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Motor control is associated with suppression of oscillatory activity in alpha (8–12 Hz)
and beta (12–30 Hz) ranges and elevation of oxygenated hemoglobin levels in motor-
cortical areas. Aging leads to changes in oscillatory and hemodynamic brain activity and
impairments in motor control. However, the relationship between age-related changes
in motor control and brain activity is not yet fully understood. Therefore, this study
aimed to investigate age-related and task-complexity-related changes in grip force
control and the underlying oscillatory and hemodynamic activity. Sixteen younger [age
(mean ± SD) = 25.4 ± 1.9, 20–30 years] and 16 older (age = 56.7 ± 4.7, 50–70 years)
healthy men were asked to use a power grip to perform six trials each of easy and
complex force tracking tasks (FTTs) with their right dominant hand in a randomized
within-subject design. Grip force control was assessed using a sensor-based device.
Brain activity in premotor and primary motor areas of both hemispheres was
assessed by electroencephalography (EEG) and functional near-infrared spectroscopy
(fNIRS). Older adults showed significantly higher inaccuracies and higher hemodynamic
activity in both FTTs than did young adults. Correlations between grip force control
owing to task complexity and beta activity were different in the contralateral
premotor cortex (PMC) between younger and older adults. Collectively, these findings
suggest that aging leads to impairment of grip force control and an increase in
hemodynamic activity independent of task complexity. EEG beta oscillations may
represent a task-specific neurophysiological marker for age-related decline in complex
grip force control and its underlying compensation strategies. Further EEG-fNIRS
studies are necessary to determine neurophysiological markers of dysfunctions
underlying age-related motor disabilities for the improvement of individual diagnosis and
therapeutic approaches.

Keywords: electroencephalography, functional near-infrared spectroscopy, aging, motor control,
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INTRODUCTION

The ability to adapt our actions quickly to changes in the
environment is a key function of human motor skills
(Hermsdörfer et al., 2003). One of the most sophisticated
characteristics of fine motor skills is the precise grip force
regulation according to the physical requirements of a
manipulated object, which is necessary for the successful
performance of various everyday activities (Hermsdörfer et al.,
2003; Voelcker-Rehage and Alberts, 2005; Parry et al., 2019).
When gripping an object, radial forces are exerted that are
large enough to prevent the object from slipping while ensuring
that it does not break. Tangential forces are applied to move
the object along the desired path (Flanagan and Wing, 1995;
Haggard and Wing, 1995). Thus, regulation of precise grip
force requires the coupling of radial and tangential grip forces
(Hermsdörfer et al., 2000; Nowak et al., 2001; Rand et al., 2004),
which is based on visuomotor transformation processes and the
intact integration of sensory feedback within the motor-cortical
network (Hermsdörfer et al., 2003; Prodoehl et al., 2009).
Functional activity in motor-cortical areas can be quantified
as cerebral hemodynamics using brain imaging techniques
such as functional magnetic resonance imaging (fMRI) and
functional near-infrared spectroscopy (fNIRS; Agbangla et al.,
2017) or as electrical signals using the electroencephalography
(EEG; Hamacher et al., 2015). It is suggested that synchronous
oscillatory activity in the alpha (8–12 Hz) and beta (12–30 Hz)
ranges within the motor-cortical network represents the
basic mechanism for functional communication underlying
the motor control process (Davis et al., 2012; Wach et al.,
2013; Pollok et al., 2015). The alpha rhythm reflects cortical
processes during the awake and attentive-resting states, and the
amplitude of the signal is suppressed by sensory stimulation
or during the motor control process (Engel and Fries, 2010).
Beta oscillations are attenuated during voluntary movements,
which is known as movement-related beta desynchronization
(MRBD; Zaepffel et al., 2013). After the completion of a
movement, beta oscillations are more pronounced, which has
been interpreted as increased inhibition to maintain the status
quo of the motor system (Pfurtscheller et al., 2006; Koelewijn
et al., 2008; Engel and Fries, 2010). Previous studies have
shown that oscillatory activity and cerebral hemodynamics
are inversely related during the motor control process, that is,
hemodynamic activity increases with a decrease in alpha and
beta oscillations (Lachert et al., 2017). Changes in brain activity
during the motor control process have been observed in various
cerebral structures (Zaepffel et al., 2013), mainly in sensorimotor
areas with a contralateral predominance (Taniguchi et al., 2000).
Concerning grip force tasks, as an example, young healthy people
exhibited increased hemodynamic activity in the sensorimotor
cortex (SMC) and in the premotor cortex (PMC; Ehrsson
et al., 2000; Cramer et al., 2002; Wriessnegger et al., 2017).
The SMC contralateral to the active hand showed the highest
hemodynamic activity (Wriessnegger et al., 2017) confirming the
involvement of the SMC during movement execution (Leff et al.,
2011). Furthermore, the prefrontal cortex (PFC), supplementary
motor area (SMA), and PMC bilaterally as well as the cerebellum

were found to be involved in grip force execution (Dai et al.,
2001). Thereby, the SMA represents a key structure controlling
the motor-cortical network while driving the regulation of grip
forces by promoting and suppressing its activity (Grefkes et al.,
2008a). Alterations in brain functions within the motor-cortical
network can be caused by neurological diseases (Schnitzler
and Gross, 2005; Grefkes et al., 2008b; Engel and Fries, 2010;
Kiyama et al., 2014). According to previous studies, reduced
inter-and intra-hemispheric connectivity between the SMA and
the primary motor cortex (Grefkes et al., 2008b), upregulation
of the parieto-frontal network activity in the stroke-lesioned
hemisphere (Bönstrup et al., 2018), and pathological increases
in beta oscillations (Rossiter et al., 2014a) were correlated
significantly with motor deficits (Grefkes et al., 2008b; Rossiter
et al., 2014a; Bönstrup et al., 2018).

