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Abstract This investigation aimed to expand upon prior knowledge concerning age-related disparities in
the motor initiation phase. We operationalized a robust pipeline for identifying source activity, leveraging
EEG sensor-level data. Our analytical framework involved a comparative assessment of source activity
in both elderly and young adults across distinct laterality aspects of the motor task. Subsequently, we
rendered these findings in precise anatomical coordinates and elucidated the underpinnings of the observed
disparities. Remarkably, these disparities remained congruent with the contemporary body of knowledge
within this domain. Nevertheless, our meticulous application of cluster-based statistical testing yielded
no statistically significant distinctions when juxtaposing subjects from varying age groups, hand laterality
classifications, and frequency range considerations. Furthermore, we undertook a meticulous examination of
the maximal points within clusters demonstrating the most pronounced significance within the elderly and
young adult cohorts during tasks involving the right hand. This refined approach unearthed a noteworthy
correlation between source power within the theta frequency range and the subjects’ age, corroborating
existing reference studies and thereby shedding newfound light upon the latent neural mechanisms at play.

1 Introduction

Aging represents a universal phenomenon that began around 3.5 billion years ago with the origin of life. All
processes that contribute to the aging can be classified into two major groups: “normal” or, in other words,
“healthy” aging is characterized by irreversible and universal physiological changes, while age-related pathologies
characterize “abnormal” aging [1].

The weakening of sensorimotor control and functioning is a part of healthy aging. The origins of motor impair-
ments are multivarious, involving abnormalities in the central nervous system, sensory receptors, muscles, and
peripheral nerves [2]. Moreover, healthy aging impacts neurological processes by altering the brain’s neurochemi-
cal and structural features [2]. Aging-related decrease in fine motor control, balance, and gait severely affect the

a e-mail: kurkinsa@gmail.com (corresponding author)
b e-mail: volchanka2000@gmail.com
c e-mail: pitsikelena@gmail.com
d e-mail: badarin.a.a@mail.ru
e e-mail: andreevandrei1993@gmail.com
f e-mail: vantipovm@gmail.com
g e-mail: drapkina@bk.ru
h e-mail: kiselev@gnicpm.ru
i e-mail: vvgrubov@gmail.com
j e-mail: aekhramov@kantiana.ru

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjs/s11734-023-01048-4&domain=pdf
http://orcid.org/0000-0002-3438-5717
mailto:kurkinsa@gmail.com
mailto:volchanka2000@gmail.com
mailto:pitsikelena@gmail.com
mailto:badarin.a.a@mail.ru
mailto:andreevandrei1993@gmail.com
mailto:vantipovm@gmail.com
mailto:drapkina@bk.ru
mailto:kiselev@gnicpm.ru
mailto:vvgrubov@gmail.com
mailto:aekhramov@kantiana.ru


Eur. Phys. J. Spec. Top.

ability of older adults to maintain themselves by performing daily routines for their survival and normal exis-
tence [3]. Therefore, understanding the cause and markers of impaired motor control mechanisms is essential for
improving the life quality of older adults.

While the effects of healthy aging on cortex functioning during execution and control have been widely inves-
tigated on both behavioral and neurophysiological levels [4], less is known about how aging influences the motor
planning phase. Several premises imply that motor planning is affected by age-related changes. First, many higher
cognitive functions, including sensory processing, motor representation, attention, and working memory [5], decline
with age. Second, activity in the theta band underpinning most motor functions, including motor planning [6–10],
is subjected to age-related alternations [11]. In particular, abnormally elevated theta activity implies cognitive
impairment and possible dementia [12, 13].

The authors of Refs. [14–16] showed that age-related changes in the motor planning process influence the slow-
down of the motor initiation phase in older adults. Electroencephalography (EEG) was utilized to investigate
differences in brain activity during the controlled execution of fine motor tasks between elderly and young adults.
The authors demonstrated that the motor cortex of younger adults activated significantly faster during the domi-
nant hand task. Still, the time it took for elderly subjects to engage their motor cortex was the same for both hands
and approached the level of the non-dominant hand of younger adults. In elderly and young adults performing the
non-dominant hand task, considerable theta-band power was also observed in sensorimotor and frontal areas. At
the same time, theta-activation was insignificant in young adults conducting the dominant hand task. This study
concluded that motor planning in young and elderly subjects comprises distinct forms of inter-cortical connections,
providing age-related changes in motor planning processes based on sensor-level and between-subject functional
connectivity analyses [17].

