [47]. 

Acute exercise and motor performance or learning 

The influence of bouts of acute exercise on motor performance (e.g., [79]) and motor 

learning (e.g., [61, 74]) have been studied extensively in young adults. For example, Roig et 

al. [61] showed that acute exercise led to improved motor performance 24 h and seven days 

after initial practice as compared to a resting control condition. Again, underlying mechanisms 

are still not fully investigated. It is known that exercise induces neurochemical processes like 

enhanced levels of dopamine, serotonin, norepinephrine, lactate, BDNF, which in turn might 

facilitate neuroplasticity in the (primary) motor cortex ([70] for a review). Similar 

neurochemical processes are involved in motor learning [71]. Such neurochemical processes, 

which take place while the organism adapts to the physical demands of an activity, may already 

positively impact specific processes directly after an acute bout of exercise. When changes 

proceed, this might lead to long-term structural changes in the organism. 

Up to now, there is no systematic review on the association between acute and chronic 

physical activity and motor performance or learning in healthy older adults. Thus, we 

conducted a systematic review to investigate whether an active lifestyle, regular physical 
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exercise or an acute bout of exercise benefit motor performance or learning in upper extremity 

tasks in healthy older adults. We analyzed whether training effects differed with regard to the 

study design, type of exercise, and/or the type of motor task. 

The main questions to be answered were: 

 Is chronic physical activity positively associated with motor performance in upper 

extremity tasks and does the type of exercise matter? 

 Is engagement in chronic physical activity associated with enhanced initial motor 

learning and/or retention? 

 Does a bout of acute exercise facilitate motor performance immediately after exercise? 

 Does a bout of acute exercise lead to enhanced initial motor learning and/or retention?  

The results of this systematic review have an important impact on understanding the 

association between physical activity and motor performance or motor learning in older adults. 

With these results more targeted interventions might be conducted that could be used to 

maintain motor performance and thus the functionality of older adults. 

Methods 

Database sources and search terms 

 Based on our research questions, we performed four separate searches, each with a 

distinct focus of interest on: 

(1) Chronic physical activity and motor performance. 

(2) Chronic physical activity and motor learning. 

(3) Acute exercise and motor performance. 

(4) Acute exercise and motor learning. 

The search strategy was reviewed by experts in the field of physical activity and motor 

performance and motor learning. The four electronic databases Cochrane library, PubMED, 

PsycINFO and Scopus were searched systematically. The last search update was conducted at 

December 9th, 2016. Each database was searched individually, but all searches were done with 

a consistent search strategy and search terms (cf., Table 1, 2, 3, 4). The search was limited to 

English language peer-reviewed articles and the publication years from 1990 to present.  
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Table 1 Search terms: chronic physical activity and motor performance  

Table 2 Search terms: chronic physical activity and motor learning 

Table 3 Search terms: acute exercise and motor performance 

Table 4 Search terms: acute exercise and motor learning 

 

Level Category Search terms 

1 
Physical 

Activity 

“physical activity” or “fitness” or “physical fitness” or “physical exercise” or 

“exercise” or “energy expenditure” or “sport” or “endurance” 

 + connected AND 

2 
Motor 

performance 

“motor performance” or “motor task” or “motor skill” or “fine motor control” or “fine 

motor performance” or “dexterity” or “manual dexterity” or “force control” or 

“visuomotor* tracking” or “motor control” or “movement control” or “manual 

performance” or “grip force” or “finger movement” or “voluntary movement” 

 + connected AND 

3 Older adults 
“old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or 

“ageing” 

Level Category Search terms 

1 
Physical 

Activity 

“physical activity” or “fitness” or “physical fitness” or “physical exercise” or 

“exercise” or “energy expenditure” or “sport” or “endurance” 

 + connected AND 

2 
Motor 

learning 

“motor learning” or “motor adaptation” or “motor skill learning” or “skill learning” 

or “skill training” or “motor training” or “motor skill acquisition” or “skill 

acquisition” or “motor improvement” or “short-term learning” or “motor sequence 

learning” or “motor memory” or “motor consolidation” 

 + connected AND 

3 Older adults 
“old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or 

“ageing” 

Level Category Search terms 

1 
Acute 

exercise 

“acute exercise” or “acute* exercise” or “fatigue” or “physical stress” or “intermittent* 

exercise” or “after exercise” or “acute stress” 

 + connected AND 

2 
Motor 

performance 

“motor performance” or “motor task” or “motor skill” or “fine motor control” or “fine 

motor performance” or “dexterity” or “manual dexterity” or “force control” or 

“visuomotor*tracking” or “motor control” or “movement control” or “manual 

performance” or “grip force” or “finger movement” or “voluntary movement” 

 + connected AND 

3 Older adults 
“old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or 

“ageing” 

Level Category Search terms 

1 
Acute 

exercise 

“acute exercise” or “acute* exercise” or “fatigue” or “physical stress” or “intermittent* 

exercise” or “after exercise” or “acute stress” 

 + connected AND 

2 
Motor 

learning 

“motor learning” or “motor adaptation” or “motor skill learning” or “skill learning” or 

“skill training” or “motor training” or “motor skill acquisition” or “skill acquisition” 

or “motor improvement” or “short-term learning” or “motor sequence learning” or 

“motor memory” or “motor consolidation” 

 + connected AND 

3 Older adults 
“old* age” or “advanced age” or “old* adults” or “elderly” or “senior*” or “aging” or 

“ageing” 
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Study selection and eligibility criteria 

We included studies on healthy older adults (≥ 60 years of age), with no brain injuries, 

no cognitive declines or intellectual disabilities, and no chronic diseases (e.g., Parkinson’s 

disease, motor impairment, stroke). Further, we included studies investigating motor 

performance or learning by use of tasks (1) performed with upper extremities (i.e., finger, hand 

or arm) and (2) with a complex motor component, referring to the portion of involved 

subsystems or abilities (cf. [83]; i.e., no simple or choice reaction time tasks, no muscular 

strength tests) and/or (3) containing a motor speed component. In this understanding speed 

tapping requires fast motor organization and expresses the maximum frequency of impulses, 

which can be send by motor areas [72]. Simple and/or discrete key pressing tasks have not be 

considered as they require a very simple/less-complex motor action. 

We included longitudinal studies, randomized controlled trails (RCT’s), controlled pre-

post designs (without a randomization procedure) and cross-sectional studies as well as rele-

vant fitness group and/or age comparison studies. The authors screened the title and the abstract 

of the selected articles for the inclusion criteria. For chronic exercise, a total of 1454 studies 

was identified from the database search. The flow of studies through the review is summarized 

in Fig. 1. Based on the abstracts (n = 45 after screening and duplicate removement), 12 studies 

were excluded as they used simple or choice reaction time tasks (n = 3; [4, 30, 59]), focused 

on lower extremities (n = 5; [25, 38, 53, 60, 90]), compromised middle-aged participants only 

(n = 2; [43, 44]), described no behavioral but only brain data (n = 1; [48]) or described the 

methodological process of the study only (n = 1; [59]). Full articles were retrieved if they were 

relevant, or if it was unclear, whether they were relevant after reading the abstract. We assessed 

30 articles focusing on motor performance and three articles focusing on motor learning for 

eligibility (total n = 30 as three papers: [19*, 21*, 89*] were used for motor performance and 

motor learning). Two articles were excluded for research on the association between chronic 

exercise and motor performance, because they reported results with respect to motor learning 

only [21*, 89*], one paper was excluded as it focused on lower extremities [31], one because 

it reported only a global measure of motor function including lower extremity tasks [8] and one 

because it incorporated only physically active older adults and no control group [10]. Finally, 

a total of 27 studies, ranging from the year of publication 1994 to 2016, met all inclusion criteria 

and were included in the review. 25 of these studies examined research questions with respect 

to the association between chronic physical activity and motor performance and three 

investigated the association with motor learning (one paper: [19*] was used for both). 
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Figure 1 Flow chart through the different phases of the review for chronic physical activity and motor 

performance as well as chronic physical activity and motor learning 

 

  



Results – Systematic review  51 

For acute exercise, a total of 193 studies was identified from the database search (Fig. 2). 

No study was found meeting the inclusion criteria with respect to the influence of a bout of 

acute exercise on motor performance or motor learning in older adults (Fig. 2). 

 

 

Figure 2 Flow chart through the different phases of the review for acute exercise and motor performance as well 

as acute exercise and motor learning 
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Results 

Chronic physical activity and motor performance 

As characteristics and results of studies about chronic physical activity and motor 

performance differed, results of the systematic review were summarized with respect to sample 

characteristics, study design, types of exercise and motor tasks. 

Sample characteristics  

Main characteristics of the study samples are summarized in Table 5. The total number 

of participants was 1399, at least 679 were females (about 49 %; four studies made no 

specification about gender). 1076 participants were older adults (at least 54 % women) and 256 

were in young comparison groups (at least 24 % women). The age range of included older 

adults was 60 to 94 years of age, the age range of young adults was 18 to 30 years of age. With 

respect to age, generally, young adults performed better in the respective motor task. Only one 

study investigated gender effects [56*] and found no significant differences in a five-month 

exercise intervention. 

Study design 

16 of the 25 identified studies investigated the effects of exercise on motor performance 

in older adults by use of a cross-sectional design. Therefore, studies examined either different 

subgroups of older adults, i.e., active/fit vs. inactive/unfit adults (n = 9: [1*, 7*, 19*, 37*, 67*, 

73*, 80*, 81*, 86*]), different cardiovascular activities (n = 1: [29*]) and/or different kinds of 

motor-coordinative/sports activities (n = 7: [12*, 34*, 35*, 37*, 54*, 82*, 92*]; see section 

“type of exercise”). Nine of the cross-sectional studies also compared the sample of older adults 

to young participants [1*, 12*, 19*, 37*, 67*, 73*, 80*–82*]. The remaining nine of 25 studies 

used an interventional design with an experimental and control group. No intervention study 

encompassed a group of young participants. Motor performance was assessed at baseline and 

after a targeted intervention of different kinds of physical/sports-activities (n = 9: [3*, 33*, 36*, 

52*, 56*, 66*, 93*–95*]; see section “type of exercise”). The interventions compromised 

durations from six weeks to one year. The lengths of the intervention did not seem to effect 

results systematically, but intervention studies seem to be more promising than cross-sectional 

studies (cf. below). 
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Type of exercise 

Physical activity level and/or cardiovascular fitness as independent variable 

  Different methods were used to assess physical activity level and/or cardiovascular 

fitness in 19 studies. In this section we refer to the ten (out of 16) cross-sectional studies that 

used these measures as independent variables to determine effects on motor performance: 

Seven studies assessed the physical activity level of the participants subjectively, four by use 

of physical activity questionnaires, i.e., by the (modified) Baecke habitual physical activity 

questionnaire (n = 3; [80*, 81*, 86*]) or the International Physical Activity Questionnaire 

(IPAQ, n = 1; [1*]) and three studies did not specify which tool they used to assess engagement 

in physical activity [7*, 37*, 73*]. Only in two of these seven studies using subjective 

measures, active older adults revealed better motor performance than inactive older adults [7*, 

81*], whereas in four studies such an effect was not present [37*, 73*, 80*, 86*], and one study 

revealed ambiguous results ([1*]; positive effects for hand-arm movements and no effect for 

manual dexterity). Only three cross-sectional studies calculated the association between 

cardiovascular fitness and motor performance by use of objective fitness tests. This was done 

by spiroergometry [19*, 67*], or the Rockport Fitness Walking Test [12*]. All three studies 

reported no difference between high and low fit older adults [19*, 67*], or no correlation 

between estimated VO2max and motor performance ([12*]; they additionally investigated the 

effect of tennis, cf., below). 

Targeted exercise as independent variable 

In addition to or instead of assessing the physical activity or cardiovascular fitness level, 

seven of the cross-sectional studies examined whether effects of exercise differed with regard 

to the type of exercise (cf., study design). Also all nine intervention studies investigated effects 

of different types of physical exercise or specific intervention programs [3*, 33*, 36*, 52*, 

56*, 66*, 93*– 95*]. In the following we summarized results with respect to type of exercise. 

Three studies investigated the effect of cardiovascular exercise (combination of 

calisthenics, walking/dancing steps, and cycling, or swimming) on motor performance [3*, 

29*, 95*]. Twelve studies used kinds of motor-coordinative exercises like a multi-component 

training [12*, 56*, 66*], dancing [33*–35*] or martial arts including tai chi [37*, 54*, 82*, 

92*–94*]. Two more studies used upper-limb specific strength training [36*, 52*]. 
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Cardiovascular exercise 

Contrary to the majority of cross-sectional studies that assessed cardiovascular fitness 

(cf., above), both studies that conducted a cardiovascular exercise intervention [3*, 95*] found 

beneficial effects of cardiovascular exercise. This is notable as study design, intervention 

length and intensity as well as motor outcomes considerably differed between studies. 

Interestingly, one of the cardiovascular exercise studies additionally assessed the 

cardiovascular fitness level and found no significant change in the fitness level [3*], therewith 

somehow confirming the reported cross-sectional results ([56*] for supporting results). Hsu et 

al. [29*] compared two types of cardiovascular exercises and revealed that swimmer performed 

better in a hand-arm movement task than persons who were regularly engaged in 

jogging/mountain climbing (referred to as an active control group). 

Motor-coordinative exercises 

Sharpe et al. [66*] used a one year low intensity multi-component training containing 

mobility and flexibility exercises executed while sitting and standing and found no 

improvement in a bilateral fine motor coordination task. In contrast to Sharpe et al. [66*], 

Puggaard and colleagues [56*] claimed an improvement after five months intervention. 

Furthermore, Puggaard et al. [56*] compared the multi-component training to cardiovascular 

exercises and dancing, but did not find differences between different types of training [12*, 

56*]. Interestingly, all groups improved without a change in cardiovascular fitness (estimated 

VO2max). In the same vein the cross-sectional study by Dascal and Teixeira [12*] found no 

difference between long-term participation in multi-component exercises (i.e., aerobic fitness, 

strength training and flexibility), cardiovascular exercise (i.e., running) and tennis. 

Kattenstroth and colleagues published a series of papers regarding the association 

between dancing and motor performance in older adults [33*–35*]. They compared dancers 

(amateur dancer: [35*]; expert dancer: [34*]) with an inactive control group without dancing 

experience in a hand-arm fine motor battery. In a third study, they conducted a 24-week 

dancing program ([33*], no change of cardiovascular fitness (VO2peak)). In all three studies, 

the motor performance score of the whole motor battery pointed to a positive effect (significant 

or marginally significant) of dancing [33*–35*]. However, the results of the particular subtasks 

did not reveal a consistent pattern (see Table 5). 

Four cross-sectional studies [37*, 54*, 82*, 92*] and two interventional studies [93*, 

94*], investigated martial arts, five of them focused on tai chi (all except [37*]). Studies 

focusing on tai chi revealed an advantage of tai chi training as compared to an active control 
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group [54*, 92*] or non tai chi practitioners [82*]. When comparing tai chi to different 

cardiovascular activities, results differed. No difference was found between a tai chi and 

swimming group [92*], but between tai chi and cardiovascular exercise [93*, 94*]. That is, an 

eight-week tai chi intervention revealed positive effects on movement speed, smoothness and 

movement variability in different manual aiming tasks, whereas cardiovascular exercise 

(locomotor activities, i.e., walking or jogging) did not [93*, 94*]. Total arm movement speed 

was not altered in any of the groups [93*]. Only one motor-coordinative exercise study stated 

non-significant effects: Krampe et al. [37*] found no association between martial arts 

experience as well as general physical activity behavior of older adults and visuospatial 

accuracy or with psychomotor speed. The authors even reported that inactive older adults 

revealed better motor performance in visuospatial accuracy [37*]. 

Strength training 

Two intervention studies focused on strength training of arm, wrist, and/or finger and 

revealed a positive association between strength exercise and upper extremity performance. . 

Keogh et al. [36*] found positive effects of strength training on finger pinch force control at 

high constant and sinusoidal force production in the trained limb [36*], but no effect on low 

constant force or in the untrained limb [36*]. Olafsdottir et al. [52*] reported a significant 

improvement in the Grooved Pegboard Test and a positive tendency in a force tracking task, 

but not in the Jebsen Taylor Hand Function Test [52*]. 

Type of motor task  

Although we focused on upper extremity motor performance tasks only, tasks differ 

with respect to their demands during execution. Upper extremity motor tasks included in 

studies of this review can be categorized into four groups: (1) hand-arm movements, (2) force 

matching tasks, (3) manual dexterity tasks and (4) speed tapping tasks.  

(1) In hand-arm movement tasks (n = 13) participants have to move their hand, wrist or 

arm to a certain target (i.e., aiming tasks). Regardless of the independent variable (type of 

exercise), the majority of studies (n = 7) reported a positive association between hand-arm 

movement performance and chronic physical activity level [1*, 12*, 81*], tai chi [82*, 92*], 

swimming [29*, 82*], or after a five months intervention (all three intervention groups, [56*]). 

However, two studies reported no differences between active and inactive [80*] or fit and unfit 

older adults [19*]. Van Halewyck et al. [80*] did not find a positive association with the exact 

same wrist aiming task as in the Van Halewyck et al. [81*] paper. However, the active older 

adults of the Van Halewyck et al. [81*] study (Baecke score of 9.3 ± 0.2) had a higher level of 
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physical activity than the active older adults of the Van Halewyck et al. [80*] study (Baecke 

score mean 7.8; range 7.6–8.8), which might point to an influence of the amount of physical 

activity. Four studies revealed ambiguous results, i.e., results differed regarding whether the 

left or right hand performed the task [33*–35*] and/or with respect to the analyzed parameter 

[33*–35*, 54*]. 

(2) Force matching tasks (n = 4) require participants to adjust their finger forces to a 

given target force so that fine adjustment of the corresponding muscles is required (i.e., 

precision tasks). Results with respect to force matching tasks are very dissimilar. A 

cardiovascular exercise program induced better precision task performance [3*], but a cross-

sectional study did not find differences between active and inactive older adults [37*]. Strength 

training improved force control at high constant force and sinusoidal force production [36*], 

but not at low constant force [36*] and not in a ramp force profile [52*]. 

(3) Results with respect to manual dexterity (n = 8) are also mixed: One publication 

described a positive association between the physical activity or fitness level and manual 

dexterity by use of the Minnesota Manual Dexterity Test [7*]. Two intervention studies 

reported improved manual dexterity after a finger strength training (Grooved Pegboard test 

[52*]), a cardiovascular exercise program (Motor Performance Series of the Vienna System 

Series [95*]) or dancing intervention (pin plugging [33*]). However, in five studies no 

differences in performance between active and inactive older adults (Purdue pegboard test [1*]; 

finger dexterity task [12*]; the Minnesota test [86*]) or dancers and non-dancers (pin plugging 

[34*] (left hand); [35*]) were found and no effect through strength (Jebsen Taylor Hand 

function test [52*]) or multi-component training (the Pegs-over test [66*]) was examined in 

two further studies. 

(4) Studies in the third category of speed tapping tasks (n = 7) were all assessed by 

(finger) tapping tasks, which require participants to tap a stylus as fast as possible in one or two 

predefined target spaces for a given time (10 s to 32 s in this review). No study found 

differences between active and inactive [37*, 73*], or fit and unfit older adults [67*]. The type 

of exercise did not influence results as shown for a comparison between tennis players, runners 

and general exercisers [12*]. Results with respect to dancing were mixed [33*–35*]. 

Taken together, the most consistent positive results have been shown for hand-arm 

movements (but still ambiguous), whereas the less promising results were revealed for speed 

tapping and manual dexterity tasks. Results for force matching tasks were very inconsistent. 
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Table 5 Overview chronic physical activity and motor performance 

Author, 

Year 

Participants Motor task Other 

depended 

variables 

Method to assess 

physical activity 

Design and statistics Results 

[1*] OA: n = 30, f = 14, n/a, 76.4 ± 

5; YA: n = 12, f = 6, n/a, 22.1 ± 

2 

Manual dexterity (Purdue 

pegboard), hand-arm 

movements (wrist-position 

matching), L + R 

Grip strength 

 

Sj: PAQ (IPAQ) Cross-sectional, median split: 

energy expenditure, active OA (≥ 

2900 kcal/wk) vs. inactive OA (< 

2800 kcal/wk) vs. YA 

Physical active OA > sedentary 

OA in hand-arm movements. 

No effect of PA-level on manual 

dexterity. 

[3*] All OA: IG: n = 5, f = 3, 72-91, 

80.2 ± 7.8; CG: n = 5, f = 3, 83-

89, 84.8 ± 2.5 

Force matching task (force 

tracking with index finger), 

D 

/ Oj: CFT 

(submaximal graded 

exercise tolerance) 

Interventional, IG (8 wk low-

intensity AE) vs. CG (n/a) 

IG ↑, besides an aerobic training 

effect.  

[7*] All OA: active: n = 20, f = 10, 

67-85, n/a; inactive: n = 20,  

f = 12, 67-85, n/a 

Manual dexterity 

(Minnesota Manual 

Dexterity Test), n/a 

Nelson Hand 

Reaction 

Test 

N/a Cross-sectional, active OA vs. 

inactive OA 

Active OA > inactive OA in 

manual dexterity. 

[12*] OA tennis: n = 21, f = 10, 60-

82, 67.3 ± 5.3; OA runners:  

n = 23, f = 10, 61-77, 68.0 ± 

5.2; OA exerciser: n = 20, f = 

10, 63-79, 68.2 ± 5.1; YA: n = 

20, f = 10, 19-29, 21.8 ± 2.4 

Manual dexterity (thumb & 

finger sequence), tapping 

speed (tapping task with a 

stylus), hand-arm 

movements (matching a ball 

position with wrist), D 

Balance, 

CRT, SRT 

Sj: PAQ (modified 

Baecke), Oj: CFT 

(Rockport Fitness 

Walking Test, 

estimated VO2max)  

Cross-sectional, type of activity in 

OA (tennis vs. runners vs. 

exerciser) vs. YA 

 

No sig. difference between the 

different kinds of sports. No sig. 

correlations between estimated 

VO2max and motor performance 

(regardless of kind of sport). 

[19*] OA: n = 41, f = 0, 60-80, n/a; 

YA: n = 43, f = 0, 20-30, n/a  

 

Hand-arm movements 

(mirror tracing task), R 

EEG (alpha 

activity) 

Sj: PAQ (modified 

Baecke), Oj: CFT 

(submaximal bicycle 

test, estimated 

VO2max) 

Cross-sectional, median split: 

estimated VO2max, YA median: 

41.11 ml/kg/min, OA median: 

26.01 ml/kg/min 

No effect of cardiovascular fitness 

on hand-arm movements. 

[29*] All OA: swimmer: n = 20,  

f = 12, n/a, 65.4 ± 5.5;  

active CG: n = 34, f = 21, n/a, 

67.4 ± 5.7  

Hand-arm movements 

(sequential pointing task), D 

 

Static 

postural 

stability test 

Sj: Exercise 

screening 

questionnaire 

Cross-sectional, swimming (≥ 500 

per session, 3 session/wk, ≥ 3 years) 

vs. active CG (jogging or mountain 

climbing ≥ 3 times/wk) 

Swimming group > active control 

group in hand-arm movements. 
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[33*] All OA: IG: n = 25, f = 17, 60-

94, 68.60 ± 1.45; CG: n = 10,  

f = 7, 60-94, 72.30 ± 1.84 

Hand-arm fine motor 

battery: maintain arm-hand 

position (steadiness), 

aiming, motor dexterity (pin 

plugging), wrist-finger 

movements (tapping), L + R 

Cognitive 

performance, 

posture, RT 

tasks, tactile 

performance  

Sj: PAQ (ECQ), Oj: 

CFT (spiroergometry, 

VO2peak) 

Interventional, IG (24 wks, 1h/wk 

dance program) vs. inactive CG 

IG ↑ in steadiness (L), aiming 

(time, L+ R), pin plugging (L + R), 

tapping (R). No effect of dance 

intervention on steadiness (R), 

aiming (error R; tendency for error, 

L: p=.051), tapping (L). CG ↑ in 

tapping (L). Total motor 

performance score: IG ↑, tendency 

CG ↑ (p = .073). 

[34*] All OA: expert dancer: n = 11,  

f = 5, 60-94, 71.18 ± 1.13; 

nondancer, inactive CG: n = 38, 

f = 30, 60-94, 71.66 ± 1.11  

Hand-arm fine motor 

battery (see [33*])  

 

Balance & 

gait control, 

cognitive 

performance, 

posture, RT 

tasks, tactile 

performance. 

Sj: PAQ (ECQ)  

 

Cross-sectional, expert dancer 

group vs. nondancer, inactive CG 

Expert dancer > CG in aiming 

(error, R; tendency for time, R: 

p=.059), pin plugging (R). No 

effect of expert dancing on 

steadiness (L + R), aiming (error + 

time, L), pin plugging (L), tapping 

(R, tendency for L: p=.057). Total 

motor performance score: tendency 

expert dancer > CG (p = .080). 

[35*] All OA: amateur dancer n = 24, 

f = 19, 65-84, 71.69 ± 1.15; 

inactive CG: n = 38, f = 30,  

61-94, 71.66 ± 1.13 

Hand-arm fine motor 

battery (see [33*])  

 

See [34*] Sj: PAQ (ECQ)  Cross-sectional, amateur dancers 

(16.4 ± 12.7 years of experience, 

1.33 ± 0.24 h/wk) vs. inactive CG 

(without dancing or sport activities) 

Amateur dancer > CG in steadiness 

(L), aiming (error, R), tapping (L). 

No effect of amateur dancing on 

steadiness (R), aiming (error + 

time, L; time, R), pin plugging (L 

+ R), tapping (R). Total motor 

performance score: amateur dancer 

> CG. 

[36*] All OA: IG: n = 7, f = 0, 70-80, 

75 ± 2; CG: n = 4, f = 0, 70-80, 

76 ± 2 

Force matching task (finger 

pinch force control: 

constant + sinus; 20% & 

40% of MVC),  

L + R  

Upper limb 

strength 

Not assessed Interventional, IG (strength 

training: 6 wks, 2 d/wk, 4 sets of 3 

exercises: biceps curls, wrist 

extension) vs. CG (no training)  

IG > CG at high constant force and 

sinusoidal force production in the 

trained limb. No effect of strength 

training on low constant force. No 

effect for the untrained limb. 
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[37*] Sportive OA: n = 27, f = 0, n/a, 

63.75 ± 5.02; nonsportive OA: 

n = 24, f = 0, n/a, 61.88 ± 4.67; 

sportive YA: n = 24, f = 0, n/a, 

20.71 ± 3.18; nonsportive YA: 

n = 23, f = 0, n/a 22.13 ± 2.05; 

martial arts OA: n = 22, f = 0, 

n/a, 62 ± 5.89; martial arts YA: 

n =23, f = 0, n/a 22.22 ± 2.88 

Force matching task (force 

tracking task, index finger; 

constant: 5/25% MVC + 

sinus: 5-25% MCV), 

tapping speed (tapping task, 

index finger), L + R 

Cognitive 

performance, 

posture 

Sj: Self-reported 

regular exercise per 

week  

Cross-sectional, active (regular 

weekly activities; YA/OA) vs. 

inactive (YA/OA) vs. martial arts 

YA/OA) 

Inactive > martial arts in all force 

tracking conditions, no difference 

in sinus task. No influence of 

activity group of tapping speed. 

[52*] All OA: 1: n = 6, f = 3, n/a,  

76 ± 6; 2: n = 6, f = 3, n/a,  

76 ± 6 

Manual dexterity (Grooved 

Pegboard Test & Jebsen 

Taylor Hand Function 

Test), force matching task 

(four fingers, ramp from 

resting level to 25 % of 

MVC),  

L + R 

Maximum 

force 

production 

task 

Not assessed  Interventional, strength training: 

maximal finger pressing force, 6 

wks, 2 times/d, 2 x 10 repetitions of 

2 sec), different training groups: 

(1)“right-distal site + left-proximal 

site training vs. (2) “left-distal site + 

right-proximal site” 

Both training groups ↑ in Grooved 

Pegboard test, but not in Jebsen 

Taylor Hand function test. 

Tendency for ↑ in force tracking 

task. 

[54*] All OA: Tai chi: n = 22, f = 14; 

n/a, 67.8 ± 5.1; CG: n = 20,  

f = 15, n/a, 68.1 ± 5.2 

Hand-arm movements 

(sequential pointing task), 

n/a 

/ Sj: Self-reported 

engagement in PA 

Cross-sectional, tai chi group (1-2 

h, 5-7 d, > 3 y) vs. active CG (≥ 3 

exercise/wk) 

Tai chi group > CG (in four out of 

five parameter) in hand-arm 

movements. 

[56*] All OA 60-82, 67 ± n/a: 

gymnastics: n = 19, f = 15, n/a, 

n/a,; swimming: n = 11, f = 9; 

n/a, n/a; senior dance: n = 15,  

f = 12, n/a, n/a; CG: n = 14,  

f = 6 

Hand-arm movements 

(hand and arm coordination 

in the clothes-pin test), L + 

R 

Balance, 

blood 

samples, 

dietary 

habits, 

flexibility, 

SRT 

Oj: CFT (exercise 

test on treadmill, 

estimated VO2max) 

Interventional, 5 months: IG 1: 

multi-component (45 min, 2 

times/w: aerobic, strength, balance 

& flexibility, 65% mHR) vs. IG 2: 

swimmer (25 min, 2 times/w: water 

gymnastic + swimming. 65% mHR) 

vs. IG 3: senior dance (45 min, 2 

times/w, 58% of mHR) vs. CG (no 

training), each separated in female 

& male 

All exercise groups ↑ in hand-arm 

movements, no difference between 

female and male. Male CG ↑ with 

dominant hand. 

[66*] All OA: IG: n = 61, f = n/a,  

60-88, 73.7 ± 6.5; CG: n = 49,  

f = n/a, 62-91, 77.9 ±7.8 

Manual dexterity (Pegs-

over test), L + R 

Balance & 

gait, grip 

strength, 

walking 

Not assessed Interventional, IG (low intensity 

multi-component exercise: 

stretching, flexibility, range of 

motion exercises, 30 min, 2 

times/week, 1 year)  

No ↑ of IG in manual dexterity. 
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[67*] Fit OA: n = 19, f = n/a, 60-73, 

63.7 ± 3.8; non fit OA: n = 19,  

f = n/a, 60-73, 66.4 ± 4.2;  

fit MA: n = 17, f = n/a, 35-45, 

40.2 ± 3.7; non fit MA: n = 18,  

f = n/a, 35-45, 40.0 ±3.0;  

fit YA: n = 15, f = n/a, 18-25, 

21.8 ± 3.3; non fit YA: n = 17,  

f = n/a, 18-25, 23.5 ± 3.3  

Tapping speed (finger 

tapping task), R 

Battery of 

cognitive 

tasks 

Oj: CFT 

(submaximal bicycle 

ergometer test, 

predicted VO2max) 

Cross-sectional, median split: 

VO2max. YA: 44.9 ml/kg/min, MA: 

33.1 ml/kg/min, OA: 25.4 

ml/kg/min 

No effect of fitness on tapping 

speed. 

[73*] Active OA1: n = 10, f = 10,  

70-79, n/a; inactive OA1: n = 9, 

f = 9, 70-79, n/a; active OA2:  

n = 16, f = 16, 60-69, n/a; 

inactive OA2: n = 14, f = 14, 

60-69, n/a; active MA: n = 18,  

f = 18, 50-59, n/a; inactive MA: 

n = 14, f = 14, 50-59, n/a; active 

YA: n = 10, f = 10, 20-29, n/a; 

inactive YA: n = 20, f = 20,  

20-29, n/a 

Tapping speed (stationary 

tapping; between target 

tapping), D 

 

Digit 

Symbol 

Substitution, 

DRT, SRT, 

Trailmaking 

test 

 

Sj: Self-reported 

amount of activity 

Cross-sectional, active 

(walked/jogged/ran ≥ 3 miles/d, 3 

d/wk, ≥ 5 years) vs. inactive (n/a) 

and age groups (OA1: 70-79, OA2: 

60-69, MA: 50-59, YA: 20-29) 

No effect of cardiovascular 

exercise on tapping speed. 

 

[80*] Active OA: n = 12, f = 7, n/a, 

65.1 ± 0.9; inactive OA: n = 12, 

f = 8, n/a, 65.3 ± 1.1; active 

YA: n = 11, f = 5, n/a,  

22.9 ± 0.5; inactive YA: n = 11, 

f = 5, n/a, 22.0 ± 0.6 

 

Hand-arm movements 

(flexion and extension 

aiming wrist movements), R 

/ Sj: PAQ (Baecke) Cross-sectional, median split: 

Baecke score, active OA = 9.3 ± 

0.2, inactive OA = 6.9 ± 0.3; active 

YA = 9.7 ± 0.3, inactive YA = 6.7 ± 

0.3 

No difference between physically 

active OA and inactive OA in 

hand-arm movements. 

[81*] Fit OA: n = 13, f = 8,  

61.5–65.5, 64.9 ± n/a;  

non fit OA: n = 13, f = 6,  

61.4–68.2, 65.7 ± n/a;  

YA: n = 15, f = 9, 23.3-23.6, 

23.5 ± n/a  

See [80*] / Sj: PAQ (Baecke) Cross-sectional, median split: 

Baecke score, active OA = 7.8 (7.6-

8.8), inactive OA = 6.1 (5.3- 6.9), 

YA = 7.9 (7.1-8.5) 

Physically active OA > inactive 

OA in hand-arm movements. 

[82*] OA tai chi practitioners: n = 12, 

f = n/a, n/a, 67.75 ± 7.57; OA 

non-practitioners: n = 11,  

f = n/a, n/a, 65.85 ± 6.34; YA:  

n = 12, f = n/a, n/a, 23.58 ± 4.19 

Hand-arm movements 

(cued, flexion- and 

abduction-reaching task), 

n/a 

Stand-

reaching task 

Sj: PAQ (PASE) Cross-sectional, long-term practice 

of Tai Chi (≥ 100 h practice in the 

last y) vs. non-practitioners 

Tai chi group > non- practitioners 

in hand-arm movements. 
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[86*] All OA: high active: n = 19,  

f = 19, 60-80, 70.8 ± 4.4; 

moderately active: n = 15,  

f = 15, 60-80, 71.9 ± 3.9; 

inactive: n = 16, f = 16,  

72.1 ± 4.3 

Manual dexterity 

(Minnesota test), L + R 

Balance, 

blood 

pressure, 

flexibility 

(hip, spine, 

shoulder), 

grip 

strength, 

peak 

expiratory 

flow, RT, 

walking 

Sj: PAQ (modified 

Baecke) 

Cross-sectional, high active vs. 

moderately active vs. inactive 

(separated in 3 tertials) 

No influence of high PA level on 

manual dexterity. 

