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Abstract Motor timing is an important part of sensorimo-
tor control. Previous studies have shown that beta oscil-
lations embody the process of temporal perception in
explicit timing tasks. In contrast, studies focusing on beta
oscillations in implicit timing tasks are lacking. In this
study, we set up an implicit motor timing task and found a
modulation pattern of beta oscillations with temporal
perception during movement preparation. We trained two
macaques in a repetitive visually-guided reach-to-grasp
task with different holding intervals. Spikes and local field
potentials were recorded from microelectrode arrays in the
primary motor cortex, primary somatosensory cortex, and
posterior parietal cortex. We analyzed the association
between beta oscillations and temporal interval in fixed-
duration experiments (500 ms as the Short Group and
1500 ms as the Long Group) and random-duration exper-
iments (500 ms to 1500 ms). The results showed that the
peak beta frequencies in both experiments ranged from
15 Hz to 25 Hz. The beta power was higher during the hold
period than the movement (reach and grasp) period.
Further, in the fixed-duration experiments, the mean power
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as well as the maximum rate of change of beta power in the
first 300 ms were higher in the Short Group than in the
Long Group when aligned with the Center Hit event. In
contrast, in the random-duration experiments, the corre-
sponding values showed no statistical differences among
groups. The peak latency of beta power was shorter in the
Short Group than in the Long Group in the fixed-duration
experiments, while no consistent modulation pattern was
found in the random-duration experiments. These results
indicate that beta oscillations can modulate with temporal
interval in their power mode. The synchronization period
of beta power could reflect the cognitive set maintaining
working memory of the temporal structure and attention.

Keywords Macaque - Primary motor cortex - Primary
somatosensory cortex - Posterior parietal cortex - Temporal
perception - Local field potentials

Introduction

Timing is involved in many aspects of behavior, manip-
ulations ranging from microseconds to circadian rhythms
that guide behavior in different ways [1-8]. Across diverse
scales of temporal perception, interval timing at the level of
hundreds of milliseconds is involved in activities such as
speech comprehension, motion processing, and the coor-
dination of fine movements. Patients suffering from
diseases such as Parkinson’s [9], Huntington’s [10],
dystonia [11], Tourette’s syndrome [12], aphasia [13],
attention-deficit/hyperactivity ~ disorder  [14], and
schizophrenia [15] have difficulty in temporal perception
over this time range.

Motor timing of several hundreds of milliseconds acts as
an important part of the timing process. Imagine such
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activities as crossing the road with the traffic signal,
stopping your car before crashing into the car ahead,
running after a visual go cue or hearing the starting guns
and dancing to music. All the processes involved require
using experience and environmental cues to anticipate the
timing of a predictable event in order to perform properly.
The motor timing process is divided into two main types:
explicit and implicit timing [16]. During explicit timing
tasks, the duration of the stimulus is always known before
the estimation starts. This could be in the form of a
discrimination task for certain intervals or a periodic motor
act according to a certain beat. Conversely, in implicit
timing studies, temporal expectation is performed dis-
cretely (not restricted to the temporal length) and is always
used to perform better [17]. Studies on explicit timing have
used both invasive and non-invasive methods, such as
electrophysiological recording, electroencephalography,
and magnetic resonance imaging to reveal that neural
activity shows ramping [18, 19] of firing rates in different
brain areas that include the prefrontal cortex [20], premotor
cortex [21-23], primary motor cortex [24, 25], posterior
parietal cortex [26, 27], and striatum [28]. In addition,
neurons have been found to modulate their firing rates with
explicit motor timing in the form of a small interconnected
ensembles of neurons acting as a trigger for large neural
activity [29-31], large populations of specific neurons
acting as players in a dynamic state timing network
[32-34], and circuit-specific neural activity form a general
pattern for a timing network [29-31, 35, 36]. Reports have
also shown that beta oscillations are modulated with
different durations of beat perception [37—42], and auditory
as well as motor cortical areas are both activated during
auditory-motor timing perception tasks. While the same
investigation methods have been used for implicit and
explicit timing tasks, research has shown that ramping
firing rates can also be used to decode different time
intervals. Moreover, researchers have found that activated
brain areas during implicit timing tasks are mainly located
in the premotor, parietal cortex, and supramarginal gyrus of
the left hemisphere [16, 43]. Despite recent developments
in explicit and implicit timing research, studies focusing on
the modulation of beta oscillations with implicit timing,
which is thought to play an important role in the motor
timing process, are scarce.

