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� Skill acquisition and consolidation, but not interlimb transfer, are intact in older adults.
� Unilateral practice increases ipsilateral primary motor cortex (M1)-related coherence in older adults.
� Motor practice modulates the relationship between M1-related coherence and learning in older

adults.

a b s t r a c t

Objective: Age-related differences in neural strategies for motor learning are not fully understood. We
determined the effects of age on the relationship between motor network connectivity and motor skill
acquisition, consolidation, and interlimb transfer using dynamic imaging of coherent sources.
Methods: Healthy younger (n = 24, 18–24 y) and older (n = 24, 65–87 y) adults unilaterally practiced a
visuomotor task and resting-state electroencephalographic data was acquired before and after practice
as well as at retention.
Results: The results showed that right-hand skill acquisition and consolidation did not differ between age
groups. However, age affected the ability to transfer the newly acquired motor skill to the non-practiced
limb. Moreover, strengthened left- and right-primary motor cortex-related beta connectivity was nega-
tively and positively associated with right-hand skill acquisition and left-hand skill consolidation in older
adults, respectively.
Conclusion: Age-dependent modulations of bilateral resting-state motor network connectivity indicate
age-specific strategies for the acquisition, consolidation, and interlimb transfer of novel motor tasks.
Significance: The present results provide insights into the mechanisms underlying motor learning that
are important for the development of interventions for patients with unilateral injuries.

� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

The decline in motor performance during physiological aging
(Berghuis et al., 2016; Brown et al., 2009; Mary et al., 2017a) is
accompanied by structural, functional, and neurochemical changes
in the brain (Seidler et al., 2010). Yet, the capacity to acquire unfa-
miliar motor skills is not necessarily compromised. Indeed, it has
been shown that compared to young adults, older individuals have
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lower (Anguera et al., 2010; Bo et al., 2011; Coats et al., 2014; Raz
et al., 2000; Rueda-Delgado et al., 2019; Swinnen et al., 1998;
Zimerman et al., 2013), similar (Berghuis et al., 2016, 2019;
Cirillo et al., 2011), or even higher (Anshel, 1978; Brown et al.,
2009) learning rates. Following skill acquisition, fragile memory
traces become more stable motor memories, evidenced on the
behavioral level through performance stabilization or enhance-
ment (Robertson et al., 2004). While such motor memory consoli-
dation processes are generally observed in young adults (Brown
et al., 2009; Nemeth and Janacsek, 2010), evidence in older adults
is more ambiguous showing both decreased (Fogel et al., 2014) and
stabilized (Berghuis et al., 2016) performance after the offline, i.e.,
no-practice, period [see (King et al., 2017) for a review].

Whereas healthy aging not necessarily affects the magnitude of
skill acquisition and consolidation, imaging data suggest that the
use-dependent neuronal plasticity underlying motor learning is
age-specific (Berghuis et al., 2016, 2019; Mary et al., 2017b,
2017a; Rueda-Delgado et al., 2019). Age-related adaptations often
include greater and bilateral cortical recruitment during the execu-
tion and acquisition of unilateral motor skills [e.g. (Berghuis et al.,
2019; Ward et al., 2008)]. These data tend to favor the Hemispheric
Asymmetry Reduction in Older Adults (HAROLD) model (Carbeza,
2002), which suggests that the age-dependent reorganization in
brain activation is compensatory in order to minimize motor defi-
cits and preserve motor flexibility. At the network level, white
matter integrity between bilateral primary and secondary motor
areas decreases with age (Schulz et al., 2014). Moreover, decreases
in structural connectivity are related to increased functional con-
nectivity that may be maladaptive, as the latter increases connec-
tivity but can also be associated with poorer motor performance,
skill acquisition, and skill consolidation at a 30-min retention
interval (Babaeeghazvini et al., 2019; Mary et al., 2017b, 2017a).
However, because brain activation patterns change beyond this
30-min interval following skill acquisition (Shadmehr, 1997), there
is a need to extend these data and relate the age-related changes in
motor network connectivity to motor memory consolidation mea-
sured at longer retention intervals.

In addition to the practice effects in the trained limb, the trans-
fer of the acquired skill to the non-practice limb also provides
insights into motor flexibility, as it reflects the spatial specificity
of plasticity. The magnitude of interlimb transfer varies with age
evidenced by reduced (Krishnan et al., 2018), similar (Dickins
et al., 2015; Hester et al., 2019b) or even greater interlimb transfer
(Graziadio et al., 2015) in older compared to younger adults. In
young adults, magnetic stimulation studies attributed interlimb
transfer to synaptic adaptations in the primary motor cortex
(M1) ipsilateral to the practiced limb (Hortobágyi et al., 2011;
Lee and Carroll, 2007; Nojima et al., 2012; Perez et al., 2007a;
Veldman et al., 2015). Yet, while conceptually and clinically rele-
vant for older adults who suffered a stroke or orthopedic injury
(DeLuca et al., 2017; Dragert and Zehr, 2013; Ehrensberger et al.,
2016; Kim et al., 2015; Liao et al., 2019; Manca et al., 2017,
2016; Sun et al., 2018; Urbin et al., 2015; Zult et al., 2016), the neu-
ral underpinnings of interlimb transfer at the network level have
not been examined in the context of aging.

Therefore, the aim of the present study was to determine for the
first time the effects of age on motor skill acquisition, consolida-
tion, and interlimb transfer in relation to the changes in resting-
state motor network connectivity that occur during in the motor
learning process. To that end, we examined bilateral motor perfor-
mance and resting-state motor network connectivity using a
dynamic imaging of coherent sources (DICS) beamformer analysis
approach before, after, and at 24-hour retention following unilat-
eral motor practice. We focused our analyses on the beta rhythm
that has been associated with motor learning processes in young
and older adults (Mary et al., 2017b; Pollok et al., 2014; Sugata
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et al., 2020; Wu et al., 2014), although its role in consolidation
processes is still under debate (Espenhahn et al., 2019). This
approach allowed us to determine the relationship between motor
learning and cortical networks connected with the regions of inter-
est [i.e., the primary motor cortex (M1)] for skill acquisition, con-
solidation, and interlimb transfer. The absence of age-related
declines in learning rates (Anshel, 1978; Berghuis et al., 2016,
2019; Brown et al., 2009; Cirillo et al., 2011), notwithstanding
the age-typical decreases in white matter integrity and structural
connectivity [e.g., (Schulz et al., 2014)] and changes in brain activ-
ity (Berghuis et al., 2019), collectively suggest the operation of
compensatory mechanisms to counteract age-related structural
declines. Therefore, we surmise that older adults use different neu-
ral strategies to achieve young-like motor learning. Specifically, we
hypothesized that (1) the acquisition, consolidation, and interlimb
transfer of a novel motor skill would be characterized by age-
specific higher connectivity of bilateral motor networks and (2)
that the modulation of motor network-related connectivity would
be related to the changes in performance observed after the prac-
tice and consolidation interval.
2. Methods

