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Abstract

Motor performance declines with normal aging. Previous neuroimaging work revealed aging-
related general increases in neural activity, especially in the prefrontal and pre-motor areas,
associated with a loss of hemispheric lateralization. However, the functional mechanisms
underlying these changes and their relation to aging-associated motor decline to date remain
elusive.

To further elucidate the neural processes underlying aging-related motor decline, we recorded
EEG from younger and older subjects while they performed a finger-tapping task. As a measure
of synchronization between motor areas, we computed the inter-regional phase-locking value
which reflects functional connectivity between distinct neural populations.

Behavioral data revealed increased movement times in older subjects. EEG data showed that
phase locking in the 8- frequencies is a general, age-independent phenomenon underlying the
execution of simple finger movements. In stark contrast, the extent of synchronization between
motor areas significantly differed dependent upon age of subjects: multiple additional intra- and
inter-hemispheric connections were observed in older subjects. Our data shed light upon the
results of previous neuroimaging studies showing aging-related increases in neural activation.
In particular, data suggest that the observed aging-dependent substantial intra- and inter-
hemispheric reorganization of connectivity between the corresponding motor areas underlies
the previously reported loss of lateralization in older subjects. The changes observed are likely

to represent compensatory mechanisms aiming at preserved task performance in older subjects.
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1. Introduction

Aging leads to increased difficulties in the coordination of movements, reflected by, e.g., an
increased variability in movement execution (e.g., Wu and Hallett, 2005; Seidler et al., 2010).
The wealth of data showing that human motor performance is affected by normal aging is
contrasted by the dearth of data providing information about the neural processes underlying

these changes.

Several fMRI studies suggest that the neural activity associated with self-initiated movements
changes during normal aging. An enhanced general activation, especially in the pre-frontal
and pre-motor areas, has been reported (Sailer et al., 2000; Heuninckx et al., 2005; Ward et
al., 2008), often referred to as the PASA (posterior-anterior shift in aging) phenomenon
(Dennis and Cabeza, 2008). Furthermore, consistent with the HAROLD (Hemispheric
Asymmetry Reduction in Older Adults) model, which proposes that reduced hemispheric
asymmetry reflects a general aging-associated mechanism rather than a task-specific
phenomenon (for a summary see Cabeza, 2002), reduced hemispheric asymmetry during
unilateral movements (Sailer et al., 2000; Rowe et al., 2006; Langan et al., 2010) has been
reported. The less lateralized activity patterns during cognitive or motor performance in older
relative to younger adults are assumed to reflect either compensation, i.e. the recruitment of
additional supporting brain regions to offset the effects of aging-related cognitive (or motor)
decline (e.g. Cabeza et al., 1997; Nolde et al., 1998; Reuter-Lorenz et al., 2000) or,
alternatively, an increased difficulty in recruiting specialized neural mechanisms (Mitrushina

and Satz, 1991; Babcock et al., 1997; Cabeza, 2002).

To date, the neural mechanisms underlying these reported aging-related changes in neural
activation remain elusive. They may result, for instance, from changes in inter-regional neural

synchronization, the latter constituting a fundamental mechanism underlying motor and
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cognitive tasks (e.g. Fell et al., 2004; Popovych et al., 2016). Neural synchronization refers to
the precise and coordinated timing of the activity of distinct neural populations (for a review,
see Palva and Palva, 2012), which is fundamental for motor and cognitive function (e.g.
Uhlhaas et al., 2010). Studies using EEG/MEG/single-unit/ECoG data across a variety of
different motor tasks have found that oscillations of remote neural populations exhibit short
periods of synchronized activity (for review see Singer, 1999; Singer, 2004; Uhlhaas et al.,
2010, van Wijk 2012). The communication-through-coherence hypothesis posits that this
transient synchronization reflects increased functional connectivity between distinct neural
populations expressed by coherently coordinated firing patterns (Fries, 2005, 2015). This
synchronization is believed to underlie the communication and coordinated representation of
information between remote neural populations (Baker et al., 1997, 2001; Uhlhaas et al.,

2010).

Here, we investigated whether and to what extent the age-related changes in neural activation,
especially to the degree of hemispheric symmetry, are linked to changes in transient
synchronization of neural oscillations between brain regions, as indexed by their phase

relationship.

Phase locking of neural activity is a key process of neural synchronization. A general statistic
to quantify phase locking in networks is the phase locking value (PLV) (Lachaux et al., 1999).
The PLV is a measure of variability in the phase relationship of neural activity at two distinct
locations. A large PLV implies low variability (nearly constant phase relation) and hence
strong connectivity between two distant neural populations. In contrast, a low PLV is a sign of
weak connectivity between two distinct neural populations. Task-related changes in the PLV

relative to a baseline value (henceforth, rPLV) provide a means to uncover event-related



changes in network connectivity relative to a stationary phase-locking reference (i.e.,

baseline).