[92*] All OA: tai chi: n = 20, f = 8, 

n/a, 65.4 ± 5.5; swimmer:  

n = 32, f = 20, n/a, 67.0 ± 6.6; 

active CG: n = 34, f = 21, n/a, 

67.4 ± 5.7 

Hand-arm movements 

(sequential pointing task), D 

Balance, 

postural 

stability 

Sj: Self-reported 

engagement in PA 

Cross-sectional, tai chi group 

(approximately 54 min/training, ≥ 3 

times/wk) vs. swimming group (≥ 

500 per session, 3 session/wk, ≥ 3 

years) vs. active CG (non-

swimmers, no tai chi) 

Tai chi & swimming group > CG 

in hand-arm movements, tai chi & 

swimming group: no difference.  

[93*] All OA n = 38, f = 29: tai chi:  

n = 28, n/a, 76-89, 78.8 ± 2.1; 

locomotor activity: n = 10, n/a, 

76-89, 79.2 ± 1.9  

Hand-arm movements 

(aiming task), R 

Balance Not assessed Interventional, exercise program (8 

wks, 3 times/wk, ≥ 45 min): tai chi 

vs. locomotor activity (walking or 

jogging) 

Tai chi: bigger ↑ in arm movement 

smoothness. Both groups: no ↑ in 

arm movement speed. 

[94*] All OA: tai chi: n = 12, f = 9, 

76-88, 79.3 ± 2.4; locomotor 

activity: n = 8, f = 6, 76-88, 

79.5 ± 1.9 

See [93*] / Sj: Self-reported 

engagement in PA 

Interventional, see [93*] Tai chi group more ↑ than CG in 

hand-arm movements. 

 

[95*] All OA: IG: n = 15, f = 10,  

60-83, 69.43 ± 6.17;  

CG: n = 15, f = n/a, n/a, n/a: 

matched to IG 

Manual dexterity (Motor 

Performance Series of the 

Vienna System Series), D 

Balance, 

flexibility, 

grip 

strength, 

whole-body 

reaction time 

Not assessed Interventional, IG (low-moderate 

aerobic exercise, 60 min, 3 times/ 

week, 9 months) vs. CG (n.s) 

IG ↑ in manual dexterity, CG no 

difference (tendency for 

performance decline). 

 

Legend: AE aerobic exercise, CFT cardiovascular fitness test, CRT choice reaction time, d day(s), D dominant hand, DRT discrimination reaction time, ECQ everyday competence questionnaire, 

EEG electroencephalography, f = female, h hour(s), IG intervention group, IPQ international physical activity questionnaire, L left, OA older adults, MA middle-aged, mHR maximum heart rate, 

n/a not specified, Oj objective measure, PAQ physical activity questionnaire, PASE physical activity scale for the elderly; R right, sig. significant, RT reaction time, Sj subjective measure, SRT 

simple reaction time, y year, YA young adults, wk. week, EG > CG EG better CG, EG < CG EG worse than CG, ↑ = improvement. 
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Chronic physical activity and motor learning 

Sample characteristics 

Characteristics of the sample are summarized in Table 6. 150 participants took part in 

all three motor learning studies (at least 18 were females: one study made no specification 

about gender [89*], one study included only men [19*]. Eighty-seven participants were older 

adults (at least 9% women) and 63 young adults (at least 16% women). The age range of 

included older adults was 60 to 80 years of age, the age range of young adults was 20 to 40 

years of age. 

Study design 

Only three studies investigating the association between chronic physical exercise and 

motor learning in upper extremity motor tasks were identified by the literature search [19*, 

21*, 89*]. All studies used a pre-to-post-test design comparing different groups of older adults 

and assessed physical activity/cardiovascular fitness cross-sectionally. The studies by Etnier 

and Landers [19*] and Etnier et al. [21*] also contained a group of young participants. Motor 

practice times of all studies belong to the time scale of short-term motor learning [19*, 21*, 

89*]. 

Type of exercise 

Two studies assessed cardiovascular fitness objectively and one cardiovascular 

exercises behavior on behalf of a physical activity questionnaire. Etnier & Landers [19*] 

classified cardiovascular fitness by a median split of the estimated VO2max, assessed by a 

submaximal bicycle test. Etnier et al. [21*] conducted a regression analysis of the VO2max and 

motor learning output and Wang et al. [89*] regarded participants as active and inactive with 

respect to their self-reported engagement in physical activity (active: at least 30 min on three 

days per week of cardiovascular exercise; inactive: less than two days per week of low-intensity 

exercise). 

Type of motor task and stage of motor learning 

All motor learning studies used tasks that can be classified into the group of hand-arm 

movements. All studies found a positive effect of cardiovascular fitness or physical activity 

level on initial phase of motor learning in a mirror tracing task ([19*]: acquisition: 175 trials, 

approximately 48 min; [21*]: acquisition: mean about 87 trials, approximately 12 min) and 

motor adaptation in a visuomotor rotation task requiring rapid arm reaching movements ([89*]: 
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baseline: 80 trials each hand, training: 192 trials, transfer: 192 trials). The first study by the 

research group of Jennifer Etnier found no effect on retention ([19*]: two days later, 20 trials, 

approximately 3 min), whereas the second study revealed that higher cardiovascular fitness 

was associated with enhanced retention ([21*]: 24–72 h later, 40 trials, approximately 5.5 min). 

Wang et al. [89*]: did not assess retention explicitly. 

Taken together, motor learning studies indicated positive associations of chronic 

physical exercise with the initial phase of motor learning, but revealed mixed results for motor 

retention with the initial phase of motor learning, but revealed mixed results for motor 

retention. 

Table 6 Overview chronic physical activity and motor learning  

Author, 

Year 
Participants Motor task 

Other 

depended 

variables 

Method to 

assess 

physical 

activity 

Design and statistics Results 

[19*] OA: n = 41,  

f = 0, 60-80, 

n/a.;  

YA: n = 43,  

f = 0, 20-30, 

n/a  

 

Visuospatial 

accuracy 

(Mirror 

tracing task, 

R) 

EEG 

(alpha 

activity) 

Sj: PAQ 

(modified 

Baecke), Oj: 

CFT (sub-

maximal 

bicycle test, 

estimated 

VO2max) 

Acquisition (175 

trials), retention (2 d 

later, 20 trials). 

Fitness: median split: 

estimated VO2max, 

YA median: 41.11 

ml/kg/min, OA 

median: 26.01 

ml/kg/min 

Positive association 

of cardiovascular 

fitness and 

acquisition of mirror 

tracing. No 

association of 

cardiovascular fitness 

and retention. 

[21*] OA: n = 18,  

f = 8, 60-80, 

68.0 ± 5.9;  

YA: n = 20,  

f = 10, 20-40, 

24.2 ± 5.2 

Visuospatial 

accuracy 

(Mirror 

tracing task, 

R) 

EEG 

(alpha 

activity) 

Oj: CFT 

(submaxima

l bicycle 

test, 

estimated 

VO2max) 

Acquisition 

(approximately 87 

trials), retention (24-

72 h later, 40 trials. 

Fitness: regression 

analyses of VO2max 

and motor learning 

Positive association 

of cardiovascular 

fitness and 

acquisition and 

retention of a mirror 

tracing task.  

[89*]  

All OA: fit:  

n = 14, 64-76, 

n/a.;  

non fit: n = 

14, 64–76, n/a 

Rapid arm 

reaching 

movements 

(motor 

adaptation/ 

visuomotor 

rotation) 

/ Sj: PAQ 

(Stanford 

Brief 

Activity 

Survey), Oj: 

acceleromet

er 

Baseline (80 trials), 

training (192 trials), 

transfer (192 trials). 

Physical activity: 

active (≥ 30 min, ≥ 3 

d/wk of AE) vs. 

inactive (≤ 2 d/wk 

low-intensity 

exercise) 

Active OA showed 

similar motor 

adaptation pattern to 

YA (asymmetrical 

transfer), inactive OA 

revealed a different 

pattern (symmetrical 

transfer). 

Legend: CFT cardiovascular fitness test, d day(s), EEG electroencephalography, f = female, h hour(s), L left, OA older adults, 

Oj objective measure, n/a not specified, PAQ physical activity questionnaire, R right, sig. significant, Sj subjective measure, y 

year, YA young adults, wk. week.  
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Discussion 

The aim of this systematic review was to investigate the association between chronic physical 

activity and acute bouts of exercise on motor performance or motor learning in upper extremity 

motor tasks in older adults. We found no appropriate study examining the influence of an acute 

bout of exercise on motor performance or motor learning processes in older adults. Therefore, 

this review focused in the results and discussion sections on the association between chronic 

physical activity and motor performance and learning. Results of the 25 studies dealing with 

the influence on motor performance are mixed with a tendency to positive results. Twelve 

studies showed a positive relationship, eight studies showed ambiguous results (i.e., some 

subtasks positive, some no effect) and five did not find effects. For the effect of chronic 

physical activity on motor learning only three studies were included in the review, showing 

positive effects on the initial phase of motor learning and ambiguous results with respect to 

retention.  

Chronic physical activity and motor performance  

Differences in study results might depend on the study design, type of exercise, motor 

task or exercise intensity. Therefore, results will be discussed with regard to these factors.  

Study design and type of exercise 

General physical activity behavior as independent variable in cross-sectional studies 

The majority (four out of seven) of the cross-sectional studies that investigated the 

association of chronic physical activity and motor performance by use of subjective measures 

found no exercise effect [37*, 73*, 80*, 86*]. Only in two cases a positive association between 

physical activity level and performance in a fine motor task was found [7*, 81*], and one study 

revealed ambiguous results [1*], depending on the motor task. A comparison between two 

studies of the same lab, one showing positive and one no associations, indicated that the 

physical activity level itself might influence results with a higher physical activity score being 

more beneficial [81*] than a lower one [80*]. Generally, physical activity levels seem to 

considerably differ between studies depending on the study sample. Thus, one might rate 

objectively defined physical activity criteria higher than study-specific activity levels, as the 

latter clearly depends on the specific sample characteristics (cf. below for discussion of median 

split). Objectively defined activity criteria for older adults are for example at least 150 min of 

moderate-intensity or 60 min of vigorous intensity aerobic physical activity per week [49]. 
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One other explanation for the diverging results might be the different measures to assess 

physical activity, i.e., different physical activity questionnaires. Consequently, studies vary in 

what they regarded or included as physical activity ([45] for a review). Furthermore, some 

studies included in this review did not refer to a standardized physical activity questionnaire or 

did not state exactly how they acquired their information (e.g., verbally or in written form) 

[29*, 37*, 54*, 73*, 92*, 94*]. Other studies did refer to a standardized questionnaire, but did 

not give any information regarding the scores or actual physical activity level of the participants 

[12*], which also prohibits meaningful conclusions about the participants. 

Besides differences in physical activity levels and assessment tools between studies, 

there is another limitation of physical activity questionnaires. Physical activity questionnaires 

encompass the physical activity level of the participants subjectively, but are not able to 

indicate the objective actual physical or cardiovascular fitness level. In this vein, correlations 

between physical activity calculated by use of a questionnaire and the actual cardiovascular 

fitness have been shown to be rather weak [62*]. Consequently, it might be more appropriate 

that future studies assess the actual objective fitness level of the participants to ensure a better 

validity and enhanced comparability between studies or at least apply standardized physical 

activity questionnaires. Nevertheless, physical activity questionnaires can give valuable 

information of the kind of sport participants perform and might therefore provide a valuable 

additional information (cf., discussion about type of exercise). 

Cardiovascular fitness level as independent variable in cross-sectional studies 

Interestingly, when objective measures were used to assess the cardiovascular fitness 

level, also no positive effect on motor performance was found in the cross-sectional studies 

[12*, 19*, 67*]. Two of these studies calculated a median split in order to classify participants 

as fit and unfit [19*, 67*]. Similar to differences in physical activity levels between studies, a 

median split might not reflect the “real” cardiovascular fitness level as the value is determined 

by characteristics of the specific sample. Therefore, depending on the sample, the median split 

might not differentiate well between the high and low fit participants as it might happened that 

only moderate fit persons have been recruited and it also might overestimate the fitness level 

of high-fit participants [41]. Future studies should use objective criteria to judge participants 

as high or low fit. 

Targeted cardiovascular exercise as independent variable in interventional studies 

Besides these shortcomings in the determination of the physical activity or 

cardiovascular fitness level, cross-sectional studies cannot provide causal evidence for activity-
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induced motor performance changes as they were executed in a correlational design. 

Interventional studies have the advantage that the effectiveness or effects of a targeted exercise 

can be evaluated and that they provide evidence of causality. Both cardiovascular exercise 

intervention studies observed enhanced motor performance in upper extremity tasks [3*, 95*]. 

These findings were additionally supported by the cardiovascular exercise group (i.e., 

swimming) of the study by Puggaard et al. [56*], which also revealed improved motor 

performance. Effects have been discussed to rely on improved information processing in 

corresponding neural circuits like the visuospatial system [3*]. Interestingly, the length of the 

intervention did not influence study results, which might support the assumption that certain 

physiological adaptations occur already after several weeks of exercise. 

Different types of cardiovascular exercise as independent variable in cross-sectional 

studies 

Further, it was discussed whether the type of cardiovascular activity influenced results 

differently. Dascal and Teixeira [12*] reported no difference in several motor tasks between 

older runners or general exercisers. However, Hsu et al. [29*] revealed that swimmers 

performed better in a hand-arm movement task than active control participants. The authors 

speculated that the same pathways, i.e., from sensory receptors to the cerebellum or other motor 

centers in the brain and back to motor neurons, are used during swimming as well as motor 

tasks, so that repetitive (swim)training can improve motor performance [29*]. Whether these 

ambiguous results are due to the cross-sectional design and the different comparison groups 

(general exercisers versus active control) or hint to superior effects of different kinds of sports 

remains highly speculative. 

Motor-coordination exercises as independent variable in cross-sectional studies 

Two (out of five) of the cross-sectional studies, that investigated differences in upper 

extremity motor performance between persons engaged in motor-coordinative exercises, such 

as dancing or martial arts, versus general physically active persons were successful to reveal 

differences [54*, 82*], one showed ambiguous results (depending on the group comparison: 

[92*]) and two did not find differences between groups [12*, 37*]. Therefore, it seems difficult 

to judge whether motor-coordinative exercises are more effective than being physically active 

in general. When comparing persons performing motor-coordinative exercises to inactive 

participants, two of three further cross-sectional studies revealed that dancers showed better 

motor performance in a hand-arm fine motor battery ([34*] (marginal significant); [35*]), 

supporting the positive influence of motor coordinative exercises. However, the third study 
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comparing motor-coordinative exercises to inactive participants by Krampe et al. [37*] did not 

support this finding, as they revealed no significant difference between martial arts 

practitioners and inactive controls in force matching or speed tapping tasks, which might 

indicate that effects of motor-coordinative exercises are task-specific. 

Motor-coordination exercises as independent variable in interventional studies 

Again, interventional studies also with respect to motor-coordinative exercises revealed 

promising results. This was true for five out of six interventions on multi-component training 

(intervention group 1: [56*]), tai chi [93*, 94*] and dancing ([33*]; intervention group 3: 

[56*]). Improved concentration of the participants was discussed as possible explanation for 

better tai chi performance [93*, 94*]. A missing effect of tai chi practice on arm movement 

speed was explained by the fact that tai chi contains slow motion exercises only [93*]. 

Enhanced performance of dancers compared to non-dancers or increases through a dancing 

intervention might be attributed to sustained muscle strength, better sensorimotor coordination 

and better concentration [33*]. Nevertheless, one study conducting a one year multi-component 

exercise program revealed no effect on motor performance [66*]. However, exercises were 

performed with a very low intensity and only while sitting or standing and the study did not 

contain a control group [66*]. It might be speculated, that the intervention counteracted an age-

related decline in motor performance, which might have occurred within one year. In contrast, 

in the second study containing a multi-component exercise intervention (intervention group 1), 

participants improved their performance in a unimanual coordination task [56*]. Here exercise 

intensity was 65% of the maximal heart rate [56*]. This suggested that exercise intensity 

influences results, with higher intensity leading to bigger effects. These findings fit the results 

of studies from cognitive literature, revealing that high intensity exercise led to increased 

learning rates in a memory task [91]. 

Strength training as independent variable in interventional studies 

Besides coordinative exercise also strength training seems to be an important approach 

to benefit upper extremity performance. The influencing mechanism, however, seem to be 

different: the positive associations of both intervention studies on strength training [36*, 52*] 

might be reasoned by improved finger strength, as enhanced finger strength values correlated 

with better motor coordination [40]. Thus, in the strength training studies peripheral changes 

(i.e., intramuscular coordination or hypertrophy) – rather than central adaptations – might be 

the explaining factor for enhanced upper extremity motor performance. 
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To summarize, results with respect to type of exercise are heterogeneous, but certain 

key characteristics seem to influence the results: (1) Effects on motor performance were more 

pronounced in interventional than in cross-sectional designs regardless whether cardiovascular 

exercise/fitness or different types of sports activities were investigated. (2) Effects with respect 

to the type of exercise (i.e., cardiovascular and coordinative exercises) were heterogeneous in 

cross-sectional studies and seem to not play a role in intervention studies (only one study 

available). (3) In successful intervention studies, motor performance increased without an 

improvement in the cardiovascular fitness level, regardless whether the interventions focused 

on cardiovascular exercise or motor coordination exercises. And, (4) effects seem to be more 

pronounced in interventions of higher than low intensity. 

Type of motor task 

Although we tried to categorize upper extremity motor performance tasks in reasonable 

groups, due to the very heterogeneous results it seems difficult to derive a systematic 

conclusion. It appears that force matching tasks revealed very inconsistent results, manual 

dexterity and speed tapping task the less promising and hand-arm movements the most 

promising results. Several explanations might elucidate these findings. In most manual 

dexterity tasks, motor performance is quantified by the amount of pins plugged into a target 

within a given time. The range of possible scores is relatively small and the outcome parameters 

very imprecise, which might hinder to detect differences in performance. Finger tapping tasks 

(used to assess psychomotor speed) require a central motor program to organize integration of 

required muscles [73*]. As compared to other motor tasks, this motor program allows only a 

small amount of degrees of freedom during motor performance. In comparison to all other 

categories of motor tasks, hand-arm movements seem to be the most complex motor tasks as 

their performance requires/allows more degrees of freedom. This might indicate that a high 

physical activity level, cardiovascular fitness level or participation in coordinative sports is 

positively associated to motor performance in complex motor tasks (i.e., here: hand-arm 

movement tasks). 

Other influencing factors and limitations 

Besides the study design, type of exercise and motor outcome other influencing factors, 

e.g., age or gender, might be discussed. Only one study included older adults of different age 

groups (60–69 years of age and 70–79 years of age; [73*]), but found no significant effect 

regarding the physical activity and motor performance association between these age groups. 
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The only study included in this review investigating the influence of gender reported also no 

effect [56*]. However, it is not known how reliable this non-significant gender effect is. 

Some studies had very small sample sizes (e.g., [3*]: n = 5 per group; [36*]: n = 7 in 

intervention group and n = 4 in control group). With these small group sizes, it is hard to derive 

general assumptions. Another limitation might be the design of the intervention studies. One 

study included an inactive control group [33*], i.e., the group did not receive any treatment 

during the intervention period. This could increase the likelihood of a placebo effect, as 

participants might be aware of general positive effects of physical activity and therefore, be 

more motivated during posttests than the inactive control participants, which – in turn – might 

have influenced the results. Nevertheless, even an active control group might not be sufficient 

to discard placebo effects in interventional studies as participants’ expectations regarding the 

intervention might already influence study results [6]. 

Chronic physical activity and motor learning 

“There is a general lack of studies examining the effects of long-term exercise on motor 

learning and performance so that this area of research must be considered as largely 

underexplored to date” ([78], p. 9). This statement by Taubert et al. [78] is confirmed by the 

search results of our systematic review on older adults. Only three studies dealing with the 

association of chronic physical activity and motor learning were identified. All three studies 

reported a positive influence of cardiovascular fitness level [19*, 21*] or physical activity level 

[89*] on the initial phase of motor learning. Therefore, one might conclude that chronic 

physical activity facilitates initial motor learning. This fits to the proposed idea: because of the 

fact that the initial phase of motor learning is highly cognitively driven [24] and the well-

established positive association of enhanced cardiovascular fitness and cognitive processing in 

older adults [11], initial motor learning might also be improved by chronic physical activity in 

older adults. 

Motor learning is discussed to be facilitated by neuroplasticity mechanisms as enhanced 

levels of lactate, BDNF or vascular-endothelial growth factor (VEGF) [78], increases in 

oxygen transport to the brain [15] or increases in norepinephrine [55]. Consequently, it might 

be assumed that exercise does not only facilitate learning but also the ability of the aging brain 

to undergo neuroplasticity This assumption is however, highly speculative and needs to be 

investigated in future studies. Two of the motor learning studies assessed the 

neurophysiological correlates of motor performance and motor learning by use of 
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electroencephalography (EEG) alpha activity with contradicting results [19*, 21*]. Etnier & 

Landers [19*] found a Fitness × Group × Site × Hemisphere interaction. Etnier et al. [21*] did 

not find an effect of cardiovascular fitness on alpha activity. More recent research revealed that 

activity in the beta frequency band was associated with motor performance and changes in 

corticospinal output ([18] for a review). Therefore, one might speculate that analyses of other 

EEG frequency bands might provide more promising results. Nevertheless, for the association 

between physical activity and cognitive performance neuroimaging research methods delivered 

valuable elucidation ([85] for a review). These methods should be (further) used to investigate 

underlying neurophysiological mechanisms of the association between physical activity and 

motor performance. 

The two studies examining the effects of cardiovascular fitness level on motor learning 

during delayed retention tests revealed ambiguous results [19*, 21*]. Etnier and Landers [19*] 

argued for their non-significant results that possible effects might be extenuated, because they 

chose a submaximal spiroergometry protocol to assess cardiovascular fitness level. This 

argument might be reasonable, as Etnier et al. [21*], using a maximal cardiovascular capacity 

protocol, found a significant effect of cardiovascular fitness on retention. Etnier et al. [21*] 

referred to the same possible mechanisms as already summarized for general effects on motor 

learning [15, 55]. 

Besides studies reported in our systematic review, the few studies examining the 

influence of chronic physical activity on motor learning in groups of young adults or patients 

reveal noteworthy and auspicious results. One study with young adults revealed increased 

motor learning after an eight-week cardiovascular exercise program as compared to a control 

group conducting stretching exercises [58]. Further promising results of exercise induced 

neuroplasticity, which might improve motor learning, are reported for patients with 

Parkinson’s disease [27] or are discussed with respect to poststroke rehabilitation [42]. These 

positive findings regarding chronic physical activity and motor learning might reflect 

promising approaches for older adults – healthy or different patients groups – as well. 

 In addition to exercise and physical activity, noninvasive brain stimulation as 

transcranial direct current stimulation (tDCS) and transcranial magnetic stimulation (TMS) are 

prominent methods used to improve motor performance and motor learning in healthy 

individuals as well as in clinical settings ([77] for a review). In this regard, tDCS revealed 

beneficial results also for older adults ([76] for a systematic review and meta-analysis). 

However, in the only study with older adults, TMS failed to induce enhanced motor learning 
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[5]. As tDCS and TMS are accompanied with some restrictions (as low reproducibility for 

tDCS results or medical supervision for TMS), exercise might be a promising and easy 

applicable approach that might be used in addition or instead of tDCS and TMS. 

Outlook: Acute exercise in older adults 

Within our systematic review, we found no appropriate study that examined the 

influence of an acute bout of exercise on upper extremity motor performance or motor learning 

processes in older adults. However, it should be mentioned that acute exercise studies with 

young healthy adults provide promising results, as indicated by enhanced motor learning [61, 

74] or increased neuroplasticity ([70] for a review) in the (primary) motor cortex following 

acute bouts of exercise of different intensities. On the contrary, some studies examined the 

effect of acute exercise on lower extremity control, i.e., postural stability, in older adults. 

Postural stability was reduced immediately after exhausting strength-training [46], moderate 

intensity rehabilitation exercises [16], or moderate intensity cycling [75], implicating that older 

adults might need to pay increased attention on their balance or might need assistance 

immediately after physical exercise. Nevertheless, others reported no influence of moderate 

intensity rehabilitation exercises on postural stability neither in young nor in older adults [17], 

suggesting that more research with older adults is needed not only in upper, but also lower 

extremity control. We aim to investigate the association of acute exercise and upper extremity 

control in older adults in a future study. 

Future directions 

Based on our systematic review we suggest to derive the following recommendations 

for prospective research. To disentangle physical activity, fitness and type of exercise effects, 

future studies should use an interventional design, apply objective measures of cardiovascular 

fitness, use objective fitness criteria for group allocations, recruit extreme groups of low-fit and 

high-fit participants and/or use cardiovascular fitness as continuous variable. Furthermore, 

studies assessing the influence of particular kinds of sport, regardless whether in a cross-sec-

tional or interventional design, should evaluate the sport participation in more detail. This 

might provide valid statements about the influence of the particular kind of sport on motor 

performance with respect to a possible influence of amount and length of participation and – 

very important – exercise intensity. Additionally, more studies should include neurophysiolog-

ical and biochemical measures to get further clarification about underlying mechanisms. 
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Conclusion 

This systematic review reveals heterogeneous findings regarding the association between 

chronic physical activity and motor performance as well as chronic physical activity and motor 

learning in upper extremity tasks in older adults. The association between physical activity and 

motor performance seems to depend on the study design (interventional studies lead to more 

stable positive results than cross-sectional studies), motor task (complex motor tasks benefit to 

a higher extend) as well as exercise intensity (stronger effects in interventions with a higher 

exercise intensity), and seems to be independent from the pure cardiovascular fitness level. A 

high physical activity or cardiovascular fitness level seem to boost initial motor learning, which 

might be attributed to enhanced cognitive processing of active/fit older adults. Several non-

significant findings of cross-sectional studies might be reasoned by the study design (e.g., 

subjective measures of physical activity or calculation of a median split). Nevertheless, more 

research is needed to deduce well-founded exercise recommendations leading to improvements 

in motor performance and boost motor learning processes in older adults. 
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5.2 Paper 1: Older adults reveal enhanced task-related beta power 

decreases during a force modulation task 
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related beta power decreases during a force modulation task. Behavioural Brain 
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The published article is available via the following link:  
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Abstract 

Older adults (OA) compared to young adults (YA) reveal deteriorated fine motor control. 

However, it remains unknown whether this age difference is reflected on the central level, i.e., 

in electrophysiological correlates such as EEG task-related power (TRPow) in alpha (8–13 Hz) 

or beta band (13–30 Hz). Furthermore, we were interested in the association between age and 

alpha/beta power at rest as a potential determinant for TRPow changes. Twenty-five YA (19–

29 years) and 45 OA (67–83 years) performed a force modulation (FM) task requiring to match 

a sinusoidal target force by exerting an isometric force with thumb and index finger. EEG was 

measured at rest and during FM task. YA outperformed OA in the FM task. For alpha, OA 

demonstrated less frontal power at rest than YA. For beta, OA revealed more power than YA 

in frontal, central, and parietal areas at rest. TRPow results depended on whether analyses were 

controlled for power at rest. When analyses were controlled, OA showed higher TRPow 

decreases than YA in beta in parietal and occipital areas during FM performance. TRPow 

decreases for beta were stronger in the contralateral than in the ipsilateral frontal hemisphere in 

OA than in YA. Decreases in TRPow indicate increased cortical activity to accomplish the FM 

task. Our findings suggest higher parietal and occipital processing demands while performing 

the FM task in OA than in YA. This study further confirmed the importance of controlling for 

EEG power at rest when investigating TRPow during motor performance to account for 

interindividual variability. 

Keywords: Fine motor control, Precision grip, EEG, Alpha and beta power, Aging  

https://doi.org/10.1016/j.bbr.2018.02.028
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1. Introduction 

Countless daily activities require precise force control and modulation of thumb and 

index finger under visual control, e.g., tying laces or using a smart phone. Fine motor control 

declines with increasing age, indicated by less precise performance, a higher performance 

variability or over-/undershooted forces ([1,2] for reviews). Further, older adults seem to have 

a higher need for (cognitive) processing resources than young adults when performing motor 

tasks in general [3–6] and precision grip force modulation (FM) tasks in specific [7,8]. 

However, less is known about electrophysiological age-related differences during FM task 

performance. 

Visuomotor FM tasks require continuous control of an extensive brain network 

including the visual and sensorimotor system as well as frontal and parietal brain areas [9–11]. 

Studies using electroencephalography (EEG) in young adults revealed neural 

desynchronization, i.e., reduced oscillatory power, in the alpha (8–13 Hz) and beta (13–30 Hz) 

frequency ranges during the performance of FM tasks compared to a rest condition in frontal, 

central, parietal and occipital areas [9,12,13]. It is assumed that such task-related power 

(TRPow) decreases reflect enhanced cortical activation and active task processing [14,15]. 

More specifically, TRPow decreases of alpha oscillations of the sensorimotor cortex (central 

area) were interpreted as a marker of sensorimotor processing [14,16]. TRPow decreases of 

beta oscillations seem to reflect online control and feedback processes of the motor system 

[17,18] and changes in corticospinal output [15,19]. 

To date, no studies have investigated TRPow changes during precision grip FM tasks 

in older adults. In simple motor tasks (like self- or audio-guided finger pressing/tapping tasks 

in which continuous visual feedback was not provided) older adults revealed stronger TRPow 

decreases than young adults over motor and parietal areas in alpha [20–22] and beta band [21–

23], indicating higher cerebral activation and enhanced active task processing with increasing 

age. In line with these findings, beta desynchronization was increased in the ipsilateral primary 

motor cortex in older adults during an FM power grip task in a magnetoencephalography 

(MEG) study [24]. 

However, TRPow values do not provide information about network oscillations at rest. 

This might be problematic as results associating age with alpha or beta power at rest are 

controversial: Several studies reported alpha power decreases with increasing age in general 

([25,26] for reviews) or specific to the parietal and occipital area [27]. Others claimed that alpha 
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power is diminished only in cognitively declined older adults ([28,29] for reviews) and revealed 

no decline in alpha power in healthy older adults [21,30–33]. 

Alpha power reflects oscillating activity of thalamic neurons in absence of sensorimotor 

information, and is defined as the dominant rhythm on the human cortex during a relaxed awake 

state [34]. Furthermore, alpha oscillations are thought to indicate a state of active inhibition and 

attentional readiness, and are linked to cognition and memory [28,35]. Especially in the frontal 

cortex, alpha oscillations seem to reflect cognitive top-down processes [36,37]. 

Relative to alpha, the origin and functional meaning of beta oscillations is less well 

understood. Beta oscillations occur during an awake state and are usually related to 

sensorimotor behavior, top-down processing, long-range communication, and preservation of 

the current brain state [15,38]. Several studies demonstrated higher beta power at rest in older 

than young adults in general [33], or specifically in central [21,24,32] or occipital regions [32]. 

Only one study reported no difference between young and older adults in beta power in any 

brain area [27]. However, the functional role of a potential age-related beta increase has not yet 

been determined. Taken together, these diverse findings require one to control for possible age-

related power differences at rest when conducting TRPow analyses in aging studies. 

Furthermore, older adults seem to reveal de-lateralization of brain activation (i.e., a less 

focused and more homogenous activation over both hemispheres), when compared to young 

adults, for example in motor areas during finger/key pressing tasks [20,39] or FM tasks [40]. 

This is also a common finding in cognitive aging research in prefrontal ([41,43] for reviews) 

and parietal areas [41–44], leading to the HAROLD (hemispheric asymmetry reduction in older 

adults) theory of aging [41,45]. 

Besides reduced lateralization, cognitive aging research also discusses a posterior-to-

anterior shift in aging (PASA) [46], referring to a decrease in posterior activity combined with 

an increase in frontal activity in older adults (named frontality in the following). Accordingly, 

older adults revealed reduced event-related alpha desynchronization (ERD) over the parietal 

cortex relative to young adults [47]. Due to enhanced cognitive load during FM tasks in older 

adults [7,8], increased lateralization and frontality might also be reflected in alpha and beta 

power during FM tasks. 

Activation (i.e., TRPow decrease) in the beta band over the contralateral sensorimotor 

cortex was associated with better motor performance in young and older adults [21]. Graziadio 

et al. [48] reported the same association for alpha (mu), but restricted to the age group of older 
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adults. Others, however, reported no association between alpha/ beta TRPow and behavioral 

performance in (visuo)motor tasks for young adults [13,24,39] or did not relate 

electrophysiological to behavioral data. 

The aim of the current study was to investigate the association of age with fine motor 

control, EEG power at rest as well as TRPow during a precision grip FM task. In line with 

earlier studies, we hypothesized enhanced active task processing. This stronger decrease may 

be a function of potential age-related differences of alpha or beta oscillations at rest. Due to 

heterogonous findings with respect to particular brain areas, we further examined whether 

possible age differences were consistent across brain regions of interest (frontal, central, 

parietal, and occipital, for rest and TRPow separately). Furthermore, based on findings from 

cognitive aging literature, we assumed that older adults should reveal less lateralization in 

frontal, central and parietal areas as well as a more pronounced frontality than young adults. 

Finally, we assumed higher activity (i.e., higher TRPow decreases) in the contralateral 

sensorimotor cortex to be associated with better FM performance. 

2. Method 

2.1. Participants 

In total, 88 women took part in the study, subdivided with respect to their age in 55 

older adults (OA) between 67 and 83 years of age (M = 74.51, SD = 4.25) and 33 young adults 

(YA) between 19 and 29 years of age (M = 22.97, SD = 2.76). All OA participated in a previous 

study of our research group, 18 months earlier. They agreed to store their contact data in a 

participant database, so that they were re-recruited via phone. YA were recruited with flyers 

and mailing lists of two local universities. The study was approved by the Faculty of Humanities 

of Saarland University (4.3.13). All participants took part voluntarily in the study and provided 

informed consent about general study information and EEG testing. 