Inspired by previous studies on beat perception during
explicit timing, which found correlations of beta oscilla-
tions with different rhythms, we designed experiments to
investigate the relationship between beta oscillations and
temporal perception during implicit motor timing for a
further understanding of motor timing mechanism.

Materials and Methods
Subjects

Two adult monkeys (rhesus macaques, one male (Monkey
B) and one female (Monkey D), both weighing ~ 5.5 kg)
were used in this study. All feeding, surgery, care, training,
and experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of the Chinese
Academy of Military Medical Science.

Experimental Apparatus

During the experiments, the monkeys were seated upright
on a specially-designed primate chair [Fig. 1A (a)], with
the head and left hand restrained (videos S1 and S2). An
apparatus was designed for the reach-to-grasp task
[Fig. 1A (a) and (c)]. A horizontal panel had a forced
sensitive resistance (FSR) pad fixed in the center, 12 cm in
front of the monkey, defined as the center pad [Fig. 1A
(a) and (c)]. One green light-emitting diode (LED1) was
positioned beside the center pad. On the vertical panel, a
spherical target made by a 3D printer (Tiertime Inc.,
Beijing, China) was fixed centrally 6 cm above the
horizontal panel. A green LED indicator (LED2) was
placed beside the target [Fig. 1A (a) and (c)]. The Single-
Chip Microcomputer (SCM) control component, mainly
enabled communication between the upper monitor and the
neural signal recording system, consisted of a power
supply, electromagnetic control, LED control, event trans-
mission, command transmission, and FSR control units
[Fig. 1A (b)].

Training and Experimental Procedure

In the training period, each monkey was seated in the
primate chair and the left hand was restrained by soft
bands. The monkey’s right hand was free to reach the
target. The training period was divided into two stages. In
stage 1, the monkey learned to hit the FSR pad on the
horizontal panel and maintain pressure for a certain period
to receive a water reward. During this period, the holding
duration was gradually increased from 100 ms to 1500 ms.
Once the success rate exceeded 90%, we moved to stage 2
training. In this stage, the monkey was taught to hold for
500 or 1500 ms before the Target On cue and then hit the
spherical target in front of it and hold it for 200 ms to
receive a water reward (Fig. 1B).

The different movement stages, separated by sequential
event markers of Center Hit, Center Release, Target Hit,
and Trial End were hold, reaction, reach, and grasp. As
shown in Fig. 1C, we conducted two kinds of experiments:
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Fig. 1 Experimental procedure and electrode placement. A Experi-
mental apparatus for the reach-to-grasp task. The setup consisted of a
monkey chair, a fixation accessory for restraining the monkey’s left
hand (blue dashed square), four tracking cameras (red dashed
squares), a reach-to-grasp apparatus (green dashed square) (a and
c), and a Single-Chip Microcomputer (SCM) control unit for
transmitting commands (b). B Experimental paradigm for the
reach-to-grasp task. The monkey’s left hand was restrained by a soft
band and its right hand was free to move following the relevant
signals. C Sequence of events on a single trial. The experimental
paradigm consisted of a hold epoch, followed by Target On cue,
reaction, reach, and grasp epochs. Each trial began with the lighting
of LED1 (Center On), which required the monkey to place its right

trials with a fixed duration or a random duration of the
holding period. In the fixed-duration experiments, we
divided the trials into two groups according to the hold
duration. Trials with a 500-ms holding time are referred to
as the Short Group, while those with a 1500-ms holding
time were the Long Group. With LED1 on, the monkey had
to hit the center pad (Center Hit, CH) and maintain a fixed
holding position for 500 ms or 1500 ms before LED2 came
on (Target On, TO). The monkey then released its hand
(Center Release, CR) to reach the spherical target (Target
Hit, TH). The same experiment was conducted repetitively

@ Springer

medial

anterior |

hand on the pad (Center Hit, CH). When the time requirement had
been satisfied, the target, LED2 on the vertical panel, was lit (Target
On, TH). The monkey then reached toward the target object and
grasped it (Target Hit, TH) for 200 ms before gaining a water reward.
D Cortical locations of implanted microelectrodes. (a) For Monkey B,
two 32-channel Utah arrays were implanted in cortical areas M1 and
S1, and one 16-channel floating microelectrode array was placed in
the PPC. (b) For Monkey D, four 32-channel floating microelectrode
arrays were inserted into the PMd, M1, S1, and PPC. CS, central
sulcus; IPS, intraparietal sulcus; PMd, dorsal premotor cortex; M1,
primary motor cortex; S1, primary somatosensory cortex; PPC,
posterior parietal cortex. White dashed lines indicate the locations of
the CS and IPS (a and b).

over three days for both monkeys with reach-to-grasp trials
for the Short Group performed before trials for the Long
Group. In the random-duration experiments, the duration of
the holding period was random with a time ranging from
500 ms to 1500 ms. The other movements were the same
as in the fixed-duration experiments.