To this end, here we analyzed EEG data recorded from younger and older participants, while
they performed a simple finger-tapping task. We specifically asked whether the functional
networks, defined using the relative phase locking values (rPLV), systematically vary between
younger and older age groups during movement preparation, execution, and outcome

evaluation.

2. Materials and Methods

Participants. We used EEG data of twenty-one younger healthy individuals (10F/11M, age:
22-35 years) as well as a group of thirty-one older healthy subjects (15F/16M, age: 60-78
years) from two earlier studies (Popovych et al., 2016 and Liu et al., 2017, respectively). In
both groups, all participants were right-handed according to the Edinburgh Handedness
Inventory (Oldfield, 1971), had normal color vision, and no history of psychiatric or
neurological disease (as assessed by the Trail making test (Spreen and Strauss, 1998), the
Mini-mental-status-test (Folstein et al., 1975), the Clock-drawing test (Agrell and Dehlin,
1998), and the Beck depression inventory (Beck et al., 1961). All participants gave their
written informed consent prior to the study. Both studies were approved by the local ethics

committee of the Faculty of Medicine at the University of Cologne.

Experimental design. We recorded EEG data of both groups of subjects while they performed
a simple finger-tapping task. The task consisted of a Kornhuber-Deecke-type self-initiated
tapping condition (Kornhuber and Deecke, 1965) where the subjects were asked to voluntarily
press a button with their left or right index finger every 4-8s. They were requested to perform

the movements in random order, i.e., without using a systematic pattern, with a roughly equal
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number of left and right finger movements. The subjects were asked to avoid conscious time-
estimation and trial-balancing in order not to evoke brain activity unrelated to the motor task
itself. Subjects also separately performed a visually-cued task, where a left or right button
press was executed in response to a visual stimulus, and a vision-only task, which had the
same stimuli as in the visually-cued task but where no actions were required (for full details
see Popovych et al., 2016, Liu et al., 2017, Wang et al., 2017). The whole experiment lasted
about 70 min.

Our analysis was restricted to data acquired from the self-initiated condition, as this condition
was uncontaminated by the processing of visual stimuli. Each participant performed between

80 and 90 trials with each hand in this condition.

EEG recording and preprocessing. During the experiments, we continuously recorded EEG
data from 64 active Ag/AgCl electrodes (Brain Products GmbH, Munich, Germany), which
were placed according to the international 10-20 system. Following the generally accepted
practice, the reference electrode was placed at the left earlobe. Bipolar horizontal and left
vertical electro-oculograms (EOG) were recorded using three of the 64 scalp electrodes (FT9,
FT10 and TP10 in the 10-20 system). These were placed at the bilateral outer canthi and
under the left eye to monitor eye movements and blinks. Before the experiment, we ensured
that the impedance of the electrodes was below 15 kQ. The EEG signals were amplified,
band-pass filtered in the frequency range 0.87-500 Hz, and digitized at a sampling rate of 2.5
kHz. An acceleration sensor was attached to the tip of each index finger to detect the
movement onset. We used these sensors instead of EMG electrodes, since the former are more
sensitive to small movements and are not restricted to specific muscle groups. We also used
the information from the acceleration signals to monitor the behavior of the subjects, for

example, to exclude errors, such as mirror movements. We defined the onset of the finger



movement as the instant of time at which the numerical time-derivative of the acceleration

signal crossed a predefined threshold.

The acquired raw data were band-pass filtered from 0.5-48 Hz to remove slow voltage drifts
from the data and down-sampled from 2.5 kHz to 200 Hz to reduce the file size and thereby
the computational time. Artifacts were removed by a semi-automatic procedure in EEGLAB
by means of independent component analysis (ICA) (Makeig et al., 1996). Finally, the data
were epoched to intervals centered around the movement onset. In the self-initiated tapping
condition, the baseline, which is assumed to contain no movement-related EEG component,
had to be located before the start of the Bereitschaftspotential (readiness potential; Shibasaki
and Hallett, 2006). Thus, the epoch or trial was defined to be the interval [-2500, +1500] ms

relative to movement onset with a baseline period of [-2500, -1500] ms.

For our analysis, we excluded trials containing EEG artifacts as well as trials that were
preceded by an interval of less than 4s from the previous button-press. Trials containing
movements during the baseline period, as detected using the accelerometer, were also
excluded. After excluding trials based on these criteria, we only included data from
participants who had at least 30 correct trials per hand remaining. Based on these quality
considerations, data from three younger subjects and seven older subjects were excluded from
further analysis. Thus, EEG data from 18 younger and 24 older subjects were used for further

processing.