Furthermore, they completed a questionnaire assessing demographic information, 

health status and physical activity level (adapted version of the Baecke Physical Activity 

Questionnaire) [49], the Edinburgh handedness questionnaire to determine hand dominance 

[50] as well as a questionnaire to determine subjective hand use [51]. OA were screened for 

dementia by use of the Montreal Cognitive Assessment test (MoCA) [52] with a cutoff < 23 

[53]. Also participants with a low MoCA score of 23 or 24 performed the FM task within a 

normal range, i.e., no trials of these participants were regarded as outlier. Furthermore, there 
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was no significant association between performance in the FM task and MoCA score (r = −.175, 

p = .250), so that they were included in the analyses. Clinical manual dexterity was assessed 

using the Purdue Pegboard test (Purdue Pegboard test, model 32020, Lafayette Instruments, 

Lafayette, IN, USA) [54]. The mean number of pins placed with the dominant hand was 

calculated. YA revealed a significantly better performance than OA (see Table 1). OA received 

6 € per hour as monetary compensation, YA got chocolate as well as an analysis of their 

cardiorespiratory fitness. 

Several participants had to be excluded from data analysis as they did not meet the 

inclusion criteria (left-handers: n = 2 YA; MoCA score < 23: n = 4 OA) or due to technical 

problems with the EEG (n = 6 YA, n = 6 OA). Therefore, 45 OA between 67 and 83 years of 

age (M = 74.73, SD = 4.39 years of age, all female and right-handed) and 25 YA between 20 

and 28 years of age (M = 23.24, SD = 2.47 years of age, all female and right-handed) were 

included in the analyses. 

Table 1 Participant characteristics of young (YA) and older adults (OA) 

  

  

YA (n = 25) OA (n = 45)  

M SD M SD F(1, 68) p η² 

Age 23.24 2.47 74.73 4.39 2911.29 <.001* .98 

Education 16.36 1.94 12.90 2.81 34.02 <.001* .33 

Subj. health 3.88 0.78 3.71 0.70 0.87 .355 .01 

MoCA - - 26.38 2.14 - - - 

Subj. hand usage 17.88 2.92 16.69 5.33 1.07 .306 .02 

Pegboard 16.44 1.42 13.04 1.30 102.85 <.001* .60 

MVC 45.97 12.79 39.20 9.27 6.51 .013* .09 

Note. YA = young adults; OA = older adults; Age = age in years; Education = years of education; Subj. health = self-rated 

health status in a Likert scale from 1 (poor) to 5 (excellent); MoCA = sum score of the Montreal Cognitive Assessment; Subj. 

hand usage = self-reported hand use (sum score of 9 items, 5-point scale); Manual dexterity = Purdue Pegboard test, mean 

score of three trials with the right hand; MVC = maximum voluntary contraction of index finger and thumb with the right hand, 

maximal value out of three trials. * = Significant effect (p < .05).  
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Fig. 1. (a) Pictures of the force transducer. (b) Sample data of one trial of one participant. The grey target curve 

represents the irregular sine wave pattern (presented on the screen in green). The black line characterizes the 

applied force of the participant (presented on the screen in yellow). The black dotted line symbolizes the start of 

data analysis. 

2.2. Measures 

2.2.1. Apparatus and setup 

Maximum force and fine motor control performance were measured with a six degree 

of freedom force transducer (Mini-40 Model, ATI Industrial Automation, Garner, N.C., USA, 

see Fig. 1a). The force transducer was located on the right armrest of a comfortable chair, placed 

about 80 cm in front of a 17-in. monitor (hardware resolution: 1200 × 1024 pixels). Online 

visual feedback about the target force level (green) and the applied force (yellow) were 

presented on a black background on the monitor (see Fig. 1b for example data). Target and 

applied force appeared on the right side of the screen and moved to the left side. The target 

force appeared 200 ms before the applied force providing a very short time interval to react to 

the upcoming target force. Five (shifting) seconds of the force were presented on the x-axis, the 

y-axis was a fixed window from 0–16 N (exception: during maximum voluntary contraction y-

axis was adapted automatically to the applied force). Force data was recorded with a sampling 

rate of 120 Hz and an amplitude resolution of 0.06 N with a customized LabVIEW program 

(National Instruments Austin, TX, USA). Participants had to pinch the force transducer with a 

precision grip, in a way that the thumb was placed on the force plate and the index finger on a 

wooden plate, which was fixed on the back side of the force transducer. 
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2.2.2. Maximum voluntary contraction 

To assess isometric maximum voluntary contraction (MVC) participants were asked to 

exert as much power as possible in a precision grip with the dominant hand for five seconds. 

This procedure was performed three times with 30 s rest between each trial. The highest value 

out of the three trials was regarded as MVC. 

2.2.3. Force modulation task (FM task) 

Fine motor control performance was assessed with a visuomotor FM task. Participants 

were instructed to match their own applied force as accurately as possible to the target force by 

exerting an isometric force in a precision grip. Participants started with eight trials of 11 s each 

to get familiar with the task and the properties of the force transducer. These familiarization 

trials consisted of a regular sine wave pattern, with six sine waves between 2 N and 7 N with a 

frequency of 0.57 Hz (always the same regular sine wave pattern). Afterwards participants 

performed eight trials of the actual FM task (15 s each trial). The FM task consisted of an 

irregular sine wave pattern with eight sine waves each with the same minima (2 N), but varying 

maxima (5.1 N–11.3 N). Sine wave frequency was adapted to the varying maxima so that 

tracking velocity was identical within each sine wave (0.35 Hz–0.78 Hz; see Fig. 1). The eight 

trials were intermitted by a five second inter-trial break, in which a white fixation cross appeared 

on a black screen. 

2.2.4. EEG recording 

Continuous EEG data were recorded with an active electrode system (ActiveTwo, 

BioSemi, Amsterdam, Netherlands) mounted in an elastic nylon cap (Biosemi, Amsterdam, 

NL) with a sampling rate of 2048 Hz. Thirty-two electrodes were placed according to the 10–

20 system [55]. Four facial electrodes were placed above and below the left eye and next to the 

outer canthi of both eyes to detect vertical and horizontal eye movements. EEG recording 

started one minute before the FM task (task) to calculate a reference spectrum. During this 

resting period (rest) participants were instructed to sit calmly on their chair and look at a white 

fixation cross on a black screen with their eyes open. 

2.3. Data analysis 

2.3.1. FM task performance 

Data analysis was performed with Matlab 2015a software (the MathWorks, Inc., Natick, 

Massachusetts, USA). To exclude variation due to differences in ramp time, the first 211 data 
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points (approximately 1.75 s, representing the first sine wave of every trial) were cut out from 

analysis. Performance was quantified by use of the root mean square error (RMSE). Outliers 

were presumed per trial across all participants as standardized z-scores greater than 3.29 or 

below -3.29 per trial (n = 6, in 5 different participants) and were replaced according to the last 

observation carried forward method [56]. The mean RMSE of the eight trials was calculated 

and served as parameter for fine motor control performance. 

2.3.2. EEG data 

2.3.2.1. Data preprocessing 

Identical preprocessing steps were completed for both, the FM task and rest data (unless 

specified otherwise). Offline EEG data analysis was conducted with the Brain Vision Analyzer 

software (Version 2.1, Brain Products GmbH, Gilching, Germany). Continuous EEG data were 

cut into episodes from the beginning of the first trial to the end of the eighth trial of the FM 

task. Data were downsampled from 2048 Hz to 512 Hz with spline interpolation. A phase shift 

free Butterworth infinite impulse response (IIR) filter was applied with a low cutoff at 1 Hz and 

a high cutoff at 70 Hz with a slope of 48 db/Oct as well as a notch filter at 50 Hz to reduce line 

noise. Channels with artifacts were recalculated with a topographic interpolation when possible 

in terms of surrounding electrodes. Afterwards a semiautomatic raw data inspection (criteria: 

gradient: maximal allowed voltage step: 25 μV, lowest allowed activity: 0.5 μV) was 

conducted. To remove ocular artifacts a semiautomatic ocular correction was done using an 

extended infomax independent component analysis (ICA), with the electrode above the left eye 

detecting vertical ocular movements and the electrode left from the left eye detecting horizontal 

eye movements. 

Afterwards, inter-trial breaks and the first curve of each FM trial (1.75 s) were removed 

from the continuous data. The remaining FM trials of 13 s were further separated in epochs of 

one second. EEG data at rest were simply segmented in epochs of one second. This procedure 

resulted in approximately 104 epochs for FM task performance and 60 epochs for the rest 

period. Finally, a semi-automated artifact rejection was accomplished (criteria corresponded to 

those of the raw data inspection). After preprocessing the data, a fast Fourier transform was 

calculated (output was set to power measured in μV2) using full spectrum and a Hanning 

window of 10%. 
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2.3.2.2. Calculation of regions of interest (ROIs) 

Power spectra were calculated to electrodes of interest based on anatomical knowledge 

(frontal: F3, Fz, F4; central: C3, Cz, C4; parietal: P3, Pz, P4; occipital: O1, Oz, O2) and 

averaged across the epochs during FM task and rest. Spectral power was calculated for alpha 

(8–13 Hz) and beta (13–30 Hz) frequency spectra. Power values were log-transformed to 

stabilize the variances of the data [18,22]. 

For both, alpha and beta, task-related power (TRPow) was calculated by subtracting 

log-transformed power at rest from log-transformed power during the FM task for each 

electrode separately: TR (logPowx) = log power taskx – log power restx [18]. Thus, negative 

TRPow values indicate a task-related power decrease, while positive TRPow values indicate a 

task-related power increase. Afterwards, electrodes were grouped into four regions of interest 

(ROIs; see Fig. 2): frontal electrodes, known to be involved in cognitive and attentional 

processing (F3, Fz, F4), central electrodes, overlying somatosensory and motor areas (C3, Cz, 

C4), parietal electrodes, being involved in the integration of sensory and spatial information 

(P3, Pz, P4), and occipital electrodes, associated with visual processing (O1, Oz, O2) for 

TRPow and rest separately [57]. The mean value of the three electrodes each expressed one 

ROI. 

2.3.2.3 Calculation of lateralization and frontality coefficients 

Lateralization coefficients were computed to examine hemispheric lateralization [58]. 

Therefore, after log-transforming the data, we calculated three lateralization coefficients for 

TRPow (cf. 2.3.2.2) and rest as well as alpha and beta band separately. We computed the 

TRPow lateralization coefficients as follows: frontal lateralization: TR(logPow) F3 – 

TR(logPow) F4, central lateralization: TR(logPow) C3 – TR(logPow) C4, and parietal 

lateralization: TR (logPow) P3 – TR(logPow) P4. A frontality coefficient was calculated in an 

analogues manner as: TR(logPow) Pz – TR(logPow) Fz. Lateralization and frontality 

coefficients for alpha and beta power at rest were calculated accordingly. 
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Fig. 2. Regions of interest (ROI) for EEG power at rest and TRPow (4 ROIs). 

2.4. Statistical analysis 

Statistical analyses were conducted with SPSS for Windows, version 24 (IBM Corp., 

Armonk, NY, USA). In all analyses p-values < .05 were regarded as significant, p-values < .10 

as marginally significant (trend). Effect sizes were reported as eta squared (η²). 

 2.4.1. FM task performance 

An analysis of variance (ANOVA) with age (YA, OA) as between-subject factor and 

RMSE as dependent variable was used to test for effects of age on fine motor control 

performance in the FM task. Analysis was controlled for a possible influence of MVC and years 

of education (ANVOCA), as OA and YA differed significantly from each other in these 

variables (Table 1). We did not control for manual dexterity (which also exposed an age-related 

difference, Table 1), as the FM task and the Purdue Pegboard test (i.e., manual dexterity) are 

supposed to measure closely related constructs. To account for unequal variances we calculated 

alternative FBF-ratios by use of the Brown-Forsythe FBF correction [59]. 

2.4.2. EEG data 

To analyze the differences in EEG power between OA and YA, we calculated ANOVAs 

with alpha or beta power at rest or TRPow as dependent variables in separate analyses. First, 

we calculated repeated measures ANOVAs with age (YA, OA) as between-subject factor and 

ROI (frontal, central, parietal, occipital) as within-subject factor. In case the sphericity 

assumption was violated the correction factor epsilon (ε) was reported together with the 

Greenhouse-Geisser adjustment (ε < 0.75) or the Huynh-Feldt (ε < 0.75) adjustment. To better 

understand the impact of particular brain regions we calculated Bonferroni corrected follow-up 
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t-tests. Furthermore, TRPow analyses were controlled for an influence of EEG power at rest for 

the respective ROIs by calculating separate ANCOVAs for each ROI with age (YA, OA) as 

between-subject factor (to account for different rest measures with respect to the particular 

ROI). Second, to assess possible age differences in lateralization and frontality we computed 

multivariate ANOVAs with Age (YA, OA) as between-subject factor and the four TRPow 

coefficients (frontal, central, and parietal lateralization and frontality) as dependent variables. 

Again, we controlled TRPow coefficients for a possible influence of EEG power at rest by 

calculating respecting ANCOVAs. All EEG analyses were further controlled for an influence 

of years of education and MVC. None of the variables had a significant influence so that 

analyses were reported without covariates. 

2.4.3. Association between FM task performance and EEG data 

We calculated correlation analyses of FM performance (RMSE) and EEG data (rest and 

TRPow) per age group for all analyses that revealed significant age effects. Correlations were 

controlled for multiple testing (Bonferroni correction). All analyses were performed for alpha 

and beta frequency bands separately. 

3. Results 

3.1. FM task performance 

Generally, older adults performed the FM task with lower accuracy (higher RMSE) than 

YA (Fig. 3 and Table 2). When taking MVC and years of education into account, ANCOVA 

revealed that MVC was significantly related to FM performance, lowering the effect size of Age 

(see Table 2). When taking MVC and years of education into account, ANCOVA revealed that 

MVC was significantly related to FM performance, lowering the effect size of Age (see Table 2). 

 

Fig. 3. Group means and SE of young adults (YA) and older adults (OA) for the FM task. 

*= Significant effect (p < .05). 
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Table 2 F-statistics for FM task performance 

   F-statistics 

  FBF df p η² 

ANOVA (uncorrected model) Age 57.41 1 .001* 41 

 ANCOVA (corrected model) 

MVC 10.57 1 .002* .08 

Education 0.50 1 .498 <.01 

Age 30.24 1 <.001* .22 

*= Significant effect (p < .05). 

3.2  EEG data 

3.2.1. Power at rest (4 ROIs) 

Group means and standard errors (SE) are shown in Fig. 4, results of the analyses in 

Table 3. Alpha and beta power at rest were affected differently by age. 

3.2.1.1 Alpha 

For alpha power at rest, repeated measures ANOVA (4 ROI × 2 Age) indicated a trend 

for an Age effect, with a tendency to less alpha power in OA than in YA, and a main effect of 

ROI, but no ROI × Age interaction. Overall, alpha power at rest was strongest at occipital 

electrodes, followed by parietal, frontal, and central electrodes (all ROIs significantly different 

from each other, all p < .001). Only for the frontal ROI the planned follow-up test revealed 

significantly less alpha power in OA than YA (p = .030). 

3.2.1.2. Beta 

 For beta power at rest, the Age effect reached significance with OA having significantly 

more beta power at rest than YA. A main effect of ROI indicated that beta power in the particular 

ROIs differed all significantly from each other (follow-up tests: occipital > parietal > frontal > 

central; all p ≤ .001). A significant ROI × Age interaction and respective follow-up tests further 

confirmed significantly higher beta power of OA than YA in frontal, central, and parietal areas 

(all p ≤ .05), but not in the occipital ROI. 
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Fig. 4. Group means and SE of young adults (YA) and older adults (OA) for alpha (a) and (b) beta power at rest 

of four different ROIs (frontal, central, parietal, occipital). Y-axis = log-transformed data. The black * indicate 

significant follow-up tests between age groups (YA, OA) per ROI, the gray * indicate significant follow-up tests 

between ROIs, irrespective of age group (p < .05). 

Table 3 F-statistics for the 4 ROI (frontal, central, parietal, occipital) × 2 Age (YA, OA) repeated measures 

ANOVA for EEG power at rest. 

    F-statistics 

  F  df ε p η² 

Alpha 

ROI 378.86 3 

- 

<.001* .80 

Age 3.05 1 .086 .05 

ROI × Age 1.77  3 .159 <.01 

Beta 

ROI 632.91 3 

.89 

<.001* .77 

Age 9.00 1 .004* .12 

ROI × Age  17.74 3 <.001* .02 

*= Significant effect (p < .05). 
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3.2.2. TRPow (4 ROIs) 

Group means and SE are depicted in Fig. 5 and illustrate TRPow decreases for all ROIs 

in both age groups for alpha and beta. 

3.2.2.1. Alpha 

We found no significant effect of Age on alpha TRPow, but a significant main effect of 

ROI and a ROI × Age interaction (Table 4). Overall, alpha TRPow was smaller in the occipital 

ROI as compared to all other ROIs (all p ≤ .001). Follow-up tests for the interaction showed 

that OA had significantly less TRPow decrease in the frontal ROI than YA (p = .014), whereas 

in other ROIs OA and YA did not differ significantly from each other. However, this age-related 

effect for the frontal ROI disappeared when controlling for frontal alpha power at rest (Table 

5). 

3.2.2.2. Beta 

We found a significant main effect of Age and ROI on beta TRPow, but no ROI × Age 

interaction (Table 4). Main effect of ROI indicated the same pattern as for alpha (TRPow was 

smaller in occipital as compared to parietal, central, and frontal ROIs). Irrespective of the ROI, 

OA had stronger TRPow decreases during the FM task than YA. However, when controlling 

for beta power of the particular ROI at rest, OA revealed significantly stronger beta TRPow 

deceases than YA only in the parietal and occipital ROI (Table 5). 

 

Fig. 5. Group means and SE of young adults (YA) and older adults (OA) for TRPow in alpha (a) and (b) beta of 

four different ROI (frontal, central, parietal, occipital). Y-axis = log-transformed data. The black * indicate 

significant follow-up tests between age groups (YA, OA) per ROI, the gray * indicate significant follow-up tests 

between ROIs, irrespective of age group (p < .05). 
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Table 4 F-statistics for the 4 ROI (frontal, central, parietal, occipital) × 2 Age (YA, OA) repeated measures 

ANOVA for EEG TRPow 

    F-statistics 

  F  df ε p η² 

Alpha 

ROI 15.55 3 

.77 

<.001* .17 

Age 1.48 1 .228 .07 

ROI × Age 3.58  3 .023* .04 

Beta 

ROI 17.75 3 

.74 

<.001* .15 

Age 11.80 1 <.001* .28 

ROI × Age  0.26 3 .793 <.01 

 

Table 5 F-statistics for univariate ANCOVAs (covariate = power at rest) by Age (YA, OA) 

    F-statistics 

   F  df p η² 

Alpha 

Frontal 
Age 1.74 1 .192 .01 

Rest 58.03 1 <.001* .42 

Central 
Age 0.08 1 .784 <.01 

Rest 101.46 1 <.001* .60 

Parietal 
Age 0.44 1 .509 <.01 

Rest 130.15 1 <.001* .65 

Occipital 
Age 1.80 1 .184 .01 

Rest 84.03 1 <.001* .55  

Beta 

Frontal 
Age 0.32 1 .572 <.01 

Rest 85.56 1 <.001* .28 

Central 
Age 0.01 1 .929 <.01 

Rest 75.27 1 <.001* .47 

Parietal 
Age 5.09 1 .027* .03 

Rest 87.91 1 <.001* .47 

Occipital 
Age 7.36 1 .008* .07 

Rest 31.94 1 <.001* .29 
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3.2.3. TRPow (lateralization and frontality coefficients) 

All particular electrodes involved in the coefficient calculation (F3, F4, C3, C4, P3, P4, 

Fz, and Pz) revealed descriptively TRPow decreases in both age groups (TRPow in all 

electrodes < 0). For group means and SE see Fig. 6, statistics are shown in Table 6. 

3.2.3.1. Alpha 

When investigating the lateralization and frontality coefficients, we found no significant 

effect of Age on TRPow in the alpha band, even when controlled for power at rest. 

3.2.3.2. Beta 

A significant main effect of Age was found and seemed to be driven by a frontal de-

lateralization. As depicted in Fig. 6b, OA revealed a negative coefficient, indicating that TRPow 

decrease was stronger on the left (contralateral) frontal side (F3) than on the right (ipsilateral) 

side (F4), whereas the opposite was the case for YA. The age effect even remained when 

controlling for beta power at rest (Table 6, ANCOVA). For the central and parietal lateralization 

coefficients as well as for the frontality coefficient no significant differences between YA and 

OA were expressed in the beta band. 

 

Fig. 6. Group means and SE of young adults (YA) and older adults (OA) of the TRPow coefficients (difference 

coefficients of task-related power) in alpha (a) and (b) beta. F3-F4 = frontal lateralization coefficient; C3-C4 = 

central lateralization coefficient; P3-P4 = parietal lateralization coefficient; Pz-Fz = frontality coefficient. *= 

Significant effect (p < .05). 
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Table 6 F-statistics for the 4 TRPow Coefficient (frontal -, central -, parietal lateralization, frontality) × 2 Age 

(YA, OA) multivariate ANOVA 

    F-statistics 

Multivariate ANOVA F  df p η² 

Alpha  1.28 1 .285 .07 

Beta 3.27 1 .017* .17 

Univariate ANOVAs F  df p η² 

Alpha 
Lateralization 

Frontal 2.29  1 .135 .03 

Central 0.58 1 .450 .01 

Parietal 1.83 1 .180 .03 

Frontality  1.37 1 .246 .02 

Beta 
Lateralization 

Frontal 6.34  1 .014* .09 

Central 0.06 1 .802 <.01 

Parietal <0.01 1 .971 <.01 

Frontality  0.33 1 .566 <.01 

Univariate ANCOVAs F  df p η² 

Alpha 

Frontal 

Lateralization 

Age 1.67 1 .201 .02 

Rest 9.17 1 .004* .12 

Central 

Lateralization 

Age 0.30 1 .583 <.01 

Rest 20.23 1 <.001* .22 

Parietal 

Lateralization 

Age 2.06 1 .156 .02 

Rest 48.91 1 <.001* .42 

Frontality 
Age 0.64 1 .426 .01 

Rest 37.76 1 <.001* .36 

Beta 

Frontal 

Lateralization 

Age 5.81 1 .019* .08 

Rest 4.69 1 .034* .06 

Central 

Lateralization 

Age 0.15 1 .704 <.01 

Rest 4.43 1 .039* .06 

Parietal 

Lateralization 

Age 0.14 1 .714 <.01 

Rest 41.29 1 <.001* .38 

Frontality 
Age 0.08 1 .778 <.01 

Rest 40.24 1 <.001* .38 

 

3.3. Association between FM task performance and EEG data 

We performed correlation analyses for all calculations revealing significant effects of 

Age (cf. Sections 3.1 and 3.2). After correcting for multiple testing, no analysis reached 

statistical significance (note: frontal beta lateralization coefficient for YA: r = 0.391, p = .053; 

frontal alpha at rest for YA: r = −0.263, p = .294, all other correlations r < ± 0.225, p > .220). 
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4. Discussion 

This study examined whether older adults differ from young adults in their fine motor control 

performance during a precision grip force modulation (FM) task, in EEG alpha and beta power 

at rest and, most importantly, in FM task-related EEG power (TRPow decreases) in the alpha 

and beta band. We found worse FM task performance in older adults as compared to young 

adults. EEG analyses revealed reduced alpha power at rest in frontal electrodes in older adults. 

Beta power at rest was higher in older than in young adults in frontal, central, and parietal areas. 

Furthermore, after controlling for power at rest, older adults showed enhanced TRPow 

decreases (i.e., stronger activity) in the beta band in both parietal and occipital areas, indicating 

higher sensory and visual effort to accomplish the task. Analyses of lateralization coefficients 

indicated that activity was stronger on the left frontal side in older adults, whereas in young 

adults activity was stronger on the right frontal side. 

4.1. FM task performance 

Our data confirmed the well-known age-related decline in fine motor control 

performance in precision grip FM tasks [7,8], requiring the precise control of thumb and index 

finger forces of the dominant right hand under visual control. Several peripheral factors are 

discussed to contribute to this decline which starts already during middle-aged adulthood 

[51,60,61], such as a loss of muscle mass [62]. Accordingly, we revealed that the maximum 

voluntary contraction (MVC) during a precision grip significantly influenced FM performance. 

Furthermore, changes in the aging skin, diminished sensory perception or alterations in 

peripheral nerves and joints accounted for the age-related effect in fine motor control [62]. 

4.2. EEG data 

4.2.1. Power at rest (4 ROIs) 

4.2.1.1. Alpha 

Findings on age-related changes in alpha power at rest are heterogeneous. Like others 

[21,31–33], we did not find significant differences between young and healthy older adults in 

alpha power at rest. Nevertheless, the main effect of Age neared significance (p = .086), pointing 

to a trend for less alpha power with increasing age as revealed by others [25,26]. This trend was 

primarily driven by a significant age-related decrease of alpha power in the frontal area, which 

might be related to an enhanced structural decline in this brain area in older adults [63,64]. 
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Besides this structural decline, older adults might deal with more attentional and top-down 

processes in frontal areas already at rest [28,35–37]. 

Studies exposing a decrease in alpha frequency in older as compared to young adults, 

associated these changes with age-related neurological diseases [25] or a cognitive decline [29]. 

As participants of the current study were screened for an absence of neurological diseases (by 

use of a health questionnaire) and defined as being cognitively healthy (by use of the MoCA), 

the trend in our data might indicate that age-related declines in cognitive and motor processes 

start to develop without manifested neurological diseases or cognitive declines. However, the 

trend might also be reasoned by a heterogeneous sample or the sample size. 

4.2.1.2. Beta 

Beta oscillations at rest were enhanced in healthy older adults in frontal, central, and 

parietal areas in older as compared to younger adults, in line with some earlier studies 

[21,24,32,33]. Increased beta oscillations at rest in sensorimotor areas was associated with 

higher levels of γ-Aminobutyric acid (GABA) in healthy adults [65,66]. However, as GABA 

levels decrease with increasing age [67], other explanations seem to be more plausible. 

Enhanced beta might be interpreted as a marker of brain overactivity and early brain damage 

[68]. This has been demonstrated in studies investigating the effect of chronic alcohol abuse, 

and was attributed to an imbalance of excitation and inhibition, leading to cortical 

hyperexcitability [68,69]. A similar interpretation might be conceivable for older adults, with 

increased beta representing an indicator of brain aging. Furthermore, as we assessed the resting 

period after the FM familiarization trials and before the start of the real FM task, the high beta 

power at rest in frontal, central, and parietal areas might reflect motor and sensory preparation 

processes, indicating that older adults are not only awake, but need to already process content-

specific information [38,70]. This could also explain the trend for less alpha power as an 

indicator of less relaxation during this period. Nevertheless, further research is needed to 

investigate the electrophysiological mechanisms underlying age-related beta power changes in 

frontal, central, and parietal brain areas. 

Generally, beta power at rest was strongest in occipital electrodes across young and 

older participants and did not differ significantly between age groups in this particular ROI. 

Participants looked at a fixation cross on a computer screen during EEG at rest. This could have 

induced age-independent low-level visual processes as occipital beta power was found to reflect 

visual attention and alertness [71,72]. 



Results – Paper 1  97 

 

4.2.2. TRPow (4 ROIs) 

The main aim of this study was to investigate whether young and older adults show 

differences in their alpha and beta TRPow decreases during the FM task, which represent active 

cognitive and motor processing [14,15]. EEG analyses were not restricted to motor areas (i.e., 

central electrodes) as frontal, parietal, and occipital brain areas are also known to be involved 

during FM task performance as shown for young adults [9–11]. However, previous studies in 

the domain of motor control and aging restricted their TRPow analyses to selected electrodes 

[20–24], not considering the occipital area, which is important for visual processing during 

visuomotor tasks. The few studies investigating EEG alpha or beta band oscillations in older 

adults during visuomotor tasks comparable to our FM task did not consider EEG power at rest, 

but power during task performance only ([73]: mirror tracing task; [74]: finger abduction force 

tracking of a constant target force). Results for the investigated brain regions are discussed in 

the next sections for alpha and beta separately. 

Generally, alpha and beta EEG power decreased during FM task performance as 

compared to a resting condition in young and older adults of the current study, representing a 

TRPow decrease. This finding confirms results of previous EEG [9,12,13] and MEG studies 

[11] in young adults with motor tasks similar to our FM task and extends the current knowledge 

to the age group of older adults for this specific kind of motor task. 

4.2.2.1. Alpha 

The effect of age on alpha oscillations during motor tasks is poorly understood, 

especially in frontal brain areas. This study revealed that older adults had less frontal alpha 

TRPow decreases (i.e., less activity) during the FM task than young adults, when analysis was 

not controlled for alpha power at rest. However, when controlling analysis for frontal power at 

rest, the age-related effect on frontal alpha activity disappeared. This indicates that the age-

related effect on TRPow was mediated by lower alpha power at rest of older as compared to 

young adults. 

Studies examining key/finger pressing tasks reported higher activity in the alpha band 

of older as compared to young adults over motor and parietal brain areas [20–22]. We did not 

confirm these results in a precision grip FM task. 

4.2.2.2. Beta 

When not controlling TRPow analysis for power at rest, older adults exposed stronger 

TRPow decreases (i.e., more activation) in the beta band than young adults, irrespective of ROI. 
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As the age-related effect on TRPow remained significant only in the parietal and occipital ROI 

after controlling for beta power at rest, we assume that the decrease in FM performance might 

be influenced by age-related changes in sensory and visual attention processes. As parietal beta 

oscillations seem to reflect active motor control processes [15], results might point out that older 

adults need more sensory effort than young adults to accomplish the FM task. Occipital beta 

oscillations were related to efficient visual attention or object processing [75,76]. Therefore, 

increased processing of external information, i.e., integration of sensory or visual with motor 

information, of older adults might be a driving mechanism for enhanced beta activity [38].  

This was the first study in the domain of motor control and aging to systematically 

compare the effect of age on EEG alpha and beta TRPow while also considering the impact of 

interindividual alpha and beta power at rest. We revealed that differences between young and 

older adults diminished when EEG power at rest was used as a covariate. Due to the identified 

age-related changes in alpha and beta power at rest, our analyses indicate the importance of 

considering interindividual and age-related variability at rest when investigating TRPow 

effects. 

4.2.3. TRPow (lateralization and frontality coefficients) 

4.2.3.1. Frontal lateralization 

Hemispheric lateralization analyses revealed that older adults had stronger TRPow beta 

decreases (i.e., more activation) in the contralateral frontal cortex relative to the ipsilateral 

frontal cortex, as indicated by a negative lateralization coefficient. This age-related effect 

remained significant, after controlling for beta power at rest, confirming the task-related activity 

difference between older and younger adults. In contrast, in young adults activation was higher 

in the ipsilateral frontal cortex (relative to contralateral), as specified by a (slightly) positive 

lateralization coefficient. In cognitive tasks, young adults often exposed higher activity in the 

left than in the right prefrontal cortex, whereas older adults revealed a more homogenous 

activation in the prefrontal cortex [41,77]. Therefore, the HAROLD model [41] derived 

primarily from cognitive tasks does not seem to hold for a precision grip FM task. As frontal 

beta oscillations were associated with cognitive processes also during motor task performance 

[78,79] a negative frontal lateralization coefficient in beta TRPow could indicate age-related 

changes in cognitive processing. 
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4.2.3.2. Central lateralization 

We did not find a significant difference between young and older adults with respect to 

the TRPow central lateralization coefficient over the sensorimotor cortex in the alpha (also 

referred to as mu) or beta band. In contrast, a functional magnetic resonance imaging (fMRI) 

study revealed less lateralized activity in motor areas during a similar FM task in older as 

compared to younger adults [40]. As TRPow was not statistically different between 

hemispheres, it points to bilateral activation irrespective of age. However, interestingly enough, 

all central coefficients were positive, which seem to indicate stronger activation on the 

ipsilateral than on the contralateral motor cortex, irrespective of age or frequency band. As 

compared to simple finger movements or finger/key pressing tasks, during which young adults 

revealed strongest activation in alpha and beta band over contralateral central areas [12,80], 

enhanced ipsilateral activation was associated with a less efficient motor processing [6]. FM 

tasks required bilateral activation of motor areas also in young adults as indicated by fMRI 

studies [81,82]. This indicates again that results of studies with older adults using other motor 

tasks cannot directly be compared to the FM task and, that specific task characteristics must be 

considered. 

4.2.3.3. Parietal lateralization 

No significant differences in TRPow parietal lateralization coefficients between young 

and older adults were revealed. Angel et al. [43] suggested that tasks with a small cognitive 

load might not induce parietal lateralization. Although older adults required more cognitive 

resources during performance of the FM task than young adults [7,8] the sensorimotor and 

sensory integration components of the FM task did not seem to shift parietal resources 

significantly different in older as compared to young adults. 

4.2.3.4. Frontality 

A frontality coefficient was calculated, which showed no significant age-related 

difference in the ratio between frontal and parietal areas in alpha/beta TRPow. Based on several 

cognitive studies we assumed more activation in frontal than in parietal areas in older adults 

[46,47]. However, our data suggested that older adults rely on frontal and parietal resources to 

a similar extent during the performance of a precision grip FM task, as indicated by very small 

frontality coefficients in alpha and beta. 

Finally, the very high standard errors in both age groups might impede group 

comparison and, irrespective of age, could also account for missing age effects.  
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4.3. Association between FM task performance and EEG data 

Our data suggested no direct significant association between EEG at rest or TRPow and 

fine motor control performance in the FM task, neither in young nor in older adults. This is 

consistent with other studies showing no association between alpha/beta TRPow and behavioral 

performance in (visuo)motor tasks in studies conducted with young adults [13,24,39] and might 

point to other mediating factors. In this vein, a recent study suggested that thickness of the 

cortex influenced task-related activity, by revealing that a larger ERD (i.e., analogous to a lager 

TRPow decrease) in alpha and beta band during finger tapping was associated with a thinner 

motor cortex [83]. However, the missing effects could also be caused by the very high level of 

variance within the age groups. 

4.4. Limitations 

A limitation of this study might be the exclusively female sample. It has been repeatedly 

shown that alpha as well as beta oscillations are affected by gender in young and older adults 

[33,84–86]. Therefore, we do not know whether our findings can be transferred to male older 

adults as well. 

Furthermore, the number of epochs included in EEG analyses for the FM task and rest 

were unequal (FM task about 104 epochs, rest about 60 epochs), which might have led to 

differences in the signal to noise ratio between these conditions. However, comparing 

imbalanced amounts of epochs between rest and task is not unusual [13,22]. Moreover, uneven 

number of epochs between rest and task does not explain group differences in task-related 

power. 