Surgery

To explore electrophysiological features in the sensorimo-
tor cortex during the different reach-to-grasp tasks,
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electrodes were implanted under inhalation anesthesia
(Isoflurane anesthesia, 1.5%) after the training procedures
were completed. After implanting a holder, performing a
craniectomy, opening the dura, and fixing a custom-made
pedestal as in previous studies [44, 49], we identified the
target areas by direct visual inspection of the central sulcus,
arcuate sulcus, and superior precentral dimple and inserted
the prepared electrodes [44-49]. For monkey B, two
32-channel Utah arrays were inserted into the primary
motor cortex (M1) and primary somatosensory cortex (S1),
and one floating 16-channel microelectrode array was
placed in the posterior parietal cortex (PPC, area 5)
[Fig. 1D (a)]. For monkey D, four floating microelectrode
arrays were inserted into the dorsal premotor cortex (PMd),
M1, S1, and PPC in sequence [Fig. 1D (b)]. The electrode
array placed in the PMd was used in other studies. The dura
was then sealed and covered with artificial dura and a bone
fragment. A titanium mesh was fixed to the skull over the
bone fragment before the skin was sutured. The monkeys
were carefully rehabilitated after surgery. Essential antibi-
otics and analgesics were used during and after the surgery
according to drug guidelines.

Recording Procedures and Data Acquisition

The monkeys were further trained in different reach-to-
grasp tasks several weeks after surgery. Specifically,
Monkeys B and D started training in the implicit timing
task on days 270 and 107 after electrode placement,
respectively. For the fixed-duration experiments, the
monkeys were first trained for two days, then they
performed the fixed-duration task on the following three
consecutive days. The experimental order on each day
consisted of trials with the short holding time (500 ms)
performed first and then trials with the long holding time
(1500 ms). During training and the repetitive reach-to-
grasp tasks, the monkeys had already memorized the
experimental order and formed a motor habit. In the
random-duration experiments, the monkeys performed the
reach-to-grasp task for four days (Monkey B) and six
days (Monkey D). During the tasks, cortical neuronal
activity was collected using OmniPlex-128, a 128-channel
acquisition system (Plexon Inc., Dallas, TX, USA). The
sampling rate for wide-band neural signals was 40 kHz
per channel, down-sampled to 1 kHz for all local field
potential (LFP) channels (each electrode channel provided
one LFP dataset). Single and multi-unit activity were
manually sorted offline using Offline Sorter (Plexon Inc.).
Totals of 80 and 112 electrodes were selected for neural
signal acquisition after excluding channels with high
noise levels.

Data Analysis
Success Rate Analysis

The monkeys had to perform CH, CR, and TH and
withhold from grasping the target sphere for 200 ms to get
a reward. We defined a trial during which a monkey
successfully accomplished CH, CR, and TH and received a
water reward as a successful trial. The success rate (the
number of successful trials divided by the total number of
trials) was computed for trials performed in the fixed-
duration and random-duration experiments.

Reaction Time Analysis

The reaction time was defined as the time from TO to CR.
The reaction time of successful trials as well as the
coefficient of variance (CV) in both the fixed- and random-
duration experiments were analyzed.