2.1. Participants

The 48 young (n = 24, 10 males, 18–24 y) and older (n = 24, 11
males, 65–87 y) participants were healthy and right-handed
(Oldfield, 1971; Rossi et al., 2009), had no history of neurological
or psychological conditions nor took medication that affected the
functioning of the nervous system. Intact global cognitive function
of the older adults was verified with the mini mental state exam-
ination [MMSE (Folstein et al., 1975); individuals with a score
lower than 26 were excluded]. The Medical Ethical Committee of
the University Medical Center Groningen approved the study pro-
tocol, which was conducted according to the declaration of Hel-
sinki (2013) and registered in the Dutch trial register (NL5484).
Data from the young participants were used in a previous study
(Veldman et al., 2018). They were re-analyzed and compared with
new data collected in older adults. All participants provided writ-
ten informed consent before participation in the study protocol.
Table 1 provides an overview of the participant characteristics.
2.2. Experimental design

Participants were randomly assigned to one of two experimen-
tal groups either performing a 15-min motor practice intervention
(motor practice group (MPG); n = 12 for each age group) or resting
for 15 min (Control group (COG); n = 12 for each age group). The
control group was included to isolate the effects of the 15-min
practice intervention irrespective of the behavioral testing. On
the first of two visits on consecutive days (starting between 9AM
and 3PM), electroencephalography (EEG) baseline measures were
obtained and participants were familiarized with and tested on
the visuomotor task executed with each hand, separately. Immedi-
ately (between 11AM and 5PM; Day 1) and 24 hours (±1 hour of
baseline testing; Day 2) after the intervention, the baseline mea-
sures were repeated to determine the immediate and delayed
effects of visuomotor practice on motor performance and neuronal
plasticity in all participants. Because sleep influences motor mem-
ory consolidation [for a review, see (King et al. 2017)], we mea-
sured the quality and quantity of sleep of the night in between
the two sessions using an adapted version of the Pittsburgh Sleep
Inventory (PSQI) on Day 2 (Buysse et al., 1989). Fig. 1A provides
a schematic overview of the experimental design.



Table 1
Participant characteristics.

Older Young

MPG COG MPG COG

Age (y) 70.1 (2.1) 72.3 (1.3) 21.0 (0.5) 20.7 (0.4)
Gender (M/F) 5/7 6/6 5/7 5/7
BMI 27.0 (1.6) 26.0 (0.9) 21.8 (0.5) 24.1 (1.3)
MMSE 28.6 (1.1) 29.5 (1.0)
PSQI 6.4 (4.5) 4.3 (3.2) 3.7 (1.4) 4.3 (2.6)

Values are mean (±standard deviation). BMI, body mass index; COG, control group; MPG, motor practice group; MMSE, mini mental state examination; PSQI, Pittsburgh Sleep
Quality Index.

Fig. 1. Experimental design. Schematic overview of the experimental design (A)
and visuomotor task (B). Resting-state electroencephalography (EEG) was acquired
before and after (Day 1) as well as 24 hours after (Day 2) practicing a visuomotor
task. The visuomotor task consisted of following a template using right- and left-
wrist flexion and extension movements.
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2.3. Visuomotor skill testing

Participants sat 0.9 m in front of a computer monitor with the
hand performing the task comfortably fixed in a foam-padded
manipulandum so that only the wrist could move. The resting hand
was placed on the ipsilateral knee and both knees were flexed 90�.
To determine visuomotor performance, participants performed the
task using 12 templates with both the right and left hand that con-
sisted of complex sinusoid waveforms. The testing of visuomotor
performance in the right and left hand occurred in a blocked fash-
ion and the participants were verbally instructed which hand to
use. Before the start of the experiment, a pool of 32 templates
was created in which each of the 32 templates consisted of the
sum of 10 sine waves with pseudorandom amplitude and fre-
quency resulting in a set of 32 unique templates. Twelve of these
templates were used for performance testing and the other 20
templates were used for the practice intervention. As such, partic-
ipants were not tested on the templates that they practiced and
thus not tested on the extent to which they were able to acquire
new motor memory traces but rather on the ability to track sinu-
soid templates. The templates progressed on the monitor from left
to right at a fixed speed, ranging from 3.3 to 4.0 cm/s with an
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average duration of five seconds. The templates were displayed
in white over a sharp blue background. Participants were
instructed to track these templates as accurately as possible by
flexing and extending the wrist in the transverse plane in order
to move the cursor downward and upward, respectively. We opted
to use movements in the transversal plane to move the cursor in
the sagittal plane to increase the difficulty of the task and thereby
increase the room for improvement on task performance. The tem-
plates were scaled to the participants’ range of motion. Impor-
tantly, both young and older adults used the exact same
templates for performance testing and motor practice. The position
data were sampled at 100 Hz. Fig. 1B provides a schematic over-
view of the task setup.
2.4. Motor practice and control intervention

The motor practice intervention was designed to improve par-
ticipants’ ability to accurately track the sinusoid templates. Partic-
ipants performed three blocks of 60 trials (every trial was started
manually to make sure the participant was in the starting position,
but there were no more than 2 s between trials) with the right
hand only with 2 min of rest between blocks. The test templates
were different from the training templates. In each block, 20
unique templates were repeated three times and consistent with
the contextual interference hypothesis (Shea and Morgan, 1979),
the order and template duration were randomized. The 15-min
duration of the motor practice intervention allowed us to examine
the initial phase of skill acquisition and interlimb transfer and
avoid ceiling effects or early consolidation effects in the posttest
on Day 1.