5. Conclusions 

This study was the first to investigate age-related changes in task-related power 

(TRPow) in alpha and beta during a precision grip FM task with a sample of young and older 

adults. Although we were mainly interested in the TRPow during fine motor control 

performance, analyzing alpha and beta power at rest provided further insights into general age-

related changes with respect to particular brain regions of interest: decreased alpha power in 

frontal electrodes, and an increase in beta power in frontal, central, and parietal areas. 

Most importantly, we showed that TRPow effects were driven by EEG power at rest: 

When analyses were not controlled, older as compared to young adults revealed significantly 
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higher beta TRPow decreases (i.e., more activation) in all investigated areas, when analyses 

were controlled for EEG power at rest, older adults showed higher activation only in parietal 

and occipital areas. This study demonstrated the importance of controlling for EEG power at 

rest when investigating TRPow during motor performance in aging studies to account for 

interindividual differences occurring at rest. Uncontrolled analyses might overestimate age-

related effects. 

Finally, this study revealed that the FM task-related processing lateralization in beta was 

different between age groups in the frontal cortex (even when controlling for power at rest). 

Although TRPow values and FM performance were not directly associated, we assume that the 

weaker frontal activation in the alpha band and the stronger activation in all investigated brain 

regions in the beta band reflect altered motor processing of older adults. 
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5.3 Paper 2: Acute exercise as an intervention to trigger motor 

performance and EEG beta activity in older adults 

Hübner, L., Godde, B., & Voelcker-Rehage, C. (2018). Acute Exercise as an Intervention to 

Trigger Motor Performance and EEG Beta Activity in Older Adults. Neural Plasticity, 

2018, 4756785. doi:10.1155/2018/4756785 

The published article is available via the following link:  

https://doi.org/10.1155/2018/4756785 

Abstract 

Acute bouts of exercise have been shown to improve fine motor control performance and to 

facilitate motor memory consolidation processes in young adults. Exercise effects might be 

reflected in EEG task-related power (TRPow) decreases in the beta band (13–30 Hz) as an 

indicator of active motor processing. This study aimed to investigate those effects in healthy 

older adults. Thirty-eight participants (65–74 years of age) were assigned to an experimental 

(EG, acute exercise) or a control group (CG, rest). Fine motor control was assessed using a 

precision grip force modulation (FM) task. FM performance and EEG were measured at (1) 

baseline (immediately before acute exercise/rest), (2) during practice sessions immediately 

after, (3) 30 minutes, and (4) 24 hours (FM only) after exercise/rest. A marginal significant 

effect indicated that EG revealed more improvement in fine motor performance immediately 

after exercise than CG after resting. EG showed enhanced consolidation of short-term and long-

term motor memory, whereas CG revealed only a tendency for short-term motor memory 

consolidation. Stronger TRPow decreases were revealed immediately after exercise in the 

contralateral frontal brain area as compared to the control condition. This finding indicates that 

acute exercise might enhance cortical activation and thus, improves fine motor control by 

enabling healthy older adults to better utilize existing frontal brain capacities during fine motor 

control tasks after exercise. Furthermore, acute exercise can act as a possible intervention to 

enhance motor memory consolidation in older adults. 

  

https://doi.org/10.1155/2018/4756785
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1. Introduction  

Fine motor control performance declines with increasing age [1], affecting activities of daily 

and professional life [2]. Although older adults are able to learn new and relearn motor skills 

[3], the consolidation of motor memory is diminished in older adulthood [4–7]. Acute bouts of 

cardiovascular exercise facilitate neuroplasticity in the primary motor cortex (M1) and enhance 

corticospinal excitability [8]. These effects are not specific to lower extremity motor areas and 

muscles engaged during exercise but also apparent in motor areas responsible for upper limbs, 

indicating that exercise has a generalized effect on M1 [9, 10]. Accordingly, several studies 

have investigated the effect of acute exercise on upper extremity visuomotor performance as 

well as acute exercise as a possible intervention to trigger motor consolidation processes in 

healthy young adults [11–18]. However, previous studies were inconsistent with respect to the 

time points of measurement, definition of motor performance/learning, and respective results, 

and were conducted only with young adults. 

1.1. Effects of Acute Exercise on Motor Behavior 

In the present study, we distinguished between (fine) motor performance, indicating a 

temporary status of motor behavior; initial motor learning, representing the very early phase of 

motor skill acquisition, and motor memory, characterized as a stable improvement of motor 

performance relative to baseline after a certain delay after practice [12, 19]. 

The influence of a bout of acute exercise on motor performance is usually assessed by 

performing a motor task immediately after an exercise session. Findings in studies with young 

adults are inconsistent: some indicate better fine motor control performance immediately after 

moderate intensity exercise than after rest [11], whereas others do not report such effects after 

moderate [15, 16] or high-intensity exercise [14]. 

The effect of acute exercise on initial motor learning can be measured by practicing the 

motor task immediately after exercise. Two studies report enhanced learning after moderate 

intensity exercise in young adults [11, 16], but others did not find altered motor learning 

behavior after moderate [15, 20] or high-intensity exercise [14, 18] in upper limb tasks.  

Consolidation of motor memory refers to the transformation from a fragile to a stable 

memory trace evolving during online and offline processes after motor practice [21–23]. 

Memory consolidation processes can be distinguished with respect to different time scales, such 

as short-term, i.e., seconds to hours, and long-term memory, i.e., hours to months [24]. 
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Accordingly, motor learning and acute exercise literature have assessed short-term motor 

memory up to one hour after practice/exercise and long-term motor memory 24 hours or seven 

days after practice/exercise [12, 25]. In healthy young adults, short-term motor memory in 

upper limb motor tasks seemed unaffected by acute exercise (one hour after exercise: [12, 14]). 

In contrast, participants revealed improved upper limb performance compared to resting control 

groups 24 hours and seven days [12, 14, 17, 18] after a bout of high-intensity exercise as well 

as 24 hours and seven days after low-intensity exercise [18]. This indicates that exercise triggers 

long-term motor consolidation processes, probably mediated by enhanced levels of 

norepinephrine, nerve growth factors, or metabolic signaling [14]. 

However, the influence of a bout of acute exercise on motor performance, initial motor 

learning, or motor memory in upper extremity fine motor tasks has not yet been studied in 

healthy older adults [26]. Several studies have revealed that acute exercise benefits cognitive 

performance in older adults immediately after moderate cardiovascular exercise [27–29], which 

was explained by higher arousal, improved information processing, and attention [28, 30]. As 

older adults require enhanced cognitive resources during motor performance and initial motor 

learning [31–33], and as motor consolidation processes are diminished in older adults [4–7], 

acute exercise might be an appropriate intervention to facilitate motor performance, initial 

motor learning, and motor memory consolidation in this age group. 

1.2. Effects of Acute Exercise on Electrophysiological Data 

Bilateral pre- and postcentral sensorimotor brain areas are involved in fine motor control 

performance [34–37], initial learning processes [38, 39], and consolidation of motor memory 

[23]. Task-related power (TRPow) decreases in the beta frequency band (13–30 Hz) over 

sensorimotor areas as obtained with electroencephalography (EEG) are discussed to be 

indicative of enhanced cortical activation and active processing of motor tasks [40–42]. In 

young adults, such desynchronization of beta oscillations has been shown during visuomotor 

force-matching tasks [41, 43, 44] and seems to reflect the efficiency of online and feedback 

processing of the motor system [45]. Furthermore, practicing a motor task led to weaker beta 

TRPow decreases not only in sensorimotor but also in frontal cortical areas in young adults 

[46–48], probably indicating increased automaticity and therefore, reflecting initial motor 

learning processes. With regard to age-related differences, in older as compared to young adults, 

stronger beta TRPow decreases during the performance of a force modulation task were found 

[49]. Following these results and as frontal brain activity is of particular interest in aging 
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research [50], we focused our analysis on frontal and sensorimotor cortical areas by analyzing 

the beta frequency band. 

Cardiovascular exercises have a modulating effect on activity in sensorimotor areas. For 

example, activity in the M1 or the primary somatosensory cortex (S1) was increased 

immediately after cardiovascular exercises [51–53]. In most studies, the cortical EEG was 

measured after acute exercise in young [54–57] and older adults [58] at rest. A recent study by 

Dal Maso et al. [59] investigated event-related desynchronization (ERD) during a power grip 

force modulation task after a bout of high-intensity exercise in young healthy adults. They 

revealed weaker ERD (analogous to less TRPow decrease) over bilateral sensorimotor cortical 

areas during early motor memory consolidation 30 to 90 minutes after exercise as compared to 

rest [59]. 

The aim of this study was, first, to investigate whether a moderate intensity 

cardiovascular exercise session facilitates (1) motor performance, (2) initial motor learning 

immediately after exercise, (3) short-term motor memory (30 minutes after exercise), and long-

term motor memory (24 hours after exercise) in older adults. This was examined using a force 

modulation (FM) task performed with a precision grip. While existing studies with similar 

motor tasks conducted with young adults revealed controversial findings, effects might be more 

explicit in older adults due to age-related changes in motor processing. Greater improvement in 

fine motor control was expected during the motor performance and initial motor learning 

following acute exercise (experimental group) compared to after rest (control group). 

Furthermore, we hypothesized that the experimental group would show enhanced short-term 

and long-term motor memory consolidation, whereas the control group would not.  

Secondly, this study aimed at investigating whether an acute exercise session influences 

TRPow in the beta band over the frontal and sensorimotor cortex during the performance of an 

FM task at the measurement points after exercise termination. We refer to TRPow decreases as 

indicators of enhanced motor processing [41, 42] and hypothesized that TRPow decreases were 

stronger directly after exercise as compared to after the control condition. Throughout practice, 

we expected that the experimental group would learn more than the control group, which might 

be reflected in stronger declines of the TRPow decreases. Analyses of EEG beta power at a 

reference spectrum at rest (before/after FM performance) were performed to confirm that beta 

power values did not differ between groups over time. Finally, we examined whether changes 

in beta TRPow were associated with changes in motor performance. 
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2. Methods 

2.1. Participants 

Forty-one older adults between the ages of 65 and 74 (69.51 ± 2.97 years of age, 22 

female) participated in this study. Participants were recruited by local newspapers and were 

screened for the following prerequisites using telephone interviews: (1) age between 65 and 74, 

(2) absence of neurological and cardiovascular diseases, (3) physically active lifestyle, i.e., 

moderate intensity exercise for at least 150 minutes per week (in accordance to the 

recommendations of the American College of Sports Medicine [60]), and (4) right-handedness. 

The Ethics Committee of the Faculty of Humanities of the Saarland University (4.3.13) 

approved the study protocol. All participants took part voluntarily and provided informed 

consent regarding the general study information, receiving EEG and cardiovascular fitness tests, 

and also provided consent from their personal physician to complete the cardiovascular fitness 

test. Participants received 35 € as monetary compensation. 

To validate the oral information and complete the screening process, participants 

answered a questionnaire assessing demographic information, education level (years of 

education), subjective health status (“in general, how would you say your health is?” – 5-point 

Likert scale from poor to excellent), and physical activity level (adapted version of [61]). 

Participants were screened for dementia using the Mini-Mental State Examination (MMSE) 

[62], inclusion criteria ≥ 27 [63]. Further, they conducted the Edinburgh handedness inventory 

[64] to confirm their right-handedness (score: 84.95 ± 24.57) as well as a questionnaire to assess 

subjective hand use [65] to control for the exertion of fine motor activities during daily life. To 

control for restrictions in fine motor control, clinical manual dexterity was measured using the 

Purdue Pegboard test (Purdue Pegboard test, model 32020, Lafayette Instruments, Lafayette, 

IN, USA) [66]. The mean number of pins was calculated out of three trials placed with the 

dominant right hand. In the Purdue Pegboard test, all participants scored within the normative 

values for the right hand [67]. 

After screening and exercise testing, participants were assigned to an experimental (EG) 

or a control group (CG). Participants were matched with respect to their gender, age, MMSE 

score, and cardiovascular fitness level (VO2-peak, cf. below). Three participants had to be 

excluded from data analysis: one participant was not able to perform the fine motor control task 

adequately (EG), one was regarded as left-handed (CG) [64], and one due to noise in the EEG 

signal (EG). Therefore, 38 participants between 65 and 74 (69.68 ± 3.04 years of age, 20 female) 
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were included in further analysis (descriptive statistics see Table 1). In the final sample, groups 

did not differ with respect to gender, age, education, subjective health, subjective hand usage, 

MMSE score, Pegboard performance, maximum voluntary contraction (MVC, see MVC task), 

physical activity, or cardiovascular fitness level (see Table 1). 

Table 1 Participant characteristics for EG and CG 

  

  

EG 

(n = 17, 9 female) 

CG  

(n = 21, 11 female) 
F-statistics 

M SD M SD F(1, 36) p 𝜂𝑝
2 

Age 68.17 3.18 70.48 2.75 3.39 .074 .09 

Education 16.38 2.17 15.76 1.99 0.84 .365 .02 

Subj. health 4.12 0.60 4.10 0.63 0.01 .912 <.01 

MMSE 28.88 0.86 28.52 0.98 1.40 .244 .04 

Subj. hand usage 19.18 4.93 18.57 4.73 0.15 .698 <.01 

Pegboard 12.35 1.13 12.19 1.72 0.11 .740 <.01 

MVC 55.53 16.14 58.28 16.12 0.77 .387 .02 

Physical activity 39.44 18.40 39.03 15.41 0.01 .940 <.01 

Maximum Watt 142.82 42.68 143.00 35.73 < 0.01 .989 <.01 

VO2-peak 1.95 0.59 1.85 0.53 0.25 .619 .01 

2.2. Measures 

2.2.1. Cardiovascular Fitness Test 

Cardiovascular fitness was measured by spiroergometry (ZAN600, nSpire Health, 

Oberthulba, Germany) on a stationary bicycle (Lode Corival cpet, Groningen, the Netherlands) 

using a ramp protocol to determine peak oxygen consumption (VO2-peak). The protocol was 

adjusted according to the participant’s gender and self-reported physical activity level to ensure 

an adequate physical load. For this purpose, the participants were asked how often they perform 

cardiovascular exercise per week immediately before testing. If participants performed 

cardiovascular exercise less than three hours per week, a ramp protocol with a progressively 

increasing load of 10 W/min, starting with 10 W, was chosen for female participants, and a load 

of 15 W/min, starting with 10 W, was used for male participants. If participants exercised three 

hours or more per week, a progressive protocol starting at 10 W and increasing load of 15 

W/min were used for females, and male participants started at 20 W and increased the load by 

20 W/min. All tests were supervised by an experienced sports scientist. Electrocardiography 
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(ECG, recorded with a ten-lead ECG fully digital stress system; Kiss, GE Healthcare, Munich, 

Germany), breath-by-breath respiration, heart rate, and blood pressure were continuously 

monitored. All spiroergometry protocols started with a three-minute rest period, then had 

participants cycled until a respiratory exchange ratio of 1.05 was maintained for about 30 

seconds, and were finished with a five-minute cool-down period. Tests were terminated by 

volitional exhaustion or the occurrence of risk factors (i.e., systolic blood pressure > 230/115 

mmHg, heart rate approximately > [220 – age]). The values of the highest complete 

performance level (about ≥ 4-5 seconds) achieved by the participants were averaged and 

regarded as VO2-peak, expressed as VO2 l/min. 

2.2.2. Fine Motor Control Performance and Learning: Apparatus and Setup 

Fine motor control was measured with a force transducer (FT, FX1901 OEM sensor, 

Variohm EuroSensor, Heidelberg, Germany). The sensor plate (diameter 25 mm) was encased 

with a plastic sheath (diameter 2.6 mm), which was located 45 to 71 mm above the tabletop on 

a 45 × 50 mm plastic pedestal (see Figure 1(a)). The FT was placed on a table in front of the 

participants in a comfortable position. Participants were seated about 60 cm in front of a 23.8-

inch monitor (hardware resolution: 1920 × 1080 pixels). The monitor presented online visual 

feedback about the target (green) and applied force (yellow) on a black background. Target and 

applied force appeared on the right side of the screen and moved to the left. Target force 

appeared 200 ms before the applied force. Five seconds of force were presented continuously 

on the x-axis. For the maximum voluntary contraction (MVC) task, the y-axis was a fixed 

window from 0 to 100 N; for the force modulation (FM) task, the y-axis was set to 0 to 16 N. 

Force data were recorded at a sampling rate of 120 Hz and a resolution of 0.06 N with a 

customized LabVIEW program (LabVIEW 2015, National Instruments Austin, TX, USA). 

Participants had to pinch the FT with a precision grip, placing their thumb on the force sensor 

and the index finger on the plastic backside of the sensor (see Figure 1(b)). No participant had 

experience with this fine motor task. Participants received no feedback in terms of a quantified 

performance score. 

2.2.3. MVC Task 

Participants’ maximum voluntary contraction (MVC) was assessed by asking them to 

exert as much power as possible with their thumb and index finger on the FT (three trials of five 

seconds, ≥ 30 seconds rest between trials). The highest value out of the three trials was regarded 

as MVC. 
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2.2.4. Force-Matching Task (FM Task) 

For an overview of the FM task procedure see Figure 2. First, familiarization for the 

FM task was performed. Participants were instructed to try out how the FT reacts during 

pinching with low forces without a target curve (one trial, length: 10 seconds). Then, 

participants had to apply force to match a target force as accurately as possible (part 1: constant 

target line at 4 N, three trials, 5 seconds each; part 2: regular sine-wave patterns between 1 N 

and 5 N, frequency of 0.4 Hz, three trials, 6.67 seconds each). For all FM task sessions, 

participants were again instructed to apply their own force to match the target curve as 

accurately as possible. 

The target curve of the actual FM task sessions consisted of an irregular sine-wave 

pattern of eight sine waves with the same minima (2 N) and varying maxima (5.1 N–11.3 N; 

see Figure 3). Sine-wave frequency (0.35 Hz–0.78 Hz) was adapted to the varying maxima so 

that tracking velocity was identical within each sine wave. The same sine-wave pattern was 

performed repetitively throughout the whole experiment. One trial had a length of 15 seconds. 

Trials were intermitted by a four-second intertrial break, during which a white fixation cross 

appeared on a black screen. During baseline, participants performed eight trials with the 

irregular sine wave. During the FM practice sessions, participants performed four blocks of 

eight trials immediately, 30 minutes, and 24 hours after intervention. The blocks were 

intermitted by breaks of approximately 30 seconds, during which participants were asked to 

relax their hands. 

 

Figure 1 Left: force transducer (FT). Right: participant performs a precision grip. 
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2.2.5. Acute Exercise Session 

The EG performed a moderate intensity exercise session by cycling on a stationary 

ergometer (Lode Corival cpet, Groningen, the Netherlands) for 25 minutes. The exercise started 

with a two-minute warm-up without Watt resistance, followed by 20 minutes at 60% of 

participants’ maximum Watt performed during the cardiovascular fitness test (range: 54 W to 

130 W, mean: 86.53 ± 25.17 W). The exercise session concluded with a three-minute cool-

down without Watt resistance. Heart rate was monitored using a Polar A300 (Polar Electro Oy, 

Kempele, Finland) with an H7 heart rate sensor (Polar Electro Oy, Kempele, Finland). 

2.2.6. EEG Recording 

Continuous EEG data were recorded with an active electrode system (actiCHamp, 

BrainProducts, Gilching, Germany) at a sampling rate of 500 Hz. Thirty-two electrodes were 

placed according to a modified 10–20 system [68] at the positions Fp1, Fp2, F7, F3, Fz, F4, F8, 

FC5, FC3, FC1, FC2, FC4, FC6, T7, C3, Cz, C4, T8, CP5, CP3, CP1, CP2, CP4, CP6, P7, P3, 

Pz, P4, P8, O1, Oz, and O2. The ground electrode was placed at position Fpz, and Fz was used 

as the reference electrode. Participants were instructed to sit comfortably on the chair and relax 

their facial muscles before EEG measurement started. EEG was recorded during the FM task 

as well as for 30 seconds immediately before and after all FM sessions on day 2 (i.e., baseline, 

practice immediately after, and 30 minutes after intervention) to calculate a reference spectrum 

(EEG rest). During these periods, participants were further instructed to sit calmly on their chair 

with both hands laying on the table and look at a white fixation cross on a black screen. 

2.3. Procedure 

Day 1: participants provided a written statement of consent from their physician for the 

cardiovascular fitness test and signed a declaration of consent for study participation. Then, 

they performed the MMSE, the FM MVC, and familiarization, followed by the cardiovascular 

fitness test. Day 2: the delay between days 1 and 2 was at least 48 hours (to ensure full recovery 

from the cardiovascular fitness test) and up to 14 days (mean: 5:27 ± 3:19 days). After EEG, 

caps were mounted and heart rate monitor was placed, participants started with the FM baseline 

measurement. Subsequently, EG performed the 25-minute acute exercise session in an 

adjoining room. CG stayed on the chair and listened to an audiobook (narrative short story) for 

25 minutes. Participants performed the first practice session of the FM task immediately after 

the intervention (2 to 5 minutes). During the subsequent break (12 to 15 minutes), participants 

stayed on the chair and talked to one of the investigators. About thirty minutes (27 to 36 
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minutes) after the end of the intervention, participants performed another practice session. 

Participant’s heart rate was recorded continuously during day 2 (see Figure 2; Table 2). EEG 

was measured only during day 2. Day 3: 24 hours after the intervention (range: 23.5 to 24.5 

hours after the beginning of the first FM practice session on day 2) participants performed the 

last FM practice session. The order of testing days did not vary between participants. Fatigue 

of the performing right hand was controlled on a scale from zero (not at all fatigued) to ten 

(totally fatigued, see Table 2) at different time points on day 2 and day 3 (see Figure 2). 

 

Figure 2 Schematic illustration of the study design. Italic text represents practice time points of the FM task. The 

grey boxes denote time points of EEG measurement. The white boxes on the right side represent measurement 

times of heart rate (HR) and subjective fatigue of the participants. 

  



Results – Paper 2  117 

Table 2 Descriptive results and F-statistics of heart rate and fatigue values during Day 2 for EG and CG 

  

  

EG 

(n = 17, 9 female) 

CG  

(n = 21, 11 female) 
F-statistics 

M SD M SD F(1, 36) p 𝜂𝑝
2 

HR 1 69.71 10.72 71.14 9.41 0.17 .680 .01 

HR 2 99.92 11.20 n.a. n.a. - - - 

HR 3 74.94 11.84 69.63 9.44 1.97 .171 .06 

HR 4 69.46 11.65 68.07 7.62 0.17 .677 .01 

Fatigue 1 0.66 0.83 0.81 1.03 0.24 .630 .01 

Fatigue 2 2.35 1.46 2.18 1.93 0.10 .757 <.01 

Fatigue 3 2.47 1.87 2.57 1.57 0.03 .858 <.01 

Fatigue 4 0.71 1.21 0.86 0.91 0.19 .663 .01 

Fatigue 5 1.25 1.44 1.60 1.57 0.48 .495 .01 

Notes. CG = control group; EG = experimental group; HR = heart rate; Fatigue = subjective fatigue of the performing hand 

(scale from 0 to 10). HR 1 + Fatigue 1: before baseline; HR 2: three minutes after acute exercise; HR 3 + Fatigue 2: after 

practice session immediately after intervention; HR 4 + Fatigue 3: after practice session 30 minutes after intervention; Fatigue 

4 + 5: before and after practice session 24 h after intervention. 

2.4. Data Analysis 

2.4.1. FM Task Performance 

Data analysis of the FM task was processed in Matlab R2015b software (the 

MathWorks, Inc., Natick, Massachusetts, US). The first 211 data points (approximately 1.75 

seconds, representing the first sine wave of every trial) were excluded from analysis to avoid 

variation due to differences in ramp time (cf. dotted vertical lines in Figure 3). Fine motor 

control performance was quantified using the root mean square error (RMSE) as a difference of 

the target and applied force. A mean of eight trials was calculated for baseline (= B-block), 

motor performance (= MP-block, i.e., first block of the practice session immediately after 

intervention), initial motor learning (= iML-block, i.e., block four of the practice session 

immediately after intervention), short-term motor memory (= sMM-block, i.e., first block of the 

practice session 30 minutes after intervention) and long-term motor memory (= lMM-block, i.e., 

first block of the practice session 24 hours after intervention). Outliers were presumed per trial 

across all participants as standardized z-scores greater than 3.29 or below −3.29 per trial (n = 

11, in 7 different participants) and were replaced according to the last observation carried 

forward method [69]. 

2.4.2. EEG Data 

When not stated differently, the following preprocessing steps were performed 

identically for data from EEG rest and EEG during FM task. Offline EEG data processing was 
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accomplished with the Brain Vision Analyzer software (Version 2.1, Brain Products GmbH, 

Gilching, Germany). A phase shift-free Butterworth infinite impulse response (IIR) filter was 

applied with a low cutoff at 1 Hz and a high cutoff at 70 Hz, with a slope of 48 db/Oct as well 

as a notch filter at 50 Hz to reduce line noise. Subsequently, a raw data inspection (criteria: 

gradient with a maximally allowed voltage step of 25 μV, lowest allowed activity of 0.5 μV) 

was performed. The electrode C4 revealed continuous artefacts for one participant. 

Accordingly, this channel was recalculated with a topographic interpolation for all 

measurement time points. To remove ocular artifacts, a semiautomatic ocular correction was 

conducted using an extended infomax independent component analysis (ICA), with the Fp1 

electrode above the left eye detecting both vertical and horizontal ocular movements. Visual 

inspection confirmed that horizontal eye movements were detected and could be removed. 

Continuous EEG data during FM task were cut into segments from the beginning of the first 

trial of the force tracking task to the end of the last trial of each session on day 2. Intertrial 

breaks and the first 1.75 seconds (corresponding to the curve of each trial, see Data Analysis 

FM task) were removed from the continuous EEG data during the task. All data during EEG 

rest were cut into 20-second segments (second 5 to 25 used for analysis). Continuous data were 

further separated into epochs of two seconds (overlapping segments of 150 ms), resulting in 7 

epochs per FM trial and 10 epochs per EEG rest. Bad segments with obvious remaining artefacts 

were excluded based on visual inspection. In two participants, electrode CP3 and CP4 had to 

be excluded from further analyses for EEG rest 3, in one participant electrode CP4 had to be 

excluded for EEG rest 1. 

After preprocessing, a fast Fourier transform (FFT) algorithm was applied (output was 

set to power measured in μV2) using full spectrum and a Hanning window of 10% for each trial 

or each EEG rest, separately. Power spectra for the beta band (13–30 Hz) were calculated for 

six electrodes of interest, which are presumed to overlie the left (C3) and right (C4) M1, left 

(CP3) and right (CP4) S1, and the left (F3) and right (F4) frontal cortex. As operating the 

precision grip during the FM task required considerable activations of motor areas in both 

hemispheres [34, 36], power was calculated bilaterally. Power spectra were also calculated for 

each trial during FM task/EEG rest and each electrode separately. Subsequently, a mean power 

value for eight segments (corresponding to eight trials of the FM task, i.e., baseline/one block 

of practice) per electrode was calculated. Then, mean power values were log-transformed [42]. 

Finally, log-transformed task-related power (TR(logPowx)) was calculated by subtracting log-

transformed beta power during EEG rest (EEG rest 1, 2, and 3, see Figure 2) from log-
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transformed beta power during FM task for each electrode separately: TR(logPowx) = log power 

taskx – log power restx [42, 70], abbreviated TRPow in the following. For B-block, EEG rest 1 

was subtracted from the mean power value of B-block. For MP-block, EEG rest 2 was 

subtracted from the mean power value of the first block directly after intervention. For iML-

block, EEG rest 2 from the mean power value of the fourth block directly after intervention. 

For sMM-block, EEG rest 3 was subtracted from the mean power value of the first block 30 

minutes after intervention (see Figure 2). 

2.5. Statistical Analysis 

All statistical analyses were conducted using SPSS for Windows, version 25 (IBM 

Corp., Armonk, NY, USA). If not stated differently, p values < .05 were regarded as significant, 

and p values < .10 as marginally significant (trend). The nominal alpha level was adjusted for 

particular analyses using Bonferroni adjustment α = (1–(1–α)1/m); m = number of analyses/ 

comparisons to control for multiple testing. Greenhouse-Geisser adjustment was reported in 

case the sphericity assumption was violated. Effect sizes were reported as partial eta squares 

(𝜂𝑝
2). Demo-graphic information (age, education, subjective health, and subjective hand usage), 

cognitive status (MMSE), MVC, cardiovascular fitness level (VO2-peak), and heart rate during 

day 2 were compared using analysis of variance (ANOVA) to assess any differences between 

EG and CG which may have affected motor performance (cf. Table 1). 

2.5.1. FM Task Performance 

First, we performed a repeated measures analysis of variance (RM-ANOVA) with 

TIME (B-block, MP-block, iML-block, sMM-block, lMM-block) as within-subject factor and 2 

GROUP (EG, CG) as between-subject factor to calculate the influence of the intervention (acute 

exercise or control condition) on FM performance and learning (Analysis 1). This was followed 

by three analyses to answer our a priori determined research questions, regardless whether the 

main effects of Analysis 1 were significant. A 2 TIME (B-block, MP-block) × 2 GROUP (EG, 

CG) RM-ANOVA (Analysis 1.1) was performed to investigate the influence of the acute 

exercise session on MP-block in the FM task. To examine the influence of acute exercise on 

iML-block, a 2 TIME (B-block, iML-block) × 2 GROUP (EG, CG) RM-ANOVA (Analysis 1.2) 

was conducted. Additionally, a 3 TIME (iML-block, sMM-block, lMM-block) × 2 GROUP (EG, 

CG) RM-ANOVA was performed to assess whether acute bouts of exercise facilitate sMM- and 

lMM-block (Analysis 1.3). The nominal alpha level was adjusted for Analyses 1.1–1.3 as well 

as for the post hoc t-tests of Analysis 1.3 using Bonferroni adjustment. 
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2.5.2. EEG Data 

A 4 TIME (B-block, MP-block, iML-block, sMM-block) × 2 HEMISPHERE 

(contralateral, ipsilateral) × 3 REGION (frontal, central, centro-parietal) × 2 GROUP (EG, CG) 

RM-ANOVA was calculated for TRPow (Analysis 2). Again, to answer a priori determined 

research questions and in correspondence to the behavioral FM task data, three further analyses 

were performed per electrode of interest. 2 TIME (B-block, MP-block) (Analysis 2.1) as well 

as 2 TIME (B-block, iML-block) × 2 GROUP (EG, CG) (Analysis 2.2) RM-ANOVAs for 

TRPow were calculated. Due to technical problems during EEG rest 1 and B-block with the 

EEG, Analysis 2, 2.1, and 2.2 were conducted with n = 18 participants (instead of n = 21) for 

CG. As EEG was not assessed 24 hours after intervention, the last EEG analyses consisted of 2 

TIME (iML-block, sMM-block) × 2 GROUP (EG, CG) RM-ANOVAs (Analysis 2.3). 

Identical analyses were performed for EEG rest 1, 2, and 3 to test whether acute exercise 

influenced beta power at rest: we conducted a 3 TIME (EEG rest 1, EEG rest 2, EEG rest 3) × 

2 HEMISPHERE (contralateral, ipsilateral) × 3 REGION (frontal, central, centro-parietal) × 2 

GROUP (EG, CG) RM-ANOVA (Analysis 3), followed by a 2 TIME (EEG rest 1, EEG rest 

2) × 2 GROUP (EG, CG) (Analysis 3.1) as well as a 2 TIME (EEG rest 2, EEG rest 3) × 2 

GROUP (EG, CG) (Analysis 3.3 RM-ANOVA. Note: EEG rest 2 was used to calculate TRPow 

of MP-block as well as iML-block. For EEG at rest only a priori defined follow-up analyses per 

electrode were calculated. Again, the nominal alpha level was adjusted for Analyses 2.1-2.3, 

3.1, and 3.3 as well as post hoc t-tests for Analysis 2 and 3 using Bonferroni adjustment to 

control for multiple testing. 

FM and EEG analyses were controlled for a possible influence of participant age (see 

Table 1, marginal significant effect of age: p = .074). Age had no significant influence on FM 

or EEG statistics. Therefore, results were reported without the covariate age.  

2.5.3. Association between Behavioral Performance, EEG Data, and Load during 

Exercise  

Subsequently, Pearson’s correlation between FM performance (RMSE) and TRPow in 

analyses with significant TIME × GROUP interactions was performed to examine the 

association between behavioral performance and electrophysiological data. Moreover, 

Pearson’s correlation between the Watt values performed during acute exercise and FM 

performance (RMSE) and TRPow were conducted to explore a possible association of exercise 
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intensity and behavioral or electrophysiological data. Correlation analyses were controlled for 

multiple testing (Bonferroni adjustment). 

3. Results 

3.1 FM task performance 

Figure 4 displays group means and standard errors (SE) of the FM task. Performance of 

EG and CG was similar pre intervention, differed immediately after intervention, and converged 

after the initial learning phase and motor memory consolidation. Analysis 1 confirmed a 

significant improvement for both groups from B-block to lMM-block (main effect of TIME: 

F(4, 36) = 73.99, p < .001, 𝜂𝑝
2 = .67), but no TIME × GROUP interaction (F(4, 36) = 1.00, p = 

.388, 𝜂𝑝
2 = .03) and no main effect of GROUP (F(1, 36) = 0.52, p = .475, 𝜂𝑝

2 = .01). Based on 

our a priori hypotheses, we further detail the results from three different analyses. 

3.1.1. Analysis 1.1 

Effect of acute exercise on FM motor performance (MP-block; adjusted α =.017; see 

Table 3a). Performance of EG and CG was similar at B-block (preintervention) and improved 

in the first block of practice immediately after intervention (acute exercise or control condition: 

listening to an audiobook), with a more pronounced improvement in EG than CG. Figure 3 

displays representative grip force profiles of one participant from CG and one from EG, and 

illustrates the different development from pre to postintervention. More specifically, Figure 5 

indicates that both groups improved similarly at B-block, but that EG learned more than CG at 

MP-block. We confirmed the development of CG and EG by a RM-ANOVA revealing a main 

effect of TIME on RMSE. TIME × GROUP interaction remained marginally significant after 

adjusting α level. A post hoc t-test further affirmed that EG and CG did not differ pre-

intervention (B-block: F(1, 36) = 0.01, p = .918, 𝜂𝑝
2 = .01).  