LFP Analysis

After excluding channels with excessive noise during data
acquisition, we recorded 80 channels of LFPs from Monkey
B and 112 from Monkey D on each day. Further excluding
abnormal channels, 78 remained for Monkey B (M1 31, S1
31, PPC 16) and 109 for Monkey D (PMd 32, M1 31, S1 21,
PPC 25) for analysis. The LFPs from each electrode were
filtered with a fourth-order Butterworth band-pass filter.
Fluctuations in the low-frequency band and power supply
noise were eliminated using the de-trending method based
on local linear regression. The recorded LFP data from
successful trials in the fixed- and random-duration experi-
ments on different days were combined into four datasets for
analysis. The first and second datasets were for the fixed-
duration experiment. The first dataset was from Monkey B,
and consisted of 78 channels of LFPs with 1546 trials in the
Short Group and 1769 in the Long Group. For Monkey D, the
second dataset consisted of 109 channels of LFPs from 775
trials in the Short Group and 582 in the Long Group. The
third and fourth datasets were for the random-duration
experiment. The third dataset was for Monkey B, and
consisted of 78 channels of LFPs for 2670 successful trials.
The fourth dataset was for Monkey D, and consisted of 109
channels of LFPs for 4130 successful trials. Trials in the
random-duration experiment were divided into ten groups
according to the holding duration for further analysis. The
groups were as follows: group 1, 500-600 ms; group 2,
600-700 ms; group 3, 700-800 ms; group 4, 800-900 ms;
group 5, 900-1000 ms; group 6, 1000-1100 ms; group 7,
1100-1200 ms; group 8, 1200-1300 ms; group 9,
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1300-1400 ms; and group 10, 1400-1500 ms. The sampling
rate of LFPs was set to 1000 Hz and only the power between
0.3 Hz and 100 Hz was used for analysis. The LFP data from
M1, S1, and PPC were used for analysis. To explore the
modulation of beta oscillations in implicit timing tasks,
several methods, including spectrogram, peak frequency,
and beta power analysis, were then applied.

Trial-Averaged Spectrogram Analysis
Beta power spectrograms were calculated using the multi-

taper approach in the Chronux toolbox (http://chronux.org)
[50]. The function used was mtspectrumc, with the

parameters 1000 for Fs, [10 60] for fpass, 1 for trialave, 2
for pad, 2 for TW, and [2 3] for tapers. A 200-ms wide
window with a sliding length of 10 ms was used for power
estimation, and the time-bandwidth was set to 2 Hz. In this
analysis, the beta band was defined as 13 Hz-30 Hz. The
calculated results were averaged for all the trials of the
same condition. The time windows shown in the spectro-
gram figures were 1000 ms for the Short Group and
1800 ms for the Long Group. The aligned event was Center
Hit for both groups. The beta power spectral changes of an
arbitrary channel in M1, S1, and PPC for the Short and
Long Groups are shown as examples in Fig. 2.

Fig. 2 Trial-averaged spectro- Monkey B Monkey D
grams of LFP signals from M1
(A), S1 (B) and PPC (C) in A a
Monkey B (left) and Monkey D 35 Sso
(right) aligned on Center Hit. z . %
The data from an arbitrary g v g
channel in M1, S1, and PPC are E ' g
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C (a, ¢) for Monkey B and A (b, 0 02 04Toses 08 18 0 02 04TOSO06 08 Lign
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tasks, while (c) and (d) are from Ex 230
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vertical dashed lines indicate the 13
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Analysis of Context-Related Frequency Modulation
of Beta Oscillation

The peak frequency of beta power was then analyzed, also
using mtspectrumc. The parameters were set to 1000 for
Fs, [13 30] for fpss, 1 for trialave, [1 0.05] for err, 1 for
pad, 5 for TW, and [5 9] for tapers. The beta power was
smoothed by a 10-Hz window using the smooth function in
MatLab. The peak beta frequency of each electrode was
computed by locating the frequency of the maximum beta
power using MatLab.

Analysis of Beta Power

We computed the mean beta power spectra around the peak
beta frequencies that ranged from 15 Hz to 25 Hz, still
using mtspectrumc. The parameters were set to the same
values as those for the trial-averaged spectrogram. The beta
power in different groups was computed and smoothed
with a 10-Hz window using the smooth function in
MatLab. To compare the results from different groups in
the same brain area for each monkey, the beta power in an
area was normalized by dividing by the maximum mean
value. The beta power change over time during the holding
period in M1, S1, and PPC for the fixed- and random-
duration experiments are shown in Figs. 3 and 4. The beta
power in different movement stages (hold, reaction, reach,
and grasp) for each brain area was analyzed using one-way
ANOVA testing (Fig. 5). The synchronization period (the
rising phase of the beta power change) was located. The
overlap was ~ 300 ms, the focus period for beta oscilla-
tion analysis. The mean beta power in the first 300 ms (BP)
and the peak latency of the maximum beta power during
the holding period (PLB), as well as the maximum rate of
change of beta power during the first 300 ms (MSB) for
both individual channels and the overall performance in
each brain area (Figs. 6, 7, and 8) were then compared
using the Mann-Whiney U test for the fixed-duration
experiments and one-way ANOVA for the random-dura-
tion experiments. The statistical significance level was set
to 0.05. For the random-duration experiments, BP, PLB,
and MSB were analyzed among 10 groups.