The control intervention was identical to the motor practice
intervention except that the participants in COG did not move their
wrist and practiced the tracking skill for 15 min. The comparison
between the motor practice and control intervention therefore
allowed us to examine the effect of practicing a visuomotor skill.
2.5. EEG recording

Resting-state EEG data were recorded in a shielded room using
a 64-channel ANT waveguard EEG cap placed on the scalp accord-
ing to the international 10–10 system (ANT Neuro, Enschede, The
Netherlands). Data were recorded at 2048 Hz with an average ref-
erence. In addition, we recorded horizontal and vertical electro-
oculogram and bilateral mastoid activity for offline eye-
movement artifact rejection and re-referencing, respectively. The
impedance was kept below 10 kO for all electrodes throughout
the experiment. EEG data were acquired for three minutes while
the participants sat with the hands resting on the anterior thighs
and gazed slightly downward at a fixation cross, and to avoid
blinking, chewing, and swallowing.
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2.6. Data analysis

2.6.1. Analysis of motor performance
Behavioral data in three older participants (one in MPG, two in

COG) were compromised and excluded from the analyses. Motor
performance for both hands was quantified as the mean absolute
deviation between the target template and participants’ cursor in
the vertical direction. This procedure was repeated for the twelve
trials in each hand and the average of twelve trials for the pre, post,
and retention tests was used as a measure of motor performance.
Difference scores between pre- and post-test and between post-
and retention-test were computed as a measure of skill acquisition
and consolidation, respectively, for the right- and left hand,
separately.

2.6.2. Analysis of EEG data
EEG were exported from the acquisition software (Eemagine

Medical Imaging solutions GmbH, Berlin, Germany) to a custom
Matlab code for analysis (The Mathworks, Natick, Massachusetts,
USA, version 2017b). The preprocessing and analysis of EEG data
was performed using the open-source FieldTrip toolbox
(Oostenveld et al., 2011) and in accordance with recent guidelines
(Pernet et al., 2020). Continuous resting-state EEG data were
cleaned from line noise, detrended, low-pass filtered (6th order
Butterworth; 70 Hz, 36 dB/octave), and segmented into non-
overlapping 1-s-epochs before the application of independent
component analysis (Delorme et al., 2007). The components were
visually inspected regarding their amplitude topography and time
series, and those containing eye, muscle, or cardiac artifacts, or
artifacts that occurred in only one channel, were projected out of
the EEG data. To perform a quality check, we transformed the pre-
processed data to the frequency domain using the multitaper Fast
Fourier Transformation with a 10% Hanning window, resulting in a
1 Hz frequency resolution. We focused on frequencies from 8 to
30 Hz (i.e., covering the alpha and beta frequency ranges). In this
manner, we were able to examine whether effects of age generally
observed in EEG power [e.g., (Scally et al., 2018; Voytek et al.,
2015)] were present in our data. For the DICS analysis, artifact-
free data were filtered in the beta frequency range (13–30 Hz).
We limited the analyses to neural oscillations in the beta frequency
range, as they are known to be involved in sensorimotor processing
and motor learning (Bhatt et al., 2016; Pfurtscheller and Lopes,
1999; Pollok et al., 2014; Rossiter et al., 2014; Sugata et al.,
2020; Veldman et al., 2018; Wu et al., 2014). For the definition of
the source space, we used a generic magnetic resonance imaging
template available in Fieldtrip with a 5 mm voxel size, which
was segmented and resliced using SPM12 (Wellcome Centre for
Human Neuroimaging, London, UK). A headmodel consisting of
three layers (brain, skull, and scalp) was constructed to serve as
a grid for the leadfield matrix during subsequent source localiza-
tion. We used standard conductivity values for the three layers
included in the headmodel: 0.33 S/m for the brain and scalp, and
0.0042 S/m for the skull. Because the primary aim of this study
was to identify the role of connectivity in the acquisition, consoli-
dation, and interlimb transfer of a visuomotor skill, we performed
DICS beamformer analysis on the resting-state data in the beta fre-
quency range, which is instrumental in visuomotor learning (Gross
et al., 2001; Veldman et al., 2018; Wu et al., 2014). The DICS
method uses adaptive spatial filters to relate the electrical activity
measured at the scalp to the underlying neural activity with a high
spatial resolution (Greenblatt et al., 2005; Sekihara et al., 2005).
Because connectivity within the motor network correlates with
skill acquisition and consolidation following unilateral motor prac-
tice (Sugata et al., 2020; Veldman et al., 2018; Wu et al., 2014), we
designed our analysis to compute whole-brain connectivity with a-
priori specified regions of interest (left M1 and right M1) that were
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used as seeds for the connectivity analysis via a two-step process.
In step 1, we reconstructed the power distribution across the brain
using DICS and extracted participant-specific coordinates of maxi-
mal power in the regions of interest that were anatomically
defined according to the Automated Anatomical Labeling atlas
available in Fieldtrip similar to a previous report (Sugata et al.,
2020). In step 2, these coordinates were used as the locations for
the reference dipole (i.e., seed) for the calculation of the sources
of coherence with the regions of interest across the brain (i.e.,
between all other voxels and the reference voxel), again performed
with DICS. In both steps, we used a 1% regularization factor on the
pre-produced grid that was aligned to a structural image. To differ-
entiate between the within-session skill acquisition phase and the
between-session consolidation phase of motor learning (Robertson
et al., 2004) and examine the changes in coherence during these
phases, the reconstructed coherence was contrasted between Pre
and Post [(Post – Pre) / Pre] and between Post and Retention
[(Retention – Post) / Post] for each seed-voxel pair, respectively.
Subsequently, the contrasted coherence was averaged across par-
ticipants within age- and intervention-groups after Z-
transformation (i.e., Z-transformation was performed within-
subject). This approach allowed us to derive bilateral M1-related
connectivity from data recorded with high temporal resolution in
order to obtain novel and complementary insights as compared
to those provided by transcranial magnetic stimulation and func-
tional magnetic resonance imaging studies (Hortobágyi et al.,
2011; Nojima et al., 2012; Perez et al., 2007b). As readouts of plas-
ticity in the left and right M1 following unimanual motor practice,
we examined whether these regions became connected with an
increasing number of regions (i.e., voxels; total coherence com-
puted as the sum of the extracted coherence values), whether
the average strength of new and existing connections increased
(average coherence, computed as the total coherence divided by
the number of coherence values), whether the maximal coherence
increased, or a combination of these measures. These measures
were extracted from pre, post, and retention tests as well as from
the contrasted and transformed source coherence before proceed-
ing to the statistical analyses.

2.7. Statistical analysis

Statistical analyses were performed in SPSS version 25.0. First,
normality of the data was checked by using the Shapiro-Wilk test
and non-parametric equivalents of parametric tests were used if
the assumption of normality was violated.