3.1.2. Analysis 1.2 

Effect of acute exercise on FM initial motor learning (iML-block; adjusted α =.017; see 

Table 3b). Exercise did not seem to foster motor learning during the first practice session after 

intervention, as FM performance in EG and CG improved similarly (see Figure 4). Analysis 

1.2, comparing performance in B-block and performance in the last block of the first practice 

session (iML-block), resulted in a significant main effect of TIME, but no GROUP or TIME × 

GROUP interaction effect. 
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3.1.3. Analysis 1.3 

Effect of acute exercise on FM motor memory (sMM- & lMM-block; adjusted α =.017; 

see Table 3c). Motor memory was assessed 30 minutes (sMM-block) and 24 hours (lMM-block) 

after this initial phase of motor learning. Both groups revealed better sMM-block and lMM-

block performance when compared to iML-block performance (main effect of TIME). Although 

TIME × GROUP interaction was not significant, we performed priori defined post hoc tests to 

specifically investigate the influence of exercise on short- and long-term motor memory 

consolidation. Post hoc t-tests between iML-block, sMM-block, and lMM-block per group (EG, 

CG) indicated that acute exercise significantly enhanced performance in sMM-block (p < .001) 

and in tendency in lMM-block (p = .027) compared to iML-block, whereas CG only revealed a 

tendency toward improvement in the sMM-block (p = .057), and no change in performance in 

the lMM-block (p = .321).  

 

Figure 3 Example FM trials for one participant of each group (CG: a-b; EG: c-d) during Baseline (B-block; a, c) 

and Motor performance (MP-block; b, d). The grey target curves represent the irregular sine wave pattern. The 

black lines characterize the force applied by the participants. The black vertical dotted line symbolizes the start of 

data analyses. 
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Figure 4 Means and SE of the FM task per group. Large circles indicate measurement time point included in 

statistical analysis: B-block = baseline, MP-block = motor performance, iML-block = initial motor learning, sMM-

block = short-term motor memory, and lMM-block = long-term motor memory. Small circles indicate time points 

of practice blocks (B2-B4 = Block 2–4). 

 

Figure 5 Mean and SE for all FM trials for EG and CG. The black (EG) and gray (CG) circles represent the 

means per block.   
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Table 3 F-statistics for a) Analysis 1.1, b) Analysis 1.2, and c) Analysis 1.3 for FM task performance (adjusted α 

= .017) 

Analysis 
F-statistics 

F  df p 𝜂𝑝
2 

(a) 1.1 

 
TIME 175.94 1 <.001 .83 

GROUP 0.31 1 .579 .01 

TIME × GROUP 4.91 1 .033 .12 

(b) 1.2 

 
TIME 101.43 1 <.001 .74 

GROUP 0.20 1 .888 <.01 

TIME × GROUP <0.01 1 .975 <.01 

(c) 1.3 

 
TIME 12.62 2 <.001 .26 

GROUP 0.67 1 .420 .02 

TIME × GROUP 1.28 2 .284 .03 

 

3.2 EEG data 

Figure 6 shows TRPow group means and SE for different measurement time points (see 

Table 4 for all descriptive values for EEG beta power at rest and TRPow for EG and CG).  

For the contralateral electrodes (F3, C3, CP3), TRPow of EG and CG was similar at B-

block, different immediately after exercise, and coincided again after the initial learning phase. 

EG and CG did not differ for the ipsilateral electrodes (F4, C4, CP4).  

3.2.1. Analysis 2  

Effect of acute exercise on TRPow. RM-ANOVA confirmed a significant effect of 

TIME (see Table 5a for all statistical results). As compared to B-block, the TRPow decrease 

was stronger in MP-Block directly after the intervention, weaker in iML-block, and even 

stronger during sMM-block (both compared to MP-block). A significant main effect of 

REGION revealed that TRPow decreases were stronger at centro-parietal and central than at 

frontal electrodes (centro-parietal/central vs. frontal: both p < .001, centro-parietal vs. central: 

p = .156). Furthermore, a significant TIME × HEMISPHERE interaction indicated that 

contralateral electrodes developed differently over time than ipsilateral electrodes. More 

specifically, TRPow decreases at contralateral compared to ipsilateral electrodes were weaker 

at B-block (F(1, 33) = 5.97, p = .020, 𝜂𝑝
2 =.15), and stronger at MP-block (F(1, 33) = 9.16, p = 

.005, 𝜂𝑝
2 =.22). A significant TIME × HEMISPHERE × GROUP interaction further indicated 

that the TIME × HEMISPHERE interaction stemmed mainly from regional differences in the 
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EG group: TRPow decreases of contralateral compared to ipsilateral electrodes were weaker at 

B-block (F(1, 33) = 16.70, p < .001, 𝜂𝑝
2 = .34) and stronger at MP-block and iML-block (F(1, 

33) = 12.08, p = .001, 𝜂𝑝
2 = .27; F(1, 33) = 16.21, p < .001, 𝜂𝑝

2 = .33, respectively). In contrast, 

post hoc t-tests did not reveal any significant difference in CG between contra- and ipsilateral 

electrodes at any time point (all p > .440). Finally, the TIME × GROUP interaction was 

marginal significant, indicating that the TRPow values of EG and CG tended to develop 

differently over the experiment. 

3.2.2. Analysis 3 

Effect of acute exercise on EEG at rest (see Table 5b). The overarching analysis for 

EEG at rest revealed a significant TIME × HEMISPHERE × REGION × GROUP interaction. 

Generally, beta power increased from EEG rest 1 to EEG rest 3 and from frontal over central 

to centro-parietal electrodes, but differed with regard to electrode and hemisphere. Important to 

note, the follow-up TIME × GROUP interaction was not significant. 

Table 4 Descriptive results for EEG beta power at rest and TRPow for EG and CG 

 EEG rest EEG TRPow 

 1 2 3 B-block MP-block  iML-block sMM-block 

 F3 

EG .26 ± .10 .34 ± .13 .25 ± .09 .01 ± .05 -.23 ± .09 -.06 ± .12 -.06 ± .06 

CG .17 ± .08 .12 ± .06 .35 ± .09 -.04 ± .07 .13 ± .07 .21 ± .07 -.09 ± .08 

 C3 

EG .67 ± .08 .08 ± .09 .81 ± .08 -.24 ± .07 -.40 ± .06 -.28 ± .07 -.35 ± .05 

CG .56 ± .06 .65 ± .06 .69 ± .06 -.28 ± .05 -.28 ± .04 -.22 ± .06 -.30 ± .06 

 CP3 

EG .79 ± .06 .94 ± .08 .93 ± .06 -.23 ± .07 -.41 ± .06 -.37 ± .05 -.39 ± .03 

CG .72 ± .06 .80 ± .04 .89 ± .06 -.29 ± .06 -.32 ± .04 -.27 ± .05 -.36 ± .05 

 F4 

EG .13 ± .09 .13 ± .10 .26 ± .09 .10 ± .06 -.01 ± .08 .19 ± .11 -.13 ± .07 

CG .28 ± .09 .31 ± 07 .40 ± .07 .01 ± .06 .02 ± .06 .11 ± .06 -.11 ± .06 

 C4 

EG .71 ± 09 .75 ± .09 .82 ± .08 -.57 ± .08 -.35 ± .06 -.26 ± .06 -.39 ± .06 

CG .53 ± .06 .66 ± .06 .70 ± 05 -.50 ± .04 -.24 ± .07 -.21 ± .06 -.30 ± .06 

 CP4 

EG .83 ± .08 .86 ± 07 .90 ± .07 -.19 ± .08 -.23 ± .06 -.21 ± .06 -.23 ± .06 

CG .67 ± .06 .81 ± .05 .85 ± .05 -.11 ± .04 -.21 ± .05 -.15 ± .05 -.24 ± .05 

Note. Mean ± SEM, CG = control group, EG = experimental group, B-block = Baseline, iML-block = initial motor learning, 

sMM-block = short-term motor memory. 
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Table 5 F-statistics of a) Analysis 2 (TRPow) and b) Analysis 3 (EEG rest) 

 F-statistics 

 F  df p 𝜂𝑝
2 

(a) Analysis 2: TRPow 

 TIME 5.03 3 .009 .13 

 HEMISPHERE 2.63 1 .114 .07 

 REGION 37.85 2 <.001 .53 

 GROUP 3.36 1 .076 .09 

 TIME × HEMISPHERE 4.65 3 .017 .12 

 TIME × REGION 2.03 6 .102 .06 

 TIME × GROUP 2.65 3 0.76 .07 

 HEMISPHERE × REGION 1.42 2 .250 .04 

 HEMISPHERE × GROUP 0.01 1 .920 <.01 

 REGION × GROUP 2.15 2 .131 .06 

 TIME × HEMISPHERE × GROUP 5.81 3 .007 .15 

 TIME × REGION × GROUP 0.76 6 .539 .02 

 TIME × HEMISPHERE × REGION 1.14 6 .343 .03 

 HEMISPHERE × REGION × GROUP 1.82 2 .169 .05 

 TIME × HEMISPHERE × REGION × GROUP 0.58 6 .669 .02 

b) Analysis 3: EEG rest 

 TIME 7.07 2 .002 .18 

 HEMISPHERE 0.19 1 .665 .01 

 REGION 136.45 2 <.001 .81 

 GROUP 0.83 1 .370 .02 

 TIME × HEMISPHERE 0.48 2 .623 .01 

 TIME × REGION 1.13 4 .344 .03 

 TIME × GROUP 0.76 2 .460 .02 

 HEMISPHERE × REGION 0.52 2 .594 .02 

 HEMISPHERE × GROUP 6.18 1 .018 .16 

 REGION × GROUP 2.65 2 .098 .07 

 TIME × HEMISPHERE × GROUP 3.42 2 .041 .09 

 TIME × REGION × GROUP 0.70 4 .504 .02 

 TIME × HEMISPHERE × REGION 0.68 4 .535 .02 

 HEMISPHERE × REGION × GROUP 6.21 2 .009 .16 

 TIME × HEMISPHERE × REGION × GROUP 2.95 4 .049 .08 

In line with our a priori hypotheses, EEG results were further analyzed using three 

distinct analyses.  

3.2.3. Analysis 2.1 

Effect of acute exercise on TRPow during FM MP-block (adjusted α =.017, see Table 

6a). Figure 7 illustrates group means of the power frequency spectra for EEG rest and during 

FM task separately for EG and CG for electrode F3 and F4. For electrode F3, EG and CG started 
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at a similar beta power level during FM task (B-block), whereas EG revealed a tendency for 

more beta power at EEG rest (see also Figure 6, F3). After exercise during MP-block, beta 

power for EG was higher at EEG rest and lower during FM task compared to the B-block, 

reflecting a stronger TRPow decrease during MP-block than during B-block (see Figure 7 upper 

row). In contrast, participants in CG revealed a TRPow increase during MP-block (see Figure 

7 upper row). This pattern was affirmed when comparing group means (Table 6a: significant 

TIME × GROUP interaction) and calculating corresponding post hoc t-tests (EG: stronger 

TRPow decreases immediately after exercise (F(1, 33) = 12.53, p = .001, 𝜂𝑝
2 = .28); CG: 

marginally significant change from a small TRPow decrease to a TRPow increase immediately 

after intervention (F(1, 33) = 4.08, p = .051, 𝜂𝑝
2 = .11)). In contrast, such a group difference was 

not visible for electrode F4 (see Figure 7). Accordingly, statistical analyses confirmed no 

significant TIME × GROUP interaction for TRPow. 

Furthermore, main effects of TIME were significant for electrode CP3 and C4. For CP3 

TRPow decreases became stronger from B-block to MP-block, TRPow decreases for C4 became 

weaker from B-block to MP-block.  

3.2.4. Analysis 2.2 

Effect of acute exercise on TRPow during FM iML-block (adjusted α =.017; see Table 

6b). TRPow decreases of contralateral electrodes at the end of first practice session were mainly 

affected by the intervention (see Figure 6; significant TIME × GROUP interactions for 

contralateral F3 and marginal significant for CP3). Post hoc comparison for electrode F3 

showed that TRPow decreases were significantly weaker during iML-block than during B-block 

in CG (F(1, 33) = 9.67, p = .004, 𝜂𝑝
2 = .23), whereas EG did not change significantly (F(1, 33) 

= 0.67, p = .418, 𝜂𝑝
2 = .02). In contrast, for electrode CP3, TRPow decreases became 

significantly stronger in EG (F(1, 33) = 7.98, p = .008, 𝜂𝑝
2 = .20), whereas CG did not change 

(F(1, 33) = 0.04, p = .841, 𝜂𝑝
2 < .01). As for MP-block, C4 revealed a TIME effect only, showing 

more TRPow decreases in EG and CG during iML-block after exercise compared to B-block in 

ipsilateral sensorimotor cortex. 

3.2.5. Analysis 2.3 

Effect of acute exercise on TRPow during FM sMM-block (adjusted α =.017; see Table 

6c). Thirty minutes after the intervention, TRPow values in EG and CG converged again, 

similar to B-block (see Figure 6). RM-ANOVAs comparing TRPow at iML-block and sMM-

block confirmed a significant effect of TIME and TIME × GROUP interaction for electrode F3 
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(remained significant after adjusting alpha to α = .017). TRPow during sMM-block in CG was 

accompanied by stronger TRPow decreases in the contralateral frontal cortex compared to iML-

block (F(1, 36) = 15.98, p < .001, 𝜂𝑝
2 = .31), whereas TRPow for EG remained stable (F(1, 36) 

< 0.01, p = .960, 𝜂𝑝
2 < .01). Again, for C4 we found a main effect of TIME, showing that TRPow 

decreases became stronger for both groups from iML-block to sMM-block. 

Table 6 F-statistics of a) Analysis 2.1, b) Analysis 2.2 and c) Analysis 2.3 for EEG TRPow (adjusted α = .017) 

 TIME  GROUP  TIME × GROUP 

 F  df p 𝜂𝑝
2  F  df p 𝜂𝑝

2  F  df p 𝜂𝑝
2 

(a) Analysis 2.1 

F3 1.28 1 .266 .04  2.24 1 .144 .06  15.58 1 <.001 .32 

C3 4.12 1 .051 .11  0.32 1 .577 .01  3.23  1 .081 .09 

CP3 8.18 1 .007 .20  0.50 1 .825 <.01  3.59  1 .067 .10 

F4 2.86 1 .100 .08  0.28 1 .603 .01  1.17 1 .287 .03 

C4 28.75 1 <.001 .47  1.43 1 .240 .10  0.42 1 .524 .01 

CP4 1.94 1 .173 .06  0.91 1 .348 .03  0.19  1 .670 .01 

(b) Analysis 2.2 

F3 2.49 1 .124 .07  1.12 1 .297 .03  7.59 1 .009 .19 

C3 <0.01 1  .995 <.01  <0.01 1 .971 <.01  1.01 1 .322 .03 

CP3 3.55 1 .068 .10  0.07 1 .795 <.01  4.69 1 .038 .12 

F4 1.73 1 .197 .05  1.24 1 .273 .04  0.07 1 .799 <.01 

C4 71.83 1 <.001 

<.001 

.69  0.52 1 .476 .02  0.07 1 .799 <.01 

CP4 0.04 1 .844 <.01  1.50 1 .229 .04  <0.01 1 .951 <.01 

(c) Analysis 2.3 

F3 7.35 1 .010 .04  1.43 1 .240 .04  6.95 1 .012 .16 

C3 2.83 1 .101 .07  0.49 1 .487 .01  0.01 1 .943 <.01 

CP3 3.09 1 .087 .08  0.10 1 .753 <.01  1.27 1 .267 .03 

F4 29.25 1 <.001 .45  0.15 1 .700 <.01  1.00 1 .336 .03 

C4 9.36 1  .004 .21  0.68 1 .414 .02  0.36 1 .555 .01 

CP4 2.42 1 .129 .06  0.08 1 .783 <.01  1.05 1 .312 .03 

 

3.2.6. Analysis 3.1 

Effect of acute exercise on EEG rest 2 (adjusted α =.025; see Table 7a). Although EG 

revealed a trend for more beta power at electrode F3 for EEG rest 1 (as noted above) and rest 

2 (see Figure 6 and 7), main effect of GROUP and TIME × GROUP interaction were not 

significant. Main effect of TIME was significant for electrode CP3 and marginally significant 

for C3, indicating a general increase of beta power from EEG rest 1 to EEG rest 2. 
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3.2.7. Analysis 3.3 

Effect of acute exercise on EEG rest 3 (adjusted α =.025; see Table 7b). Beta power 

increased from EEG rest 2 to rest 3 at electrode F4 (TIME effect). For F3 the TIME × GROUP 

interaction was significant. Beta power increased for CG from EEG rest 2 to rest 3 (F(1, 33) = 

7.33, p = .010, 𝜂𝑝
2 = .17), but remained stable for the EG (F(1, 33) = 0.84, p = .366, 𝜂𝑝

2 = .02). 

Table 7 F-statistics of a) Analysis 3.1 and b) Analysis 3.3 for EEG rest (adjusted α = .025) 

 TIME  GROUP  TIME × GROUP 

 F  df p 𝜂𝑝
2  F  df p 𝜂𝑝

2  F  df p 𝜂𝑝
2 

(a) Analysis 3.1 

 
F3 0.08 1 .780 <.01  2.14 1 .153 .06  2.29 1 .139 .07 

C3 5.34 1 .027 .14  2.43 1 .128 .07  0.76 1 .388 .02 

CP3 11.43 1 .002 .26  1.83 1 .185 .05  0.82 1 .372 .02 

F4 0.03 1 .869 <.01  1.71 1 .200 .05  <0.01 1 .969 <.01 

C4 3.94 1 .056 .11  2.07 1 .160 .06  0.65 1 .426 .02 

CP4 2.34 1 .136 .07  2.34 1 .136 .07  0.65 1 .426 .02 

(b) Analysis 3.3 

F3 1.28 1 .266 .03  21.55 1 .636 .01  6.21 1 .017 .15 

C3 0.47 1 .449 .01  2.34 1 .135 .06  0.19 1 .665 .01 

CP3 1.12 1 .298 .03  1.43 1 .239 .04  2.15 1 .151 .06 

F4 6.37 1 .016 .15  0.16 1 .696 <.01  0.16 1 .696 <.01 

C4 2.41 1 .130 .06  1.20 1 .281 .03  0.22 1 .644 .01 

CP4 1.35 1 .253 .04  0.39 1 .535 .01  0.01 1 .910 <.01 
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Figure 6 Means and SE of EEG TRPow (left y-axis) and EEG at rest (right y-axis) values in beta frequency band 

of the contralateral electrodes F3, C3, and CP3. Four measurement time points were included in statistical analysis 

for TRPow (circles): B-block = Baseline, iML-block = initial motor learning, sMM-block = short-term motor 

memory and three for EEG at rest (triangles): EEG rest 1, 2, and 3. 
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Figure 7 Means of the frequency (3-45 Hz) for EG (black line) and CG (grey line) for electrodes F3 (upper row) 

and F4 (lower row). The solid lines indicate data during FM task, dotted lines represent data at EEG rest. Data 

from FM trials during B-block (a), MP-block (b), and EEG rest 1 before intervention (a) and EEG rest 2 after 

intervention (b) are illustrated. Inlets reveal the enlarged view of analyzed frequency band (beta: 13-30 Hz). 

3.3 Association between motor behavior, EEG data, and load during exercise 

A marginally significant correlation between FM task performance (RMSE) and EEG 

data (TRPow) was revealed for EG during sMM-block at electrode C4 (r = -.443, p = .075), 

pointing to a better FM performance with reduced TRPow decrease. However, after controlling 

for multiple testing, none of the correlation analyses reached statistical significance.  

Correlation analyses between the Watt values performed during acute exercise and FM 

task performance (RMSE) indicated a marginally significant correlation (r = -.426, p = .088) 

for lMM-block: better FM performance 24 hours after exercise was associated with increasing 

Watt values (see Table 8 and Figure 8). After controlling for multiple testing, no correlation 

between Watt values performed during acute exercise and EEG TRPow revealed a significant 

association (see Table 9). 
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Figure 8 Scatterplot of the FM performance during lMM-block and the Watt load during acute exercise. 

Table 8 Correlations between the Watt load performed during exercise and FM performance (RMSE) after 

different time points of exercise (adjusted α = .013) 

 RMSE 
Watt load during exercise 

r p 

MP-block -.291 .257 

iML-block -.300 .242 

sMM-block -.157 .547 

lMM-block -.426 .088 

 

Table 9 Correlations between the Watt load performed during exercise and TRPow after different time points of 

exercise (adjusted α = .017) 

 TRPow 
Watt load during 

exercise r p 

MP-block 

 

C3 .217 .403 

CP3 .227 .381 

C4 .142 .585 

CP4 .334 .190 

F3 .378 .134 

F4 -.069 .793 

iML-block 

 

C3 .006 .981 

CP3 .336 .188 

C4 .195 .453 

CP4 .373 .140 

F3 .345 .175 

F4 .112 .669 

sMM-block 

 

C3 -.081 .758 

CP3 .171 .513 

C4 .559 .020 

CP4 .474 .054 

F3 .328 .198 

F4 .377 .135 
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4. Discussion 

This study examined the effect of an acute exercise session on (1) behavioral performance and 

learning in a precision grip force modulation (FM) task as well as on (2) the electrophysiolog-

ical correlates of FM task performance and learning in healthy older adults. First, results 

revealed a marginally significant trend indicating that, as compared to baseline, participants of 

the experimental group (EG) improved their motor performance in the FM task immediately 

after exercise more than the control group (CG) after rest. Secondly, EG had steeper beta 

TRPow decreases (i.e., higher activity) than CG directly after exercise (measurement time point 

motor performance) at the contralateral frontal electrode, probably indicating that acute exer-

cise facilitated motor compensation processes in the aged brain. 

4.1. Effect of Acute Exercise on Motor Behavior 

Although over the whole experiment both groups improved their performance with 

practice, our analyses revealed that acute exercise significantly influenced FM performance at 

particular time points. 

4.1.1. Motor Performance 

In a sample of older adults, acute exercise facilitated motor performance in the FM task 

immediately after exercise in tendency more than a control condition. Similarly, Mierau et al. 

[71] reported more performance improvement in a motor adaptation paradigm immediately 

after exercise than after rest in young adults. The underlying mechanisms of superior motor 

performance immediately after exercise remain unknown. Findings from cognitive research 

revealed improved information processing indicated by electrophysiological markers (shorter 

latencies and larger amplitudes of the P3) immediately after exercise in older adults [29]. 

Skriver et al. [14] revealed that enhanced motor performance correlated with enhanced 

norepinephrine release and higher lactate level immediately after exercise in young adults. 

Furthermore, enhanced cerebral blood flow in the M1 during a finger tapping task [72] as well 

as an increase in the resting-state connectivity of the sensorimotor areas [73] in young adults 

immediately after exercise indicated better preconditions for motor task execution (see also 

Section 4.2). 

4.1.2. Initial Motor Learning 

As especially, the initial phase of learning requires a high amount of cognitive resources 

[33], and acute exercise was found to improve cognitive performance in older adults [27–29], 
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we examined whether acute exercise impacts this very early stage of learning. However, there 

was no superior effect of acute exercise on initial motor learning compared to a resting control 

condition in older adults. Thus, the positive influence of acute exercise on motor performance 

disappeared until the end of the practice session, revealing that the superiority of EG 

immediately after exercise was compensated by a higher performance gain of CG within the 

first FM practice session. We can only speculate about the underlying mechanism. One 

explanation might be that exercise itself already brought EG closer to their limits, whereas 

participants in CG made use of their capacity to improve during the practice session. 

4.1.3. Motor Memory Consolidation 

There is a consensus that older adults, in general, reveal diminished long-term motor 

consolidation processes [4–7]. It was hypothesized that acute exercise could be a proper 

intervention to facilitate consolidation processes in older adults, because effects of acute 

exercise on long-term motor memory consolidation, but not short-term motor memory 

consolidation, have been shown in young adults [12, 14, 17]. However, such a positive effect 

of acute exercise could neither be confirmed on short-term nor long-term motor memory 

consolidation in our group of older adults. This seems to be in line with studies examining the 

effect of acute exercise on (not motor related) short- and long-term memory, exposing higher 

effects for young than for older adults [74]. Interestingly, the a priori post hoc tests revealed 

enhanced consolidation of short-term and long-term motor memory for EG after exercise, but 

only a tendency toward improvement of short-term motor memory for CG after rest. Thus, 

based on our results we cannot exclude that an acute exercise session might be a possible 

intervention to enhance motor consolidation in a FM task in older adults. 

4.2. Effect of Acute Exercise on Electrophysiological Data 

In addition to the FM data, the electrophysiological correlates of FM task performance 

were investigated. To this aim, beta TRPow decreases in electrodes supposed to lie over the 

frontal cortex, M1, and S1 were calculated as indicators of task-related cortical activation of 

the corresponding brain areas [41, 42]. 

In general, beta power at rest was highest over centro-parietal and lowest over frontal 

electrodes. Consistent with other studies [49, 75], also TRPow decreases were stronger at 

centro-parietal and central than at frontal electrodes. Although the exact origin of beta 

oscillations is unknown, the latter finding indicates a strong sensorimotor cortical activation 

during the motor task [76]. A trend for a TIME × GROUP interaction revealed that TRPow of 
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EG and CG tended to develop differently throughout the experiment. For specific electrodes 

and time points, this was confirmed by our a priori defined analyses as discussed in the 

following. 

4.2.1. Motor Performance 

The acute exercise session caused stronger TRPow decreases at electrode F3 (but not 

C3 or CP3), and therefore, higher activation of the contralateral frontal cortex during the FM 

practice session immediately after acute exercise. It has been shown that older as compared to 

young adults need to activate more frontal brain resources to successfully perform a motor task 

[50]. One prominent theory claims that this additional activation reflects compensation 

processes associated with maintained or enhanced motor performance [77]. Therefore, the 

increased contralateral frontal activity might indicate that acute exercise enables healthy older 

adults to better utilize existing frontal brain capacities during the FM task immediately after 

exercise. Our findings are also supported by functional near-infrared spectroscopy (fNIRS) 

studies, in which acute exercise as compared to rest led to compensatory frontal brain activity 

during the performance of a subsequent cognitive task in older adults [78, 79]. 

4.2.2. Initial Motor Learning 

It has been shown that practicing visuomotor force-matching tasks in general leads to 

an attenuation of beta TRPow decreases in frontal and sensorimotor cortical areas in young 

adults, interpreted as that task execution became less demanding due to increased automaticity 

[46, 48]. In line with these results, the CG in our study also revealed less contralateral frontal 

activation (less TRPow decrease) at the end of the first FM practice session compared to 

baseline. Interestingly, the contralateral frontal activity of the EG also decreased again in the 

course of the initial learning bock (after an initial increase of activity immediately after exercise, 

cf. 4.2.1), resulting in a nonsignificant effect from baseline to initial motor learning. As the 

cognitive load during the performance of a motor task decreases with practice [33], it might be 

that the initial strong compensatory contralateral frontal activity of the EG was not needed 

anymore to perform the FM task with ongoing practice. Furthermore, results indicate that acute 

exercise facilitated contralateral frontal beta activity directly after exercise but had no further 

effect on frontal beta activity during the learning course (similar to the behavioral FM data). In 

line with this finding, acute exercise led to a positive effect on cognitive performance only 

immediately after exercise in older adults, but not after a certain time delay [27]. 
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4.2.3. Motor Memory Consolidation  

From the last block of the first FM practice session after intervention (i.e., initial motor 

learning) to the first block of the second FM practice session after a very short consolidation 

period (i.e., short-term motor memory), CG but not EG revealed a stronger reduction of 

contralateral frontal cortical activity (i.e., stronger beta TRPow decreases). EG, in turn, did not 

change from initial motor learning to short-term motor memory, resulting in frontal TRPow 

decreases that did not differ significantly from the baseline level. Thus, the effect of the 

intervention (exercise or control condition) as well as the effect of practicing the FM task (first 

practice session) disappeared during the 15-minute break between FM practice sessions. 

Therefore, different to young adults [59], in older adults, efficient short-term motor memory 

consolidation was not reflected by weaker beta TRPow decreases. The different results might 

be related to the intensity of exercise, i.e., a moderate intensity exercise might not be strong 

enough to trigger motor memory consolidation in older adults or to a general age-related decline 

in memory consolidation after acute exercise [74]. 

Interestingly, the significant effects of acute exercise on EEG beta activity were 

restricted to the contralateral side; no influence was found for the ipsilateral brain areas. 

Although the FM task requires bilateral brain activity [34, 36], especially in older adults [49], 

acute exercise seemed to trigger the dominant contralateral brain side only. 

A general increase of beta power at rest was revealed from EEG rest 1 to 3. Beta power 

at rest was interpreted as a correlate of processing of content-specific information [80, 81]. 

Therefore, one might assume that both groups increased processing throughout the FM practice 

on day 2 (regardless of the intervention). The lack of TIME × GROUP interactions for beta 

power at rest indicated that sweating did not systematically affect EEG data at rest. 

4.3. Association between Motor Behavior, EEG Data, and Load during 

Exercise 

After, correcting for multiple comparisons, no significant associations between FM task 

performance and TRPow during FM task were found. Thus, we might conclude that our results 

confirm earlier studies reporting no direct correlation between visuomotor performance, task-

related beta power, and electrophysiological data [44, 82]. However, as the (marginally 

significant) correlation during short-term motor memory consolidation at electrode C4 for the 

experimental group was medium high, we might carefully interpret that as that good short-term 

motor memory consolidation came along with weaker TRPow decrease. This fits to our finding 
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that TRPow decreases got weaker with practice. In contrast, a motor sequence learning study 

(without acute exercise) revealed that a high learning gain (i.e., a high decrease of reaction 

times) correlated with a high beta suppression after a short-term consolidation phase of ten 

minutes in young adults [83]. Diverging results might indicate different control strategies 

between the (key pressing) motor sequence task and our FM task and/or between age groups. 

It was further investigated whether the individual exercise load was associated with FM 

task performance after exercise, as exercise loads varied highly within the EG (range: 54 W to 

130 W). Although only marginally significant, there was a moderate association between 

exercise load and long-term motor memory consolidation, indicating better performance in the 

FM task 24 hours after acute exercise with higher exercise loads. The level of significance might 

be due to the small sample size of n = 17 and the high variation in the data. It has to be examined 

whether there is an objective criterion (i.e., exercise load in Watt) or relative criterion (exercise 

load as a percentage of maximum performance) that triggers these processes. Based on the 

correlational results, one could speculate that acute exercise needs to be performed at a certain 

exercise load to increase motor consolidation processes. 

4.4.  Limitations and Future Directions 

To our knowledge, this study revealed for the first time that acute exercise facilitates 

fine motor control performance and learning as well as electrophysiological processing in 

healthy older adults. However, several factors might have influenced (or weakened) the effect 

of an acute exercise session on motor processes. 

The aim of the baseline measurement was to assess a status quo of the initial fine motor 

performance of the participants. Participants in both groups revealed high improvements within 

these first eight trials of the FM task (see Figure 5). As the rate of improvement was nearly 

identical between the experimental and control groups, it rather represents a baseline 

familiarization than a baseline fine motor performance level. Based on the mean values, one 

could assume that the intervention time led to a short-term motor memory consolidation. 

However, considering the particular trials within the analyzed blocks during baseline and motor 

performance, we see that both groups started at a slightly lower performance level than the last 

trial of the baseline block. This contradicts the assumption of a general short-term consolidation 

due to the intervention break. 

Although the intensity of exercise is discussed as an important factor in acute exercise 

research [84], no systematic association can be derived from studies using motor paradigms 
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with young adults. That is, exercise intensity did not influence the consolidation of long-term 

motor memory systematically: better motor memory was found 24 hours after a high intensity 

[12, 14, 17, 18] and after a low-intensity exercise session [18], but, surprisingly, not after a 

moderate intensity exercise session [15, 16]. These heterogeneous results might have been 

influenced by the method of defining exercise intensity (% of VO2-peak vs. % of estimated age-

related maximum heart rate vs. % of maximum Watt) or by the exercise type (cycling vs. 

running). In the current study, a moderate intensity exercise session was used, as this load could 

be transferred from laboratory-based acute exercise studies to the setting of rehabilitation, i.e., 

patients or persons not experienced with exercise [8]. High-intensity exercise did not seem 

appropriate, as it is performed by or recommended only for older persons with exercise 

experience [85, 86]. Nevertheless, exercise intensity might be a determining factor and should 

be systematically analyzed in future studies. 

The order of acute exercise and practicing the motor task might also be an important 

factor. Roig et al. [12] found that practicing a motor task before acute exercise led to better 

long-term motor memory than practice after exercise. However, this finding was not supported 

by another study (using a motor adaptation paradigm), revealing that the order of practice and 

exercise did not influence the effect of exercise [87]. Thus, we decided to perform the practice 

sessions after exercise, as this design has been repeatedly shown to facilitate cognitive 

performance in older adults [27–29]. 

Furthermore, the physical activity/cardiovascular fitness level of the participants might 

mediate results. We generated a controlled sample in terms of the physical activity level, which 

could prevent generalizability to the general population of older adults. However, 

homogenizing the sample was necessary, as the physical activity level seems to mediate 

plasticity of the brain [88, 89] and the response to acute exercise sessions [90]. Further 

influencing factors might be the specific kind of upper extremity motor tasks (motor sequence 

learning: [91–94]; motor adaptation paradigms: [71, 87]), the kind of (cardiovascular) exercise 

[95], timing, or the duration of exercise. In sum, further studies with older adults are needed 

that systematically vary the potential influencing factors [26]. 

With respect to associated neural mechanisms, we restricted our analysis to the beta 

band (cf. introduction for argumentation). In addition, alpha oscillations (8–13 Hz) of the 

sensorimotor cortex were described as possible markers of sensorimotor processing [96, 97]. 