A possible explanation for the observed phenomenon given in the study [14] is the difference in memory exploita-
tion for young and elderly adults during motor tasks. In young adults, initiation of a known motor task activates
motor working memory and facilitates a processing of motor memories, i.e., stored knowledge about a motor
action gained via experience, to ensure correct motor execution [18]. Working memory access is a speedy and
efficient process in terms of cognitive needs [18]. On the other hand, functional connectivity analysis demonstrated
a significant coupling between the elderly subjects’ motor, frontal, and bilateral temporal areas, with a central
localization in the primary motor cortex. Because working memory deteriorates with aging [19], it was expected
that memory representation of motor tasks would be less accessible in older persons. As a result, it was shown
that the differences in motor planning processes are more demanding and cannot be optimized as efficiently as in
younger adults, resulting in significantly delayed motor initiation.

The current study is a logical continuation of the analysis conducted in Ref. [14]. While authors of Ref. [14]
employed time-frequency and functional connectivity analyses on a sensor level, the goal we pursued in this study
was a broader understanding of the differences in motor preparation and initiation processes in young and elderly
adults on a source level. A source reconstruction procedure and source-level statistical analysis were performed
using the same EEG data collected and processed in the aforementioned study to broaden the understanding of
processes underlying age-related changes in motor functioning.

2 Materials and methods

2.1 Experimental procedure

This study recruited ten healthy elderly adult volunteers (EA group; age: 65 ± 5.69 SD) and ten healthy young
adult volunteers (YA group; age: 26.1 ± 5.15 SD). All participants were right-handed and had no prior history of
brain tumors, trauma, or stroke-related illnesses.

Subjects sat in a chair with their hands placed on the armrests to avoid non-task-related muscle tension. For
the first five minutes, participants were instructed not to think about anything specific, to sit relaxed, and to keep
their eyes open while the resting-state EEG signal was recorded. Then an active phase followed where subjects
were instructed to perform 60 repetitive fine motor tasks (30 repetitions per hand). Each task involved fist clench
after audio signal and holding until the second signal. EEG for both conditions of dominant and non-dominant
hands was recorded (right hand, RH, long audio signal and left hand, LH, short audio signal, 750 and 350 ms,
respectively). The overall duration of the experimental session was ≈10 min per participant.

2.2 EEG acquisition and preprocessing

Cortical electrical activity was recorded using the EEG acquisition system Encephalan-EEGR-19/26 (Medicom
MTD, Taganrog, Russia). A total of 31 Ag/AgCl electrodes were employed in this study, positioned at sites O2,
O1, P4, P3, C4, C3, F4, F3, Fp2, Fp1, P8, P7, T8, T7, F8, F7, Oz, Pz, Cz, Fz, Fpz, FT7, FC3, FCz, FC4,
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Fig. 1 Flowchart of source reconstruction process

FT8, TP7, CP3, CPz, CP4, and TP8, in accordance with the extended 10-20 electrode placement system [20]. To
ensure accurate recordings, two reference electrodes (A1 and A2) were positioned on the earlobes, while a ground
electrode was located just above the forehead. Ten-20 paste from Weaver and Company (Aurora, CO, USA) was
used to affix the electrodes securely to the scalp.

The EEG signals were sampled at a frequency of 250 Hz (fs = 250 Hz), and impedance levels were carefully
monitored and maintained within the range of 2–5 kΩ throughout the duration of the experiment. Concurrently,
electromyography (EMG) signals were recorded from the forearm using the same acquisition hardware to validate
the accuracy of the epoch segmentation process.

Preprocessing of the raw EEG data involved several steps. Initially, a 50 Hz Notch filter was applied to attenuate
power line interference. Subsequently, a 5th-order Butterworth filter was used to implement bandpass filtering,
restricting the frequency range to 1-100 Hz to eliminate low-frequency artifacts. The removal of eye and cardiac
artifacts was accomplished through the application of independent component analysis (ICA) [21]. Following
artifact removal, the recorded epochs were subjected to manual inspection, and any remaining artifacts were
meticulously corrected. Epochs that were deemed unusable due to substantial muscular artifacts were manually
excluded from the dataset.