Independent sample t-tests were used to examine there were
differences between age and intervention groups in terms of
demographic variables, baseline motor performance, and baseline
coherence. On raw behavioral data (i.e., error) as well as the aver-
age and total left- and right M1 -related coherence, we performed
repeated measures ANOVA with repeated measures on Time (pre
Day 1, post Day 1, Day 2). Age (Young vs. Old) and Intervention
(MPG vs. COG) were included as between-subject factors.
Greenhouse-Geisser correction was applied when the assumption
of sphericity was violated and partial eta-squared (gp2) was used
as a measure of effect size, where 0.01 is considered small, 0.06
medium, and >0.14 as large. Given the evidence that the acquisi-
tion and consolidation of motor skills are supported by separate
processes (Floyer-Lea and Matthews, 2005), we ran separate
repeated measures ANOVA’s for pre-post and post-retention time
points. Because the distributions of average and maximal connec-
tivity (see Section 2.6) did not meet the assumption of normality
for parametric tests, we performed non-parametric Independent
Samples Mann-Whitney U tests to examine whether the change
in coherence (Z-transformed, see Section 2.6) differed between
Age and Intervention groups. Finally, we performed Spearman
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correlation analysis to examine the relationship between
behavioral and neurophysiological data. The false discovery rate
(FDR) (Benjamini and Hochberg, 1995) was adopted to control
for multiple comparisons. To reduce the number of comparisons,
the correlation analyses were driven by the results of the ANOVAs.
As such, the number of comparisons for each family of hypothesis
was (1) four comparisons to test the relationship between skill
acquisition and consolidation in the right and left hand for the
MPG and COG, (2) four comparisons for the relationship between
maximal left-M1-related coherence and right-hand skill acquisi-
tion and (3) four comparisons to test the relationship between
average right-M1-related coherence and left-hand skill acquisition
and consolidation. Finally, Fischer’s r to z transformation was used
to compare correlation coefficients between intervention and con-
trol groups. All data are reported as means ± standard deviations
and significance level was set at a = 0.05 (two-sided).
Fig. 2. Motor learning. Motor performance before (Day 1 pre), after (Day 1 post),
and 24 hours after (Day 2) motor practice (motor practice group, MPG) in a
3. Results

Within age groups, there were no differences between MPG and
COG in terms of age (Older adults: t(21) = �0.944, p = 0.356; young
adults: t(22) = 0.528, p = 0.603) and MMSE scores (Older adults:
t(21) = �1.954, p = 0.064). Older and young adults reported similar
quality of sleep as assessed by the PSQI questionnaire (v2

(1) = 0.582,
p = 0.446). Older adults’ motor performance at baseline was similar
to young adults’ motor performance in the dominant right hand
(20.5 vs. 19.3; t(46) = 1.2, p = 0.251) but motor performance was
worse in the non-dominant left hand (22.6 vs. 20.6; t(46) = 2.1,
p = 0.037). There were no differences at baseline between the MPG
and COG within and across age groups (all p > 0.05).
visuomotor task or resting for an equivalent amount of time (control group, COG) in
the right hand (RH; panel A) and left hand (LH; panel B). Motor performance,
quantified as the mean absolute deviation from the preprogrammed template,
improved in both hands (*, Time main effect, p < 0.05). Right-hand motor
performance improved more in MPG compared to COG in the right hand (y, Group
by Time interaction, p < 0.05). Left hand motor performance improved more in
young vs. older adults and more in MPG group compared to COG (y, Group by Age
interaction, p < 0.05). Error bars denote +1 and �1 SEM.
3.1. Behavioral data

3.1.1. Right-hand skill acquisition and consolidation
To examine right-hand skill acquisition and consolidation in

young and older adults after a right-handed practice intervention,
we performed a 3 (Time: pre vs. post vs. retention) by 2 (Interven-
tion: MPG vs. COG) by 2 (Young vs. Old) repeated measures ANOVA
on dominant right-hand motor performance. The results showed
that right-hand motor performance increased across age and inter-
vention groups over the three time points (Time: F(2, 86) = 46.2,
gp2 = 0.518, p < 0.001; Fig. 2A). Post-hoc analyses revealed that
motor performance increased from pre to post (t46 = 9.308,
p < 0.001) and decreased from post to retention (t46 = �3.258,
p = 0.002). Moreover, performance was superior for younger vs.
older adults (Age: F(1, 43) = 7.1, gp2 = 0.141, p = 0.011) and perfor-
mance across the three time points was better in MPG as compared
to COG (Group: F(1, 43) = 5.2, gp2 = 0.108, p = 0.027). In addition to
these main effects, we observed a significant Intervention by Time
interaction (F(2, 86) = 3.3, gp2 = 0.092, p = 0.016). Follow-up two
(Time: pre vs. post and post vs. retention) by two (Intervention:
MPG vs. COG) repeated measures ANOVAs revealed that the MPG
group improved more from pre to post as compared to COG (4.7
vs. 2.5%; F(1,45) = 10.3, gp2 = 0.187, p = 0.002) but that there were
no differences from post to retention between the two intervention
groups (F(1, 45) = 0.3, gp2 = 0.028, p = 0.262). There were no Age by
Time (F2, 86 = 2.8, gp2 = 0.062, p = 0.064), Age by Intervention (F(1,
43) = 0.9, gp2 = 0.020, p = 0.358) or Intervention by Age by Time inter-
actions (F(2, 86) = 1.8, gp2 = 0.039, p = 0.179). Follow-up multivariate
tests on change scores confirmed the analyses above and revealed
that the Intervention by Time interaction was predominantly dri-
ven by differences in skill improvements between MPG and COG
on Day 1 (F(1, 43) = 10.2, gp2 = 0.192, p = 0.003) but not Day 2 (F(1,
43) = 1.4, gp2 = 0.032, p = 0.241). Together, these results suggest that
motor practice improved right-hand motor performance in the
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trained right hand measured on the same day as compared to a
control intervention.
3.1.2. Interlimb transfer
To examine whether a right-handed practice intervention

caused interlimb transfer to the non-trained left hand, we per-
formed a similar statistical model as in the right hand to left-
hand motor performance. Similar to the right-dominant practice
hand, non-dominant left-hand motor performance in young and
older adults improved by over time across age and intervention
groups as indicated by a main effect of Time (F(2, 86) = 13.5,
gp2 = 0.238, p < 0.001; Fig. 2B). Post-hoc analyses revealed that
left-hand motor performance increased from pre to post
(t46 = 4.1, p < 0.001) and remained stable from post to retention
(t46 = 1.5, p = 0.144). Across intervention groups and time points,
young adults showed superior non-dominant left hand motor per-
formance as indicated by a main effect of Age (F(1, 43) = 9.6,
gp2 = 0.074, p = 0.003). There were no Time by Intervention (F(2,
86) = 2.1, gp2 = 0.046, p = 0.130), Time by Age (F(2, 86) = 0.8,
gp2 = 0.018, p = 0.434), or Time by Intervention by Age interactions
(F(2, 86) = 1.2, gp2 = 0.026, p = 0.317). However, there was an Inter-
vention by Age interaction (F(1, 43) = 3.5, gp2 = 0.074, p = 0.035).
Post-hoc paired t-tests revealed that young adults in the MPG
showed interlimb transfer from pre to post (t(11) = 5.4, p < 0.001)
but that there was no significant interlimb transfer from pre to
post in the young COG (t(11) = 2.1, p = 0.064), old MPG (t(11) = 1.0,