We did not find any acute exercise-related effects on EEG alpha power at rest or TRPow in our 

data (results not reported) and abstained from including it in the current report. 
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5. Conclusions 

A moderate intensity acute exercise session tended to improve fine motor control performance 

immediately after exercise in a precision grip FM task in healthy older adults more than a resting 

control condition. Therefore, acute exercise might be a potential candidate to enhance motor 

performance in older adults. This could have important practical implications for the setting of 

rehabilitation: acute exercise could be implemented as a method to create successful 

experiences in fine motor control performance and therefore, to contribute in motivating older 

patients in the rehabilitation process. Further, the stronger contralateral frontal beta TRPow 

decreases immediately after the exercise session compared to after the control condition was 

interpreted as higher frontal brain activity [41, 42]. This higher beta activity might indicate 

enhanced compensation processes, implicating that acute exercise facilitates the ability to better 

use existing frontal brain capacities during fine motor control tasks. 
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Abstract 

It remains controversial whether aging influences motor learning and whether physiological 

factors, such as local strength or fitness, are associated with fine motor performance and 

learning in older adults (OA). OA (n = 51) and young adults (YA, n = 31) performed a short-

term motor learning session using a precision grip force modulation task. The rate of 

improvement of OA compared with YA was steeper with respect to performance variability 

and temporal precision. Both age groups showed positive transfer during an unpracticed variant 

of the force modulation task. Local muscle strength (pinch and grip strength) and high 

cardiovascular fitness positively predicted fine motor performance, whereas initial 

performance, muscle strength, and motor fitness (heterogeneous motor test battery) negatively 

predicted rate of improvement. Analyses indicated potentials, but also limits of plasticity for 

OA. 

Keywords: Grip strength, Motor fitness, Motor transfer, Precision grip, Pinch strength 

 

 

  

  

https://doi.org/10.1123/japa.2018-0289


Results – Paper 3  146 

Introduction  

Countless daily activities, such as closing the zipper of a jacket, retrieving coins from a purse, 

or writing a short note, create the need to handle objects using a precision grip. Fast-developing 

technologies involved in everyday life, such as smartphones, tablets, or ticket machines, require 

older adults (OA) to continuously learn new fine motor skills and adapt skills to unknown 

situations. Although OA show lower fine motor control performance than young adults (YA; 

Diermayr, McIsaac, & Gordon, 2011), they are able to improve their fine motor skills 

considerably with practice (Lazarus & Haynes, 1997; Lutz, Martin, & Jäncke, 2010; Voelcker-

Rehage & Alberts, 2005) and transfer their skills to variants of the task (Bock & Girgenrath, 

2006; Lutz et al., 2010; Seidler, 2007). However, less is known about whether and how 

individual physiological factors, such as local strength or (cardiovascular/motor) fitness, 

determine fine motor control, rate of improvement, and motor learning in OA. 

Effects of Age on Fine Motor Performance, Rate of Improvement, and 

Learning 

In previous studies assessing fine motor performance in OA during unimanual force 

modulation (FM) tasks with a sinusoidal force profile, age-related differences were 

characterized by lower accuracy (time within range) and higher force variability (root mean 

squared error; Hübner, Godde, & Voelcker-Rehage, 2018; Voelcker-Rehage & Alberts, 2005, 

2007; Voelcker-Rehage, Stronge, & Alberts, 2006). These parameters reflect general 

differences between the target and applied force, which are caused by both temporal and force-

related errors (Vieluf, Godde, Reuter, & Voelcker-Rehage, 2013). To further disentangle these 

deviations, relative timing (Trel), representing a marker of temporal precision, and relative force 

(Frel), denoting a parameter of force precision (Kelso & Schöner, 1988; Vieluf, Godde, Reuter, 

Temprado, & Voelcker-Rehage, 2015; Zanone & Kelso, 1992) were calculated to examine 

whether the age-related decline in FM task performance is based on errors in timing or force 

production and which aspect is favored during practice. For bimanual FM tasks, the strategy 

seems to shift from prioritizing temporal precision to prioritizing precision of force amplitude 

with increasing age (Vieluf et al., 2015). 

Short-term motor learning typically refers to practicing a task less than an hour (Lohse, 

Wadden, Boyd, & Hodges, 2014) and corresponds to the initial fast learning phase (Karni et 

al., 1998). This amount of practice has been shown to induce significant performance increases 

in FM tasks in YA (Boe, Cassidy, McIlroy, & Graham, 2012; Floyer-Lea & Matthews, 2004), 
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as well as in OA (Voelcker-Rehage & Alberts, 2005; Wu, Pazin, Zatsiorsky, & Latash, 2013). 

There is, however, disagreement about whether the rate of improvement is affected by 

increasing age (Voelcker-Rehage, 2008). Some studies reported that the rate of improvement 

in fine motor tasks in OA compared with YA was diminished (Etnier & Landers, 1998), whereas 

others found no age-related difference (Godde, Trautmann, Erhard, & Voelcker-Rehage, 2017; 

Lutz et al., 2010; Vieluf et al., 2015; Wu et al., 2013) or even enhanced performance 

improvements in OA (Voelcker-Rehage & Alberts, 2005). 

Learning success is quantified by retention (retesting the practiced task after a certain 

time delay) and transfer tests (performing nontrained variants of a learned motor task; Schmidt 

& Lee, 2011; Seidler, 2007). Dependent on the time delay, retention tests reveal either short-

term motor memory (i.e., after seconds to hours; McGaugh, 2000; Shea & Morgan, 1979) or 

long-term motor memory (i.e., after hours to months; Lutz et al., 2010; Roig, Ritterband-

Rosenbaum, Lundbye-Jensen, & Nielsen, 2014). To date, only a few studies have used retention 

tests to study consolidation after motor learning in OA. In a visuomotor tracking task requiring 

wrist movements, OA maintained their motor performance level 24 hr after skill acquisition, 

whereas YA further improved their performance (Berghuis et al., 2015; Roig et al., 2014). This 

further improvement (off-line learning) was interpreted as enhanced consolidation in YA 

compared with OA (Brown, Robertson, & Press, 2009; Roig et al., 2014). Little is known about 

short-term motor memory consolidation in OA. 

OA successfully transferred their performance gains to untrained force profiles in a 

motor adaptation (Bock & Girgenrath, 2006; Seidler, 2007) or bimanual steering wheel tracking 

paradigm (Lutz et al., 2010), indicating no effect of age on motor transfer. For example, in a 

study aiming to investigate motor transfer capability of OA in an FM task, immediately and 1 

week after a 40-min practice session of tracking repeating sine wave patterns, YA and OA did 

not differ in their motor performance when tracking new randomized sine wave patterns (Lutz 

et al., 2010). 

Factors That Influence Fine Motor Performance, Rate of Improvement, and 

Learning in OA 

Investigating factors that contribute to the fine motor performance level, rate of 

improvement, or motor learning in OA can help to explain and reduce respective age-related 

changes (Liu et al., 2017). Multiple physiological factors have been discussed in the literature, 
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such as the local muscle strength of the upper extremity (i.e., pinch strength or hand grip 

strength) and cardiovascular exercise. 

Pinch (i.e., precision grip) strength predicted the performance in a force maintenance 

task (Marmon, Pascoe, Schwartz, & Enoka, 2011), and hand grip strength was positively related 

to fine motor tests (Liu et al., 2017; Marmon et al., 2011; Martin, Ramsay, Hughes, Peters, & 

Edwards, 2015). Hand grip strength has been shown to be a valid indicator of muscle strength, 

mortality, quality of life, and heart health (Cheung, Nguyen, Au, Tan, & Kung, 2013; Musalek 

& Kirchengast, 2017). Less is known about whether these local muscle strength factors are also 

associated with the rate of improvement or motor learning in OA. 

Cardiovascular exercise is known to induce mechanisms that are presumed to facilitate 

motor control and motor learning, that is, changes on a molecular level, like enhanced levels of 

brain-derived neurotrophic factor; changes on a cellular level, like changes in synaptic efficacy; 

and changes on a system level (i.e., changes in brain organization), like higher activity and 

volume in motor-related brain areas (see Lehmann & Taubert, 2018 for an extensive overview). 

Studies on the association between cardiovascular fitness and fine motor performance revealed 

heterogeneous findings with a tendency toward positive associations (see Hübner & Voelcker-

Rehage, 2017 for a systematic review). With respect to motor learning, high cardiovascular 

fitness positively influenced the initial phase of learning in a visuospatial accuracy tracking task 

in OA (Etnier & Landers, 1998; Etnier, Romero, & Traustado´ttir, 2001). Several 

methodological shortcomings in earlier studies, like using physical activity questionnaires to 

assess the fitness level or dividing OA into groups using a median split, might have caused 

inconclusive results (Hübner & Voelcker-Rehage, 2017; Miller, Taler, Davidson, & Messier, 

2012). 

In addition, motor fitness, consisting of components like movement speed, reaction 

speed, balance, and fine motor coordination (Niemann, Godde, & Voelcker-Rehage, 2016; 

Voelcker-Rehage, Godde, & Staudinger, 2010, 2011), has been shown to be positively 

associated with cognitive performance in OA. As OA require a certain amount of cognitive 

resources for performing motor tasks (Ren, Wu, Chan, & Yan, 2013; Seidler et al., 2010), the 

level of motor fitness might also indirectly influence motor performance. However, whether 

motor fitness also affects motor learning remains unknown. 
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The Present Study 

First, this study aimed to further characterize age-related differences in fine motor 

performance, rate of improvement, and motor learning using a precision grip FM task. We 

hypothesized that YA outperform OA in fine motor performance (pretest), but due to the 

ambiguous results in the literature, no explicit hypothesis could be derived regarding possible 

age differences on motor improvement and learning. 

Our second aim was to examine the effects of local muscle strength, cardiovascular 

fitness, and motor fitness on fine motor performance, rate of improvement, and motor learning 

in OA. For motor learning, we differentiated between retention and motor transfer. We expected 

positive effects of the stated physiological factors on fine motor performance/learning. 

Method 

Participants 

In total, 55 female OA between 67 and 83 years of age (M = 74.51, SD = 4.25) and 33 

female YA between 20 and 29 years of age (M = 22.97, SD = 2.76) participated in the study. 

OA were re-recruited via phone from a study sample that consisted of only women and took 

part in a previous study by our research group (see Niemann et al., 2016, all agreed to have their 

contact data stored in a participant database). For gender matching, female YA were recruited 

with flyers and mailing lists of two local universities. The ethics committee of the Faculty of 

Humanities of the Saarland University (4.3.13) approved the study. All women, referred to as 

participants in the following, took part voluntarily and provided informed consent about general 

study information and consent from their personal physician for the cardiovascular fitness test. 

The participants completed a questionnaire assessing demographic information, 

education level (years of education), subjective health status (In general, how would you say 

your health is? 5-point Likert scale from poor to excellent), physical activity level (adapted 

version of Baecke, Burema, & Frijters, 1982), and subjective hand use (Vieluf, Mahmoodi, 

Godde, Reuter, & Voelcker-Rehage, 2012). The Edinburgh handedness questionnaire was 

assessed to confirm their right-handedness (Oldfield, 1971). The Montreal Cognitive 

Assessment (MoCA) (Nasreddine et al., 2005) with a cutoff < 23 (Julayanont & Nasreddine, 

2017) was used to screen OA for cognitive status. OA received 24 €, and YA received chocolate 

and an analysis of their cardiorespiratory fitness test for participating in the study. 
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Six participants did not fulfill the inclusion criteria and were excluded from further 

analysis (MoCA score < 23: n = 4 OA; left-handers: n = 2 YA). Hence, 51 OA between 67 and 

83 years of age (M = 74.41, SD = 4.32) and 31 YA between 20 and 29 years of age (M = 23.26, 

SD = 2.68) were included in further analysis. The Purdue Pegboard Test (model 32020; 

Lafayette Instruments, Lafayette, IN; Tiffin & Asher, 1948) was performed to assess clinical 

manual dexterity of the right hand. All YA and OA scored within the normative values for the 

right hand (i.e., mean number of pins placed; Desrosiers, Hébert, Bravo, & Dutil, 1995). YA 

revealed a significantly better pegboard score than OA. The demographic data and screening 

results are summarized in Table 1. 

Table 1 Participant Characteristics of YA and OA 

  

  

YA (n = 31) OA (n = 51)  

M SD M SD F(1, 80) p 𝜼𝒑
𝟐 

Age 23.26 2.68 74.41 4.32 3508.77 <.001 .98 

Education 16.03 3.16 12.87 2.41 26.13 <.001 .25 

Subj. health 3.84 0.78 3.71 0.70 0.64 .427 .01 

MoCA - - 26.45 2.12 - - - 

Subj. hand usage 18.19 3.07 16.47 5.35 2.67 .106 .03 

Pegboard (right hand) 16.27 1.53 13.12 1.36 94.10 <.001 .54 

Pinch strength 45.96 12.94 39.33 9.49 7.12 .009 .08 

Physical activity 46.20 24.87 33.60 16.79 7.50 .008 .09 

Note. Age = age in years; Education = years of education; Subj. health = self-rated health status in a Likert’s scale from 1 (poor) 

to 5 (excellent); MoCA = sum score of the Montreal Cognitive Assessment; Subj. hand usage = self-reported hand use (sum 

score of nine items, 5-point scale); Pegboard (right hand) = mean score of three trials with the right hand; Pinch strength = 

maximum voluntary contraction of index finger and thumb, maximal value out of three trials; Physical activity = subjective 

activity level in kilocalories/kilogram × week; YA = young adults; OA = older adults. 

Measures 

Fine motor task 

Apparatus and setup 

Precision grip force was assessed with a six degrees of freedom force transducer (Mini-

40 Model; ATI Industrial Automation, Garner, NC). The participants had to perform a precision 

grip on the force transducer by placing the thumb on the force plate and the index finger on a 

wooden plate, which was fixated on the back side (see Figure 1). The force transducer was 

located on the right armrest of a comfortable chair, placed about 80 cm in front of a 17-in. 

monitor (hardware resolution: 1,200 × 1,024 pixels). A customized LabVIEW program 
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(National Instruments, Austin, TX) recorded the force data with a sampling rate of 120 Hz and 

an amplitude resolution of 0.06 N.  

Pinch strength 

Maximum voluntary pinch strength was measured by exerting as much force as possible 

in a precision grip. Three trials of 5 s each with ≥ 30-s rest between trials were performed. The 

participants saw their applied force as a yellow line on a black background on the monitor. The 

x axis presented the whole 5 s, and the y axis was adjusted to the maximum applied force for 

each participant individually. The highest value out of three trials was regarded as maximum 

voluntary pinch strength. 

Force matching task 

The participants were instructed to apply force to match a target force as accurately as 

possible. Online visual feedback was provided about the target force (green) and their own 

applied force (yellow) on a black background (see Figure 2 for example data illustrated in 

modified colors). The target and the applied force ran from the right to the left side of the screen. 

The participants saw only 200 ms of the upcoming target force in advance. The x axis presented 

5 (shifting) s, and the y axis indicated 0–16 N. The participants started by performing eight 

familiarization trials (11 s each; regular sine wave pattern: six sine waves between 2 and 7 N; 

frequency: 0.57 Hz) to get familiar with the task and properties of the force transducer. The 

amount and content of the familiarization trials were identical for all participants. 

The target force of the short-term motor learning session consisted of two different 

irregular sine wave patterns (ISP1 and ISP2). The trials with a length of 15 s consisted of eight 

sine waves each, with the same minima (2 N), but varying maxima (5.1–11.3 N). Sine wave 

frequency was adapted to the varying maxima so that tracking velocity, the rate of force changes 

per time, was identical within each sine wave (0.35–0.78 Hz). In ISP1 and ISP2, the order of 

the particular sine waves was altered so that both patterns were identical in terms of difficulty 

level and applied force (Figure 2). 
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Figure 1 Left: force transducer. Right: participant performs a precision grip on the force transducer. 

 

Figure 2 Example FM trials for one participant for (a) ISP1 and (b) ISP2. The gray target force represents the ISP. 

The black lines illustrate the applied force of the participants. The black vertical dotted lines symbolize the start 

of data analyses. FM = force modulation; ISP = irregular sine wave pattern. 

Local muscle strength 

Local muscle strength of the right finger and hand was assessed using the maximum 

voluntary pinch strength of the index finger and thumb (cf. Pinch strength), as well as the 

maximal grip strength. Grip strength was assessed using a hand grip dynamometer (TKK 5101; 

Takei Scientific Instruments Co., Ltd, Tokyo, Japan; in kilograms). The dynamometer was 

adjusted to the hand size of the participant, the elbow was in a fully extended position, and the 

arm was not pressed against the body. Maximal grip strength was quantified as the highest value 

out of two trials performed with the right hand. To quantify local muscle strength, a mean value 

of the z-transformed individual performances of pinch and grip strength was calculated. 
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Cardiovascular fitness test 

Cardiovascular fitness was assessed using spiroergometry (ZAN600; nSpire Health, 

Oberthulba, Germany) on a stationary bicycle (Ergoline Ergoselect 100P, Bitz, Germany) with 

a ramp protocol to determine peak oxygen consumption (VO2peak). A physician was present 

during all cardiovascular fitness tests of OA. Electrocardiography (recorded with a 10-lead 

electrocardiography fully digital stress system; KISS, GE Healthcare, Munich, Germany), 

breath-by-breath respiration, heart rate, and blood pressure were continuously monitored. 

After a 3-min rest period, all OA performed a ramp protocol with a progressively 

increasing load of 10 W/min, starting with 10 W (we abstained from describing spiroergometry 

protocols of YA, as they were not analyzed for the current study). The tests were terminated by 

volitional exhaustion, maintaining a respiratory exchange ratio of 1 for about 30 s, or the 

occurrence of risk factors (i.e., systolic blood pressure 230/115 mmHg, heart rate approximately 

> [220 – age]), and concluded with a 5-min cooldown period. The cardiovascular fitness test of 

two OA had to be terminated due to high blood pressure, and their results were not regarded for 

further analyses. The values of the highest complete performance level were averaged and 

regarded as VO2peak (VO2 in liters per minute). 

Motor fitness 

Motor fitness was assessed using a heterogeneous test battery (in accordance with 

Niemann et al., 2016). Tests comprised the dimensions movement speed, reaction speed, 

balance, and fine motor coordination. Movement speed was assessed with the foot tapping test 

(Voelcker-Rehage & Wiertz, 2003), foot-up-and-go agility test (Adrian, 1981), and 30-s chair-

stand test (Rikli & Jones, 2001). Reaction speed was quantified with the stick-fall test (Ehrler 

& Huth, 2000). Balance was measured with the backward beam walk test (Kiphard & Schilling, 

1974) and one-leg stand test with eyes open and closed (Ekdahl, Jarnlo, & Andersson, 1989). 

Fine motor coordination was assessed with the Purdue Pegboard Test for the left and right 

hands (Tiffin & Asher, 1948). To quantify motor fitness, an index score was calculated by the 

mean of the z-transformed individual performances of movement and reaction speed (mean of 

four tests), balance (mean of three tests), and fine motor coordination. For detailed test 

descriptions and specific information about data processing, see Niemann et al. (2016). 
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Procedure 

Day 1: After signing the declaration of consent, the MoCA, the motor fitness battery, 

grip strength, and the cardiovascular fitness test were assessed. Day 2: All tasks requiring the 

force transducer were performed on Day 2 for organizational reasons. First, pinch strength and 

the familiarization trials of the FM task were measured. Afterward, the short-term motor 

learning session of the FM task was performed in a pretest/posttest design. The pretest 

compromised one block of ISP1 and one block of ISP2 (eight trials each) in a counterbalanced 

order. The trials were intermitted by a 5-s intertrial break, in which a white fixation cross 

appeared on a black screen. The blocks were intermitted by breaks of 30 s, during which the 

participants were asked to relax their hands. Afterward, the participants conducted the practice 

session, consisting of 80 ISP1 trials (four blocks of 10 trials, break of 15 min, and another four 

blocks of 10 trials). The posttest started with one block of ISP1 followed by one block of ISP2 

(eight trials each). The ISP2 trials during the posttest were regarded as transfer trials. After a 

short consolidation phase of about 20 min, the short-term motor learning session was finalized 

with a retention test (eight trials of ISP1). For an overview of the procedure, see Figure 3. 

 

Figure 3 Schematic illustration of the study design. The gray boxes denote FM trials during the short-term motor 

learning session. The duration of the tests reflect approximate values. ISP1 + ISP2 = irregular sine wave pattern; 

MoCA = Montreal Cognitive Assessment. 
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Data Analyses 

Data analysis of the FM task was conducted with the MATLAB R2017a software (The 

MathWorks, Inc., Natick, MA). To disregard variations in ramp time, the first sine waves of 

each trial (i.e., the first 214 data points, approximately 1.78 s), which were the same in ISP1 

and ISP2, were not analyzed. The FM performance was quantified using three different 

parameters: 

(a) The standard deviation of the differences between applied and target force (SD), 

represents an overall estimate of performance variability. SD was calculated with the 

formula implemented in MATLAB R2017a as SD = std (applied force – target force). 

(b) Relative timing and relative force at the local maxima of the sine waves were analyzed 

to disentangle performance errors with respect to temporal and force precisions. After 

the parameters for the particular maxima were determined, means per trial were 

calculated. The relative timing (Trel) at the maxima of every particular sine wave 

reflected temporal precision. Point-estimated relative timing was calculated using the 

following formula: 

Trel = ((abs (Tmaxtarget - Tmaxapplied)) / sine durationtarget) • 360 

with Tmax being the time point when the local maximum occurs and sine duration 

representing the overall length of the respective full sine wave cycle. Thus, the higher 

the Trel, the greater was the temporal deviation in the x direction of the applied curve 

from the target curve at the maxima of the sine wave. 

(c) The relative force Frel at the maxima of every particular sine wave was calculated to 

assess force precision. We calculated Frel using the following formula: 

Frel = ((abs (Fmaxtarget - Fmaxapplied)) / Fmaxtarget) • 100 

with Fmax being the force value of the local maxima of the target and the applied force. 

Thus, the higher Frel, the greater was the force deviation in y-direction of the maximum 

of the applied curve from the maximum of the target curve for each sine wave cycle. 

Outliers were presumed per trial across all participants as standardized z scores greater 

than 3.29 or below −3.29 per trial (n = 11, in 7 different participants) and were replaced 

according to the last observation carried forward method (Tabachnick & Fidell, 2001). 

Afterward, a mean of eight trials was calculated for the pretest (ISP1 and ISP2), posttest (ISP1 

and ISP2), and retention (ISP1) for each parameter (SD, Trel, and Frel). A mean of 10 trials was 

calculated for each of the eight practice blocks (ISP1) for all parameters (SD, Trel, and Frel). The 



Results – Paper 3  156 

tests revealed good reliability, as indicated by high Cronbach’s α values (mean ± SD of all trials 

per pretest, practice, posttest, and retention block, depicted per parameter and age group); SD: 

α = .93 ± .02; Trel: α = .82 ± .04; Frel: α = .82 ± .07 for YA and SD: α = .91 ± .02; Trel: α = .83 ± 

.04; Frel: α = .84 ± .08 for OA. 

Mean values of the practice blocks were used to compute a rate of improvement. The 

rate of improvement was quantified by calculating the acquisition slope of the regression line 

from pretest, practice Blocks 1-8, and posttest (ISP1 only) with the SLOPE formula 

implemented in Microsoft Excel 2013 (Microsoft Corp., Redmond, WA): 

Acquisition slope: 𝑏 =  
∑(𝑥−𝑥̅)(𝑦−𝑦̅)

∑(𝑥−𝑥̅)2  

with x representing the measurement time points pretest, practice Blocks 1-8, and 

posttest numbered from 1-10, 𝑥̅ the mean of the measurement time points, y the performance 

from pretest, practice Blocks 1-8, and posttest, and 𝑦̅ the mean of all values per participant. 

Retention and transfer were further characterized with the following index scores: 

Retention index = (RetentionISP1 – PosttestISP1) / (PosttestISP1) 

Transfer index = (((PosttestISP2 – PretestISP2) / PretestISP2) – ((Block 1ISP1 – PretestISP1) /  

    PretestISP1))) / ((Block1ISP1 – PretestISP1) / PretestISP1). 

Note: ISP1 trials of the pretest were analyzed with respect to a different research 

question in a previous paper (Hübner et al., 2018a). 

Statistical Analyses 

Statistical analyses were conducted with SPSS for Windows (version 25; IBM Corp., 

Armonk, NY). P values < .05 were regarded as significant, and p values < .10 were regarded as 

marginally significant (trend). 

Effects of age on fine motor performance, rate of improvement, and learning 

To investigate the influence of age on fine motor performance, performance after 

practice, and during retention in the practiced sine wave pattern (ISP1), mixed 3 × 2 analyses 

of variance (ANOVAs) with Time (pretest, posttest, retention) as the within-subject factor and 

Age (YA, OA) as the between-subject factor were calculated for the parameters SD, Trel, and 

Frel Bonferroni-corrected planned post hoc t tests were performed to assess whether YA and 

OA changed their performance from posttest to retention. In addition, follow-up univariate 

ANOVAs were performed with Acquisition slope (b) as the dependent variable and Age (YA, 
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OA) as the between-subject factor. Finally, correlation analyses between the pretest 

performance and acquisition slope were conducted for each parameter and age group separately. 

To test the age effects on motor transfer to the unpracticed sine wave pattern (ISP2), we 

performed mixed 2 × 2 analyses of covariance (ANCOVAs) with Time (pretest, posttest) as the 

within-subject factor and Age (YA, OA) as the between-subject factor with ISP1 Acquisition 

slope (b) as covariate separately for the parameters SD, Trel, and Frel, measured for ISP2. The 

covariate was added in the model to control for an expected general performance improvement 

due to practicing ISP1 between the pretest and posttest. Significant Time × Acquisition slope 

interactions would indicate transfer of the practiced to the unpracticed pattern. In addition, 

follow-up univariate ANOVAs were conducted with the transfer index as the dependent 

variable and Age (YA, OA) as the between-subject factor. 

Greenhouse–Geisser adjustment was reported in case the sphericity assumption was 

violated. The effect sizes were reported as partial eta squares (𝜂𝑝
2 = .01: small effect, 𝜂𝑝

2 = .06: 

moderate effect, 𝜂𝑝
2 = .14: large effect). 

Factors that influence fine motor performance, rate of improvement, and learning 

in OA 

To examine the physiological factors that were associated with fine motor performance, 

rate of improvement, and motor learning (assessed retention and transfer) in OA, the following 

analyses were performed with a sample of 49 OA for the outcome measure performance 

variability (SD) only. Fine motor performance was defined as the performance at pretest for the 

target curve ISP1. Rate of improvement was represented by the acquisition slope. Retention 

and transfer were characterized by their index scores (cf. previous section). 

In a first step, we performed Pearson’s correlation analyses among (a) fine motor 

performance, (b) acquisition slope, (c) retention, and (d) transfer with each of the following 

variables: age in years, years of education, local muscle strength (index score), cardiovascular 

fitness (VO2peak), and motor fitness (index score). The performance scores (a–d) were 

correlated with age and years of education as a higher biological age, and fewer years of 

education were related to lower fine motor performance (Liu et al., 2017; Marmon et al., 2011; 

Martin et al., 2015). In a second step, the factor age and variables indicating significant 

associations with fine motor performance or acquisition slope were included in two sets of 

hierarchical multiple regression models. As no variable correlated significantly with retention 

or transfer in OA, no regression analyses predicting these variables were performed. Thus, the 
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first regression model was conducted to predict fine motor performance. Predictors were entered 

into the model in the following order: (1) age, (2) muscle strength, (3) cardiovascular fitness, 

and (4) motor fitness. For the second model, aiming to predict the acquisition slope, predictors 

were inserted in the following order: (1) age, (2) fine motor performance, (3) muscle strength, 

(4) cardiovascular fitness, and (5) motor fitness. The factor age, although indicating no 

significant correlation (Table 5), was included in the regression analyses because of the high 

relevance in aging studies and the high age range of 16 years (67–83 years of age) in our sample. 

The regression models were controlled for multicollinearity by calculating the variance inflation 

factor (VIF; highest VIF: <10; average VIF: not substantially >1) and tolerance statistics 

(1/VIF; tolerance <0.1 represents a serious violation; Field, 2014). Neither model violated these 

rules (model 1: highest VIF = 1.50, average VIF = 1.15, and 1/VIF = >.72; model 2: highest 

VIF = 1.63; average VIF = 1.31, and 1/VIF = >.61). 

Results 

Effects of Age on Fine Motor Performance, Rate of Improvement, and 

Learning 

Figure 4 displays the group means and SEs of ISP1 and ISP2 for the young females 

(YA) and older females (OA) at pretest, posttest, and retention. YA matched the target curves 

of the FM task with a lower variability (standard deviation of the differences: SD; Figure 4a), a 

lower temporal deviation (temporal precision: Trel; Figure 4b), and more precise force 

production (force precision: Frel; Figure 4c) than OA at all time points. The 3 × 2 (Time × Age) 

mixed ANOVAs for ISP1 confirmed that both age groups improved their fine motor 

performance in the FM task with practice, and YA significantly outperformed OA (main effects 

of Time and Age for SD, Trel, and Frel, for statistics, see Table 2). The Time × Age interactions 

pointed to a higher reduction of SD and a tendency toward a higher decrease of Trel from pretest 

to posttest for OA compared with YA. Post hoc t tests indicated that SD decreased from posttest 

to retention for OA (p < .001) and YA (trend: p = .052). Trel and Frel did not change significantly 

from posttest to retention for YA or for OA (all p = 1.00, Bonferroni-corrected values). 

The acquisition slopes (b) are illustrated in Figure 5. Follow-up ANOVAs revealed 

(marginally) significant effects of Age for SD (F(1, 80) = 3.34, p = .071, 𝜂𝑝
2 = .04) and Trel (F(1, 

80) = 5.25, p = .025, 𝜂𝑝
2 = .06), indicating higher acquisition slopes of OA compared with YA, 

but no effect of Age for Frel (F(1, 80) = 0.41, p = .525, 𝜂𝑝
2 = .01). Additional correlation analyses 
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indicated that good initial performance at pretest was associated with a less steep acquisition 

slope in all parameters for YA (all r ≥ -.797, p < .001) and for OA (all r ≥ -.645, p < .011). 

Figure 4 depicts that YA performed the unpracticed sine wave pattern (ISP2) more 

accurately than OA, irrespective of time point. Both age groups improved their ISP2 

performance from pretest to posttest with respect to variability (SD), temporal precision (Trel), 

and force precision (Frel). The 2 × 2 (Time × Age) mixed ANCOVAs for ISP2 confirmed 

(marginally) significant main effects of time and age for all three parameters, and a main effect 

of Acquisition slope for SD and Trel, but not Frel (see Table 3 for statistics). Significant Time × 

Acquisition Slope interactions revealed successful transfer from the practiced ISP1 to ISP2 for 

all parameters. All other interactions were not significant for any parameter. Follow-up 

ANOVAs confirmed that transfer capability, quantified by the transfer index, did not differ 

between YA and OA in any parameter, SD: F(1, 80) = 0.13, p = .720, 𝜂𝑝
2 < .01; Trel: F(1, 80) = 

2.74, p = .102, 𝜂𝑝
2 = .03; Frel: F(1, 80) = 0.39, p = .534, 𝜂𝑝

2 = .01. 
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Figure 4 Group means and SE for YA and OA of (a) performance variability, (b) temporal precision, and (c) force 

precision for the practiced sine wave pattern (ISP1, solid line) and the unpracticed pattern (ISP2, dotted line) at 

pretest, posttest, and retention. YA = young adults; OA = older adults. 

Table 2 F-Statistics for 3 × 2 (Time [Pretest, Posttest, Retention] × Age ([YA, OA]) Repeated-Measures ANOVAs 

for ISP1 

  

  

F-statistics 

 Parameter 

 

F  df p 𝜼𝒑
𝟐 

Variability (SD) 

 

Time 239.16 2 < .001 .75 

Age 99.08 1 < .001 .57 

Time × Age  4.24 2 .034 .05 

Temporal precision (Trel) 

 

Time 74.93 2 < .001 .49 

Age 63.90 1 < .001 .45 

Time × Age  2.95 2 .080 .04 

Force precision (Frel) 

 

Time 43.41 2 < .001 .36 

Age 57.98 1 < .001 .42 

Time × Age  0.32 2 .650 < .01 

Note. YA = young adults; OA = older adults; ANOVAs = analyses of variance; ISP1 = practiced sine wave pattern. 
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Table 3 F-Statistics for the 2 × 2 (Time [Pretest, Posttest] × Age [YA, OA]) Repeated-Measures ANCOVAs for 

ISP2 With ISP1 Acquisition Slope (b) as Covariate 

  

  

F-statistics 

 Parameter 

 

F  df p 𝜼𝒑
𝟐 

Variability (SD) 

 

Time 3.82 1 .054 .05 

Acquisition slope 10.43 1  .002 .12 

Age 13.55 1 < .001 .15 

Time × Acquisition slope 33.64 1 < .001 .30 

Time × Age 0.29 1 .593 <.01 

Slope × Age  0.73 1 .395 .01 

Time × Age × Acquisition slope 0.17 1 .679 < .01 

Temporal precision (Trel) 

 

Time 4.35 1  .040 .05 

Acquisition slope 15.01 1 <.001 .16 

Age 6.30 1  .014 .08 

Time × Acquisition slope 8.40 1 .005 .10 

Time × Age 0.45 1 .504 .01 

Slope × Age  1.35 1 .250 .02 

Time × Age × Acquisition slope 1.07 1 .305  .01 

Force precision (Frel) 

 

Time 60.15 1 < .001 .44 

Acquisition slope 1.72 1  .193 .02 

Age 51.94 1 < .001 .40 

Time × Acquisition slope 4.89 1 .030 .06 

Time × Age 2.32 1 .132 .03 

Slope × Age  0.59 1 .446 .01 

Time × Age × Acquisition slope 0.77 1 .384 .01 

Factors That Influence Fine Motor Performance and the Rate of 

Improvement in OA 

Table 4 summarizes the data from the local muscle strength and motor fitness tests, 

which were used to calculate respective index scores for OA. After calculating index scores, 

correlation analyses were performed between these scores, age, years of education, and the 

performance parameters fine motor performance (defined as pretest performance), acquisition 

slope (from pretest over eight practice blocks to posttest), retention (index), and motor transfer 

(index) (see Table 5). Higher local muscle strength, cardiovascular and motor fitness were 

associated with better pretest performance (Table 5; Figure 6a-c). High values in the same 

variables were further associated with a less steep acquisition slope (Table 5; Figure 6d-f). 
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Years of education revealed only a significant positive correlation with the transfer index, but 

not with pretest performance or acquisition slope and was not included in the regression 

analyses. Transfer index further correlated significantly with local muscle strength, but not with 

cardiovascular or motor fitness, so that we abstained from calculating a regression analysis to 

predict motor transfer. No physiological variable correlated significantly with the retention. 

 

Figure 5 Group means and SE for YA and OA for the rate of improvement, quantified by the acquisition slope. 

YA = young adults; OA = older adults. 