The EEG signals were divided into four conditions according to the combinations of laterality and age conditions:
YA LH, YA RH, EA LH, and EA RH. Each epoch was ten seconds long and included 2 s of baseline and 8 s of
motor-related activity. Finally, each condition set had at least 15 epochs.

We performed the preprocessing steps using the MNE package for Python [22].

2.3 Time intervals of interest and frequencies of interest

The considered in this study time intervals of interest (TOIs), corresponding to the motor preparation and ini-
tiation processes, and frequencies of interest (FOIs) are shown in Table 1. We have selected three basic rhythms
(frequency ranges) that are known to be involved in the execution of a movement. The choice of TOIs is due to the

Table 1 The studied time intervals of interest (TOIs) and frequencies of interest (FOIs)

Band Central FOI, Hz Pre-stimulus TOI, s Post-stimulus TOI, s Range, Hz

Theta 6 (−2, −0.2) (0.0, 0.5) 4–8

Alpha 11 (−2, −0.2) (0.5, 1.5) 8–14

Beta 22 (−2, −0.2) (0.5, 1.5) 14–30
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known characteristic dynamics of the rhythms. Thus, approximately in the first 0.5 s after the command, there is
synchronization of the theta rhythm, which is then followed by desynchronization in the alpha and beta ranges.

We divided all the epochs into pre- and post-stimulus intervals and truncated them by respecting TOI for
each subject, hand condition, and three frequency bands. In both pre- and post-intervals, we averaged the trials
belonging to the same subject, condition, and frequency band to increase the signal-to-noise ratio (SNR).

2.4 Source-level analysis

In the case of EEG, a source-level activity is determined by the following components:

• EEG signals recorded on the scalp;
• the EEG sensors’ spatial configuration;
• geometrical and electrical characteristics of a head;
• general spatial characteristics of anatomical brain sources.

Consequently, two major steps comprise the source estimation process:

• Forward modeling, which is the estimation of the potential or field distribution for the known source configuration
and the head model;

• Inverse modeling, which is the process of estimating unknown sources that match the recorded EEG.

The whole process of brain source reconstruction is shown in Fig. 1. We utilized FieldTrip Toolbox in MATLAB
[23] for the source-level analysis.

The first step in the source reconstruction process is solving the so-called forward problem by modeling the scalp
potential distribution based on source configuration in a head model. This volume conduction model or head model
is represented in FieldTrip as a structure with electromagnetic properties of the tissue. It represents the head’s
geometry, the tissue’s conductivity, and its mathematical parameters. Deriving these parameters depends on a
computational approach to forward modeling. We used the Boundary Element Method (BEM) as such method
due to its computational effectivity. BEM tries to fit boundary values into the integral equation using the specified
boundary conditions represented by tissue-to-tissue interfaces rather than values across the whole space defined by
a partial differential equation. The integral equation can then be employed to numerically calculate the solution
directly at any specified location inside the solution domain. Therefore, given the information about head surfaces
that act like boundaries in BEM solution, this method provides electromagnetic characteristics of the interface
between head skin, skull, and brain similar to the real one. We used symmetric BEM approach implemented in
OpenMEEG software [24] to generate a conductivity model. As a result, we got a triangulated mesh data structure
with conductivity value for each surface and a matrix used for the volume conduction model.

Due to a lack of MRI resources, we used the one template MRI representation of the head model for all subjects.
This model [25] was developed as a semi-realistic head model that provides accurate information about the brain-
skull interface and generalizes human head properties. As a result of MRI segmentation process, we received a
description of each surface represented in coordinates of voxels and its belonging to one of the three tissue types
(brain, skull, or scalp) and received structures of each surface represented by coordinates of vertices connected in
a triangular way.

We used Nz, LPA, and RPA electrodes as MRI landmarks positions to align electrodes in CTF coordinates of
anatomical MRI. As a result, we got electrodes placed in the needed positions regarding the head model.

We applied sLORETA as the technique for an inverse solution because it was identified as the best one in terms
of both localization error and computational cost. As a result, we computed a spatial filter and estimated the
power amplitude of the sources at each point in the head volumes for every (subject, condition, frequency band)
combination. We normalized the post-stimulus source power distributions with the baseline (pre-stimulus) time
interval using “percent” mode, i.e., subtracting the mean of the baseline values followed by dividing by the mean
of baseline values.