Fig. 3. Time-courses of coherence. Total coherence with the left primary motor
cortex (LM1; panel A) and right primary motor cortex (RM1, panel B) before (Day 1
pre), after (Day 1 post), and 24 hours after (Day 2) motor practice (motor practice
group, MPG) in a visuomotor task or resting for an equivalent amount of time
(control group, COG) in the right (A) and left hemisphere (B). There was an effect of
Time (*, p < 0.05), Age (�, p < 0.05), and Group by Time interaction (y, p < 0.05). Error
bars denote + 1 SEM.
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p = 0.345) or old COG (t(11) = 1.3, p = 0.228). Left-hand performance
did not change in any of the groups from post to retention. Collec-
tively, the behavioral data suggest that right-hand motor practice
results in performance improvements in both hands in young
and older adults but that motor performance was worse in older
as compared to young adults. Furthermore, while there were no
significant differences between the improvements as a result of
motor practice between age groups in the trained right hand, inter-
limb transfer to the untrained left hand after motor practice was
larger in young vs. older adults. The behavioral data are summa-
rized in Table 2.

3.2. Connectivity data

As mentioned before (Section 2.6.2: analysis of EEG data), we
performed an initial quality check of the baseline resting-state
EEG data in the two age groups to examine whether our data reveal
effects of age generally observed in EEG power spectra [e.g., (Scally
et al., 2018; Voytek et al., 2015)]. Indeed, the present data confirm
lower alpha (8–12 Hz) peak frequencies and higher beta (13–
30 Hz) power in older vs. young adults. Specifically, the peak alpha
frequency in young vs. older adults, averaged over MPG and COG
groups within each age group, was 9.67 vs. 9.26 Hz, respectively.
Moreover, beta power was higher in older as compared to young
adults (0.556 vs. 0.324 mV2, respectively).

3.2.1. Baseline coherence
First, we checked whether total baseline coherence was similar

between intervention and age groups. A multivariate ANOVA
revealed that within age groups, MPG and COG had similar left-
M1-related coherence (F(1, 44) = 0.1, gp2 = 0.002, p = 0.753) and
right-M1-related coherence (F(1, 44) = 1.0, gp2 = 0.023, p = 0.316).
When comparing baseline coherence between age groups, results
revealed that left-M1-related baseline coherence was higher in
younger compared to older adults (F(1, 44) = 4.5, gp2 = 0.093,
p = 0.040), but there was no age effect on non-dominant right-
M1-related coherence (F(1, 44) = 1.3, gp2 = 0.029, p = 0.257; Fig. 3-
A-B).

3.2.2. Left-MI-related coherence
To examine the effects of right-hand motor practice on left-M1-

related coherence over the skill acquisition interval, we performed
a 2 (Time: pre Day 1 vs. post Day 1) by 2 (Intervention: MPG vs.
COG) by 2 (Age: Young vs. Old) repeated measures ANOVA. Results
revealed that left-M1-related coherence decreased over time (F(1,
42) = 5.3, gp2 = 0.111, p = 0.027; Fig. 3A) and that left-M1-related
coherence was lower in older adults (F(1,42) = 4.4, gp2 = 0.095,
p = 0.042). There were no Time by Intervention (F(1, 42) = 1.7,
gp2 = 0.038, p = 0.206), Time by Age interactions (F(1,42) = 1.6,
gp2 = 0.036, p = 0.214) or Intervention by Age interaction (F(1,
42) = 0.016, gp2 = 0.0, p = 0.901), suggesting that changes in left-
M1-related coherence were independent of Age or Intervention.
However, there was an interaction between Time, Intervention
Table 2
Behavioral data.

Older

MPG

Right hand Pre Day 1 19.9 (3.0)
Post Day 1 16.6 (1.6)
Retention Day 2 19.8 (3.4)

Left hand Pre Day 1 22.8 (3.0)
Post Day 1 22.4 (2.4)
Retention Day 2 21.4 (2.8)

Values are � of errors from the preprogrammed template and presented as mean (±stan
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and Age (F(1, 42) = 5.1, gp2 = 0.109, p = 0.028; Fig. 3A). Follow-up
paired t-tests within age and intervention groups revealed that
the decrease in left_M1-related coherence was significant in the
old MPG (t11 = 3.4, p = 0.006) but not in the old COG (t9 = 0.001,
p = 0.999), young MPG (t11 = 0.024, p = 0.982) or young COG
(t11 = 1.1, p = 0.294).

Because the neural signatures of motor memory consolidation
are different from skill acquisition, we performed a separate 2
(Time: post Day 1 vs. Day 2) by 2 (Intervention: MPG vs. COG) by
2 (Age: Young vs. Old) repeated measures ANOVA. The results
Young

COG MPG COG

21.2 (4.5) 18.8 (4.3) 19.8 (3.2)
18.7 (3.3) 13.3 (3.3) 17.3 (3.1)
19.7 (2.3) 14.2 (4.7) 17.9 (3.1)
22.3 (3.5) 20.0 (4.3) 21.1 (1.7)
21.5 (2.5) 17.7 (4.2) 20.1 (2.5)
21.0 (3.2) 16.9 (3.4) 20.4 (3.4)

dard deviation). MPG, motor practice group; COG, control group.
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indicated that there was no further increase in left-M1-related
coherence in the consolidation phase (F(1, 42) = 0.03, gp2 = 0.001,
p = 0.855). We did also not observe an effect of Intervention (F(1,
42) = 1.319, gp2 = 0.030, p = 0.257), but there was an effect of Age
(F(1, 42) = 6.7, gp2 = 0.138, p = 0.013) again indicating that, across
intervention groups, left-M1-related coherence was lower in older
adults as compared to young adults. None of the interactions
significant (F < 2.426, p > 0.127). Subsequent independent
samples Mann-Whitney U tests on contrasted coherence (see
Section 2.6.2) revealed that the increases in left-M1-related maxi-
mal coherence after motor practice were observed in young
(U = 35.5, p = 0.030) but not in older adults (U = 58.0, p = 0.325)
on Day 1 (Fig. 4A).
3.2.3. Right-M1-related coherence
To examine changes in right-M1-related coherence, a similar

statistical model as for left-M1-related coherence was performed.
The results revealed that over the skill acquisition period, there
were no effects of Time (F(1, 42) = 1.119, gp2 = 0.026, p = 0.296)
and Intervention (F(1, 42) = 0.891, gp2 = 0.021, p = 0.351), but there
was an effect of Age (F(1, 42) = 4.895, gp2 = 0.104, p = 0.032): right-
M1-related coherence was lower in older vs. young adults. There
were no Time by Intervention, Time by Age, or Time by Interven-
tion by Age interactions (F < 3.406, p > 0.072), but there was an
Intervention by Age interaction (F(1, 42) = 6.990, gp2 = 0.143,
p = 0.011) driven by reduced right-M1-related coherence in the
older MPG.