More than one billion people worldwide suffer from
neurological diseases. The number will increase in the coming
years because of the aging population (Semprini et al., 2018).
Early signs of age-related diseases are altered brain structures and
synaptic functions ranging from pathological oscillations and
altered functional connectivity to reduced gray matter volume
(Minati et al., 2007; Ishii et al., 2017; Xifra-Porxas et al., 2019).
During grip force control, older adults exhibited higher beta
power, greater (more negative)MRBD (Xifra-Porxas et al., 2019),
and significantly higher hemodynamic activity in subcortical
areas and PMC than did young healthy adults (Noble et al., 2011).
Deficits in fine motor skills and behavioral declines are most
often the consequences of these changes (Voelcker-Rehage and
Alberts, 2005; Grefkes et al., 2008b; Engel and Fries, 2010; Kiyama
et al., 2014). However, the nature of the relationship between
age-related changes in brain activity patterns and declines in grip
force regulation has not been fully elucidated. Previous studies
concerning age-related deteriorations in motor functions used
tasks such as finger tapping (Naccarato et al., 2006), key pressing
(Mattay et al., 2002), index finger abductions/adductions, or
wrist extensions/flexions (Hutchinson et al., 2002), thus focusing
on repetitive movements that are limited in elderly individuals,
when activities of everyday lives that require the regulation of
grip forces must be performed (Diermayr et al., 2011; Bock and
Steinberg, 2012). It is, therefore, important to investigate how the
precise regulation of grip forces is related to brain activity and is
influenced by the aging process.

In this study, EEG and fNIRS, which are well-established,
promising electro/neurophysiological techniques that are
affordable, easy to implement, and easy to integrate into the
diagnosis of neurological conditions in patients of all age groups,
were used (Makeig et al., 2009; Herold et al., 2017). Knowledge
of how grip force regulation and hemodynamic/oscillatory
brain activity are related and altered according to age provides
crucial information for individualization of therapy protocols
or advancement of interventions such as neurofeedback, brain-
machine interfaces, or noninvasive brain stimulation (NIBS;
Gassert and Dietz, 2018; Semprini et al., 2018; Berger et al.,
2019a). More specifically, for example, identifying pathological
hypo-/hyperactivity or changes in oscillatory activity while
applying fine motor skills could guide future NIBS or training
protocols to enable the administration of target-oriented and
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individualized interventions (Teo et al., 2016; Berger et al., 2018;
Gassert and Dietz, 2018).

Therefore, the central purpose of this study was to
investigate age- and task-related changes in hemodynamic and
oscillatory activity during two visually guided force tracking
tasks (FTTs) of different complexities. The easy FTT requires
static grip force, whereas the complex FTT requires grip force-
related characteristics necessary in everyday life settings (e.g.,
fine-tuning and quick adjustments of grip forces according
to changing demands, such as when grasping objects to
prevent slipping). As discussed above and based on the
findings of previous studies that focused on task complexity
(Holper et al., 2009; Wriessnegger et al., 2017) or age-related
changes (Voelcker-Rehage and Alberts, 2005; Noble et al.,
2011; Rossiter et al., 2014a,b; Xifra-Porxas et al., 2019), we
hypothesized differences between the behavioral and neuronal
factors associated with the two FTTs and between the younger
and older adults (Noble et al., 2011) as follows: we expected:
(1) that the complex FTT, which requires the regulation of grip
force, results in higher inaccuracies in grip force control and
greater brain activity in motor-cortical areas than does the easy
FTT; and (2) that the older adults show greater deficits in precise
grip force control and changes in sensorimotor activity during
complex FTT than did younger adults.

MATERIALS AND METHODS

This study was performed following the ethical standards laid
down in the Declaration of Helsinki. Experimental procedures
were performed according to the recommendations of the
Deutsche Gesellschaft für Psychologie (DGP) and approved
by the local ethics committee of the Johannes Gutenberg-
Universität Mainz. All participants were informed about
the study-related contents before obtaining written informed
consent before the initiation of the experiment.

Participants
Sixteen younger male participants aged 20–30 years (mean
age: 25.44 ± 1.93 years) and sixteen older male participants
aged 50–70 years (mean age: 56.75 ± 4.71 years) without
any hand pathologies and extremity injuries were recruited to
participate in this study. All participants were right-handed
according to the Edinburg Handedness-scale (Oldfield, 1971),
had no neurological or psychological disorders, and had a
normal or corrected-to-normal vision. They were asked to
disclose information on preexisting neurological, psychological,
and medical conditions and on drug and alcohol/caffeine intake
during the previous week.