Results

Behavioral Performance

In the fixed-duration experiments, a total of 3485 trials
were accomplished by monkey B and 1434 by monkey D,

and in the random-duration experiments, 2975 trials were
accomplished by Monkey B and 4392 by Monkey D. We

further analyzed the success rates and reaction times to
assess task performance.

Success Rate

In the fixed-duration experiments, Monkey B completed
totals of 1546 and 1769 successful trials, while monkey D
accomplished 775 and 582 successful trials for the Short
and Long group tasks, respectively. The success rates for
monkey B were 93.92% for the Short Group and 96.19%
for the Long Group, and the corresponding rates for
monkey D were 94.74% and 94.48%. In the random-
duration experiments, 2670 successful trials were accom-
plished by Monkey B and 4130 by Monkey D. The
corresponding success rates were 89.75% and 94.03%.

Reaction Time

In the fixed-duration experiments, the reaction times for the
Short and Long Groups were 198.20 & 95.48 and
214.50 £ 67.07 ms for Monkey B; and 155.40 £ 80.90
and 219.00 £ 61.30 ms for Monkey D. In the random-
duration experiments, the reaction times were
182.70 £ 39.08 ms for Monkey B and
180.90 £ 28.88 ms for Monkey D. Further analysis of
the variation of reaction times by coefficient of variation
(CV) analysis revealed CVs of 0.48, 0.31, and 0.21 for the
Short, Long, and Random Groups for Monkey B, and 0.52,
0.28, and 0.16 for Monkey D.

Beta Oscillation Changes in M1, S1, and PPC

A total of 80 channels of LFPs were identified for Monkey
B and 112 for Monkey D. We selected 78 LFPs from
Monkey B and 77 from Monkey D for further analysis of
beta oscillations in M1, S1, and PPC. The remaining LFPs
were excluded because of artifacts detected by visual
inspection.

Time—frequency Maps of Beta Power Spectra

To obtain a general picture of how beta power changed
over time in different channels, we analyzed the beta power
spectra of the LFPs in each electrode channel (M1, S1, and
PPC) using the mtspectrumc function in the Chronux
toolbox. The beta power spectra of different channels in the
same brain area were similar during the holding period, so
we chose an arbitrary channel for each area as an example
to show the general change of spectra. The spectra of M1
[Fig. 2A (a) and (c¢)], S1 [Fig. 2B (a) and (c)], and PPC
[Fig. 2C (a) and (c)] for Monkey B and M1 [Fig. 2A
(b) and (d)], S1 [Fig. 2B (b) and (d)], and PPC [Fig. 2C
(b) and (d)] for Monkey D showed that the trial-averaged
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Fig. 3 Beta power changes over time in M1, S1, and PPC for
Monkey B (A, C, E) and Monkey D (B, D, F) in the fixed-duration
mode. Red lines, Short Group tasks; blue lines, Long Group tasks;

beta power spectra were higher prior to the Target On cue,
which served as a go signal. Further, the highest compo-
nents of spectra were in the holding period before TO for
both the Short and Long Groups, independent of brain
areas and subjects.

Context-Related Frequency Modulation in M1, S1,
and PPC

To ascertain which frequency contributes most to the spectral
power of the broad-band beta frequency, we conducted peak
analysis of the beta band frequency for each channel using the
mtspectrumc function. In the fixed-duration experiments, the
peak frequencies for M1, S1, and PPC were 22.75 £ 3.54,
20.95 £ 3.89, and 20.69 + 3.96 Hz for the Short Group and
22.89 4+ 3.53, 21.81 £+ 3.77, and 21.58 + 3.93 Hz for the
Long Group in Monkey B. The corresponding values in
Monkey D were 19.50 &+ 3.46, 19.95 £ 348, and
18.94 £ 3.58 Hz for the Short Group and 19.72 + 3.45,
20.39 £ 3.44, and 19.30 & 3.53 Hz for the Long Group,
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black dashed lines, end of the 300-ms window (gray) from CH (0 on x
axis); red and blue dashed lines, onset times of TO for the Short
Group, and Long Group, respectively.

respectively. In the random-duration experiments, these values
were 21.22 £ 3.72, 21.06 £ 3.88, and 20.55 £ 3.96 Hz in
Monkey B and 20.16 & 3.68, 20.84 £ 3.54, and
19.81 &+ 3.61 Hz in Monkey D. We found that the peak
frequencies of the power spectra were in the beta band range
from 15 Hz to 25 Hz for both experiments in all three brain
areas.