The repeated measures ANOVA over the consolidation interval
revealed no main effects of Time (F(1, 42) = 0.3, gp2 = 0.006,
p = 0.613), Intervention (F(1, 42) = 2.996, gp2 = 0.067, p = 0.091) or
Age (F(1, 42) = 3.3, gp2 = 0.072, p = 0.077; Fig. 3B). However, there
was an Age by Intervention interaction (F(1, 42) = 5.881,
gp2 = 0.123, p = 0.020), driven by decreases and increases in
Fig. 4. Changes in coherence. Contrasted source-reconstructed coherence in the older
(COG) showed an effect of Intervention on Days 1 and 2 for maximal (A) and average (B)
was an effect of Intervention Group on coherence with the right primary motor cortex (RM
effect of Age on maximal coherence, p < 0.05). Error bars denote + 1 SEM.
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right-M1-related coherence in MPG and COG in older adults
while coherence in young adults remained stable. None of the
other interaction effects reached significance (F < 2.003, p > 164).
In addition, independent samples Mann-Whitney U tests on the
contrasted coherence revealed that, in contrast to the statistical
analysis on contrasted coherence in the left hemisphere, motor
practice increased maximal and average right-M1-related coher-
ence in older but not in young adults on Day 1 (U = 22.0,
p = 0.011 vs. U = 90.0, p = 0.319) and between Days 1 and 2
(U = 13.0, p = 0.001 vs. U = 83.5, p = 0.514; Fig. 4C-D).

Collectively, the present results suggest that age mediates
the influence of motor practice on the coherence observed in
both hemispheres. Specifically, maximal and average left-M1-
related coherence increased more in young as compared to
older adults on Days 1 and 2, respectively. In contrast, in
the untrained right hemisphere, right-M1-related coherence
average and maximal increased after motor practice in older
adults.

3.3. Correlation analysis

Within and across age and intervention groups, skill acquisition
in the left and right hand were uncorrelated (all p > 0.05). However,
in MPG (q = 0.547, pFDRcor = 0.028), but not in COG (q = �0.258,
pFDRcor = 0.223; Z = 2.85; p = 0.004), changes in performance for
the right- and left hand on Day 2 were correlated.

3.3.1. Correlations with right-hand motor performance
In older adults, correlation analysis showed that after FDR cor-

rection, increases in right-hand motor performance in MPG were
correlated with reductions in maximal coherence with the left
M1 (q = �0.825, pFDRcor = 0.008), but not in COG (q = 0.534,
pFDRcor = 0.074; Z = 3.75, p = 0.002; Fig. 5A). This relationship was
and young motor practice group (MPG) and in the older and young control group
coherence with the left primary motor cortex (LM1) (*, p < 0.05). Furthermore, there
1) on Days 1 and 2 (C, p < 0.05) driven by increases in coherence in older adults (D,



Fig. 5. Correlation between coherence and motor learning. The scatterplots on the left side of panels A-B show the relationships between right-hand skill acquisition
(panel A) and left-hand skill consolidation (panel B) and changes in coherence with the seed structure (left primary motor cortex (L M1, panel A) and right primary motor
cortex (R M1, panel B)). Continuous lines reflect significant correlations after correction for multiple comparisons (pFDRcor < 0.05) whereas dashed lines reflect non-significant
correlations between coherence and motor learning. Positive scores on the x-axes reflect improvements in performance in the motor practice group (MPG) and control group
(COG). The figures on the right sides of in panels A-B show the reconstructed source coherence in a representative participant from the motor practice group. Warmer colors
reflect greater strengthening of coherence ranging from 0.2 to 1.2.
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specific to older adults, as these correlations were absent in young
adults (MPG: q = 0.018, pFDRcor = 0.478; COG: q = 0.074,
pFDRcor = 0.553). Skill consolidation in the right hand on Day 2 in
young adults was positively correlated with the increases in aver-
age left-M1-related coherence in MPG (qunc = 0.653, p = 0.044), but
not in COG (qunc = 0.415, p = 0.102), on Day 2 (Z = �2.44, p = 0.007;
Fig. 5B).
3.3.2. Correlations with left-hand motor performance
We hypothesized that increased motor network connectivity

would support the interlimb transfer of motor skills to the non-
dominant left hand after right-hand motor practice. Therefore,
we tested whether there were relationships between behavioral
improvements in non-dominant left-hand performance and left-
M1-related coherence (i.e., involved in MP), as well as right-M1-
related coherence. In contrast to the hypothesis, none of the corre-
lation coefficients for interlimb transfer on Day 1 survived correc-
tion for multiple comparisons. However, changes in left-hand
motor performance on Day 2 in older adults were differently corre-
lated with increases in average right-M1-related coherence in MPG
(q = 0.556, pFDRcor = 0.152) compared to COG (q = �0.292,
pFDRcor = 0.276; Z = 1.79, p = 0.037; Fig. 5B). Please note that the cor-
relations coefficients alone did not survive FDR correction. In
young adults, there were no correlations between interlimb trans-
fer on Days 1 and 2 and the EEG-derived measures of connectivity
assessed here.
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4. Discussion

We determined for the first time the effects of age on motor
skill acquisition and consolidation in combination with the effects
on interlimb transfer in relation to the changes in resting-state
motor network connectivity during motor learning. We found that
visuomotor performance in the trained right hand improved inde-
pendent of age, but the magnitude of interlimb skill transfer to the
left hand decreased with age. These motor practice-related
changes were accompanied by increases in left- and right-M1-
related connectivity in young and older adults, respectively. More-
over, changes in left- and right-M1-related connectivity were neg-
atively and positively correlated to right-hand skill acquisition and
left-hand skill consolidation in older adults, respectively. Alto-
gether, the current data suggest an age-dependent modulation of
bilateral motor network connectivity for the acquisition, consolida-
tion, and interlimb transfer of unimanual visuomotor skills.
4.1. Skill acquisition and consolidation but not interlimb transfer are
intact in older adults