Experimental Equipment and Data
Acquisition
Grip Force Measures
The ability of precise grip force control was measured using the
FTT, which is a well-known diagnostic tool used to investigate
specific aspects of force control, that is, force generation and
force release (Voelcker-Rehage and Alberts, 2005). It consists
of a monitor and a force transducer for the dominant right

hand (LIME medical GmbH, Germany). Four rails for the
index, middle, ring, and little fingers guarantee a standardized
position of the hand (see Figure 1A). The participants were
instructed to use the power grip to match a curve representing
the applied force of their dominant (right) hand to a predefined
target route as accurately as possible. The participants and
the target route were displayed on a screen at approximately
80 cm. The participants aimed to make as few deviations as
possible. A deviation is defined as the absolute difference between
the applied force and the optimal target force. All forces (the
participant’s applied grip force; predefined, optimal target force;
and the resulting deviation) were measured in Newton (N) and
calculated with a sampling rate of 10 Hz.

EEG Measures
EEG was recorded using Brain Vision Recorder 1.2 Brain
Products, Germany equipped with 32 active Ag/AgCl electrodes,
at a sampling rate of 1,000 Hz (notch filter at 50 Hz). Head
dimensions were measured individually, and caps were adapted
to the corresponding head sizes. Data were recorded using
28 electrodes placed on the scalp at Fp1, Fp2, F7, F3, Fz,
F4, F8, FC5, FC1, FC2, FC6, T7, C3, Cz, C4, T8, CP5, CP1,
CP2, CP6, P7, P3, Pz, P4, P8, O1, Oz, and O2 according
to the international 5:10 system (Jurcak et al., 2007; see
Figure 1B). Vertical and horizontal electrooculograms were
recorded with four additional electrodes placed next to the
left and right eye and above/below the right eye to detect
eye movements and eyelid artifacts. The reference and ground
electrodes were placed at the nose tip and AFz location,
respectively. Impedance was maintained below 5 k� by using
a SuperViscTM electrode filled with gel (EASYCAP GmbH,
Germany) for conductivity.

fNIRS Measures
For fNIRS measurement, cerebral oxygenation changes were
recorded using a near-infrared optical tomographic imaging
device (NIRSport, NIRx, Germany, Wavelengths: 760 nm,
850 nm, sampling rate: 7.81 Hz). The methodology and
underlying physiology are explained in detail elsewhere (Obrig
and Villringer, 2003). A total of 16 optodes (eight emitters,
eight detectors) were placed at 3 cm intervals above the motor
cortex according to the international 5:10 system (Jurcak et al.,
2007), resulting in 23 channels (source-detector pairs; see
Figure 1B). Channel positions covered identical regions of both
hemispheres, including the SMC [Brodmann Area (BA) 1–4] and
SMA/PMC (BA6).

Experimental Design and Procedure
To control the maximum voluntary contraction (MVC) of the
participants, a standardized Grip-Strength-Test was performed
before the experiment. Participants sat upright in a standardized
position on a height-adjustable chair (Massy-Westropp et al.,
2011). The right upper arm was abducted, the elbow joint was
flexed at 90◦, the wrist was in a neutral zero position and the
arm was held close to the body but not resting on the armrest of
the chair. Using an electronic hand dynamometer (TL-LSC100,
Trailite), three values of MVC were measured with the dominant
right hand. The rest period in between was 1 min.
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FIGURE 1 | (A) Force tracking tasks (FTTs) and the force transducer for the right dominant hand (LIME medical GmbH, Germany): complex FTT (top); easy FTT
(bottom); green: target force; blue: subjects force. (B) Electroencephalography (EEG)/functional near-infrared spectroscopy (fNIRS) Montage: 28 EEG electrodes and
16 fNIRS optodes placed according to the 5:10 EEG system. Regions of interest are marked. Left premotor cortex (PMC): FC1 and Channels 1, 2, 5, 6 (yellow); right
PMC: FC2 and Channels 13, 14, 15, 16 (orange); left sensorimotor cortex (SMC): C3 and Channels 3, 4, 9, 10 (light green); right SMC: C4 and Channels 17, 18, 2,
23 (dark green).

Participants performed two visually-guided grip-FTTs in a
randomized order: in one task (easy FTT), participants had
to follow a target force depicted as a straight line at 7.5 N
by maintaining a constant grip force with the right dominant
hand. In the other task (complex FTT), the target force changed
over time in the form of a sinusoidal curve averaged to 7.5 N
(6–9 N). Participants had to regulate and adapt their grip forces
(N) continuously to the target value (see Figure 1A). Each FTT
consisted of six task trials, with each trial lasting 30 s and
alternating with six trials of rest (30 s; see Figure 2). During
the trials of rest, participants were instructed to watch a fixation
cross on the screen. Before and after each FTT, brain activity
was recorded at rest for 30 s each with eyes closed and open.
During the measurements, participants were instructed to avoid
head movements and talking to reduce motion and physiological
artifacts (Vitorio et al., 2017). For familiarization, two trials of
the easy FTT and two trials of the complex FTT were performed
before the experiment.