Beta Power in M1, S1, and PPC

We then analyzed the beta power around the peak
frequency (15-25 Hz), to assess changes during different
movement stages. Using beta power analysis, we obtained
the absolute beta power of individual electrode channels
and plotted the mean change in each brain area (Figs. 3, 4).
The beta power showed an increasing pattern to the peak
before a decreasing pattern, consistent with previous
studies [51, 52].

To further understand how beta power changed during
different movement stages, we used the event markers of
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Fig. 4 Beta power changes over time in M1, S1, and PPC for
Monkey B (A, C, E) and Monkey D (B, D, F) in the random-duration
mode. Power changes of ten groups with different hold durations are

CH, TO, CR, and TH to analyze beta power in the
movement stages hold, reaction, reach, and grasp (Fig. 5).
Compared with the hold period, the power in different
brain areas in both the fixed- and the random-duration
experiments was lower in the reach and grasp periods
(P < 0.05, one-way ANOVA).

To further explore the characteristics of the changes in
beta power, we focused on the rising phase, which is
considered to be beta synchronization related to attention,
anticipation, and working memory. We analyzed three
parameters: mean beta power in the first 300 ms (BP), peak
latency of the maximum power during the holding period
(PLB), and the maximum rate of change of power within
the first 300-ms window (MSB), and compared the results
from different experiments. In the fixed-duration experi-
ment, the normalized BPs for M1, S1, and PPC were
1.90 &+ 0.01, 1.15 £ 0.01, and 1.07 & 0.01 in the Short
Group and 1.14 £ 0.01, 0.77 £ 0.11, and 0.71 %+ 0.01 in
the Long Group in Monkey B (Fig. 6A); and the corre-

sponding values were 0.85 = 0.01, 1.21 £ 0.01, and

shown. Dashed vertical lines from left to right are end of the 300-ms

window (gray) from CH (0 on x axis) and each of ten Target On
events.

1.04 £ 0.01 for the Short Group and 0.75 %+ 0.01,
0.91 £ 0.01 and 0.82 £ 0.01 for the Long Group in
Monkey D (Fig. 6B). The BPs values from the three brain
areas were higher in the Short Group than in the Long
Group (P < 0.05, Mann-Whiney U test) (Fig. 6A, B). The
MSB values for M1, S1, and PPC were 49.75 + 0.31,
29.70 £ 0.12, and 27.05 +£ 0.16 for the Short Group and
36.32 £ 0.20, 24.85 £ 0.10, and 22.30 & 0.13 for the
Long Group in Monkey B (Fig. 6E); and 16.54 + 0.08,
2273 £ 0.17, and 18.73 £ 0.12 for the Short Group and
14.76 + 0.08, 16.94 £ 0.13, and 16.02 &+ 0.11 for the
Long Group in Monkey D (Fig. 6F). Similar to BPs, the
MSB values in the three brain areas were higher in the
Short Group than in the Long Group (P < 0.05, Mann-
Whiney U test). Further, the PLB values were
290.75 £ 0.62, 340.84 + 0.56, and 351.14 £ 0.82 ms for
the Short Group and 504.28 4+ 0.96, 553.92 4+ 0.94, and
577.29 £ 1.35 ms for the Long Group in M1, S1, and PPC
in Monkey B (Fig. 6C); and 427.66 £+ 1.18,
355.17 £ 1.36, and 372.55 £ 1.22 ms for the Short Group
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Fig. 5 Beta power in different movement stages for M1 (a—c), S1 (d—
f), and PPC (g-i) in Monkey B (A) and Monkey D (B). Left column,
fixed-duration in the Short Group; middle column, fixed-duration in

and 658.82 + 1.93, 584.36 4+ 2.42, and 618.27 &+ 2.16 ms
for the Long Group in Monkey D (Fig. 6D). The peak beta
power appeared earlier than the Target On event in both
groups, consistent with previous studies [51, 52].
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the Long Group; right column, random-duration experiments;
*P < 0.05 compared with the hold period, one-way ANOVA.