Spatial filtering. A crucial pre-processing step was spatial filtering. A major challenge in
estimating network relationships with EEG is the phenomenon of volume conduction,
whereby signals from a particular neural generator can influence voltages at multiple distinct

electrodes on the scalp due to conduction leading to spurious phase-locking between these
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electrodes. Spatial filtering using surface Laplacians has been shown to substantially reduce
this problem, thereby enhancing spatial resolution and enabling analyses of electrodes close to
the region of interest (Lachaux et al., 1999, Tenke et al., 2012). Therefore, our preprocessed
data were re-referenced to small Laplacian reference in order to improve the spatial resolution
of the signals and thus enhance their suitability for the subsequent connectivity analysis

(Hjorth, 1975).

Phase-locking analysis. Following preprocessing, we transformed the epoched data to the
time-frequency domain using Morlet wavelets (Lachaux et al., 1999) in a range of 2-48 Hz
with a step size of 1 Hz (5 cycles). This time-frequency decomposition was performed using
the Statistical Parametric Mapping toolbox (SPM12, Wellcome Trust Centre for
Neuroimaging, London, UK) implemented in MatLab R2011b (The MathWorks Inc.,
Massachusetts, USA). Subsequently, we analyzed the phase information gained from the

time-frequency decomposition using customized MATLAB scripts.

Raw signal Phases
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Figure 1: Schematic illustration of the procedure to calculate rPLV. See text for details.



The complex Morlet wavelet transformation was used to compute the time evolution of the
amplitude A(f, t) and phase ¢(f, t) for each frequency separately. In order to quantify
synchronization between the activities of the different brain regions, we used the single-
frequency phase-locking value (sPLV; adapting the phase-locking value defined in Lachaux et

al., 1999, Fig. 1). For a pair of channels m and n, sPLV is defined as:

1
SPLV o (f, ) = N

i exp (i (0m (£,0) = on, (£, t>))‘
k=1

Here ¢,,, denotes the phase of the EEG at channel m in the k-th trial. N is the total number of
trials, and i is the imaginary unit. SPLV can take values in the interval [0,1]. While sPLV=0
represents a random distribution of phase differences over all trials without any coherence,
sPLV=1 occurs only in the case of perfect inter-trial phase locking of the phase differences

between the EEG signals at the two channels m and n over all trials.

Since we were interested in the synchronization effects during movement preparation and
movement execution, and not in persistent phase synchronization, we normalized the sPLV of
EEG at each pair of channels with respect to its baseline value and calculated its relative
change over the whole epoch. We refer to these normalized sPLVs as ‘relative phase-locking

values’ (rPLV):

SPLVm,n(fr t) — SPLVin (f)
SPLVyn (f)

TPLV o (f, ) =



Here, sPLV,, ,(f) denotes sPLV of the baseline for each frequency, i.e., the mean sPLV at

frequency f in the baseline interval. The baseline interval used to compute sPLV,, ., (f) was
from [-2300, -1500] ms after excluding the first 200ms of the original [-2500,-1500] ms

baseline as it contained edge artifacts of the Morlet transformation.

To analyze inter-regional synchronization of the oscillations recorded over different brain
regions, we considered four major frequency bands: 6 (2-3 Hz), 0 (4-7 Hz), a (8-12 Hz), and
(13-30 Hz). A widely used procedure to evaluate phase locking in these frequency bands is to
filter the signal to the frequency band of interest and calculate a single phase-locking value for
the whole frequency band. Here, we instead calculated the rPLV for each single frequency
separately with a resolution of 1 Hz before averaging these values over the frequencies of the
frequency band. This was done to maximize the contribution of each individual frequency to
the observed phase locking. Our primary focus was the average rPLV over the 6-0 frequency
band (2-7 Hz) where we previously found evidence of considerably local phase locking

(Popovych et al., 2016, Liu et al. 2017).

Network of interest. We chose to perform our connectivity analysis on the level of electrodes
rather than on reconstructed sources in order to limit model-specific assumptions about
sources of the observed oscillations. As our focus was on the dynamics of the motor network,
our analysis was restricted to network relationships among ten electrodes clustered bilaterally
over the premotor/sensorimotor cortex, namely, frontal F3/F4, fronto-central FC3/FCz/FC4,

central C3/Cz/C4, centro-parietal CP3/CP4.