Data Processing
Grip Force Measures
For the MVC, the mean of the three values was collected from
each participant. Then, the arithmetic mean was calculated
for the younger and older adults. Regarding the FTT, the
participant’s applied grip force, the predefined, optimal target
force, and their absolute deviations were measured for each FTT
trial. Data from the first 3 s of each trial were excluded from
further analysis considering the initial force adaptation at the

onset. Then, the arithmetic mean of the absolute deviation values
was computed, which represents the inaccuracy in grip force
control (Gölz et al., 2018). Normal distribution was examined
using the Shapiro–Wilk test (p ≥ 0.05). A two-way repeated-
measures analysis of variance (rmANOVA) using the factors
TASK (easy FTT, complex FTT) and GROUP (younger adults,
older adults) was conducted to evaluate changes in grip force
control owing to task complexity and aging. Bonferroni-adjusted
post-hoc analyses were used to identify significant differences.

EEG Measures
Electrophysiological data were preprocessed using the Brain
Vision Analyzer 2.0 (Brain Products, Gilching, Germany) by
applying a 0.5 Hz high-pass filter and a 50 Hz low-pass filter.
Horizontal and vertical eye movements were corrected using the
Gratton and Coles methods (Gratton et al., 1983). Any remaining
artifacts were removed using a semiautomatic inspection tool by
setting the maximum allowed gradient voltage step at 50 mV/ms
and the maximally allowed amplitude at 100 mV. Further
artifacts were visually identified and manually rejected so that
only segments containing no artifacts were included for further
processing. For the evaluation of changes in oscillatory activity
over time, the two task conditions (easy FTT and complex
FTT) and the rest condition were subdivided into six trials of
30 s. Each condition was segmented into 1 s epochs, a fast
Fourier transformation [MaximumResolution (0.977Hz); Power
(µV2); No window] was computed, and frequency spectra of the
artifact-free segments were averaged for each condition. Then,
oscillatory mean activities (mV) were calculated for the alpha
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FIGURE 2 | Study design.

(8–12 Hz) and beta (13–30 Hz) ranges. Since suppressed beta
activity relative to rest is associated with movement execution
(Xifra-Porxas et al., 2019), the MRBD was calculated in addition
to the absolute power. Therefore, beta activity at rest as well
as the difference of beta activity between each FTT and rest
was calculated and statistically analyzed. Following the fNIRS
channels and the corresponding regions of interest (ROI),
the following EEG electrodes were used for further statistical
analysis: left SMA/PMC, FC1; right SMA/PMC, FC2; left SMC,
C3; right SMC: C4 (see Figure 1B).

fNIRS Measures
Raw brain oxygenation data were preprocessed and analyzed
using the time series analysis routine within the MATLAB-
based NIRSlab analysis package (v2017.05, Nirx Medical
Technologies, Glen Head, NY, USA; Xu et al., 2014) according
to the current recommendations (Herold et al., 2017; Vitorio
et al., 2017). Concentration changes of oxygenated hemoglobin
(Hboxy) and deoxygenated hemoglobin (Hbdeoxy) were visually
inspected concerning transient spikes and abrupt discontinuities
representing the two most common forms of movement artifacts
in fNIRS data. To achieve smoothening, epochs that contain
discontinuities (or ‘‘jumps’’) or long-term drifts were corrected,
and spikes were replaced by the nearest signal (Xu et al., 2014).
Then, a band-pass filter (0.01–0.2 Hz) was applied to remove
slow drifts and high frequencies related to breathing, respiratory
or cardiac rhythm, vasomotion, or other movement artifacts
(Koenraadt et al., 2014). After preprocessing, parameters such
as wavelengths (WL1 = 760 nm; WL2 = 850 nm), differential
pathlength factors (7.25 for WL1; 6.38 for WL2), interoptode
distances (3 cm), and background tissue values (totHb: 75
µM; MVO2Sat: 70%) were specified, and the time series
of Hboxy/Hbdeoxy concentration changes (∆Hboxy/∆Hboxy)
were computed using the modified Beer-Lambert law (Cope
et al., 1988; Sassaroli and Fantini, 2004). Afterward, ∆Hboxy
data of the easy and complex FTT trials (30 s) were exported
to analyze their hemodynamic responses. Averaged baseline
concentration values of 15 s rest before each trial were subtracted
from the task-evoked concentration measurements to account

for time-dependent changes in cerebral oxygenation (Vitorio
et al., 2017). ∆Hboxy was calculated for ROI (left SMA/PMC:
Channels 1, 2, 5, 6; right SMA/PMC: Channels 13, 14, 15, and
16; left SMC: Channels 3, 4, 9, and 10; right SMC: Channels:
17, 18, 22, 23) during the FTTs and was used as a marker
for regional cortical activation because it is more sensitive to
motor-related activities than is Hbdeoxy (Suzuki et al., 2004)
and because it is an accurate indicator of hemodynamic activity
(Strangman et al., 2002).

Statistical Analysis
The statistical analysis of data corresponding to oscillatory and
hemodynamic activity was conducted using SPSS 23 (IBM,
Armonk, NY, USA). The normality of distribution was examined
using the Shapiro–Wilk test (p ≥ 0.05). Oscillatory mean
activities and averaged ∆Hboxy values corresponding to both
the FTTs were computed for each subject and ROI (Herold
et al., 2017; Vitorio et al., 2017). A three-way rmANOVA
with the factors TASK (easy FTT, complex FTT), ROI [ROI1:
left SMA/PMC (BA6); ROI2: right SMA/PMC (BA6); ROI3:
left SMC (BA1–4); ROI4: right SMC (BA1–3)], and GROUP
(younger adults, older adults) was conducted to evaluate
changes in oscillatory and hemodynamic activity owing to task
complexity, brain regions, and between the groups. In case of
significant effects, Bonferroni-adjusted post-hoc analyses were
used to identify significant differences between the tasks, ROI,
and groups.