4.1.1. Right-hand motor performance
Motor practice produced similar learning rates in young (5.5 vs.

2.4% or 5.5 vs. 2.5� reduction in error) and older adults (3.8 vs. 2.5%
or 3.3 vs. 2.5� reduction in error). These data agree with data from
several studies also using a unilateral visuomotor tracking
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paradigm [e.g., (Berghuis et al., 2016, 2019; Cirillo et al., 2011)].
However, this relative preservation of the ability to acquire new
skills in older vs. young adults seems task-dependent because
the present results contrast with findings in sequence learning
and coordination tasks (Brown et al., 2009; Coats et al., 2014;
Rueda-Delgado et al., 2019). Similarly, in agreement with previous
studies (Berghuis et al., 2016; Brown et al., 2009), the consolidation
of the acquired skills was similar in young (-0.8 vs. �0.5% or �0.9�
vs.�0.6� reduction in error) and older adults (0.9 vs. 0.5% or 1.0� vs.
0.5� reduction in error). Because the quality of sleep assessed by
the PSQI in the two age groups, these observations may be medi-
ated by the full night of sleep in between the two sessions
(Korman et al., 2015). That is, while procedural memory consolida-
tion during the day may be affected in older vs. young adults, post-
learning sleep has been shown to counteract such age-related
effects and consequently may have resulted in the statistically sim-
ilar performance levels in older vs. young adults on Day 2. Since
baseline motor performance in the right hand was similar in the
two age groups, the present results provide reliable evidence that
older adults have a preserved ability to acquire and retain visuo-
motor tracking skills, albeit the neural strategies to achieve similar
learning rates appear to be age-specific.

4.1.2. Interlimb transfer
Interlimb transfer in young adults has been shown in a variety

of tasks including voluntary force (Zhou, 2000), ballistic (Lee et al.,
2010), and visuomotor tracking skills (Veldman et al., 2018, 2015).
In contrast, data on interlimb transfer in older adults are scant.
Here, we show that in contrast with the practiced right hand, inter-
limb transfer to the non-practiced left hand after motor practice
was greater in young (2.3% or 2.3� reduction in error) compared
to older adults (0.7% or 0.7� reduction in error). These data agree
with some (Krishnan et al., 2018) but contrast with other studies
using different tasks (Dickins et al., 2015; Graziadio et al., 2015;
Hester et al., 2019a; Hinder et al., 2011). A lack of interlimb trans-
fer in older adults is somewhat surprising considering previous
data showing increased bilateral cortical activation according to
the HAROLD model as well as the greater mirror activity, i.e., mus-
cle activity in the limb presumably at rest, in older compared to
young adults (Berghuis et al., 2019; Hinder et al., 2011; Ward
et al., 2008). These data suggest that bilateral cortical and muscle
activity do not directly support the interlimb transfer of skills.
Hence, different mechanisms at the spinal and supraspinal level
must contribute to the acquisition of skills in the practiced vs.
the non-practiced side as well as in older vs. young adults. At the
behavioral level, such predictions are at least partly supported by
the lack of correlations between increases in right- and left-hand
motor performance in the present and previous studies (Nojima
et al., 2012; Veldman et al., 2018, 2015). At the neural level, the
present data add to the increasing body of literature providing evi-
dence that bilateral activity and connectivity in the sensorimotor
network contribute to interlimb transfer of motor skills in older
adults (see Section 4.2.2). In total, the ability to acquire and consol-
idate a visuomotor skill after unimanual visuomotor practice, but
not the ability to transfer the skill to the non-practiced side, is
retained at older age.

4.2. Age-dependent changes in motor network connectivity contribute
to motor learning

Behavioral, neurophysiological, and neuroimaging data suggest
that the neuronal mechanisms for the acquisition, consolidation,
and interlimb transfer of motor skills are age-dependent. The pre-
sent study confirms previous reports and highlights the impor-
tance of both the left and right M1 in motor learning following
motor practice in an aging context (Cirillo et al., 2011;
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Hortobágyi et al., 2011; Muellbacher et al., 2002; Nojima et al.,
2012; Perez et al., 2007; Ruddy et al., 2017; Veldman et al., 2018,
2015; Ziemann et al., 2001). In this section, we will discuss our
results in more detail concerning the role of the left- and right-
M1 in right hand motor learning (Section 4.2.1) and left-hand
motor learning (Section 4.2.2.) following right-hand motor
practice.

4.2.1. Neural correlates of right-hand skill acquisition and
consolidation

The unique role of M1 in motor learning for the execution,
acquisition, and consolidation of skilled right-hand movements is
well established (Muellbacher et al., 2002; Ziemann et al., 2001).
The present data confirm previous findings that suggest the impor-
tance of motor network connectivity for the acquisition and con-
solidation of more complex skills (Mehrkanoon et al., 2016;
Veldman et al., 2018; Wu et al., 2014). Moreover, the age-
dependent modulation of the strength of motor network connec-
tivity in the beta frequency range on Days 1 and 2 (Fig. 4A-B) align
with electrophysiological and imaging data showing lower beta
power and greater activation in sensorimotor regions in older vs.
young adults (Berghuis et al., 2019; Rossiter et al., 2014; Rueda-
Delgado et al., 2019). These data, together with imaging data and
the observation that young and older adults show similar learning
rates, favor the interpretation of age-related compensatory mech-
anisms that include decreased default mode network, striatal and
sensorimotor activity (Ward 2006; Ward et al. 2008; Berghuis
et al. 2019). Here, in addition to altered changes in activity patterns
relative to younger adults after motor practice, we observed that
older adults are also less able to strengthen left-M1-related con-
nectivity over the course of right-hand skill acquisition and consol-
idation. In fact, improved right-hand motor performance after
motor practice in older adults negatively correlated with increases
in maximal coherence with the left M1 (Fig. 5A). Such relationships
may be task-dependent because a previous study found a positive
correlation between sensorimotor connectivity and motor learning
in older adults after practicing a serial reaction time task (Mary
et al., 2017a). In total, the reduced modulation of motor-
learning-related beta frequencies in the sensorimotor network in
older compared to young adults may indicate that other regions
are also involved in right-hand skill acquisition and consolidation
in older adults. Although the present measures of plasticity do
not provide direct evidence, one could speculate that our data pro-
vide further support for the HAROLD model as the age-related
modulation of right-M1-related connectivity may reflect increased
involvement of the right M1 in older vs. young adults which could
constitute a compensatory mechanism for right-hand skill acquisi-
tion and consolidation in older adults.