In our previous studies, the spatial distribution of local phase-locking in the 6-60 frequency
band (2-7 Hz) for unilateral movements was consistent with the lateralization of the motor

system, namely, being higher at electrodes contralateral to the moved hand than at ipsilateral
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electrodes (Popovych et al., 2016; Liu et al., 2017). Based on this observation, the rPLV
values of electrode pairs during left and right finger movements were collapsed together based
on whether the electrodes were contralateral or ipsilateral to the moved hand. For
convenience, electrodes over the right hemisphere were assumed to be contralateral to the

moved hand while the left hemisphere was assumed to be ipsilateral.

The resulting network consisted of a total of 45 possible pairwise connections (Figure 2). Of
the 45 possible connections, there were 14 intra-hemispheric ones per hemisphere (6 between
non-medial electrodes and 8 between lateral and medial ones). One connection (FCz — Cz)
was strictly medial. The remaining 16 connections were strictly inter-hemispheric, i.e.,

between contralateral electrodes, 4 of them between mirror-symmetric electrodes.

Intra-hemispheric Inter-hemispheric

ipsilateral | contralater:

Figure 2: Summary of all possible connections in the network. 14 possible ipsilateral intra-
hemispheric connections (blue) and 14 possible contralateral intra-hemispheric connections

(green) are shown on the left and 16 possible inter-hemispheric ones on the right (orange).
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We additionally included an occipital electrode Oz as a control electrode. As the task did not
involve any task-relevant visual stimuli, the rPLV of connections from the electrodes of

interest to Oz were used to assess the extent of spurious connectivity.

Statistical analysis.

To test whether the difference between the mean rPLV (averaged over frequency band) and
the baseline was statistically significant, we compared the rPLV obtained for each pair of
electrodes at each time point in the interval [-1500, 1500] ms with its baseline value using a
pointwise t-test with a significance level of p < 0.05, corrected for multiple comparisons (false
discovery rate, FDR, g = 0.05) (Benjamini and Hochberg, 1995) (Figure 3, middle column).
The correction was performed with regard to the number of conditions, time points, age
groups, and electrodes. The baseline was constructed by generating normally distributed
random values that had the same mean value and standard deviation as the EEG at each time

point of the baseline interval [-2300, -1500] ms.

Significant Phase locking
phase locking network
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Figure 3: Construction of the corresponding phase locking networks from the rPLVs. See

text for details.
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For the construction of the rPLV networks, we defined a 'connection’, i.e., an edge of the
network, between two given nodes to exist if rPLV between these two nodes was significant.

Our analysis was restricted to the time interval [-300, 500] ms, which was divided up into a
preparatory phase [-300, 0] ms, an execution phase of the movement [0, 200] ms, and a post-
movement phase [200, 500] ms. Moreover, we split the whole interval [-300, 500] ms into
bins of 100 ms length in order to assess the dynamics of the transient synchrony between the
electrode pairs of interest. Two electrodes were regarded to be connected in such a subinterval
if rPLV between them was significant over the whole duration (100 ms) of this interval (solid

line), or at least for 75 ms in this time interval (dashed line in Figure 3, right column).

3. Results

Behavioral results.

We first tested whether motor performance differed between groups. To this end, we measured
the movement time, i.e., the time from movement onset (determined using the accelerometer)
to the actual button press. We tested the movement times of younger (M = 81.9 ms, Std = 8.6)
vs. older (M = 88.3 ms, Std = 8.3) subjects for significant differences and found that the finger
movements of older subjects were significantly (on average 6 ms) slower than those of the

younger ones (t(82) = -3.4307, p = 0.0004).

Event-related increase in phase locking.

Prior to any test of age-related differences, we first sought to evaluate whether the expected
task-induced changes in phase-locking were statistically detectable at all over the electrode
pairs in the motor network (Figure 2). This was indeed the case:

For both populations, the relative phase-locking value (rPLV) in the 6—0 frequency band

showed a significant increase over the baseline pre-, during, and post-movement (t=0 denotes
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movement onset) for many electrode pairs (increase in rPLV up to 50%)(Figure 4). Significant
phase locking occurred mainly between movement-related electrodes (see Figure 4, rPLV
between ipsilateral, contralateral, and inter-hemispheric pairs of electrodes), in both younger
and older subjects. Importantly, phase-locking between electrodes in the motor network and
the occipital control electrode Oz was comparatively negligible (bottom panel, Figure 4). The

electrode Oz was omitted from further analysis.

Significant phase locking
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Figure 4: Colormap showing the time evolution of the rPLV for all electrode pairs of interest
(cf. Methods, Figure 1). The upper part of each of the two subfigures displays the rPLV
between movement-related electrodes (divided into ipsilateral, contralateral, and inter-
hemispheric electrode pairs) and the bottom part of each subfigure the one between
movement-related electrodes and Oz (Oz) in younger (A) and older subjects (B) in the 6-0

frequency band, averaged over 2-7 Hz. Only significant rPLV values are shown with their
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respective colors (p < 0.05, FDR corrected, cf. Methods). Non-significant ones are displayed

in green (0% change). t=0 denotes movement onset.