The overall level of significance was set to p≤ 0.05. Significant
tendencies were defined as p ≤ 0.10. Mauchly’s test was used
to check for any violations of sphericity. If a violation of
sphericity was detected (p ≤ 0.05) and a Greenhouse–Geisser
ε > 0.75 existed, Huynh-Feldt corrected p-values were reported.
Otherwise (ε ≤ 0.75), a Greenhouse-Geisser correction was
applied. Effect sizes were reported in the partial eta-square (η2p)
for the significant main effects and interactions. According to
Cohen (1988), we classified the effect sizes as follows: >0.01 for
small, >0.06 for medium, and >0.14 for large effect sizes
(Cohen, 1988).
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To calculate the relationship between precise grip force
control, oscillatory and hemodynamic activity, correlation
analysis was performed for each task, region, and group.
First, correlations were calculated for each task separately
(e.g., correlation of inaccuracy and beta activity during the
easy FTT). Second, differences between the easy FTT and
the complex FTT were calculated. Then, difference values
(∆ = complex FTT− easy FTT) were correlated (e.g., correlation
of ∆inaccuracy and ∆β activity) to analyze task complexity-
related effects. Degrees of correlation between grip force
control, oscillatory and hemodynamic activity were explored
using the Pearson correlation coefficient: low, r > 0.1–0.3;
medium, r > 0.3–0.5; strong, r > 0.5–0.7; very strong,
r > 0.7–0.9; or perfect, r > 0.9. Furthermore, the correlations
of younger and older adults were statistically compared
(Eid et al., 2015).

RESULTS

Grip Force Measures
Regarding the MVC, no differences between the two groups
were presented (younger adults: 45.45 ± 4.43, younger adults:
45.59 ± 7.67, p = 0.951). For the FTT, the two-way repeated-
measures ANOVA (rmANOVA) using the factors TASK (easy
FTT, complex FTT) and GROUP (younger adults, older
adults) showed a statistically significant main effect of TASK
(F(1,30) = 184.10, p< 0.001, η2p = 0.86) that indicates the incidence
of a significantly higher inaccuracy during the complex FTT than
during the easy FTT (p< 0.001). Furthermore, a significant main
effect of GROUP (F(1,30) = 6.51, p = 0.02, η2p = 0.18) emerged that
presented higher inaccuracies in grip force regulation in older
adults than in young adults (p = 0.02). No significant interaction
of TASK × GROUP was observed (F(1,30) = 2.24, p = 0.15,
η2p = 0.07; see Figure 3).

fNIRS Measures
Statistical analysis of data on relative Hboxy concentration
changes revealed a significant main effect of GROUP
(F(1,30) = 4.36, p = 0.04, η2p = 0.13), indicating a significantly

FIGURE 3 | Precision in grip force control (mean ± SD) of the younger and
older adults during the easy and complex FTTs; ∗p < 0.05.

FIGURE 4 | Relative concentration changes of Hboxy (mean ± SD) in the
four regions of interest averaged over the easy FTT and the complex FTT for
the younger and older adults. ∗p < 0.05.

higher hemodynamic activity in the older adults than in the
young adults. The significant main effect of ROI (F(3,90) = 3.56,
p = 0.02, η2p = 0.11) showed significant differences between
the cortical areas. Bonferroni-corrected post-hoc tests revealed
significantly higher hemodynamic activity in the ipsilateral SMC
than in the ipsilateral PMC (p = 0.04) and contralateral SMC
(p = 0.01; see Figure 4). Otherwise, no further main effects or
interactions were observed (all p> 0.13).

EEG Measures
Statistical analysis of data on oscillatory alpha activity (8–12 Hz)
using a three-way rmANOVA with the factors TASK, ROI,
and GROUP revealed neither main effects nor interaction
effects (all p > 0.10). Concerning beta activity (13–30 Hz),
the three-way rmANOVA showed a significant main effect
of TASK (F(1,30) = 11.23, p < 0.001, η2p = 0.27), indicating
a significantly higher beta activity during the complex FTT
than during the easy FTT. The significant main effect ROI
(F(3,90) = 5.65, p = 0.02, η2p = 0.16) revealed significantly higher
beta activity in the left SMC than in the PMC and bilateral SMC.
Furthermore, a statistically significant trend for the interaction
of TASK × GROUP (F(1,30) = 3.10, p = 0.08, η2p = 0.09) emerged.
Bonferroni-corrected post-hoc tests indicated significantly higher
beta activity during the complex FTT than during the easy
FTT in the group of older adults (p = 0.001; see Figure 5).
Furthermore, analysis of data on beta activity during rest, the
two-way rmANOVA with the factors ROI, and GROUP revealed
neither main effects nor interaction effects (all p > 0.10).
Regarding the MRBD, the three-way rmANOVA showed a
significant main effect of TASK (F(1,30) = 11.04, p < 0.002,
η2p = 0.27), indicating a significantly greater (more negative)
MRBD during the easy FTT than during the complex FTT. The
significant main effect ROI (F(3,90) = 5.41, p = 0.01, η2p = 0.15)
revealed significantly higher beta suppression in the left SMC
than in the left PMC. Furthermore, a statistically significant
trend for the interaction of TASK × GROUP (F(1,30) = 3.11,
p = 0.08, η2p = 0.09) and TASK × ROI × GROUP (F(3,90) = 2.78,
p = 0.08, η2p = 0.09) emerged. Bonferroni-corrected post-hoc tests
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FIGURE 5 | Beta activity (mean ± SD) of the younger and older adults
during the easy and complex FTT, ∗p < 0.05.