Table 4 Descriptive Data for Local Muscle Strength, Cardiovascular Fitness, and Motor Fitness in OA 

  M SD 

Local muscle strength (index) 0.00 0.86 

Pinch strength 39.25 9.67 

Grip strength 21.59 3.95 

Cardiovascular fitness (VO2-peak) 1.24 0.24 

Motor fitness (index) 0.00 0.65 

Foot tapping test 56.10 9.99 

Foot-up-and-go 8.67 1.24 

30 s chair-stand test 19.29 4.83 

Stick-fall test 16.13 4.48 

Backward beam walk test 4.67 1.42 

One-leg stand test (eyes open) 17.34 4.59 

One-leg stand test (eyes closed) 6.26 3.38 

Pegboard 12.73 1.14 

Note. Pinch strength = maximum voluntary contraction in newtons; Grip strength = maximum strength in kilograms; VO2peak 

= peak VO2 in liters per minute; Foot tapping test = amount of taps within 20 s; Foot-up-and-go test = time in seconds; 30-s 

chair-stand test = number of getups within 30 s; Stick-fall test = falling distance in centimeters; Backward beam walk test = 

number of steps on the beams; One-leg stand test (eyes open + closed) = duration of standing in seconds with a maximum of 

20 s; Pegboard = pins placed with the right and left hand; OA = older adults; VO2peak = peak oxygen consumption. 
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Factors that influence fine motor performance 

The variables age (Step 1), local muscle strength (Step 2), cardiovascular fitness (Step 

3), and motor fitness (Step 4) were entered successively in the first hierarchical multiple 

regression model aiming to predict fine motor performance (defined as pretest performance; see 

Table 6 for statistics) in OA. Step 1 was not significant, F(2, 48) = 1.84, p = .182, indicating 

that the calendric age of OA had no significant influence on the pretest performance. Adding 

local muscle strength in Step 2 led to a significant model, F(3, 48) = 9.10, p < .001, with higher 

maximum local muscle strength being associated with better pretest performance, ΔR2 = .25,   

p < .001. When adding cardiovascular fitness level into the analysis in Step 3, the model, F(4, 

48) = 8.62, p < .001, and the effect of cardiovascular fitness were significant (ΔR2 = .08, p = 

.020), with OA with high cardiovascular fitness being related to better pretest performance. The 

final step, Step 4, including the motor fitness index into the model, revealed no significant 

change (ΔR2 = .07, p = .220), although it was significant, F(5, 48) = 6.93, p < .001, with a 

significant influence of local muscle strength (p = .002) and cardiovascular fitness (p = .023) on 

the pretest. 

Table 5 Intercorrelations of (a) Pretest Performance, (b) Acquisition Slope, (c) Retention Index, and (d) Transfer 

Index of the FM Task (All With the Parameter SD) With Age, Years of Education, Local Muscle Strength (Index 

Score), Cardiovascular Fitness (VO2peak), and Motor Fitness (Index Score) 

Measure 1(a) 1(b) 1(c) 1(d) (2) (3) (4) (5) 

1(a) Pretest performance –              

1(b) Acquisition slope -.788** –       

1(c) Retention .130 -.247 –      

1(d) Transfer .204 -.225 -.172 –     

(2) Age .194 -.034 .093 .070 –    

(3) Years of education .281 -.165 -.207 .394** -.035 –   

(4) Local muscle strength -.520** .595** -.072 -.368** -.159 -.326* –  

(5) Cardiovascular fitness -.392** .288* -.122 -.004 -.315* -.119 .173 – 

(6) Motor fitness -.367** .466** -.197 -.047 -.483** -.041 .355** .228 

Note. FM = force modulation; VO2peak = peak oxygen consumption. 
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Table 6 Hierarchical Regression Analysis Aiming to Predict Pretest Performance 

 Step 

 1  2  3  4   
 B β  B β  B β  B β    

Step 1               

 Age 0.02  .19   0.10  .11   <0.01  .02   -0.01  -.05     

Step 2               

 L. muscle strength    -0.23 -.50**  -0.21 -.46**  -0.19 -.41*    

Step 3               

 Cardio. fitness       -0.49 -.30*  -0.48 -.30*    

Step 4               

 Motor fitness          -0.11 -.18    

Total R2 .04   .28**   .37**   .39**     

Total ΔR2    .25**   .08*   .02     

Note. *p < .05. **p < .01 

Factors that influence the rate of improvement 

As the correlation between the pretest performance and the rate of improvement, 

quantified by the acquisition slope, was highly significant (r = −.788, p < .001), the pretest 

performance was entered in the second hierarchical multiple regression model in Step 2 (see 

Table 7 for the hierarchical procedure and statistics). When adding fine motor performance in 

Step 2, the model was significant, F(3, 48) = 40.23, p < .001, indicating that good initial fine 

motor performance predicted a less steep acquisition slope in OA (ΔR2 = .64, p < .001). 

Considering local muscle strength (Step 3) again led to a significant model, F(4, 48) = 32.92,  

p < .001, revealing that a high muscle strength was associated with a less steep acquisition slope 

(ΔR2 = .05, p = .010). Although adding the cardiovascular fitness level (Step 4) did not induce 

a significant change (ΔR2 < .01, p = .780), the model remained significant, F(5, 48) = 24.20,     

p < .001. The final significant model, Step 5: F(6, 48) = 24.82, p < .001, indicated that enhanced 

age (p = .005), good pretest performance (p < .001), high local muscle strength (p = .028), and 

also high motor fitness (ΔR2 = .06, p = .004) predicted a less steep acquisition slope in OA.  
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Table 7 Hierarchical Regression Analysis Aiming to Predict Acquisition Slope 

 Step 

 1  2  3  4  5 
 B β  B β  B β  B β  B β 

Step 1               

 Age <0.01  -.03   <0.01  .12   <0.01  .14   <0.01  .15   <0.01  .27*  

Step 2               

 Pretest performance    -0.06 -.81**  -0.05 -.68**  -0.05 -.67**  -0.04 -.61** 

Step 3               

 L. muscle strength       0.01 -.26*  0.01 .27*  0.01 .21* 

Step 4               

 Cardio. fitness          <0.01 .03  <0.01 .03 

Step 5               

 Motor fitness             0.01 .29* 

Total R2 <.01   .64**   .69**   .69**   .74**  

Total ΔR2    .64**   .05*   <.01   .06*  

 

 

Figure 6 Scatterplots of the variables indicating significant correlations: pretest performance with (a) local muscle 

strength index, (b) cardiovascular fitness (VO2peak), and (c) motor fitness index; acquisition slope with (d) local 

muscle strength index, (e) cardiovascular fitness (VO2peak), and (f) motor fitness index for older adults.  
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Discussion 

This study, first, aimed to characterize age-related differences in fine motor performance and 

short-term motor learning in a precision grip FM task. We confirmed reduced FM task 

performance in OA compared with YA. OA tended to improve their performance more than 

YA with respect to performance variability and temporal precision. A positive motor transfer 

to an unpracticed sine wave pattern (ISP2) was present irrespective of the age group. Second, 

we investigated the effect of physiological factors on fine motor performance and rate of 

improvement in OA. High local muscle strength and high cardiovascular fitness predicted 

higher level fine motor performance, whereas weaker initial performance, low local muscle 

strength, and less motor fitness predicted a steeper rate of improvement. 

General Age Differences in Performing the FM Task 

We confirmed lower fine motor performance of OA compared with YA during a 

precision grip FM task with a dynamic force profile (Hübner et al., 2018; Voelcker-Rehage & 

Alberts, 2005, 2007; Voelcker-Rehage et al., 2006). We revealed that OA performed the FM 

task with higher performance variability (SD), higher temporal deviation (Trel), and less force 

precision (Frel) than YA. Regarding the temporal deviation, our results are in line with other 

studies, indicating that middle-aged adults (Vieluf et al., 2013) and OA (Jagacinski, Liao, & 

Fayyad, 1995) lagged more behind a sinusoidal target force than YA. Age-related decline in 

visuomotor processing time (Sosnoff & Newell, 2006, 2007) and in visual feedback processing 

(Van Halewyck et al., 2015) might contribute to a higher temporal deviation with increasing 

age. Less accurate force production indicated that OA performed the sine waves with a larger 

error in the y direction. Studies with uniform sine waves reported that OA applied smaller force 

amplitudes than YA (Jagacinski et al., 1995; Vieluf et al., 2013; Voelcker-Rehage & Alberts, 

2005). One assumption is that OA applied less force at the peaks of the sine waves to catch up 

on the temporal precision (Vieluf et al., 2013). Nevertheless, interpretation of our data based 

on existing literature must be taken with caution, as in our study, temporal deviation (Trel) and 

force precision (Frel) were absolute measures, giving no explicit information regarding the 

direction of the deviation. Absolute values were calculated to avoid the possibility of a high 

performance variability of OA averaging out the deviations. However, a visual inspection of all 

data plots confirmed that, in most instances, deviations in the x direction represented a time 

delay, and in the y direction, a smaller amplitude. 
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Tendency for a Higher Rate of Improvement for OA Compared to YA 

OA improved their performance considerably with practice. At the end of practice, they 

achieved approximately the performance level of YA at pretest. Heterogeneous findings were 

reported in the literature with respect to the effect of age on the rate of improvement in fine 

motor tasks (see Voelcker-Rehage, 2008 for an overview). In our study, the analyses revealed 

that OA tended to decrease their performance variability and temporal deviation more than YA. 

However, it has to be noted that OA performed the FM task at a lower level than YA did. 

Correlation analyses between the pretest performance and rate of improvement (i.e., acquisition 

slope) showed that good initial performance was associated with a less steep rate of 

improvement. Thus, participants starting at a lower performance level seemed to have more 

room for improvement than participants already starting on a higher level, which might be an 

explanation for the higher rate of improvement in OA. To circumvent this issue in future 

studies, OA might practice the FM task until they achieve the performance level of YA or reach 

a plateau, before the effect of age on motor learning is assessed. 

No Age Differences in Motor Retention—but Greater Susceptibility to 

Interference in OA? 

In previous research, YA, but not OA, revealed off-line learning after practice ended, 

indicating diminished long-term motor memory consolidation of OA (Berghuis et al., 2015; 

Nemeth & Janacsek, 2011; Roig et al., 2014). In our study, YA (marginal significant) and OA 

improved their performance from posttest to short-term retention, but only with respect to 

performance variability. Interestingly, the descriptive illustration of the age group means per 

trial (cf. Supplementary Material [available online]) indicated an abrupt performance increase 

from practice Block 4 to Block 5 for all parameters and both age groups. Between these practice 

blocks was a break of about 15 min (to give participants a rest), which already seemed to induce 

a short-term motor memory consolidation effect. In contrast to the break between practice 

sessions, after short-term consolidation, especially OA started with a worse performance at the 

retention test compared with the end of the posttest (cf. Supplementary Material [available 

online]). As OA showed greater susceptibility to interference with a different motor task (Roig 

et al., 2014), performing ISP2 during the posttest might have interfered with the consolidation 

for OA and, thus, might explain the poor performance of OA at the beginning of retention. 

  



Results – Paper 3  168 

No Age Differences in Motor Transfer 

The participants improved their performance not only in the practiced (ISP1) but also 

in the unpracticed sine wave pattern (ISP2) from pretest to posttest. Statistical analyses 

confirmed successful transfer for YA as well as for OA for all parameters (SD, Trel, and Frel). 

The transfer task was to match a sine wave pattern in which the order of the particular sine 

waves was mixed up, that is, one characteristic of the motor task was modified. Thus, identical 

to other studies reporting successful motor transfer in healthy OA (Bock & Girgenrath, 2006; 

Lutz et al., 2010; Seidler, 2007), the current study design can be classified as a near transfer 

(Toglia, 1991). The participants seemed to be able to transfer general improvements in fine 

motor coordination to the unpracticed new sine wave pattern, probably mediated by improved 

hand–eye coordination comprising feedback and feedforward control mechanisms, enhanced 

inter- and intramuscular coordination, and fast adaptations of the neural systems (Voelcker-

Rehage, 2008; Voelcker-Rehage & Alberts, 2005; Wu et al., 2013). Nevertheless, future studies 

need to investigate whether transfer capability of OA is altered when a far transfer paradigm is 

examined. 

Previous studies reported heterogeneous results with respect to the question of whether 

aging affects motor learning (see Voelcker-Rehage, 2008 for an overview). To sum up, the 

current study revealed that aging did not diminish motor learning, assessed by retention and 

transfer in a unimanual precision grip FM task. Voelcker-Rehage (2008) assumed that the level 

of task complexity mediates the association between increasing age and motor learning, with 

higher age-related learning decrements in more complex motor tasks. As the FM task reflected 

a motor paradigm with a low level of complexity, the current findings might not be 

generalizable to more complex motor tasks. 

Factors That Influence Fine Motor Performance 

Multiple neuroanatomical and neurophysiological changes (Seidler et al., 2010 for an 

overview), as well as alterations on a peripheral level (Voelcker-Rehage & Alberts, 2005 for an 

overview) account for age-related deterioration in fine motor control. The purpose of this study 

was to define individual demographical and physiological factors that are associated with 

successful fine motor performance and learning in OA. 

Higher local muscle strength and a higher cardiovascular fitness level predicted better 

fine motor performance in OA. The results regarding local muscle strength confirmed previous 

research showing the same association (Marmon et al., 2011; Martin et al., 2015) or indicating 
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that fine motor performance was enhanced by (local) strength training in OA (Keen, Yue, & 

Enoka, 1994; Keogh, Morrison, & Barrett, 2007; Laidlaw, Kornatz, Keen, Suzuki, & Enoka, 

1999). Changes in fine motor performance due to strength training are probably mediated by 

adaptations in the neuromuscular (Keogh, Morrison, & Barrett, 2010; Martin et al., 2015) and 

corticospinal systems (Lundbye-Jensen, Marstrand, & Nielsen, 2005). 

With respect to the association of cardiovascular fitness and fine motor performance, 

Hübner and Voelcker-Rehage (2017) identified some limitations in previous study designs. 

Accordingly, in the current study, cardiovascular fitness was assessed with an objective 

cardiovascular fitness test (VO2peak) and a range of unfit to fit OA was considered. The detected 

positive associations between fine motor performance and cardiovascular fitness might not only 

have been mediated by a generally better physical constitution and enhanced muscle mass, but 

also by a generally positive effect of exercise on spinal motor neurons and motor brain areas 

(Buchman, Boyle, Wilson, Bienias, & Bennett, 2007; Nagamatsu et al., 2016; Niemann, Godde, 

Staudinger, & Voelcker-Rehage, 2014). Moreover, the well-established positive association of 

regular exercise with cognitive performance in OA (see Voelcker-Rehage, Niemann, & Godde, 

2016 for an overview) might also contribute to better fine motor performance, for example, by 

enhanced information processing speed due to cardiovascular fitness (Bakken et al., 2001). 

Factors That Influence the Rate of Improvement in OA 

The second regression analysis confirmed that higher fine motor performance at pretest 

was associated with a less steep rate of improvement (i.e., acquisition slope). As compared with 

the other investigated factors, fine motor performance at pretest had a greater influence on the 

rate of improvement. In addition, a higher age, high local muscle strength, and good motor 

fitness were associated with a less steep rate of improvement in the FM experiment. The effect 

of local muscle strength on motor learning was examined exploratively, but it was hypothesized 

that motor fitness fosters— and does not diminish—the performance improvements by practice. 

In line with the idea that participants starting with a lower performance level have more room 

for improvement, it seems that high local muscle strength and high motor fitness also result in 

less improvement with practice. Thus, with increasing local muscle strength and motor fitness, 

the potential for improvement seemed to be exhausted earlier in OA. The same might apply for 

higher age. Alternatively, it is possible that OA with higher local muscle strength/motor fitness 

learned the task faster during the familiarization trials and already completed an initial learning 

phase in the pretest, whereas the less strong/fit OA were still improving during the pretest. 
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Future studies might investigate whether the rate of improvement of physically fitter OA would 

be higher when they are challenged with a more complex motor task. 

Limitations 

Although we counterbalanced the order of performing ISP1 and ISP2 at pretest, OA performed 

better in ISP1 than in ISP2 with respect to force precision (i.e., relative force) at the pretest (cf. 

Figure 4c). We expected that ISP1 and ISP2 represented the same difficulty level, as only the 

order of the sine waves was changed. However, a visual inspection revealed that OA seemed to 

have difficulties matching the amplitude of the highest curve (2–11.3 N) at the beginning of the 

ISP2 trials at pretest. This might explain the lower performance with respect to force precision. 

As a specific analysis of the two sine wave patterns is beyond the scope of this paper, we did 

not further analyze the particular curves. 

Our sample consisted of women only, as we recruited participants from an earlier study. 

As motor performance and learning were found to be influenced differently with respect to the 

gender of OA (Gershon, 1978; Ranganathan, Siemionow, Sahgal, & Yue, 2001), it remains 

unclear whether the findings of this study can be transferred to male OA. 

Conclusions 

Our study confirmed that OA compared with YA performed a sinusoidal FM task with higher 

variability. Furthermore, OA applied the force at the maxima of the sine wave less precisely in 

terms of force amplitude and timing. The effect of age on the rate of improvement depended on 

the analyzed parameter. Performing the unpracticed pattern at posttest might have interfered 

with the initial performance in the retention test for OA. YA and OA were able to transfer their 

performance to an unpracticed sine wave pattern. Combined, we confirmed that relative timing 

(reflecting temporal precision) and relative force (reflecting force precision) at the maxima of a 

sine wave were appropriate markers to capture age-related performance differences (Vieluf et 

al., 2015), which help to better characterize fine motor performance and learning of OA and 

YA in the FM task. 

Furthermore, this study revealed that high local muscle strength, as well as high 

cardiovascular fitness, were associated with better fine motor performance in OA. Thus, not 

only strength training, but also cardiovascular training, might enhance fine motor control in 

OA. High local muscle strength and high motor fitness were associated with a less steep rate of 
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improvement within the short-term motor learning session, indicating that the potential for a 

performance increase seemed to be exhausted earlier with enhancing levels of local strength 

and motor fitness in OA. 
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SUPLEMENTARY MATERIAL 

 

Supplementary material Group means and standard errors (SE) per trial for young adults (YA) and older adults 

(OA) for a) performance variability, b) temporal precision and c) force precision.  
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5.5 Unpublished results: Influence of motor practice on task-related beta 

power in a sample of young and older adults 

Introduction: In addition to the effect of age on motor practice (Hübner, Vieluf, Godde, 

& Voelcker-Rehage, 2019), respective neurophysiological processes need to be compared 

between young and older adults. Studies with young adults have demonstrated that beta activity 

is weaker after practice compared to before practice (Kranczioch, Athanassiou, Shen, Gao, & 

Sterr, 2008; Nakano, Osumi, Ueta, Kodama, & Morioka, 2013; Pollok, Latz, Krause, Butz, & 

Schnitzler, 2014; Studer, Koeneke, Blum, & Jäncke, 2010). Espenhahn et al. (2019) recently 

investigated task-related beta power in sensorimotor cortices during the performance of a power 

grip wrist flexion-extension tracking task in a sample of young adults and older adults. 

Irrespective of age group, beta activity during motor performance was not altered from pre to 

post practice, but beta activity at rest increased (Espenhahn et al., 2019). As the precision grip 

force modulation task required activity not only from the sensorimotor cortex (i.e., central 

region of interest, ROI), but also from frontal, parietal, and occipital cortices (Hübner, Godde, 

& Voelcker-Rehage, 2018a), the current analyses aimed to investigate the influence of age and 

motor practice on beta power at rest and beta TRPow in all of these areas of interest (ROIs). 

Methods – Participants: Data of 24 young adults (YA) and 41 older adults (OA) were 

included in the analyses. Details about the sample are given in Table 7. For more information 

about participants see Hübner et al. (2018a), section 2.1 (n = 1 YA and n = 4 OA were removed 

from analyses due to massive noise in the EEG signal compared to the reported sample). 

Table 7. Participant characteristics of young (YA) and older adults (OA) 

  

  

YA (n = 24) OA (n = 41)  

M SD M SD F(1, 68) p η²p 

Age 23.25 2.52 75.05 4.41 2768.22 <.001* .98 

Education 16.38 1.97 12.92 2.56 32.48 <.001* .34 

Subj. health 3.88 0.80 3.73 0.71 0.57 .455 .01 

MoCA - - 26.32 2.15 - - - 

Subj. hand usage 17.96 2.96 16.56 5.54 1.31 .258 .02 

Pegboard 16.42 1.45 13.07 1.33 89.55 <.001* .59 

MVC 45.53 12.87 38.97 9.57 5.49 .022* .08 

Note. YA = young adults; OA = older adults; Age = age in years; Education = years of education; Subj. health = self-rated health 

status in a Likert scale from 1 (poor) to 5 (excellent); MoCA = sum score of the Montreal Cognitive Assessment; Subj. hand 

usage = self-reported hand use (sum score of 9 items, 5-point scale); Pegboard = mean score of three trials with the right hand; 

MVC = maximum voluntary contraction of index finger and thumb, maximal value out of three trials. *= significant at .05 level. 



Unpublished results   178 

Methods – EEG recording and data analyses: For information about EEG recording 

cf. Hübner et al. (2018a), section 2.2.4. For the current analyses, previously published EEG data 

was used (note: ‘rest’ of Hübner et al. (2018a) refers to EEG rest 1 in the current analysis, and 

‘force modulation task performance’ to pre-test, Figure 11). An EEG measure at rest assessed 

directly before the post-test and EEG data recorded during post-test performance were also 

analyzed (Figure 11). EEG post-test data were preprocessed identically to pre-test data. For 

further details about preprocessing steps cf. section 2.3.2.1 – 2.3.2.2 of Hübner et al., 2018a. 

Based on the non-significant findings for alpha in Hübner et al. (2018a) and Hübner, Godde, & 

Voelcker-Rehage (2018b), analyses focused on the beta band (13-30 Hz). Task-related power 

(TRPow) was calculated using the following formula for the current analyses: TR(logPowx) = 

log power taskx – log power restx. 

Methods – Statistical analysis: Statistical analyses were performed with SPSS for 

Windows, version 25 (IBM Corp., Armonk, NY, USA). P-values < .05 were regarded as 

significant, and p-values < .10 as marginally significant (trend). A Greenhouse-Geisser 

adjustment was implemented when the sphericity assumption was violated. Effect sizes were 

reported as partial eta squares (𝜂𝑝
2). A 2 Time (pre-post, post-test) × 4 ROI (frontal, central, 

parietal, occipital) × 2 Age repeated measure ANOVA was calculated for EEG at rest and 

TRPow separately. 

 

 

 

 

 

 

Figure 11. Simplified illustration of the study design. Black text represents analyzed force modulation data and 

EEG data.  
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Results – EEG at rest: Figure 12 shows group means and standard errors (SE) for 

frontal, central, parietal, and occipital ROIs at rest directly before pre-test performance (EEG 

rest 1) and directly before post-test performance (EEG rest 2) for YA and OA. Statistical results 

are displayed in Table 8. To summarize the most important findings, a marginally significant 

Time × Age and respective Bonferroni-controlled post-hoc tests revealed that OA had a beta 

power increase from EEG rest 1 to EEG rest 2 over all ROIs (p = .003), whereas YA showed 

no significant difference (p = .887). A significant Time × ROI interaction indicated that over 

both groups only beta activity in the frontal ROI increased (p < .001), but not in the other ROIs 

(central: p = .596; parietal: p = .113; occipital: p = .910). 

Table 8: F-Statistics for the 2 Time (pre-post, post-test) × 4 ROI (frontal, central, parietal, occipital) × 2 Age 

repeated measure ANOVA for EEG power at rest. 

 F df p 𝜼𝒑
𝟐 

Time 3.88 1 .053 .06 

ROI 710.24 3 < .001 .92 

Age 11.51 1 .001 .15 

Time × ROI 9.12 3 < .001 .13 

Time × Age 3.04 1 .086 .05 

ROI × Age 20.49 3 < .001 .25 

Time × ROI × Age 0.39 3 .650 .01 

  

 

 

Figure 12. Group means and SE of young adults (YA) and older adults (OA) for beta power at rest measured 

directly before performing the pre-test (EEG rest 1) and directly before the post-test (EEG rest 2) for the four ROIs 

(frontal, central, parietal, occipital). 
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Results – TRPow: Figure 13 illustrates TRPow group means and SE for the four ROIs 

during pre-test and post-test performance for YA and OA. Statistical results are depicted in 

Table 9. A significant main effect of ROI and respective Bonferroni-controlled post-hoc tests 

revealed the following (marginal) significant differences: frontal < central (p = .046), frontal < 

parietal (p = .091), frontal > occipital (p = .013), central > occipital ROI (p < .001), parietal > 

occipital (p < .001). A significant main effect of Age indicated higher TRPow decreases of OA 

as compared to YA irrespective of time point or ROI. 

Table 9: F-Statistics for the 2 Time (pre-post, post-test) × 4 ROI (frontal, central, parietal, occipital) × 2 Age 

repeated measure ANOVA for TRPow 

 F df p 𝜼𝒑
𝟐 

Time 1.53 1 .221  .02 

ROI 19.73 3 < .001 .24 

Age 20.88 1 < .001 .25 

Time × ROI 0.34 3 .752 .01 

Time × Age 1.23 1 .271 .02 

ROI × Age 0.50 3 .609 .01 

Time × ROI × Age 0.19 1 .869 < .01 

  

 

 

Figure 13. Group means and SE of young adults (YA) and older adults (OA) for beta TRPow for the four ROIs 

(frontal, central, parietal, occipital) assessed during pre-test and post-test. 

 

  



Unpublished results   181 

Discussion: Behavioral data has shown that motor practice leads to a significant 

performance improvement from pre-test to post-test in young and older adults (Hübner et al., 

2019). The current analyses aimed to investigate changes on a neurophysiological level. Thus, 

it was examined whether beta oscillations in frontal, central, parietal, and occipital ROIs 

changes from pre-test to post-test during the force modulation task performance and at rest, and 

whether age group influences this association.  

EEG data at rest indicated that beta power increased from pre practice to post practice 

over all ROIs in older adults, whereas young adults revealed no significant change in beta power 

at rest. Furthermore, analyses indicated an increase in frontal beta activity at rest from pre 

practice to post practice irrespective of age group. Espenhahn et al. (2019) reported the same 

effect for beta activity at rest in the sensorimotor cortex. Results might indicate that the 

processing of content-specific information (which was stronger in older adults than in young 

adults already at rest before the pre-test, Hübner et al., 2018a) was further triggered and 

enhanced due to motor practice, especially in older adults (Moisello et al., 2015; Spitzer & 

Haegens, 2017).  

TRPow data revealed no effect of motor practice on beta activity during force 

modulation task performance in any ROI or age group. Findings are in line with the study by 

Espenhahn et al. (2019), who found no effect of practice on beta activity during the performance 

of a power grip wrist flexion-extension tracking task in sensorimotor cortices in young adults 

and older adults. However, other studies with young healthy adults showed a decrease in beta 

activity in frontal and sensorimotor areas with motor practice (Kranczioch et al., 2008; Nakano 

et al., 2013; Pollok et al., 2014; Studer et al., 2010). It can only be speculated why the analyzed 

neurophysiological marker revealed no practice-related effects. Motor tasks of the stated studies 

(i.e., power grip tasks (Kranczioch et al., 2008; Nakano et al., 2013), serial reaction time task 

(Pollok et al., 2014), or bimanual performance (Studer et al., 2010)) were different than the 

precision grip force modulation task, which might again point to motor task-specific effects on 

beta activity.   
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6  Discussion 

The goal of the current dissertation project was to better understand age-related changes during 

fine motor performance and motor learning using a precision grip force modulation task on 

behavioral and neurophysiological levels. Moreover, the influence of an acute cardiovascular 

exercise session on fine motor performance and motor learning on behavioral and 

neurophysiological levels was examined to investigate whether this is an appropriate 

intervention to enhance fine motor control and motor learning in older adults. Finally, it was 

examined whether physical fitness reflects a factor predicting a good level of fine motor 

performance and successful motor learning in older adults on a behavioral level. In the previous 

results chapter, findings were presented with respect to the paper in which they were published. 

In the upcoming discussion, results are presented according to the structure of the theoretical 

background and findings are linked to each other.  

6.1 Aging diminishes fine motor performance, but not motor learning in a 

precision grip force modulation task 

First, the influence of increasing age on fine motor performance and motor learning was 

assessed with the force modulation task. Results of study 1 are discussed on a behavioral level 

and a neurophysiological level in the following sections. 

6.1.1 Age-related changes in fine motor performance  

Previous studies have already indicated that older adults perform a precision grip force 

modulation task with a sinusoidal target force with higher performance variability than young 

adults (Voelcker-Rehage & Alberts, 2005, 2007; Voelcker-Rehage et al., 2006). This finding 

was confirmed using the root mean squared error (RMSE) in paper 1 (Hübner et al., 2018a), 

and the standard deviation of the differences between applied and target force (SD) in paper 3 

(Hübner et al., 2019). Results were also in line with several other studies reporting an age-

related decline in related force modulation tasks, such as tri-digit force tracking (Keogh et al., 

2006), isometric index finger abduction (Sosnoff, Vaillancourt, & Newell, 2004; Vaillancourt 

et al., 2003), or precision grip with a constant force profile (Ranganathan, Siemionow, Sahgal, 

& Yue, 2001; Voelcker-Rehage et al., 2006). 

However, there was a lack of studies assessing whether the diminished fine motor 

performance in a precision grip force modulation task with a sinusoidal force profile of older 

adults (≥ 65 years of age) is reasoned by problems in temporal precision and/or in force 
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precision. A study by Vieluf et al. (2013) showed that middle-aged older adults (55 – 65 years 

of age) have difficulties with both criteria. By calculating the parameters relative timing (Trel), 

assessing temporal precision, and relative force (Frel), assessing force precision, in paper 3, we 

confirmed these findings with a sample of older adults between 67 and 83 years of age. Older 

adults performed the sinusoidal target force with higher temporal deviation and higher deviation 

in the applied amount of force. Again, this finding confirmed previous studies conducted with 

comparable force modulation tasks, such as a study showing that older adults performed a force 

tracking paradigm requiring flexion-extension movement in a power grip (joystick) with 

smaller amplitudes than young adults (Jagacinski et al., 1995). 

Multiple peripheral mechanisms located in the fingers of older persons seem to account 

for the age-related deterioration in fine motor control, such as biomechanical changes in 

tendons, increased motor output variability, declines in nerves and joints, or diminished tactile 

sensitivity (Carmeli et al., 2003; Christou, 2011; Oomen & van Dieen, 2017 for reviews). 

Moreover, diminished muscle mass and motor unit loss contribute to diminished fine motor 

performance in older adults (Oomen & van Dieen, 2017). In line with the latter findings, data 

analyses for paper 1 indicate that the maximum pinch strength has a substantial influence on 

the age effect (i.e., when ANOVA was controlled for maximum pinch strength, the effect size 

of the age effect was lower than in the uncontrolled analyses). The impact of pinch strength on 

force modulation task performance is also reflected in paper 3 (cf. also upcoming chapter 6.3).  

6.1.2 Age-related changes in neurophysiological processing during fine motor 

performance 

In addition to the behavioral data, paper 1 investigated whether young adults and older 

adults differed during the performance of a precision grip force modulation task with respect to 

alpha and beta activity in frontal, central, parietal, and occipital cortical areas (Hübner et al., 

2018a). To get a comprehensive insight into potential age-related effects, several sets of 

analyses were performed. First, age groups were compared with respect to alpha and beta power 

at rest. Second, they were compared in terms of task-related power (TRPow) by subtracting 

activity at rest from activity during motor task. Finally, TRPow analyses were controlled for 

activity at rest by adding power at rest as a covariate into the analyses. 

Analyses for alpha power at rest revealed a tendency toward less alpha power over all 

regions of interest in older adults compared to young adults. This tendency was mainly 

determined by a difference in alpha power in the frontal area. The well-established age-related 

structural decline in this brain area might contribute to this finding (Godde et al., 2016). In the 
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uncontrolled analyses, older adults revealed less frontal alpha activity during task performance 

than young adults. When controlling alpha TRPow analyses for power at rest, the effect of age 

disappeared. Therefore, the last set of analyses did not confirm the age-related increase in alpha 

activity in central and parietal areas, which has been reported for key pressing tasks (Derambure 

et al., 1993; Heinrichs-Graham & Wilson, 2016; Sailer et al., 2000). The different results might 

be related to the different levels of complexity of the investigated task. Thus, TRPow in the 

alpha band does not seem to be an appropriate marker to detect age-related changes during the 

precision grip force modulation paradigm. 

Analyses for beta power at rest revealed a clear age-related effect: in line with previous 

studies (Heinrichs-Graham & Wilson, 2016; Rossiter et al., 2014), older adults had more beta 

power at rest than young adults in all regions of interest. The uncontrolled analyses 

demonstrated that older adults had higher beta TRPow decreases (i.e., more activity) compared 

to young adults in all investigated regions of interest, whereas the controlled analyses indicated 

a significant effect only for the parietal and occipital areas. Therefore, paper 1 indicates that 

older adults require more parietal and occipital beta activity during the performance of precision 

grip force modulation task than young adults, indicating enhanced sensory and visual effort of 

older adults to accomplish the task. Heinrichs-Graham and Wilson (2016) suggested that the 

high level of spontaneous beta activity at rest is linked to a greater down-regulation during 

motor performance in older adults. The authors proposed that the higher spontaneous beta 

power at rest necessitates a greater reduction of beta oscillations to adequately perform the task 

(Heinrichs-Graham & Wilson, 2016). However, the enhanced down-regulation of beta 

oscillations in older adults compared to young adults does not necessarily have to reflect a 

worse processing strategy of older adults, but could point toward a successful compensation 

strategy of older adults (Berghuis et al., 2019). After completion of paper 1, an interesting study 

was published examining effects of age on beta oscillations during a visuomotor task: 

Espenhahn et al. (2019) indicated that older adults had more beta activity than young adults 

during a power grip wrist flexion-extension tracking task in bilateral sensorimotor cortices. 