2.5 Statistical analysis

We analyzed power distributions of identified sources and compared source activity for EA and YA groups in
the same conditions (RH and LH). Therefore, the so-called between-subject design on independent samples was
utilized.

While performing statistical analysis of EEG data, one always has to deal with multiple comparisons problem
(MCP) due to its multidimensional structure. In our case, we have vast arrays of estimated source power for each
subject. Moreover, such arrays represent voxels arranged in a head volume with their own spatial organization.
The MCP emerges from a vast number of pairwise comparisons of power in such voxels.
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Table 2 Results of the source-level statistical analysis for the clusters with maximal significance for each group, condition,
and frequency band

Theta Alpha Beta

YA vs EA, RH condition

Cluster p value 0.14 0.22 0.24

Cluster t value sum −800.3 −525.7 507.7

YA vs EA, LH condition

Cluster p value 0.36 0.23 0.217

Cluster t value sum 188.9 −632.97 708.2

RH vs LH, YA group

Cluster p value 0.14 – –

Cluster t value sum −1097.7 – –

RH vs LH, EA group

Cluster p value – – –

Cluster t value sum – – –

While many solutions help to deal with MCP [26], due to the spatial organization of data being under comparison,
the so-called Monte Carlo approach is an appropriate solution for this case [27]. The Monte Carlo technique solves
MCP by calculating cluster statistics and identifying the significance of a particular cluster.

Another statistical technique we employ is the significance testing of source power estimation at a point. For
this purpose, the point of maximum significance should be chosen in the cluster of interest. Then, all the source
power values of all subjects in a particular condition (LH or RH) at that point are sampled. In that way, we obtain
typical one-dimensional arrays for both EA and YA groups, on which we perform standard significance testing —
t test.

Also, we built a linear regression model for the points of maximum significance and calculated Pearson correlation
coefficient between power amplitude and the subject’s age.

3 Results

The Table 2 contains the results of statistical analysis of source-level data for different groups, conditions, and
frequency bands. There are no significant differences for all the (group, condition, frequency)-combinations. The
most significant difference underlies the right-hand activity in the theta band of the YA and EA groups and the
activity of the YA group in the theta band in RH and LH conditions. For the (YA vs. EA, RH, theta) comparison,
there were two clusters with almost identical p-values (0.14 and 0.15). Moreover, in this case, the most significant
point belonged to the second cluster. So that, we took into consideration both clusters for the (YA vs. EA, RH,
theta) condition. All the visualizations for these three clusters are presented in Fig. 2.

We performed a point-wise analysis of the power amplitudes of points with the most significant difference among
the three clusters. We discovered a significant difference in the power amplitudes between groups (for the first two
clusters EA vs. YA, RH condition) and conditions (YA, RH vs. LH). Boxplots visualizing the differences between
groups (EA vs. YA, RH condition), scatter plots, and the lines obtained in the regression analysis between the
cluster power and age are presented in Fig. 3 for the first two clusters. Boxplot visualizing the differences between
the conditions (RH vs. LH, YA) is presented in Fig. 4. In the Table 3, we demonstrated the results of the significance
and correlation analysis.

4 Discussion

Although we did not find any significant differences in the sources’ power distributions, it is important to look
at and interpret activity in the brain regions in which the maximum difference between groups/conditions was
observed. As for the difference in source activation between EA and YA groups using the right hand, the brain
activity in the theta band of the EA group was broader and had higher amplitude in the prefrontal cortex. These
findings confirm the results in [14] about the increased amplitude of activity of elderly adults in the theta band,
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Fig. 2 Ortho-representations (left) and slice representations (right) for: A – the first most significant cluster, YA vs. EA,
RH condition, theta band; the point of maximal significance is in the right middle frontal gyrus. B – the second most
significant cluster YA vs. EA, RH condition, theta band; the point of maximal significance is in the right orbitofrontal
cortex. C – the third most significant cluster RH vs. LH, YA group, theta band; the point of maximal significance is in the
right middle frontal gyrus
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Fig. 3 Boxplots for means comparison (Left), scatter plots, and the lines obtained in the regression analysis between the
age and cluster power (Right) for the points of maximal significance: A – right middle frontal gyrus from Cluster 1; B –
orbitofrontal cortex from Cluster 2. The clusters were obtained in the YA vs. EA test for the RH condition, theta band.
“**” denote statistically significant differences with p < 0.003

Fig. 4 Boxplot for means comparison for the point of maximal significance (right middle frontal gyrus) from Cluster 3
obtained in the LH vs. RH test for the YA group, theta band. “*” denotes statistically significant difference with p = 0.0125

in particular, about the strong connectivity of this area with the motor cortex. Thus, the data at the source level
broaden the understanding of the differences in the nature of motor initiation in elderly and young adults.