FIGURE 6 | Movement-related beta desynchronization (MRBD) (A) younger
adults, easy FTT (B) younger adults, complex FTT (C) older adults, easy FTT
(D) older adults, complex FTT.

indicated that older adults exhibited significantly greater MRBD
on the SMC bilaterally during the easy FTT compared to the
younger adults (left SMC p = 0.04, right SMC p = 0.03; see
Figure 6).

Associations Between Precise Grip Force
Control, Oscillatory and Hemodynamic
Activity
For the separate analysis of the tasks, correlations between precise
grip force control and oscillatory activity as well as precise grip
force control and hemodynamic activity were statistically not
significant. Regarding the relation of oscillatory beta activity and
hemodynamic activity, three significant tendencies (p < 0.08)
and one significant correlation of beta activity in the right SMC

and hemodynamic activity in the left SMC emerged during
the easy FTT for the younger adults (r = 0.55, p = 0.03). For
the older adults, correlation analysis showed nine significant
tendencies (p < 0.08) and one significant correlation of beta
activity in the right PMC and hemodynamic activity in the
right SMC during the easy FTT (r = 0.50, p = 0.05; see
Table 1). During the complex FTT, no significant tendencies
or correlations were presented. Concerning complexity-based
differences (∆ = complex FTT − easy FTT), older adults
showed a positive association with a trend between inaccuracy
in precise grip force regulation and oscillatory beta activity
in the left PMC (r = 0.46, p = 0.07), whereas young adults
showed a non-significant negative association (r = − 0.32,
p = 0.22; see Figure 7). However, these correlations differed
significantly between younger and older adults (p = 0.03). Thus,
complexity-related deteriorations are accompanied by different
motor cognitive processes in young and older adults.

DISCUSSION

This study aimed to investigate age-related changes in grip
force regulation and associated changes in oscillatory and
hemodynamic brain activity. The following is the summary
of our findings: (1) age-related deteriorations in grip force
control and increases in hemodynamic activity in motor-
cortical areas occurred independently of task complexity
and (2) deteriorations in grip force control owing to the
task complexity was positively associated with left PMC
beta activity in older adults and negatively associated in
younger adults.

First, the older adults showed significantly greater
inaccuracies in grip force control and significantly higher
hemodynamic brain activity in all motor-cortical areas during
the easy and complex FTTs than did the younger adults.
These results confirm the existence of expected age-related
deteriorations in grip force control (Voelcker-Rehage and
Alberts, 2005) and increases in hemodynamic activity (Mattay
et al., 2002; Naccarato et al., 2006; Kim et al., 2010; Noble
et al., 2011). On one hand, aging is associated with diminished
tactile sensations that reduce hand sensibilities, which lead to
declines in fine motor skills (Cole, 1991; Bennett and Castiello,
1994; Voelcker-Rehage and Alberts, 2005). On the other hand,
physiological brain aging is characterized by a loss of synaptic
contacts and neuronal cell death that provokes age-dependent
declines of sensory processing and motor control (Rossini et al.,
2007; Boisgontier et al., 2012; Xifra-Porxas et al., 2019). Thus, it
may be possible that age-related decrease in tactile sensibility and
the ability to process sensory feedback (Cole et al., 1999) lead to
declines in grip force control and increased brain activity within
the motor-cortical network regardless of the task complexity.
Following the compensation theory of aging (Reuter-Lorenz and
Park, 2010), over-recruitment of cortical resources with aging
appears to reflect a greater computational effort and oxygenation
owing to compensatory patterns such as reorganization and
redistribution of functional networks to counteract age-related
structural and neurochemical changes in motor control systems
(Bennett and Castiello, 1994; Mattay et al., 2002; Ward, 2006;
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TABLE 1 | Correlations between relative oxygenated hemoglobin (Hboxy) and oscillatory beta activity.

ROI EEG left PMC EEG right PMC EEG left SMC EEG right SMC

Easy FTT—younger adults
fNIRS left PMC r = 0.16 (p = 0.552) r = 0.30 (p = 0.635) r = 0.16 (p = 0.543) r = 0.28 (p = 0.297)
fNIRS right PMC r = 0.30 (p = 0.250) r = 0.28 (p = 0.283) r = 0.33 (p = 0.206) r = 0.43 (p = 0.099)
fNIRS left SMC r = 0.45 (p = 0.080) r = 0.43 (p = 0.096) r = 0.46 (p = 0.071) r = 0.55 (p = 0.027)∗