Since our analysis revealed that inter-regional phase locking in the 6—0 frequency band was
indeed movement-related, occurring in both younger and older subjects, we next turned to

how these phase dynamics differ between these populations.

Differences in phase locking due to age.

To investigate differences in transient synchronization between younger and older subjects,
we first analyzed the time evolution of synchronization in both age groups separately. The
rPLV was used to construct network snapshots of the dynamic connectivity process during the
different stages of the action (i.e., preparation, execution, and post-movement) defined by
each of eight 100 ms subintervals from -300 ms before movement onset to +500 ms after
movement onset (Figure 5). If the rPLV was statistically significant between two nodes of the

network, we defined this relationship to be a “connection” in the network (see Methods).
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Figure 5: Time evolution of rPLV networks. The networks are computed from EEG signals at
the 10 electrodes of interest in the interval [-300,500] ms divided into 8 subintervals of 100
ms length. Significant inter-regional phase locking (rPLV) of EEG between electrode pairs for
the whole 100 (or at least 75) ms is represented by an edge drawn in solid (or dashed) line.
Results on the left and right index finger-tapping movements have been merged and are
shown in the two upper rows for younger and older subjects, as indicated. Connections are
classified as ipsilateral (blue), contralateral (green), and inter-hemispheric (orange). The 2nd
and 3rd row depict the connectivity changes in the older subjects by displaying additional
connections and lost connections, respectively. The last row shows the connections that are

common to both age groups.

For each age-group, the networks defined by connections that survived continuously over the

entire 100 ms of each subinterval (solid lines) as well as those that only survived for 75 ms of
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that subinterval (dashed lines) are shown in Figure 5, first row (younger participants) and
second row (older participants). Moreover, we distinguished 3 types of inter-regional phase
locking: inter-hemispheric (orange), ipsilateral (blue), and contralateral connections (green).
Rather than a uniform loss or gain of connections, the network for older participants exhibited
a complex relationship to that of the younger participants showing both a gain in connections
(Figure 5, third row) while accompanied by a loss of other connections (Figure 5, fourth row).
Only a small fraction of connections were shared across both groups over all subintervals

(Figure 5, last row).

When lowering the threshold for connectivity (see Methods) in our analysis from 100ms to
75ms, we observed that the resulting networks underwent only minor changes, i.e., a maximal
increase by five edges per time-interval was observed (see dashed lines in Figure 5).
Importantly, these minor changes had virtually no bearing on the network properties reported
here. The network properties in question can thus be regarded as robust against small-to-

moderate changes of the threshold.

We next tested whether the strength of phase locking differed between the two groups. Our
test was restricted to connections that survived for at least one 100 ms interval in either age
group, namely, all connections displayed in the first and second rows of Figure 5 (solid lines).
Age-related modulations of the mean rPLV of the above connections over each 100 ms
interval was assessed with a three-way ANOVA with factors Age Group {Young, Old} x Time
{8-subintervals} x Connection {23-pairs}. The 3-way interaction between these factors was
not statistically significant [F(154,15242) = 0.44, p > 0.05]. However, we found a significant
interaction between age group and connection (F(22,15242) = 11.75, p < 0.0001). The main
effects of all factors were also statistically significant [age group: (F(1,15242) = 64.52, p <

0.0001); time: F(7, 15242) = 64.4, p < 0.0001; connection: (F(22,15242) = 15.5, p < 0.0001)].

17



A posteriori t-tests on these mean rPLVs revealed that the EEG of younger subjects exhibited
significantly higher phase locking in 30 pairs of electrodes in various time intervals than the
EEG of older subjects (Figure 6 top row, solid lines) (all ts(82) > 1.7622, all ps < 0.05, FDR
corrected q = 0.05). The EEG of older subjects showed an increased phase locking in only 7
pairs of electrodes (all ts(82) < -1.7131, all ps < 0.05 FDR corrected g = 0.05) relative to that

of younger subjects (Figure 6 top panels, broken lines).

— Negative coer. wilth ag
(p< 0.05, FDR corm.)

ed 1ol NP i T i

Figure 6: Results of the statistical analysis. Top row: connections for which rPLV was
significantly different between age groups. Solid lines depict rPLVs that were significantly
decreased, dashed lines the ones that were significantly increased in older subjects. Bottom

row: Connections for which rPLVs correlated negatively with the age of the subjects.

Correlation between age and rPLV.