Although the final statistical model in paper 1 revealed no significant age-related differences in 

sensorimotor beta activity (i.e., central ROI) during motor performance, our data revealed the 

same tendency of more sensorimotor activity in older adults. However, the exclusive focus of 

analyzing the sensorimotor cortex by Espenhahn et al. (2019) permits a comparison with our 

other regions of interest analyzed in paper 1.  
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Paper 1 further investigated whether findings of the PASA model (Davis et al., 2008) 

and the HAROLD model (Cabeza, 2002) were also present when young and older adults 

perform a force modulation task. As a reminder, the PASA model describes a shift from 

posterior brain activity to frontal brain activity during cognitive performance in older adults 

(Davis et al., 2008). This posterior-to-anterior shift was not detected during the precision grip 

force modulation task. Instead, frontal and parietal resources were recruited to a similar extent 

in young adults and older adults, indicating different activity patterns than during the 

performance of cognitive tasks (Babiloni et al., 2004; Davis et al., 2008) or a pure sensory task 

(Reuter et al., 2013). The HAROLD model describes the phenomenon of homogenous frontal 

activity over both hemispheres in older adults during cognitive performance, whereas young 

adults have more lateralized activity (Cabeza, 2002). Although an age-related effect was found 

regarding the frontal lateralization of activity (i.e., young adults had more ipsilateral activity 

than contralateral activity, whereas older adults had less ipsilateral activity than contralateral 

activity), results of paper 1 do not reflect brain activity in accordance to the HAROLD model. 

Moreover, central and parietal lateralization also did not differ between age groups. Results 

may be explained by the specificity that a precision grip force modulation task is controlled 

with both hemispheres already in young adults (Ehrsson et al., 2000; Kuhtz‐Buschbeck, 

Ehrsson, & Forssberg, 2001). Therefore, the applied parameters derived from the PASA model 

and the HAROLD model are not appropriate to investigate age-related changes in brain activity 

during the performance of a visuomotor force modulation task. 

In summary, the pre-test data of study 1 showed that older adults perform the precision 

grip force modulation task with greater performance variability, less temporal precision, and 

less force precision than young adults. As there was a clear age effect with respect to temporal 

and force accuracy, it has to be concluded that older adults do not prioritize one aspect more 

than another. Furthermore, EEG analyses revealed that older adults require more parietal and 

occipital beta activity during the force modulation task than young adults, probably indicating 

a compensatory mechanism of enhanced sensory and visual effort in older adults. Finally, data 

showed that the amount of task-related beta activity was comparable in frontal, central, and 

parietal areas within each age group. This confirms the importance of not focusing solely on 

the central electrodes when analyzing brain processes during visuomotor tasks, but also of 

considering frontal and parietal electrodes. 



Discussion   187 

6.1.3 Motor practice and motor learning in older adults 

Both studies conducted within the current dissertation project confirmed previous 

findings that older adults improved their performance in a precision grip force modulation task 

significantly with practice (Voelcker-Rehage & Alberts, 2005, 2007). However, as the literature 

revealed heterogeneous findings about whether increasing age affects motor learning 

(Voelcker-Rehage, 2008 for a review), more distinct knowledge about potential age-related 

changes needed to be obtained. Performance chances from pre-test to post-test and the rate of 

improvement from pre-test over practice blocks to post-test were assessed to investigate the 

effect of age on motor practice. Retention and transfer tests were performed to evaluate motor 

learning. Furthermore, data was not only analyzed with a measure of global task performance, 

but also with parameters assessing temporal precision and force precision to get more detailed 

information about age-related changes (Hübner et al., 2019). 

Analyses of paper 3 demonstrated that older adults improved their performance from 

pre-test to post-test with respect to performance variability and temporal precision more than 

young adults. Moreover, older adults had a significantly higher rate of improvement than young 

adults with respect to performance variability (marginally significant) and temporal precision, 

but not for force precision. However, this seemingly enhanced plasticity in older adults has to 

be relativized: young adults performed the task at a very high level at pre-test, and therefore, 

might have had less capacity to improve their performance (Hübner et al., 2019). As already 

suggested in the discussion of paper 3, future studies should train older adults until they perform 

on a similar level as young adults or until they reach a performance plateau.  

 Young adults and older adults improved their performance (marginally) significantly 

with respect to the performance variability from post-test to retention, but neither age group 

improved with respect to temporal precision or force precision. Thus, age does not seem to alter 

processing during the short-term retention phase. As successful learning is determined by better 

performance during a retention test compared to the end of practice (Magill, 2004), it can be 

concluded that motor learning occurred with respect to overall tracking variability in both age 

groups. Although the time span between practice and the retention test can be defined arbitrarily 

(Magill, 2004), the chosen time period of 20 minutes between post-test and retention test was 

very short in study 1, allowing no general statements regarding permanent motor learning. 

Nevertheless, as previous studies have already indicated that older adults have diminished long-

term motor memory consolidation (Berghuis et al., 2015; Roig et al., 2014), the retention test 

was performed very shortly after the end of the post-test to investigate whether even short-term 
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retention was affected by age. Future studies might systematically vary the duration of the 

consolidation phase to get a better understanding of when age-related differences occur. 

Finally, young adults and older adults do not differ in their capability to transfer 

performance to variants of the trained motor task (near transfer), confirming previous studies 

(Bock & Girgenrath, 2006; Langan & Seidler, 2011; Lutz et al., 2010; Seidler, 2007). In the 

current study, the transfer task was to track an unpracticed pattern with altered sine wave 

regularities. However, when the learned performance needs to be transferred to a completely 

new task with different effectors (far transfer), such as from key pressing to a flexion-extension 

arm movement, older adults revealed a diminished motor transfer compared to young adults 

(Barnhoorn, Döhring, Van Asseldonk, & Verwey, 2016), might be related to higher cognitive 

effort needed for this type of motor transfer. Thus, future studies should also systematically 

vary the complexity level of transfer tasks to gain a better understanding about when age-related 

differences occurs. 

6.1.4 Age-related changes in neurophysiological processing with motor practice 

In addition to examining behavioral changes with motor practice, it was investigated 

whether neurophysiological processing changed from pre-test to post-test in young and older 

adults in study 1. These analyses were not published in a scientific journal (cf. section 5.5).  

First, beta power at rest was analyzed to gain information about whether motor practice 

also effects beta power at rest, and to better appraise the results of the task-related activity. 

Analyses showed that especially older adults had an increase of beta power from pre practice 

to post practice, probably indicating that motor practice enhances the processing of content-

specific information (Moisello et al., 2015; Spitzer & Haegens, 2017).  

Second, analyses of beta TRPow showed that beta activity during the force modulation 

task did not change significantly from pre-test to post-test in young or in older adults. The non-

significant effect of beta TRPow in the central ROI confirmed findings from a recently 

published study, revealing no effect of motor practice on beta activity during visuomotor task 

performance in the sensorimotor cortex in a sample of healthy young and older adults 

(Espenhahn et al., 2019). However, the authors were unable to explain their findings in 

consideration of other studies, which reported a decline in beta activity with motor practice, and 

suggested the effect seems to be motor task-specific. In line with this interpretation, a recent 

meta-analysis by Tinga, de Back, and Louwerse (2019) summarized that findings regarding the 

effects of motor practice on EEG beta power were mixed (i.e., four studies indicated a decrease 



Discussion   189 

in beta power with motor practice, whereas three studies showed an increase), and also 

concluded that effects seem to be specific to the motor task. These results show that there is 

ambiguity about whether and how beta activity changes with motor learning – even independent 

of age comparisons. Moreover, Tinga et al. (2019) summarized that neurophysiological effects 

of motor practice seem to further-depend on the analyzed parameter. This assumption is 

reflected in the results of two recent fMRI studies that used a motor paradigm very similar to 

the force modulation task, but yet found different results as study 1. The studies reported 

decreases in prefrontal, parietal, and occipital brain activity with motor practice in young adults 

and (middle-aged) older adults (Berghuis et al., 2019; Godde et al., 2018).  

In summary, the short-term motor learning session in study 1 revealed that young and 

older adults successfully improved their fine motor performance in a force modulation task with 

practice. Especially older adults enhanced their performance with respect to temporal accuracy 

with motor practice. The results also emphasized that the effect of age in motor practice and 

learning seems to depend on the analyzed learning measure and performance parameter. 

Despite the significant improvements with practice, young adults performed the force 

modulation task on a better level than older adults over the whole motor learning experiment. 

Nevertheless, the older adults’ performance at post-test was comparable to the young adults at 

pre-test, in line with a previous study (Voelcker-Rehage & Alberts, 2005). Neurophysiological 

data showed that changes in beta activity from pre practice to post practice were primarily 

caused by changes in beta activity at rest in the older adults, whereas beta activity during force 

modulation task performance did not change significantly. 

Referring to the whole chapter 6.1, it has to be emphasized again that age-related 

differences in neurophysiological processing during fine motor performance and motor learning 

seem to be greatly task-specific. Even when summarizing studies conducted with young adults, 

processes in the brain seem to depend on the specific requirements of the motor task, such as 

the amount of applied force (Noble et al., 2013), whether unilateral or bilateral movements are 

performed (Serrien, Pogosyan, & Brown, 2004), whether the task is performed in a power grip 

or a precision grip (Ehrsson et al., 2000), or whether dynamic movements or isometric 

movements are performed (Honeycutt, Kharouta, & Perreault, 2013). Therefore, findings from 

the current project seem to be specific to the applied precision grip force modulation task. 

Systematic comparisons between different motor tasks and neurophysiological parameters 

seem necessary to better understand how healthy aging influences neurophysiological processes 

during fine motor performance and motor learning.  
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6.2 Acute exercise – an intervention to trigger motor processes in older 

adults 

The first approach to improve fine motor control and motor learning in older adults was 

the performance of an acute exercise session before motor practice. So far, to the best of my 

knowledge, published research in scientific journals only addresses young healthy adults, 

children, or patients with severe diseases, but not healthy older adults. As previous studies with 

young adults differs regarding the timing of exercise and motor practice, analyses were 

differentiated with respect to effects of acute exercise on motor performance, initial motor 

learning, short- and long-term motor memory consolidation.  

6.2.1 Effects of acute exercise on motor performance and learning 

Several studies with young adults have indicated that motor performance was not 

improved more immediately after exercise than after rest (Skriver et al., 2014; Snow et al., 

2016; Statton et al., 2015). However, we hypothesized a positive effect for the sample of older 

adults, considering that older adults require more cognitive resources to perform a motor task 

than young adults (Seidler et al., 2010 for a review), and as cognitive performance is modulated 

successfully by acute exercise in older adults (Hübner & Voelcker-Rehage, 2018 for an 

overview). This assumption was confirmed by data of study 2 published in paper 2: the acute 

exercise session tended to improve motor performance immediately after exercise more than a 

resting control condition (Hübner et al., 2018b). Similar to enhanced cognitive performance, 

improved fine motor performance might also be mediated by superior exercise-induced levels 

of physiological arousal, for example indicated by increased heart rate. Indeed, stress-related 

arousal induced by minor electro shocks was associated with better motor performance 

compared to a condition causing no stress-related arousal (Martens & Landers, 1970). One 

supporting argument for the suspected explanation is that the heart rates of the exercising 

experimental group was higher directly after exercise compared to during the baseline 

measurement before exercise (cf. paper 2, Table 2). Unfortunately, we did not assess the heart 

rate directly after exercise in the control group. Although we could not evidence it, we suspect 

that listening to a (monotonous) audiobook for 25 minutes did not lead to an acceleration in 

heart rate in older adults, and thus, did not induce arousal.  

Different than expected, acute exercise did not facilitate initial motor learning in our 

sample of older adults. Existing results from studies assessing the influence of acute exercise 

on initial motor learning in young adults were mixed (Perini et al., 2016; Skriver et al., 2014; 
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Snow et al., 2016; Statton et al., 2015; Thomas, Johnsen, et al., 2016). Despite this, we 

hypothesized that older adults would benefit from acute exercise during the initial phase of 

learning, as we suspected exercise might compensate for the enhanced cognitive processes in 

older adults at this stage of learning. However, the data revealed that the resting control group 

caught up to the performance level of the acute exercise group within the first practice session 

after the intervention. In line with the idea of the developmental reserve capacity by Baltes 

(1987), one interpretation is that participants in the resting control group had more capacity to 

improve within the practice session, whereas the exercise session brought participants in the 

experimental group closer to their limits of initial improvement capacity. 

 Effects of the acute exercise session on short-term motor memory, i.e., fine motor 

performance level 30 minutes after exercise session ended, and on long-term motor memory, 

i.e., 24 hours after the intervention ended, were investigated. The overarching statistical model 

computed in paper 2 revealed no significant effect of acute exercise on short-term or on long-

term motor memory consolidation. Further calculated a priori post hoc tests indicated that the 

experimental group improved their performance significantly from about 15 minutes after the 

intervention to 24 hours after intervention, whereas the control group did not improve within 

this period. Although the effect was not strong enough for a significant difference, results of 

the post hoc tests show a tendency in the right direction. We can hope that future studies with 

improved study designs will show that acute exercise facilitates motor learning in healthy older 

adults. Nevertheless, in conclusions, motor memory consolidation was not facilitated by acute 

cardiovascular exercise in a sample of healthy older adults on a behavioral level. 

Finally, it needs to be pointed out that parallel to our acute exercise study a similar study 

has been conducted. In an online accessible master thesis, the effect of a moderate intensity 

acute exercise session on motor learning of a serial reaction time task was examined with a 

sample of healthy older adults (55-75 years of age) (Francisco, 2018). Also in this study the 

exercise session was performed before motor practice. Francisco (2018) reported no positive 

effects of acute exercise on initial motor learning and motor memory consolidation, and thus 

confirmed our findings with a different motor task. However, so far, no publication in a 

scientific journal about this data could be detected. 

6.2.2 Changes in neurophysiological processing after acute exercise in older 

adults 

In addition to the influence of acute exercise on a behavioral level, we investigated the 

neurophysiological effects in terms of task-related beta power. Paper 2 revealed that the acute 
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exercise session led to higher beta activation (i.e., stronger TRPow decreases) in the 

contralateral frontal brain area during motor performance immediately after acute exercise 

(Hübner et al., 2018b). In line with the idea that over-activation in older adults reflects positive 

compensation processes (Heuninckx, Wenderoth, & Swinnen, 2008), it can be concluded that 

the enhanced frontal activity indicates that the acute exercise session enabled participants in the 

experimental group to recruit more frontal brain resources to perform the task.  

After this initial exercise-induced effect in the experimental group, data from both 

intervention groups showed a decline of frontal beta activity during initial motor learning. More 

specifically, contralateral frontal activity declined in both groups until the end of the first 

practice session of the force modulation task. Especially for the experimental group, this might 

indicate that the strong initial compensatory activity is no longer required with enhanced task 

experience.  

30 minutes after the intervention ended during short-term motor memory, contralateral 

frontal activity increased again in the control group, whereas activity in experimental group 

remained stable, both leading to comparable beta activity as during baseline. Accordingly, the 

effect of the intervention as well as practice related-changes seemed to dissipate within the 15-

minute period between practice sessions. Thus, study 2 did not replicate findings from Dal Maso 

et al., 2018, revealing that enhanced short-term motor memory consolidation after high intensity 

acute exercise was accompanied by lower beta activity in young adults. Heterogeneous findings 

might be related the order of exercise and practice, or to the exercise intensity (cf. next 

paragraph). 

In summary, behavioral and neurophysiological data showed that a moderate intensity 

acute exercise session has an immediate positive effect on fine motor performance in a sample 

of healthy older adults. The findings are supported by studies revealing enhanced cognitive 

performance in a close temporal proximity after acute exercise in older adults (Hübner & 

Voelcker-Rehage, 2018 for an overview). This effect did not, however, sustain over time. Thus, 

the results did not replicate studies revealing positive effects of high intensity acute exercise 

interventions on long-term motor memory consolidation in young adults (e.g., Roig et al., 2012; 

Skriver et al., 2014). Several factors seem to mediate the impact of acute exercise on motor 

behavior (cf. limitation section of Hübner et al., 2018b for a discurse on these factors) and thus, 

might explain the latter finding. From the current point of view, the intensity of exercise, as 

well as the order of exercise and motor practice seem to be the main influencing factors. As 

better motor performance was associated with higher exercise load in our sample (Hübner et 
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al., 2018b, Figure 8), and several studies have indicated that a certain intensity is needed to 

trigger mechanisms that enhance motor memory consolidation (Singh & Staines, 2015 for a 

review), higher intensity exercise might lead to a more successful influence on consolidation. 

However, results of a subsequent experiment replicating the study design from study 2 with a 

sample of young adults revealed no positive effect of high intensity exercise compared to low-

intensity exercise on long-term motor memory consolidation (Hübner, Zwingmann, Godde, & 

Voelcker-Rehage, 2018; conference poster). Roig et al. (2013) summarized that acute exercise 

before motor practice improves early phases of memory consolidation, whereas exercise after 

practice facilitates long-term motor memory consolidation. In line with this finding, we found 

immediate positive effects on motor performance but no strong effects on long-term motor 

memory consolidation. Thus, future studies with older adults might investigate the effect of 

acute exercise on motor learning with a high-intensity exercise session, performed after the 

initial motor practice phase. 

6.3 Physical fitness – an individual lifestyle factor positively associated 

with fine motor performance in older adults  

The second approach within this dissertation project was to determine key influencing 

factors for successful fine motor performance and motor learning in older adults. In specific, 

the influence of the chronic physical fitness level, comprising cardiovascular and motor fitness, 

as well as local muscle strength were investigated. 

6.3.1 Physical fitness and fine motor performance  

The systematic review, conducted as part of this dissertation project, identified 25 

studies assessing the association between physical fitness and upper extremity motor 

performance in older adults. Although results were inconsistent, a small majority of studies 

reported a positive association (Hübner & Voelcker-Rehage, 2017). Results with respect to 

tasks comparable to the precision grip force modulation task were mixed: One cross-sectional 

study found no positive effect of physical activity on performance in a force tracking task 

(Krampe et al., 2014), but an exercise intervention led to a positive effect on tracking 

performance (Bakken et al., 2001). As a general result, more complex tasks tended to benefit 

more from physical activity than less complex tasks. Additionally, more positive effects on 

upper extremity motor performance were detected in interventional studies compared to cross-

sectional studies and interventional studies with higher compared to lower intensity exercise. 

However, there was no systematic effect, depending on which type of exercise was performed 
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(i.e., cardiovascular or coordinative exercise) (Hübner & Voelcker-Rehage, 2017). Of note, the 

review depicted two major limitations in the methodological designs of the included studies. 

First, several studies split their samples with a median split, which does not ensure physical 

fitness levels are distinguished appropriately. Second, numerous studies used inadequate 

measures of physical activity (such as unstandardized physical activity questionnaires), 

preventing comparability between studies (for more details cf. Hübner & Voelcker-Rehage, 

2017). Both sources of error were avoided in study 1 by using appropriate measurement 

instruments and data analyses. 

The regression model in paper 3 indicated that cardiovascular fitness level, assessed 

with a standardized spiroergometry protocol, positively predicted fine motor in the precision 

grip force modulation task in older adults (Hübner et al., 2019), confirming the hypothesized 

positive association. As introduced in the theoretical background, molecular, cellular, 

structural, and functional changes seem to mediate the positive influence of cardiovascular 

fitness on fine motor performance (El-Sayes et al., 2018 for an overview). 

In addition to cardiovascular fitness, the influence of further individual physiological 

lifestyle factors was taken into account. Analyses revealed that higher local muscle strength 

(i.e., pinch strength and grip strength) positively predicted pre-test performance in the force 

modulation task. This finding supports previous studies (Marmon et al., 2011; Martin et al., 

2015), specifically for the precision grip force modulation task. Indeed, physical activity 

prevents the age-related decline of physical constitution by preventing muscle atrophy or even 

inducing hypertrophy (Faulkner et al., 2007), which in turn seems to account for a good fine 

motor performance. Accordingly, Oomen and van Dieen (2017) identified motor unit loss as a 

main cause for the age-related decline in force tracking tasks in their meta-analysis. 

In contrast to cardiovascular fitness and local muscle strength, motor fitness was no 

significant predictor in the regression model. Motor fitness reflects the performance level of a 

heterogeneous test battery. The motor fitness index by Niemann et al., 2016 was replicated in 

paper 3 to use a reliable construct of motor fitness and enable comparability with other studies. 

Although not significant in the regression model, there was a significant medium high 

correlation between motor fitness level and pre-test performance in older adults (r = -.367, p = 

.009), possibly indicating a potential positive association. Nevertheless, it has to be concluded 

that motor fitness did not predict fine motor performance in a sample of healthy older adults. 

Finally, chronological age and years of education were not significantly associated with 

precision grip force modulation task performance. These results differ from studies 
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investigating other fine motor tasks, which report a decline in fine motor performance with 

increasing age, and better fine motor performance with increasing years of education, for 

example for the Purdue Pegboard test (Liu et al., 2017; Marmon et al., 2011; Martin et al., 

2015). Again, heterogeneous findings might point to task-specific effects. 

6.3.2 Physical fitness and motor learning 

Only three studies were identified within the systematic review examining the 

association between physical fitness and motor learning in upper extremity fine motor tasks 

with older adults (Hübner & Voelcker-Rehage, 2017). This finding confirms a statement by 

Taubert, Villringer, and Lehmann (2015), claiming a lack of research examining the association 

between physical fitness and motor learning. Taken together, results of the three studies indicate 

that high cardiovascular fitness or physical activity levels are positively associated with high 

performance improvements within the initial phase of learning in older adults (Etnier & 

Landers, 1998; Etnier et al., 2001; Wang, D’Amato, Bambrough, Swartz, & Miller, 2016, or cf. 

Hübner & Voelcker-Rehage, 2017 for more details). Two studies further investigated the effect 

of physical fitness during retention tests, one reporting a significant positive effect, whereas the 

other found no association (Etnier & Landers, 1998; Etnier et al., 2001). 

Paper 3 examined the influence not only of cardiovascular fitness, but also of local 

muscle strength and motor fitness on motor learning (Hübner et al., 2019). Analogous to the 

analyses comparing motor learning in a sample of young adults and older adults, learning was 

separated into different variables: rate of improvement, retention, and transfer indices. Only the 

rate of improvement revealed significant associations with all main influencing factors of 

interest within the sample of older adults. Contrary to expectations, the respective regression 

model indicated that a high motor fitness level, as well as high local muscle strength were 

associated with a lower rate of improvement in the sample of older adults. Furthermore, 

cardiovascular fitness was not positively associated with the rate of improvement. Two 

explanatory approaches relating to the specifics of the force modulation task and study design 

were described in the discussion section of paper 3: First, less strong/less motor fit older adults 

might have more potential for improvement than stronger/ more motor fit older adults. 

Alternatively, stronger/ more motor fit older adults may have already completed an initial 

learning plateau in the (supposed) pre-test block.  

In summary, high local muscle strength and high cardiovascular fitness were positively 

associated with fine motor performance in a precision grip force modulation task in a sample 
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of older adults. However, high local muscle strength and high motor fitness levels were 

associated with less improvement during motor practice in older adults.  

6.4 Limitations 

Some limitations were already discussed within the previous sections of the discussion, 

as well as in the discussion sections of the particular papers. In the following, the global 

limitations the two studies and the dissertation project are reviewed.  

One major weakness of study 1 is that no interventional study was performed to examine 

the effect of physical fitness on fine motor performance and motor learning. Instead, only a 

cross-sectional analysis was performed. Cross-sectional studies have the disadvantages that 

they cannot attest causal relationships between investigated variables, and that it is not possible 

to infer underlying mechanisms from the results. Furthermore, the systematic literature review 

conducted within this dissertation project revealed that exercise intervention studies present 

more promising findings than cross-sectional studies with respect to the association of physical 

fitness and upper extremity performance (Hübner & Voelcker-Rehage, 2017). However, this 

project was able to avoid some of the major limitations found in the review through the carefully 

considered study design and sensibly conducted data analyses. For example, a sample of older 

adults with a high range of physical fitness levels from unfit to very fit was recruited (avoiding 

a median split), and physical fitness was assessed using an objective, reliable, and valid 

cardiovascular exercise test. Nevertheless, future studies should investigate the effect of a long-

term exercise intervention on fine motor performance and learning with older adults. 

Another limitation of study 1 is that data were collected only from female adults. First, 

this is important for the interpretation of the behavioral results, as fine motor performance and 

learning seem to be affected by gender (Gershon, 1978; Ranganathan et al., 2001). For example, 

Ranganathan et al. (2001) revealed that older men did not differ from young men in a precision 

pinch task, whereas older women performed significantly worse than young women. Second, 

the composition of the sample needs to be considered when interpreting EEG data, as some 

studies revealed that alpha and beta oscillations differ between older men and older women 

(Veldhuizen et al., 1993; Zappasodi et al., 2006). For example, Veldhuizen et al. (1993) showed 

that older females had more pronounced beta oscillations than older males. Therefore, age-

related effects depicted within study 1 might be overestimated. Future studies need to show 

whether findings also account for male adults. The reason for the exclusively female sample 

was that we re-recruited participants from an earlier study at Jacobs University Bremen. In the 
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previous study, not enough male participants could be recruited to ensure a counterbalanced 

sample between study groups, resulting in the decision of an exclusively female sample. 

A strength of study 2 could also be categorized as a potential weakness: it was the first 

published study that examined the effect of an acute cardiovascular exercise session on fine 

motor control and motor learning in a sample of healthy older adults, requiring several 

exploratory decisions with respect to specific design of the study. As stated above in section 

6.2, several factors seem to influence the interplay between acute exercise and motor learning 

in young adults. Determining the study design required many detailed decisions, in which, 

results from previous literature (conducted with young adults) had to be taken into account, as 

well as their feasibility with older adults. Thus, some decisions required compromises. For 

example, high-intensity interval training facilitated motor learning more than low-intensity 

exercise (Thomas, Johnsen, et al., 2016). However, high-intensity interval training might be 

associated with health risks and is not recommended for older adults without a sufficient amount 

of exercise experience (Cress et al., 2004; Sparling, Howard, Dunstan, & Owen, 2015). 

Moderate-intensity exercise, instead, reflects the common exercise intensity of older adults and 

may enhance transferability to the setting of rehabilitation. Although we evaluated advantages 

and disadvantages carefully, it is difficult to evaluate the impact of particular factors on the 

acute exercise-motor learning association due to inconclusive findings and a high number of 

potentially influencing factors. A planned and preregistered meta-analysis on the effects of 

acute exercise in motor learning (Steib, Wanner, & Cheng, 2019, April 24) may contribute to 

better understanding and enable confident statements for future study designs. 

A general limitation of this dissertation project might be the slightly different settings 

of data collection for study 1, conducted at Jacobs University Bremen, and study 2, conducted 

at the Chemnitz University of Technology. For example, data from the force modulation task 

were assessed with two different computer programs, as the corresponding program was rebuilt 

in Chemnitz. However, every possible effort was made to replicate the Bremen study setup and 

conditions of data collection in Chemnitz. Furthermore, all data analyses were performed with 

the same software (Matlab for force modulation data; Brain Vision Analyzer for EEG data). 

Most importantly, both studies had different research foci (study 1: comparing samples of 

young adults and older adults; study 2: investigating the influence of acute exercise only in 

older adults). Thus, even if there are slight deviations, this does not impede the interpretation 

of the individual publications, as the research questions were answered with uniform study 

samples. 
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Finally, I want to conclude with a general remark. Writing a dissertation in a large, 

externally funded research project has many benefits. However, it is also accompanied by the 

peculiarity of having to define and to distinguish goals of the overarching research project and 

goals of one’s own dissertation. I had difficulties with this differentiation in the initial phase of 

the dissertation project, so that I had to be steered back on the right path repeatedly by my 

supervisors (thank you for your support, Claudia and Ben). Nevertheless, the dissertation and 

the overarching research project are compulsorily linked together. Therefore, there are some 

details of both studies that can only be fully understood when the overall goals of the 

overarching research project reLOAD are considered. One example is the specific regularities 

of the sine wave patterns. One goal of the reLOAD project was to compare age-related changes 

in motor learning of different motor tasks. The other motor tasks (the flexion-extension task by 

Panzer & Shea, 2008, and the discrete sequence production task by Verwey, 2001) belong to 

the category of tasks applied to study motor sequence learning. Thus, the initial intention of the 

sine wave pattern design was to create a ‘motor sequence’ containing sine waves of different 

amplitudes (rather than performing uniform sine waves, as done in previous research with the 

force modulation task) to match the study designs and enable comparability with the other 

motor tasks. Therefore, these specific sine-wave patterns were used as force profiles within this 

dissertation project. Nevertheless, the created pattern can be rated as appropriate to investigate 

age-related changes in fine motor performance. Furthermore, we managed to use the design of 

the sine wave patterns to generate a well-reasoned transfer paradigm for study 1. Another 

example is the different screening instruments published in papers 1 and 3 (MoCA) compared 

to paper 2 (MMSE). At the beginning of the project, there was a joint decision to use MoCA as 

a cognitive screening instrument in all studies of the reLOAD project. Therefore, in study 1 we 

only assessed MoCA. However, an extensive literature search after data collection for study 1 

revealed that MoCA is a very sensitive cognitive screening instrument, indicating the originally 

envisaged 26 (out of 30) points needed to be categorized as cognitively healthy were very high. 

Furthermore, the combination of the highest sensitivity and the best specificity to detect 

cognitive decline was found at a much lower cutoff, i.e., ≤ 23 points (Julayanont & Nasreddine, 

2017). Therefore, we decided to assess (and publish) the MMSE in study 2 (paper 2). 

Nevertheless, MoCA was also assessed in study 2 to fulfill the joint agreement within the 

reLOAD project.  
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6.5 Suggestions for future research 

The findings of the current dissertation project as well as the reported limitations bear 

potential ideas for future research. Moreover, the extensive data set recorded within the current 

project might allow additional analyses that go beyond the scope of the aims of this dissertation. 

For example, EEG data from the current study could be further analyzed using different types 

of analyses that might enhance understanding of age-related changes during motor performance 

and learning, such as coherence analyses, assessing functional connectivity between different 

brain regions (Andrew & Pfurtscheller, 1996; Rilk et al., 2011), the Post-Movement Beta 

Rebound occurring after movement cessation (Espenhahn et al., 2019; Pfurtscheller & Da Silva, 

1999), or cortico-muscular coherence, representing the interaction between M1 and muscles in 

the periphery (Kamp, Krause, Butz, Schnitzler, & Pollok, 2013; Kristeva, Patino, & Omlor, 

2007). Another possibility is using analyses that predict the success of motor learning by 

classifying artificial neural network (Echo State Network) resting EEG data (Yuan, Voelcker-

Rehage, Hübner, & Godde, 2017). These analyses might help to establish individually targeted 

motor (re)learning programs in the setting of rehabilitation. 

Research on how acute exercise affects motor performance and motor learning in 

healthy older adults should be further promoted. Future studies should examine the effects of 

acute exercise on immediate motor performance and long-term motor memory consolidation in 

separated studies, to be able to adapt the study design more specifically to the particular 

construct of interest. Moreover, in addition to systematically vary main influencing factors (i.e., 

exercise intensity, order of exercise and motor practice), the session of acute exercise should 

not only comprise cardiovascular exercise, but also a standardized motor fitness session 

especially applicable to older adults. Another step would be to bring acute exercise research to 

the applied setting of rehabilitation. Indeed, since the execution of study 2 until now, several 

studies have been published revealing positive effects of acute exercise on motor learning in 

middle-aged to older adults with severe diseases, such as stroke (Nepveu et al., 2017) or 

Parkinson’s disease (Steib et al., 2018). For example, Steib et al. (2018) found that moderate 

intensity acute exercise improved offline learning in a balance task in patients with Parkinson’s 

disease. Further research is also needed to examine this association for fine motor tasks.  

Moreover, as already mentioned in the limitations section and in line with the findings 

of the systematic review (Hübner & Voelcker-Rehage, 2017), future studies should investigate 

the effect of a long-term exercise intervention on fine motor performance and motor learning 

in older adults. The intervention program should not only contain cardiovascular exercises, but 
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also strength training and motor coordinative exercises. Especially investigating the effects of 

motor fitness on motor learning in more depth could have interesting practical implications, as 

exercises required to improve motor fitness do not demand exhaustion of the cardiovascular 

system and are thus particularly suitable for older adults (Voelcker-Rehage et al., 2011). 

Finally, analyzing the particular dimensions of motor fitness (movement and reaction speed, 

balance, and fine motor coordination) might provide more detailed information about which 

dimension influences precision grip force modulation task performance. 

An even better approach might be a mixed study design, investigating effects of a long-

term exercise intervention paired with an acute exercise session. Several studies have 

implemented such an experimental design with young adults and examined the effects on 

cognitive task performance (Griffin et al., 2011; Hopkins, Davis, Vantieghem, Whalen, & 

Bucci, 2012). For example, Hopkins et al. (2012) revealed that positive effects of acute exercise 

on cognitive performance were increased in participants who also completed a four week 

exercise program. The combined effects of chronic exercise and acute exercise on fine motor 

performance and motor learning should be investigated in a sample with older adults.
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7 Conclusions 

The detailed analyses of fine motor performance and motor learning with different 

parameters helped to better understand age-related changes during the performance of a force 

modulation task. Data from study 1 has shown that, although older adults performed worse than 

young adults, performance can be improved significantly with practice with respect to overall 

performance variability, temporal and force precision, even in older adulthood. EEG data 

confirmed that frontal, central, parietal, and occipital areas, underlie force modulation task 

performance not only in young adults, but also in healthy older adults. Particularly beta power 

was determined as an appropriate neurophysiological parameter, reflecting age-related changes 

while performing a force modulation task.  

Study 2 showed that fine motor performance increased more immediately after a 

moderate intensity acute exercise session than after a rest in healthy older adults. Moreover, 

acute exercise seems to enable older adults to use cognitive brain capacities during the force 

modulation task more efficiently. Therefore, sessions of acute exercise in a close temporal 

proximity to task execution reflect a promising approach to enhance fine motor control in older 

adults. Thus, acute exercise sessions could act as a motivator in the setting of rehabilitation for 

older adults, as they may lead to successful experiences in fine motor performance.  

Finally, data from study 1 revealed that the cardiovascular fitness level positively 

predicted fine motor performance in the force modulation task. It is well known that 

cardiovascular exercise has positive effects on the body and mind in general. Study 1 underlines 

the high importance of cardiovascular activities specifically for fine motor control in older 

adulthood. On the other hand, high local muscle strength and high motor fitness predicted a less 

steep motor learning rate in older adults, possibly indicating that stronger and fitter older adults 

have less room for improvement, as they started closer to their performance limits. 

Overall, results extend the knowledge about the effect of age on fine motor performance 

and motor learning using a precision grip force modulation task. The findings regarding the 

effects of acute and chronic exercise on motor functions emphasize the importance of staying 

physically active across the whole lifespan. Thus, both types of exercise might contribute to a 

self-determined living in older adulthood by improving fine motor control.
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