Comparing the groups, the PLB during the holding period
in the three brain areas was shorter in the Short Group than
in the Long Group (P < 0.05, Mann-Whiney U test)
(Fig. 6C, D). In addition, we analyzed BP, MSB, and PLB
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Fig. 6 Beta power modulation Monkey B Monkey D
in M1, S1, and PPC in the fixed-
duration experiments. Mean A B
beta power during the first 2.59 « = Short
300-ms window (BP), peak ~ 2.0 ~ m Long
latency of maximum beta power z :
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channels with the same modulation pattern as its brain area.
The percentages of PB and MSB in M1, S1, and PPC were
all 100% for Monkey B and 93.55%, 100%, and 100% for
Monkey D, respectively. For PLB during the holding
period, the percentages were 100% for all the brain areas in
both monkeys. We concluded that the modulation patterns
of BP, MSB, and PLB are useful in differentiating the
Short and Long Groups, and could represent the temporal
structure in individual subjects.

In the random-duration experiments, the BP and MSB
values showed no statistical difference between groups
(Fig. 7, P > 0.05, one-way ANOVA), and the PLB in
different brain areas did not show as consistent a modu-
lation pattern as in the fixed-duration experiments (Fig. 8).
The percentages showed a similar modulation pattern as its
brain areas for BP, PLB, and MSB were 100% for S1 and
PPC in Monkey B, and the corresponding values for M1
were 100%, 83.87% and 100%. In Monkey D, the
percentages for PPC were all 100%; the corresponding
values for M1 were 80.65%, 100%, and 96.77%; and for
S1, were 100%, 95.24%, and 100%.

In this study, each monkey was required to keep its hand
still for different times before reaching to grasp a specific
target in response to a visually-guided go cue. According to
the functional definition of motor timing, the process in this
task is of the implicit timing type [16]. With precise
estimation of temporal intervals, the monkey could react
better and thus obtain more rewards [53].

According to previous studies of beta oscillations, beat-
based sound-induced beta power in the auditory cortex
increases before the next beat and shows no phase-locking
to sensory or motor events in explicit timing tasks [38].
Moreover, another report has shown that beta power
differed between short- and long-delay trials in the primary
motor cortex in the delay period before a visual go cue for
one of two subjects in implicit timing tasks [51]. Both
findings suggest that beta power is modulated with
different temporal intervals. In our experiments, we found
higher beta power during the holding period than the reach
and grasp periods across different brain areas (M1, S1, and
PPC), consistent with the results of previous studies

@ Springer



836

Neurosci. Bull. October, 2019, 35(5):826-840

a b ¢
15 1.0 1.0
~ ~ ~
3 308 308
S 7 S e .
- % - -
g o g )
£ / 2 o4 £ o
S / =3 o @ v
205 % 2 2
3 % £ 02 £ 02
o) / Z 0. £ 0.
@ % = @
0.0 CANE 0.0
® & S D S » 3\
“biﬁ S @@\“Q N 0@ S \6““ & f\%};@ '
R IR S RN SRR R IR SRR
o eV FTEFFSE
d e f
40
Gy - Lers
2 2 2
E 30 ) & &
= = =]
; % <@ <
2 ] 2 2
20 % @ 2
s ) s s
8 % & s
2 . 2 2
» 10 / b w
2 | 2 5
E | E z
0 % H N\ 2 8 \ = AN
N
SO S S S S S S Y@e S S OSSO S S R f&%@e SO S S S S
SN P FETTSS S NPT NN I S N s
g RO i TN g TN AN SN
EB 500-600 £ 700-800 900-1000 B3 1100-1200 1300-1400
600-700 3 800-900 1000-1100 1200-1300 1400-1500
B M1 S1 PPC
a b c Monkey D
1.0 1.0 10
~ - ~
3 08 308 308
= < <
~ 0.6 ~ 0, ~ 0.6
é 0.4 g 0. E 0.4
S
= <
£ 02 £o. <02
@ S @
0.0 0.0 L
» S & QOO DS
> ;&Q;\“ ,-'e@,q“ S NN NN
NN SIS
& A P& STEETETNNS
d e f
25
s s oy
= = =
& & & 20
3 3 3
15
& & &
” w w”
g & & 8
- - =
3 R o AN B
S8 ““Q\““Q\\“QO““\“QQ\@\&“ S a““@““\\@\q,@\x@\@\a@
NIRRT ¢ R a3 NN ¢ o ¢ > & nid
PN P O & S &S & ORISR
RSO M R
B3 500-600 = 700-800 900-1000 B3 1100-1200 1300-1400
BB 600-700 3 800-900 1000-1100 22 1200-1300 1400-1500

Fig. 7 Beta power modulation of BP (a—¢) and MSB (d-f) in M1
(left column), S1 (middle column), and PPC (right column) for
Monkey B (A) and Monkey D (B). Values for ten groups are aligned

[51, 52]. Furthermore, in the fixed-duration experiments,
we found that the BP and MSB during the beta power
synchronization period were higher with a short interval
than with a long interval. Meanwhile, the PLB during the
holding period for a short interval was shorter than that for
a long interval, while in the random-duration experiments,
the PB and MSB showed no statistical difference. Further,
the PLB showed a different modulation pattern in each
brain area.