Moreover, the complete absence of significant clusters when comparing the source activity in the theta band
of elderly adults in the right- and left-handed motor task and the same significance level of differences in the
case of (YA vs. EA, RH condition, theta band) and (YA, RH vs. LH, theta band) confirm assumptions about
the age-related deterioration of motor function and so-called developed ambidexterity in elderly adults in many
previous studies [4, 28]. The results demonstrated in [29] explain this effect by use-dependent plasticity: due to
sedentary lifestyles and reduced motor activity in old age, the standard networks used for motor activity degrade.
Thus, a compensatory mechanism is formed that engages and reorganizes the networks not typical for a motor
activity to maintain motor function in the elderly.

The most significant area in the second cluster, the orbitofrontal cortex, which is part of the prefrontal cortex,
is precisely one of the uncharacteristic areas of the brain for motor activity, and it is also one of the hubs of the
central execution network (CEN). The CEN, in turn, is responsible for decision-making, controlled processing,
and the integration of information from other brain networks. Also, the region of the most significance in the first
cluster, the right middle frontal gyrus, is responsible for attention and its reorienting [30]. Thus, motor activity in
the elderly creates stronger and broader connectivity of different brain networks, is modulated by CEN to maintain
their connectivity, and requires a more conscious inclusion and attention in performing a motor task. Moreover, a
recent study [31] has shown that CEN is greatly influenced by a normal aging process and represents a significant
marker of aging, which also supports these findings.

The difference in amplitude of activity at the source level across groups of different ages in both clusters, as well
as between the right and left hands of young adults, is the first important conclusion that emerges from the point-
wise analysis. Since we normalized data as the difference between post-stimulus and pre-stimulus activity divided
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Table 3 Point-level statistics results – two-paired p-value, Pearson correlation coefficient (r), and p-value (p) of correlations
between the power amplitude and age

Cluster # p value EA & YA – r, p

1 0.0096 0.537, 0.014

2 0.0029 0.67, 0.0012

3 0.0125 –

by pre-stimulus activity, this distinction indicates that the source power increased in the case of elderly people,
while for younger people, it decreased in contrast. Thus, there was theta-synchronization after the stimulus in the
EA group, and in YA one, there was observed theta-desynchronization. These findings also prove our conclusions
about more concentration and attention involved in the brain activity of elderly people and the non-dominant
hand-using condition of young people. Both these cases are comparable in terms of power, which also allows
assuming developed ambidexterity to be the reason for the observed effect.

Another notable effect is the revealed correlation between the age of the subjects and the power at the points
of the most significant difference. In both clusters from comparing EA and YA groups in RH condition, there is a
significant correlation between age and source power for merged YA and EA groups. These findings support the
conclusion about increased theta activity in elderly adults and extend it by introducing the dependency coefficient
between age and source power.

The main limitation of the study is the data used for analysis. Although the sample sizes and the number of
channels in the EEG were sufficient to detect significant differences at the sensor level, the source reconstruction
procedure is more demanding. Another limitation is that we used a universal anatomical MRI model for all
subjects, which also affected the accuracy of source reconstruction due to not considering the anatomical features
of the subjects’ heads.

5 Conclusion

This study aimed to extend our knowledge about age-related alternations in motor planning. We carried out
EEG source-level analysis and studied the markers of age-related changes. We analyzed activity in three different
frequency bands. In analysis, we compared the sources in older and young adults at different laterality of the
motor task, provided its anatomical visualization and interpretation of mechanisms implying these differences.
However, we found no statistically significant difference comparing subjects between the groups, hand laterality,
and frequency ranges using cluster-based statistics. Nevertheless, we compared the most significant points in the
clusters in young and older adults using the right hand in the task for more sophisticated analysis. This analysis
revealed a significant correlation between source power in the theta range and the age of the subjects.
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