fNIRS right SMC r = 0.37 (p = 0.160) r = 0.34 (p = 0.197) r = 0.37 (p = 0.151) r = 0.37 (p = 0.062)
Easy FTT—older adults
fNIRS left PMC r = 0.41 (p = 0.110) r = 0.46 (p = 0.076) r = 0.43 (p = 0.098) r = 0.26 (p = 0.335)
fNIRS right PMC r = 0.44 (p = 0.087) r = 0.47 (p = 0.065) r = 0.48 (p = 0.083) r = 0.26 (p = 0.325)
fNIRS left SMC r = 0.47 (p = 0.069) r = 0.49 (p = 0.055) r = 0.47 (p = 0.066) r = 0.25 (p = 0.351)
fNIRS right SMC r = 0.48 (p = 0.062) r = 0.50 (p = 0.048)* r = 0.47 (p = 0.064) r = 0.24 (p = 0.368)
Complex FTT—younger adults
fNIRS left PMC r = 0.12 (p = 0.661) r = −0.14 (p = 0.615) r = −0.20 (p = 0.662) r = 0.12 (p = 0.964)
fNIRS right PMC r = −0.07 (p = 0.791) r = −0.09 (p = 0.730) r = −0.34 (p = 0.888) r = 0.07 (p = 0.800)
fNIRS left SMC r = 0.12 (p = 0.654) r = 0.09 (p = 0.730) r = 0.15 (p = 0.590) r = 0.25 (p = 0.348)
fNIRS right SMC r = 0.01 (p = 0.963) r = −0.18 (p = 0.948) r = 0.03 (p = 0.914) r = 0.16 (p = 0.554)
Complex FTT—older adults
fNIRS left PMC r = 0.33 (p = 0.207) r = 0.36 (p = 0.166) r = 0.36 (p = 0.176) r = 0.27 (p = 0.310)
fNIRS right PMC r = 0.36 (p = 0.172) r = 0.40 (p = 0.122) r = 0.39 (p = 0.141) r = 0.30 (p = 0.265)
fNIRS left SMC r = 0.37 (p = 0.157) r = 0.36 (p = 0.169) r = 0.38 (p = 0.148) r = 0.25 (p = 0.358)
fNIRS right SMC r = 0.40 (p = 0.126) r = 0.38 (p = 0.138) r = 0.40 (p = 0.134) r = 0.25 (p = 0.361)

Abbreviations: PMC, premotor cortex; SMC, sensorimotor cortex; r = Pearson correlation coefficient; Significance level p < 0.05∗.

Noble et al., 2011; Larivière et al., 2019). Nevertheless, the results
of deteriorations in grip force control and higher hemodynamic
brain activity in older subjects cannot only be associated with
the grip force tasks. As we did not include an additional control
task such as a pinch force task or similar, increased brain activity
in healthy aging during movements may be a general result that
might also occur in other motor tasks and not only during the
FTT. Furthermore, we identified decreases in beta power during
both FTT relative to the resting period, known as MRBD, which
showed the typical attenuation of beta activity during voluntary
movements. After completion, beta power is pronounced,
which has been interpreted as increased inhibition to maintain
the status quo of the motor system (Pfurtscheller et al., 2006;
Koelewijn et al., 2008; Engel and Fries, 2010). However, previous
studies showed that older adults exhibited significantly higher
beta oscillations at rest as well as greater MRBD during dynamic
muscle contractions than did younger controls (Xifra-Porxas
et al., 2019). However, our results did not show any significant
differences in baseline beta power between the two groups.
Additionally, older adults exhibited significantly greater MRBD
in SMC bilaterally during the easy static FTT rather than during
the complex variable FTT.

Second, all participants showed significantly higher
inaccuracies in grip force control during the complex FTT than
during the easy FTT.While the performance of grip force control
was affected by task complexity, the respective hemodynamic
activity seems to be unaffected. This is in line with the findings of
previous studies, which showed that hemodynamic responses for
all motor-cortical regions and two different grip force execution
tasks (20% and 40% of the maximum grip strength) were similar
(Wriessnegger et al., 2017). In contrast, significant differences in
hemodynamic activity owing to task complexity were detected
during finger tapping (Holper et al., 2009) and hand squeezing
tasks in young healthy participants (Cramer et al., 2002).
Thus, task-specific factors other than task complexity seem

FIGURE 7 | Correlation of ∆ inaccuracy in precise grip force regulation and
∆ left PMC beta activity (µV); ∆ = complex FTT − easy FTT; younger adults:
r = − 0.32; older adults: r = 0.46. The correlations differed significantly
between younger and older adults (p = 0.03).

to affect hemodynamic responses. Furthermore, we identified
that complexity-related deteriorations in grip force control
were correlated with increased left PMC beta activity in older
adults, which differ significantly (p = 0.03) from the negative
correlation of the younger adults. Therefore, the processing
of visuomotor transformation and the integration of sensory
feedback that underly precise grip force regulation (Hermsdörfer
et al., 2003; Prodoehl et al., 2009) may be different between
younger and older adults. In previous studies, older adults
showed significantly higher absolute beta activity during
movements than did younger adults (Heinrichs-Graham and
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Wilson, 2016) that correlated with the degree of motor deficits
during a visually guided grip task (Rossiter et al., 2014a). Due
to the close relationship of beta activity and motor-cortical
GABAergic inhibition (Rossiter et al., 2014b; Xifra-Porxas
et al., 2019), it is suggested that age-related increases in beta
activity may lead to a reduced ability to control the inhibition
within the motor control network during movements. In the
complex FTT, where the grip force must be regulated and
adapted continuously, high cognitive effort in motor planning
is required. Thus, older adults might show increased use of the
PMC/SMA (Leff et al., 2011) which represents a key structure
in the motor-cortical network driving manual movements by
promoting and suppressing brain activity (Grefkes et al., 2008a;
Bönstrup et al., 2016).