@ Springer

from left to right (mean 4+ SD). BP and MSB both showed no
statistical difference between groups for different brain areas
(P > 0.05, one-way ANOVA).

How does beta power synchronization modulate with
different temporal intervals in implicit timing tasks? Unlike
beta power desynchronization, which signifies motor
preparation, movement execution, and motor imagery
[54-57], synchronization has been suggested to be corre-
lated with attention [58, 59], working memory [60, 61], and
top-down motor expectation [40]. During explicit timing
tasks, beta oscillations have been proposed for the top-
down motor expectation signal of the beat structure in the
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auditory system [40] and top-down control of internally-
driven isochronous tapping [62]. Our implicit timing
experiments showed that beta oscillations are modulated
with the temporal intervals during the task. In a task that
requires the subject to perform repetitive reach-to-grasp,
the subject may have already remembered the general
pattern of the task, such as experimental order and the
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(mean + SD). The PLB of M1 and PPC in Monkey B as well as S1 in
Monkey D showed no statistical difference between groups; NS, no
significant difference, one-way ANOVA.

length of the temporal intervals during the holding period,
forming a motor habit that is correlated with the working
memory of the task procedure and its temporal structure.
Conversely, in the random-duration experiment, the tem-
poral duration is impossible to anticipate accurately. The
monkeys could neglect the temporal structure and focus
more on the following instructions to perform better. The
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variability of the reaction time (CV) was smaller in the
random-duration experiments than in the fixed-duration
experiments. We therefore suggest that the modulation
pattern of beta power synchronization maintained the
cognitive set for working memory of the temporal structure
in the fixed-duration experiments and for attention in the
random-duration experiments. Working memory is the
short-term storage of information for later goal-directed
action [63]. During previous studies, researchers found that
beta oscillations are correlated with working memory both
in the prefrontal and sensorimotor cortex [64—73]. Further,
the status quo-maintaining hypothesis suggests that beta
oscillations are part of a mechanism engaged in maintain-
ing the status quo across large portions of the motor system
[74]. The status quo could be the maintenance of the
current motor set or continuation of the cognitive set. Our
results for beta power modulation support this hypothesis.
In the tasks in this study, the monkeys could have already
remembered the temporal length and the experimental
event sequence in which they would perform hundreds of
repetitive short-duration trials and then long-duration trials
in the fixed-duration experiments. Moreover, with the
guide of each trial’s start signal, the visual go cue could
also be estimated in the realm of working memory of the
temporal structure. The synchronization period of beta
power, to some extent, represents the retrieval process of
such working memory. Specifically, the time of occurrence
of peak beta power could represent the monkey’s working
memory of the temporal length, whereas in the random-
duration experiments, the modulation of beta power could
reflect the maintenance of attention.

In conclusion, a reach-to-grasp implicit timing task was
established and a modulation pattern of beta oscillation
with temporal perception was found; that is, the power
mode of beta oscillations can reflect the maintenance of
cognitive set. Beta power modulation in the synchroniza-
tion period could reflect the maintenance of the status quo
of working memory for the temporal structure during
movement preparation in the fixed-duration experiments,
and attention for the following task procedure. The results
showed how beta oscillations modulate with different
temporal intervals in the implicit timing task, which
provides new insight for future studies of implicit timing
during different movements, and therefore aid our under-
standing of the mechanisms underlying motor timing. In
future work, a more sophisticated paradigm is needed to
conduct combined research involving compound muscle
action potentials, spikes, and LFPs in different brain areas
such as the prefrontal cortex, visual cortex, hippocampus,
and striatum using functional magnetic resonance imaging
(fMRI), electrophysiological recording, and optogenetics.
Functional changes in different brain areas can be acquired
using fMRI, which can guide further research with

@ Springer

electrophysiological recording. Using electrophysiological
recording techniques and optogenetics, specific neuronal
types can be manipulated to obtain information about the
function of a certain neuronal type. In addition, information
flow between different brain areas and brain-muscle
interactions can be assessed using brain network analysis
[75, 76], coherence analysis [50], and Granger causal
analysis [77, 78].
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