The strength of mean rPLV differed between the age groups for several connections as evident
in Figure 6 (top panel). To further assess the age-dependence of mean rPLV strength at each
of these connections, we pooled the two populations together and tested the correlation
between the numerical age and mean rPLV (averaged in each of the 100 ms time intervals) for
these connections. There was a significant negative correlation between age and inter-regional

phase-locking (i.e., rPLV) for several electrode pairs, namely, F3 - FCz, F3 - C4, FC3 - FCz,
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FC3 - C4,C4 —CP4, C3 - CP4 and FCz — C4 (all ps < -0.2467, all ps < 0.05, FDR corrected g
= 0.05) (Figure 6, bottom row). That is, the older the subjects, the smaller was the rPLV for

those connections.

Since movement time was significantly higher for the older group relative to the younger
group (see Behavioral results above), we also tested whether rPLV was correlated with
movement time. However, this correlation was not statistically significant suggesting that the

age-dependence of the rPLV did not directly arise due to movement differences.

Betweenness centrality.

Applying the search procedure for hub nodes in networks (i.e., nodes through which the most
paths with the shortest length pass (Bullmore and Sporns, 2009)), which are usually the ones
with the largest degree, to the networks in Figure 5 suggests that the brain region at both
nodes Cz and FCz revealed hub-like properties during the preparatory, the executional, and

the post-movement stages, both in younger and in older subjects.

Network summary.

To summarize the multiple network changes revealed by changes in phase-locking, we made
some simplifying anatomical assumptions: We assumed that the channels C4 and CP4
represent activity of the contralateral sensorimotor cortex (cSM), C3 and CP3 that of the
ipsilateral sensorimotor cortex (iISM). The frontal and fronto-central electrodes F4 and FC4
were assumed to represent activity from the contralateral prefrontal and pre-motor cortex
(cPFC/cPM), and similarly, electrodes F3/FC3 represent ipsilateral iPFC/iPM. Finally, the
central electrodes Cz and FCz were deemed to reflect activity related to the medial pre-frontal
cortex and the supplementary motor area (mMPFC/SMA). Based on these simplifying

assumptions, Figure 7 summarizes the results obtained for the network of ten electrodes in
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Figure 5 in a compact form. As in Figure 5, edges between two brain regions denote
significant, temporary inter-regional phase locking that existed in a given phase of the
movement (preparation, execution, and post-movement). A more detailed view of the
networks in the case of separately analyzed left and right hand tappings can be found in the

supplementary material (see Fig. S1).

Preparation Execution  Post-Movement

Younger

Differences
younger vs older

Correlation
with age
(&)
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s |psilateral == 1 = Negative corr. with age
Inter-hemispheric

Figure 7: Summary of the results presented as a network of five virtual electrodes: younger
subjects (first = upper row); significant differences between connections (rPLVS) in younger
and older subjects (second row); and connections that significantly correlated with age (third
row). The networks in each row appeared during the preparation [-300,0] ms, the execution

phase of the movement [0,200] ms, and in the post-movement phase [200,500] ms.
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Connections are labeled as follows: ipsilateral (blue), contralateral SM-mPFC/SMA (light
green), contralateral PFC/PM-mPFC/SMA (dark green), and inter-hemispheric (orange).
Significantly decreased connections (rPLVs) are shown as solid lines, significantly increased
connections as dashed lines, and correlations of rPLVs with age as dash-dotted lines. The
connections in the top row are drawn using the same color-codes as in Figure 4, with the
additional distinction between connections from contralateral SM (cSM) to mPFC/SMA (light

green) and those from contralateral PFC/PM (cPFC/cPM) to mPFC/SMA (dark green).

In this simplified form, we see that the motor network for younger subjects (top row, Figure
7) had an invariant sub-network consisting of the connections iPFC/iPM - mPFC/SMA (blue),
MPFC/SMA - ¢cSM (light green) and iPFC/iPM - cSM (orange), which persisted in all phases
of the movement. Only in the post-movement phase, an additional edge between cPFC/cPM

and mPFC/SMA (dark green) appeared in the network.

While some of the connections representing phase locking and being present in younger
subjects were significantly reduced in older ones (Figure 7, second row, black solid lines),
certain other connections emerged (Figure 7, second row, dashed lines). For instance, an
additional connection between iISM and mPFC/SMA was established in the preparatory phase
of the movement. During movement execution three connections showed an increased phase
locking in older subjects: a contralateral edge connecting cPFC/cPM and mPFC/SMA, an
inter-hemispheric edge connecting iISM and cSM, and an inter-hemispheric edge connecting

IPFC/iPM and cPFC/cPM, the latter being also present in the post-movement phase.