In addition to the age-related and task-complexity effects on
grip force control and brain activity, correlations of oxygenated
hemoglobin and oscillatory beta activity were found. During the
easy FTT, increases in oscillatory beta activity were related to
increases in oxygenated hemoglobin. However, in a previous
study, increases in hemodynamic activity were accompanied
by decreases of alpha and beta activity during a motor task
(Lachert et al., 2017). Also, increases of alpha power following
10 and 20Hz tACSwere accompanied by decreases in oxygenated
hemoglobin (Berger et al., 2018). Although it is well known that
increases in oxygenated hemoglobin (Strangman et al., 2002)
and suppressions in beta activity (Rossiter et al., 2014b; Xifra-
Porxas et al., 2019) represent the neural correlated underlying
movements, the relationship between the two parameters and
how they change depending on motor tasks and complexities is
not yet fully understood. Thus, numerous questions regarding
the correlation of electrical signals and vascular changes (e.g.,
co-localization/time lag of the correlated changes, consistency of
changes in connectivity) remain.

In summary, the older adults showed significant deterioration
in grip force control and greater hemodynamic activity during
both the FTTs than did the young adults, suggesting a greater
computational effort and oxygen supply during the motor
tasks (Ward, 2006) which represent a general age-related
compensatory mechanism of changes in the sensorimotor
network (Noble et al., 2011; Larivière et al., 2019). In
contrast, increases in left PMC beta activity that are related
to deteriorations in grip force regulation in older adults
are task-complexity-dependent, thus representing an increased
cognitive effort during motor planning or a compensatory
mechanism of deficits in processing the sensory feedback
within the sensorimotor network. Nevertheless, the age-related
changes in oscillatory and hemodynamic activity as well as their
correlation do not show clear results that allow an unequivocal
conclusion. Understanding the relationship between motor
control and brain activity as well as between motor recovery
and its underlying neuroplasticity, remain major challenges in
neurorehabilitation (Bönstrup et al., 2018). Thus, uncovering
the link between age- and disease-related impairments of motor
control and changes in brain activity to identify objective
biomarkers for neuroplastic changes and motor recovery is
a future goal in neurorehabilitation (Bönstrup et al., 2018;
Coscia et al., 2019). Based on this, individualized training

protocols and interventions with new technologies such as
BMI and NIBS could be developed, which enable sustainable
rehabilitation and optimization of the outcome and effectiveness
of motor recovery (Semprini et al., 2018; Steinberg et al., 2019;
Berger et al., 2019a,b).

Limitations
Although our findings regarding age- and task complexity-
related changes in precise grip force regulation and brain
activity were interesting, three limitations must be discussed
and considered while designing future studies. First, the
small number of subjects (n = 32) limits a clear and
general conclusion. Referring to other neurophysiological studies
(Noble et al., 2011; Xifra-Porxas et al., 2019), we focused
on the methodological challenge of a combined EEG-fNIRS
measurement during a motor task. In future studies, however,
a higher sample size should be considered. Second, all
participants were required to match the same target force in
the visually guided FTT. Although our two groups do not
differ in terms of MVC, previous studies have shown that
grip strength declines with increasing age (Zammit et al.,
2019) and after neurological diseases (Hermsdörfer et al.,
2003). Thus, individual target forces depending on their own
individual MVC can be considered in future FTT tasks to
ensure that an optimal balance of support and challenge for
each patient is achieved. However, different percentual forces
ranging from 5 to 60% of the MVC were used in previous
studies (Voelcker-Rehage and Alberts, 2005; Wriessnegger et al.,
2017). Third, we had to focus on specific motor-cortical
ROI because of the limited number of fNIRS channels and
limited spatial resolution. Based on the knowledge that skilled
grip force control depends on the intact communication of
the entire sensorimotor network (Hermsdörfer et al., 2003)
and because previous studies investigated motor-cortical areas
using fNIRS during handgrip tasks (Wriessnegger et al.,
2017), premotor and sensorimotor areas were chosen for
investigation. Nevertheless, daily activities requiring visuomotor
and sensorimotor integration (Vingerhoets, 2014) are based on
a large neural network in which further cortical and subcortical
areas are also involved (Vaillancourt et al., 2007; Wasson et al.,
2010). Also, further analyses such as the coherence analysis
between ROI to evaluate network communication and other
recordings such as EMG on the performing arm to control
muscle activity and to more precisely describe possible causes
for age-related changes in grip force control would have added
valuable further insights.

CONCLUSIONS

In this study, we found evidence for age-related changes in grip
force control and hemodynamic activity as well as correlations
between grip force control owing to task complexity and beta
activity that were different in the left PMC between younger and
older adults. Assessing both motor precision and brain activity
is essential for understanding how motor control, oscillatory,
and hemodynamic activity within the motor-cortical network
are related. This knowledge could contribute to the development
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of new therapeutic approaches to individualize and sustainably
improve the treatment of motor impairments.
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