4.2.2. Neural correlates of interlimb transfer
Interlimb transfer of motor performance following unilateral

motor practice is commonly attributed to synaptic plasticity at
the supraspinal level through ‘cross-activation’ or ‘bilateral access’
(Ruddy and Carson, 2013). Within this view, a series of studies
focused on excitability changes in bilateral M1 (Hinder et al.,
2011; Hortobágyi et al., 2011; Lee et al., 2010; Nojima et al.,
2012; Veldman et al., 2015). However, magnetic stimulation data
showed age-dependent effects on motor cortical excitability after
ballistic motor practice (Hinder et al., 2011). Moreover, imaging
studies revealed that bilateral activation during unilateral move-
ments is not limited to M1 but includes the supplementary motor
cortex, primary sensory cortex, cerebellum, parietal cortex, and
cingulate cortex (for a review, see Ruddy and Carson 2013). Based
on these data, Ruddy and colleagues hypothesized that connectiv-
ity in the wider motor network must be involved in the interlimb
transfer of motor skills. Their recent results showing increased
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connectivity between left and right SMA following training in a
ballistic wrist flexion task (Ruddy et al., 2017) further supported
the hypothesis. Here, we extend these findings and show that uni-
lateral motor practice not only increased connectivity with the
practiced left M1, but also with the transfer-receiving right M1, a
finding that may reflect increased interhemispheric connectivity
following unilateral motor practice. Interestingly, right-M1-
related connectivity increased more in older adults compared to
young adults (Fig. 4C-D) in agreement with recent electrophysio-
logical data showing strengthened connectivity between ipsilateral
and contralateral motor cortices during unimanual movements
(Larivière et al., 2019). Yet, while the magnitude of interlimb trans-
fer in older adults did not reach significance on the group level,
increases in right-M1-related connectivity positively correlated
with changes in motor performance on Day 2 (Fig. 5B), suggesting
that right hemisphere motor network connectivity is related to
right-to-left interlimb transfer in older adults.

Based on the present results suggesting that motor learning in
young and older adults depends on activity in the motor networks
in the left and right hemisphere, respectively, one may argue that
cortical activity is a prerequisite for changes in connectivity that
are of direct relevance for increases in motor performance. We
speculate that the present data can be explained as first evidence
for the hypothesis that interlimb transfer in young and older adults
is achieved through different strategies derived from the extant
hypotheses for interlimb transfer. Specifically, our data could
imply that young adults use the ‘bilateral access strategy’, where
unilateral activation can be accessed by bilateral effectors (i.e., left
and right hand) while older adults use the ‘cross-activation strat-
egy’ where unilateral practice leads to bilateral motor network
activity to enhance performance. Further research is required to
verify these speculations. For example, the present analysis could
not determine the pathways that contributed to the increased ipsi-
lateral connectivity. The absence of correlations between interlimb
transfer and EEG connectivity in young adults further complicate
the suggestion of an age-specific strategy of interlimb transfer.
However, the lower variability in the young data makes it difficult
to observe significant relationships. Altogether, the current data
show age-dependent modulation of bilateral motor network con-
nectivity for the acquisition, consolidation, and interlimb transfer
of a unimanual visuomotor skill.
5. Limitations

The main aim of this study was to examine age-related modu-
lations in motor network connectivity associated with motor
learning after a motor practice in an aging context. Such a
between-subject design reduced the statistical power but was
needed to appropriately address the current research question. In
line with this, although sleep has a known effect on motor memory
consolidation [for a review see (King et al., 2017)], we did not for-
mally assess sleep or the presence of sleep disorders for feasibility
reasons. Consequently, age-related differences in sleep characteris-
tics [e.g., (Fogel et al., 2017)] may have contributed to the results of
this study. Moreover, our experimental design did not allow us to
exclude the possibility that merely movements during the motor
practice intervention (i.e., as opposed to no movements in COG)
already resulted in increased performance. With respect to the
EEG outcome measures, the DICS method was initially developed
for magnetoencephalography data (Gross et al., 2001). However,
evidence indicates that DICS analysis on data obtained from a
64-channel EEG system as used in the present study yields compa-
rable results compared to a 275-sensor magnetoencephalography
system when it comes to resting-state data (Muthuraman et al.,
2015). Moreover, we are aware that coherence as a measure of
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connectivity is prone to sources of noise such as volume
conduction. While the noise bias is removed by contrasting two
intervals (e.g., Pre and Post), it assumes that the noise bias is sim-
ilar in the two intervals, which may not have been the case. How-
ever, a findings of a recent study suggest that test–retest reliability
of source-localized functional connectivity in older adults is good
(Vecchio et al., 2020), indicating that modulations observed in
MPG may be interpreted as resulting from the intervention. Next,
although functional connectivity in resting-state data has been
shown to have predictive value for the magnitude of motor learn-
ing (Wu et al., 2014), the DICS method may not have provided the
dipole with peak power that was active during task practice. As
such, the changes in coherence may have been underestimated. A
future study using EEG data obtained during task practice may pro-
vide further insight into connectivity changes during task practice.
Lastly, because we focused our analysis on the motor network we
might have missed connectivity in structures less accessible by
EEG source localization such as subcortical structures that have
previously been shown to be involved in sleep-dependent motor
memory consolidation [for a review, see (King et al., 2017)] and
interlimb transfer (Perez et al., 2007) or parieto-frontal networks
known to be associated with motor learning in an aging context
(Lin et al., 2012).

Summary and conclusions
To the best of our knowledge, this is the first study that deter-

mined the effects of age on the relationship between brain network
connectivity and motor skill acquisition, consolidation, and inter-
limb transfer with changes in the underlying motor network con-
nectivity based on source-reconstructed high-density EEG data.
At the behavioral level, our findings show that skill acquisition
and consolidation but not interlimb transfer can be age-resistant
processes. At the neural level, the results revealed that unilateral
motor practice results in age-dependent modulation of cortical
motor network connectivity in the practiced as well as in the
non-practiced hemisphere. We suggest that the dependence on
left- and right-hemisphere motor network connectivity in young
and older adults, respectively, indicates the use of different strate-
gies to achieve behavioral improvements in right- and left-hand
motor performance following unilateral practice. In conclusion,
the present data show age-dependent modulation of bilateral
motor network connectivity for the acquisition, consolidation,
and interlimb transfer of unimanual visuomotor skills.
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