In addition to the significantly decreased phase locking observed in older subjects for the
connections that form the sub-network in younger subjects, we found significant correlations

of the mean rPLV of these connections with the age of the subjects in all phases of the
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movement. That is, the older the subject the weaker was the phase locking between iPFC/iPM
and mPFC/SMA and between iPFC/iPM and cSM in all movement phases. Furthermore, the
phase locking between mPFC/SMA and cSM was negatively correlated with age in the post-

movement phase.

In summary, we observed a rich variety of dynamic networks representing synchronization
between different brain regions. The majority of the edges lasted over several phases of the

movement and, importantly, there were characteristic effects of age.

4. Discussion

We carried out inter-regional phase-locking analyses on EEG data obtained from younger and
older healthy subjects, while they performed a simple self-initiated finger-tapping task. We
compared the time evolution of inter-regional phase locking between the participating brain
areas during preparation, execution, and post-movement to assess periods of transient
synchronization between the involved neural populations. Phase locking was assessed, since it
constitutes a key process underlying the communication between neural populations (Moore
et al., 2006; Schmorrow and Fidopiastis, 2011). According to the communication through
coherence (CTC) hypothesis, synchronization reflects increased functional connectivity
between neural populations expressed by coherently coordinated firing patterns (Fries, 2005,

2015).

To gain an overall picture of the functional connectivity during motor task performance, we
calculated the rPLV, which measures the extent of instantaneous synchronization between two
distinct brain regions. We thereby identified a network of areas associated with the motor task.
The great advantage of the rPLV is that it is capable of extracting information from fast

transient signals. Other methods, like dynamic causal modeling (DCM) or Granger causality,
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require statistically stationary signals. To start with, the nodes were assigned to electrodes of
interest and the edges represented significant inter-regional rPLVs computed in the 66
frequency band from the EEGs at these electrodes in all movement phases (Figure 4). We thus
obtained dynamic networks that describe the temporal changes in functional connectivity in
the different movement phases. Special nodes, so-called hubs, essentially nodes with largest
degrees, were identified within these networks. During almost the whole length of the
movement, FCz and Cz turned out to constitute such hub nodes, in both age groups.
Moreover, one node occasionally took over this role from the other one. This hub-property
emphasizes the functional significance of the central brain region, where the medial PFC and

the SMA reside, in self-initiated motor actions.

Although a reconstruction of source activity would probably have provided more detailed
information on the origin of the oscillations, we performed our connectivity analysis on the
level of electrodes. We did so in order to avoid the ill-posed inverse problem, which is only an
assumption of the source activity and could thus lead to flawed interpretations (Bradley et al.,
2016; Grech et al., 2008; Wendel et al., 2009). We used the small Laplacian reference to
substantially reduce the effect of volume conduction on our data (Lachaux et al., 1999).
Though not an explicit source localization method, the small Laplacian reference renders the
electrodes maximally sensitive to radial sources that directly lie beneath them (Rigoni et al.,
2013; Steinmetz et al., 1989; Tenke et al., 2012). Another way of dealing with the problem of
common sources could have been to compute measures that are not sensitive to 0-phase-lag
interactions, e.g. weighted phase-lag index or imaginary PLV (Vinck et al., 2011; Nolte et al.,
2004). Even so, our analysis revealed only a small number of neighboring electrodes that
were connected (as opposed to all 45 possible connections cf. Figs. 1 and 3). Furthermore,

neighboring connections that were present in younger subjects were absent in older ones. It is
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therefore unlikely that the reported connections would solely result from volume conduction.

They are much more likely to arise from distinct brain sources.

At the second stage, we identified invariant sub-networks that existed in all or almost all
phases of the movement. These sub-networks occurred in both age groups, albeit that they
differed. In particular, in the group of younger subjects, the edges iPFC/iPM—mPFC/SMA,
MPFC/SMA—cSM, and iPFC/iPM—cSM were observed. This is in basic agreement with
fMRI connectivity data in healthy younger participants who performed a left- or right-handed
fist closure task. Here, a connectivity increase from SMA to cSM was observed (Grefkes et
al., 2008; Pool et al., 2013). However, given the poor time resolution of fMRI, such studies
could not identify the connectivity networks that were active during the different phases of a

simple and rapid motor task (i.e., preparation, execution, and post-movement evaluation).

In older subjects, in contrast to younger ones, the strength of these rPLVs, i.e., the strength of
the connections forming this strongly lateralized sub-network, was significantly reduced.
Conversely, phase locking between iM1 and the central areas as well as between contralateral
frontal and the central areas was significantly higher than in younger subjects. Additionally,
older subjects showed a significant increase in inter-hemispheric phase locking, i.e., between
ISM—cSM and iPFC/iPM—cPFC/cPM. All this led to a decrease in hemispheric asymmetry
(i.e., a loss of lateralization) in the motor and prefrontal cortex of older subjects. The data are
compatible with a DCM analysis of fMRI data reported by Boudrias and colleagues (Boudrias
et al., 2012), which revealed that older subjects display stronger connections onto iSM from

cSM.

Further fMRI studies showed a strong general activation, especially in the PFC and the (pre)

motor areas (Sailer et al., 2000; Heuninckx et al., 2005; Ward et al., 2008), as well as a loss of
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lateralization in older subjects (Sailer et al., 2000; Rowe et al., 2006; Langan et al. 2010).
Based on our results, we hypothesize that the changes observed in neural activation result, at
least in part, from changes in phase locking, i.e., from altered patterns of transient
synchronization between the participating brain regions. Specifically, our data suggest that i)
the diminished synchronization in the lateralized sub-network (iPFC/iPM - mPFC/SMA -
cM1), and ii) the increase in intra- and inter-hemispheric connectivity (i.e., iISM-mPFC/SMA,
MPFC/SMA-cPFC/cPM, iISM-cSM and iPFC/iPM-cPFC/cPM), underlie the reported loss of
lateralization in older subjects. Thus, there is not only an increase in overall activity, which is
commonly interpreted as a loss of lateralization in the power spectral density (Sailer et al.,
2000), but also a substantial reorganization in functional connectivity between the

corresponding areas in both hemispheres.

In an earlier study (Popovych et al., 2016), we found an increase in local phase locking in the
0—0 frequency band of EEG at the electrodes that lie above the motor areas of the cortex
contralateral to the moving hand. We hypothesized that the preparation and execution of
motor actions, irrespective of whether the movement was initiated internally or by an external
cue, rely on local phase locking in the motor cortex prior to the actual execution, i.e., during
preparation. In our follow-up study (Liu et al., 2016), we found that this local phase locking is
age independent. The fact that local synchronization is age independent while the inter-
regional one changes quite drastically with age is compatible with the 'network view' of the
HAROLD model. There, it is assumed that an age-related increase in activation in a certain
brain region is not independent of the effects of aging in other brain regions involved in a

certain task, i.e., that it rather results from a global network change.

Summing up, we found that inter-regional phase locking in the 6—0 frequency band between

and within the frontal and motor regions underlies the execution of a finger tapping task.
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Since enhanced activity of, and also increased connectivity between, brain regions is often
interpreted as functional compensation in older individuals (Reuter-Lorenz and Cappell, 2008;
Grady, 2012), we suggest that the observed increase in the inter-hemispheric and cPFC/cPM-
MPFC/SMA and mPFC/SMA-ISM connectivity in older subjects constitutes a compensatory
mechanism that aim at counteracting the loss of the strongly lateralized sub-network
(iPFC/iPM-mPFC/SMA, mPFC/SMA-cSM, iPFC/iPM-cSM) in the different phases of the

motor act.

Older subjects showed a significant increase (about 6 ms) in movement time, i.e., the time
from movement onset to the button press. One reason for increased movement times might be
the reduced conduction velocity of nerve fibers in older subjects (Nishihara et al., 2013).
Another reason could be, since we did not find any correlation between rPLV and movement
time, that the brain of older subjects compensated for the loss in iPFC/iPM-mPFC/SMA-cSM
connectivity by establishing additional intra- and inter-hemispheric connections without
which subjects would have performed worse (i.e., when relying solely on the sub-network
present in younger subjects only). Our results indicate that not a single connection but an
assembly of additionally established connections is drawn upon in the attempt to counteract
the naturally occurring decline of motor functions. Our results therefore support the
compensation hypothesis of the HAROLD model, which proposes that age-related asymmetry
reductions may help to counteract neurodegenerative decline. Finally, our results did not
reveal evidence for the realization of the PASA phenomenon through phase locking in the 6-6

frequency range.
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Supplementary figure

Preparation Execution After Movement

Younger, right Older, left Younger, left

Older, right

Fig. S1 Summarized phase locking networks for left and right handed tapping in younger and
older subjects. Summary of the results presented as a network of five virtual electrodes: left (top two
rows) for younger (first row) and older subjects (second row); right (bottom two rows) for younger
(third row) and older subjects (fourth row). The networks in each row appeared during the preparation
[-300,0] ms, the execution phase of the movement [0,200] ms, and in the post-movement phase
[200,500] ms. Connections are labeled as follows: ipsilateral (blue), contralateral SM-mPFC/SMA
(light green), contralateral PFC/PM-mPFC/SMA (dark green), and inter-hemispheric (orange).
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	Figure 4: Colormap showing the time evolution of the rPLV for all electrode pairs of interest (cf. Methods, Figure 1). The upper part of each of the two subfigures displays the rPLV between movement-related electrodes (divided into ipsilateral, contra...

